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Abstract 

Gold nanoparticles and nanoclusters are widely researched due to their unique optical 

and electric properties and are size-limit being considered for bio-applications. These 

properties are predominantly distinctive in ultra-small thiol stabilized gold 

nanoclusters (Au NCs) and been significantly studied over the past decades. The 

proposed magnetic property make Au NCs a more promising candidate for bio-

imaging and therapy including drug delivery and thermotherapy. However, its intrinsic 

magnetic property was poorly investigated. This project focuses on the investigation 

of biocompatible Au NCs with magnetic property. 

By using as a capping agent, a bidentate ligand made of thioctic acid anchoring groups 

appended with a poly (ethylene glycol) short chain (TA-PEG), water-soluble gold 

nanoclusters with diameter of 1.7 ± 0.4 nm have been produced in a single-step 

aqueous reduction of gold precursors. A functionalized folic acid (FA) conjugated 

ligand (FA-PEG-TA) has been obtained and used to synthesize Au NCs with diameter 

of 1.6 ± 0.3 nm. Both targeting and non-targeting Au NCs solutions demonstrated good 

long-term colloidal stability, high thermal-stability (at T = 40 ºC, 50 ºC) and are 
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stabilized over a wide range of pH values pH 3-11 for non-targeting and pH 7-11 for 

folate derivatives. They were also found be paramagnetic by analyzing relaxation time 

T1 of adjacent capping ligands attached to the Au NCs surface.  

Both Au NCs were found to have low toxicity for MCF-7, a breast cancer cell line and 

HCT-116, a human colon cancer cell line in cell viability assays. In addition, FA-Au 

NCs showed a greater uptake by folate receptor (FR) -positive MDA-MB-231(human 

breast cancer cells) than PEG-Au NCs by three repeated experiments with results 

analyzed by Inductively coupled plasma mass spectrometry (ICP-MS). These findings 

demonstrated that the synthesized paramagnetic water-soluble Au NCs are promising 

biocompatible candidate for cancer treatment. 
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Chapter 1  

Chapter 1 Introduction 

Nanomaterials are of interest for applications in biotechnology, medicine, pharmacy, 

material sciences, computer sciences, engineering and environments.1-6 The concept 

of nanoscience was first presented by Nobel laureate Richard P. Feynman in his lecture 

“There’s Plenty of Room at The Bottom” in 1959.7 The size, shape and composition 

are important for nanomaterials since they influence their physical and chemical 

properties. 

Nanoparticles are materials with size ranging from 1 to 100 nm, possessing unique 

chemical and physical properties due to having a large surfaces area and nanoscale 

size.8 They can be classified into groups as carbon NPs,9 metal NPs,10 ceramic NPs,11 

semiconductor NPs12 and polymeric NPs.13 Fabrication of NPs can be divided into two 

main types: the bottom-up approach and the top-down approach.14 Among them, the 

colloidal synthesis method attracts more attention due to its cost-effectiveness, 

flexibility of the processes and scalability.15  

Among different types of NPs, metal NPs are well-known for their localized surface 

plasmon resonance (LSPR) properties that result in a distinctive optoelectrical ability. 

The LSPR phenomenon is a collective oscillation of free electrons in nanosized 

structures of metals (e.g. Au, Ag, Cu, Al, etc.), resonantly induced by incident 

photons.16  
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Au NPs have been widely researched over the past few decades, mainly due to their 

high physical and chemical stability, good biocompatibility, easily functionalization 

surface and multi-optical properties related to surface plasmon.17-19 The earliest known 

example of a gold nanomaterial dates back to the 4th century AD, when it was used 

for staining glass. An example of this is the Lycurgus cup, which is on display in the 

British Museum. The record of scientific study of gold nanomaterials starts with the 

report by Faraday in 1850s,20 who reported that illuminating a liquid with a beam of 

light: “The cone was well defined in the fluid by the illuminated particles”. These were 

gold nanoparticles of nano-crystalline face-centered cubic structured crystals with size 

smaller than 100 nm. Spherical AuNP solutions display a range of colours from brown 

to orange, red and purple for NPs with diameter from 1 to 100 nm. Examination of the 

absorption profile reveals a size-dependent absorption peak in the range of 500 to 550 

nm (Figure 1.1 ).21   
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Figure 1.1 (a) The absorption spectra of the colloidal gold nanoparticles in water 

having different sizes (Inset) A photograph of the AuNP solutions. SEM images of 

colloidal gold nanoparticle of various sizes on substrate with average sizes of (b) 

13nm, (c) 45nm, (d) 66nm, and (e) 96nm.21 

1.1 Gold nanoclusters  

Gold nanoclusters (Au NCs) are NP with d < 2 nm,22 which are characterized by the 

absence of a surface plasmon band due to the loss of their metallic nature. Au NCs 

with certain number of Au atoms, such as Au25, Au38, Au64, Au102, Au144 are referred 

to “magic number clusters”. These clusters have complete outer shell of face-centered 

cubic (fcc) lattice and hence have high stability and monodispersity.23 These unique 

phenomenon are mainly originated from two aspects: the electronic shell and the 

geometric structures. Magic numbers of alkali-metal nanoclusters based on electronic 

shells were initially observed in mass spectra by Knight et al. in 1984.24 Which now 

can be well explained by the spherical jellium model, the delocalized valence electrons 
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occupied shells.25. Regarding the geometric structures, it is the magic nanocluster’s 

ability to minimize the surface energy with highly symmetricity arrangements. The 

shape of Au NCs is supposed to be polyhedral, which are classified as icosahedra and 

fcc polyhedral.26 Mori et al,26 proposed that “magic number” Au NCs usually have 

regular icosahedral shape shown in Fig 1.2. Li et al. reported that both Density 

Functional Theory (DFT) and empirical model calculations suggested that the 

icosahedral structure is more stable than either decahedral or FCC for Au147.27  

 

Figure1.2  An illustration of Au nanoparticles formed with a magic number of Au atom 

and estimated diameter based on regular icosahedral shape.26 

AuNCs exhibit unique properties, such as discrete, molecule-like energy levels and 

tunable optical properties.22 Moreover, Au NCs have several attractive features 

including optical chirality,28, 29 stable fluorescence,30-33 low toxicity and high 

biocompatibility34 and are predicted to have, unexpectedly for metals, magnetic 

properties.35 These properties make Au NCs a promising candidate for applications in 

catalysis,36 biosensors,37 biomarker detection38 as well as for use in light harvesting,39, 

40 magnetic ablation41 and bio-imaging.32 
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The combined optical and magnetic properties that make Au NCs a particular interest 

in the field of medical imaging and localized hyperthermia. For applications in 

biomedicine, the following criteria should be met:32 (i) Solubility in physiological 

solvents and low toxicity; (ii) Small size to facilitate the uptake and avoid perturbation 

of the biological system; (iii) Optimal photo-physical properties including low photo-

bleaching, absence of blinking and high quantum yield; (iv) Targeting to specific tissue 

or cell types. 

To date, organic dyes,42 GFP-like fluorescent proteins,43 quantum dots44 and gold 

nanoparticles have been researched widely for in vivo imaging. Organic dyes have 

bright fluorescence, however low photo-stability limits their application in long-term 

tracking, also their small Stokes shift restricts their multicolour imaging application.44 

GFP-like fluorescent proteins have the key advantage of being non-toxic and can be 

genetically encoded so that the labels will be produced by cells themselves; however, 

their photo-stability and emission wavelength range are very limited.45 Hence, 

inorganic nanomaterials, such as semiconductors quantum dots are used to achieve 

stable and tunable photoluminescence. Concerns are currently raised about the 

possible leakage of heavy metals from QDs and their clearance from the body.46-47 Au 

NCs have the potential to overcome all the limitations mentioned.  

Au NCs with diameter d < 2 nm have high quantum yields of ~ 10-1.38, 48 The 

fluorescence emission of gold nanoclusters can be tuned from visible into infrared 

region (300 - 800 nm) by changing size and ligand composition,30,49 and their photo-
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stability was demonstrated to be proved 5 times greater than that of organic dyes.50-

5150, 51  

1.2 Synthesis and properties of gold nanoclusters 

1.2.1 Synthesis of Au NCs 

Two main routes to fabricate gold nanoclusters have been reported: the physical 

etching method (dry route); and the chemical reduction method (wet route).52 In the 

dry route, gold nanoclusters are produced by etching large gold nanoparticles with 

thiols53, 54 or multivalent polymers as ligands.55 This method has multiple steps and is 

a time-consuming procedure, it will also generate NPs with a wide size range. 

The chemical reduction method of making gold nanoclusters can be performed in both 

polar and non-polar solvents. Typically, dissolved precursor salts of Au (III) or Au (I) 

are reduced to Au (0) by a reducing agent in the presence of capping ligands.17 Capping 

ligands bind to the surface gold atoms of the nanoclusters, which act as electron donors 

(Lewis acid). The commonly used ligands are carboxylic acids, amines, phosphines 

and thiols, whereas the ligand-to-metal binding strength follows the order O < N < P 

< S, according to Pearson’s Hard Soft Acid Base (HSAB) concept.56 Typical reducing 

agents are, tri-sodium citrate (Na3C6H5O7), and sodium borohydride (NaBH4), and are 

selected depending on the desired size of nanoclusters and polarity of solvent used. 

Strong reducing agents induce a high nucleation rate rather than a high growth rate, 

thus leading preferentially to the formation of ultra-small gold nanoclusters.17, 55, 57  
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In 1994, Brust published a method that been referred to as the Brust-Schiffrin synthesis 

(Figure 1.3).58 In this two-phase method, chloroauric acid is dissolved in deionized 

water, mixed with alkythiol capping ligands dissolved in organic solvent (e.g. toluene) 

with assistance of phase transfer agents (e.g. tetra-octylammonium bromide, TOAB), 

and reduced with aqueous NaBH4 solution. In 1995, a one-phase method was proposed, 

in which methanol acts as the solvent for all of chemicials.59   

   

Figure 1.3 Scheme of the Au NCs synthesis.58 

Significant efforts have been made to synthesize gold nanoclusters with precise 

number of atoms and to determine their metal core atom-packing structures as well as 

binding ligands arrangements.26-34  

To date, Au NCs have been produced with atom numbers of 20, 24, 25, 36, 38, 44, 55, 

64, 144.54, 60-67 The gold nanoclusters passivated by thiolate Au25, Au38, Au144 can be 

produced by direct synthesis without post-synthetic size separation and are considered 

to be the most stable clusters.54 These numbers are called “magic numbers” because 

of their extraordinary stable properties. The electronic states or the crystal structures 

are proposed to explain this phenomenon, however, deeper understanding is still 

HAuCl4
NaBH4/ TOAB

HS S
SS
S

S

S
Au
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needed.68     

Phosphine and phosphine/thiolate are also used to stabilize nanoclusters. In 1969, 

McPartlin69 first synthesized Au11(PPh3)(SCN)3. Mingo et al. predicted the centered 

icosahedral Au13 cluster,70 which was later successfully synthesized in 1981.71-73 

Pettibone et al. obtained even smaller clusters of [Au9L64Cl]2+((L6 = 1,6-bis 

(diphenylphosphino) hexane).74 

1.2.2 Importance of capping ligands 

Capping ligands determine and stabilize the NP size and help to solubilize them in a 

solvent. Colloidal nanoparticles can be designed to disperse in either a polar (e.g. 

water-based) or in a non-polar organic solvent (e.g. toluene), while amphiphilically 

capped nanoparticles can be dispersed in both kind of solvents.  

Ligands play an important role in NP colloidal stability and the process of nanocluster 

growth. Ligands bind to the NP surface and prevent their aggregation by electrostatic 

repulsive force or steric hindrance.75  

Two types of ligands are normally used in Au NCs synthesis: 

(i) Molecules with functional groups 

Ligand molecules consist of an inert molecular chain (e.g. hydrocarbon chain or 

polyethylene glycol (PEG)) and have functional groups that terminate the molecules. 

PEG is one of the commonly used ligands, it is a linear polymer of various length 
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consisting of repeated units of –[CH2-CH2-O]n-; PEG is soluble in a number of polar 

and non-polar solvents, and is used as an inert, biocompatible polymer.76-78 In water, 

PEG is heavily hydrated and forms random coils. PEG-modified nanoparticles or 

drugs possess increased water solubility, high stability in solutions with high salt 

concentrations and in biologically-relevant environments, and reduced 

immunogenicity. They have an increased half-life in the blood stream due to weaker 

binding to antibodies, proteins and cells.79-80 

Monofunctional PEG molecules, e.g. ended with methyl group, yield stable and inert 

particles. Bifunctional PEG molecules are used to introduce new functional groups on 

the NP surface. Recently, Qin et al.81 produced a PEG stabilized Au NP linked to 

magnesium pyrophosphate crystals, for applications as a DNA detection probe.  

(ii) Bio-molecules 

Nanoparticles conjugates with biomolecules bring together the unique properties and 

functionality of both materials: tunable fluorescence or magnetic properties of the 

inorganic particles, and the ability of biomolecules for highly specific binding via 

molecular recognition.82, 83 To date, various biomolecules have been used as capping 

ligands, such as lipids,84 peptides,85 sugars86 proteins,87 enzymes,88 and DNA,89 

providing aqueous stability and solubility for Au NP, and functionalizing them for 

specific targeting.  
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1.2.3 Optical and morphological properties 

Size-dependent quantization effects occur if a metal particle is small enough. Au NPs 

with core diameter above 2 nm show a local surface plasmon resonance effect which 

can be detected by UV-vis absorption at a wavelength of 520 nm. An oscillation of the 

conduction electrons forms as a result of plasmons on the nanoparticles’ surface. In 

UV-Vis spectroscopy, an indication of polydispersity of the sample could be assessed 

from the width of the peak. Also, it has been proposed by Haiss90 that size can be 

calculated directly from the visible absorption peak of UV-Vis, assuming that gold 

nanoparticles are spherical and have diameter of 5 to 100 nm. Furthermore, the 

determination of nanoparticle concentrations are allowed based on the analytical 

relations between the extinction efficiency and diameters.  

 

Figure 1.4 Surface localized plasmons and energy diagram of photoluminescence in 

gold nanoclusters.91 

For nanoparticles with a core diameter of less than 2 nm, such as metal nanoclusters, 

no continuum of density of states is available and discrete electronic states are formed. 
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Au NCs have been observed to exhibit discrete electronic energy levels and the size 

regime (< 2 nm) is comparable to the Fermi level to the conduction electrons, so the 

surface plasmon band disappears and size-dependent fluorescence can be observed.92 

For example, the UV-vis spectra of monodisperse clusters of AuNCs are shown in 

Figure 1.5.54 An smooth profile with surface plasmon band at 2.3 eV is expected for 

AuNP with size over 2 nm. However, spectra shown in Figure 1.5 are observed with 

various humps and sharp structures. This indicates that the HOMO-LUMO gap varies 

with different magic cluster number.52 These unique profiles are regarded as 

fingerprints of the magic Au:SR clusters.  

 

Figure 1.5 optical spectra of a series of magic Au:SR clusters.93  

In general, for NP with d >2 nm, absorption peak is observed at the wavelength of ~ 

520 nm and is attributed to surface plasmon resonance of NPs. However, this peak is 

not observed in the absorption spectra of monodispersed AuNCs with d < 2 nm . The 
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optical properties of AuNCs, absorption and emission, are highly depend on the size 

of the nanoparticles, shape, oxidation states and surface ligands. The absorption can 

be tuned in the range from 280 nm to 670 nm, and the fluorescence wavelengths can 

be in the range from visible to NIR region (400 nm to 800 nm).94, 95. 

For polydisperse Au NCs (d < 2 nm), the absorption were reported to be featureless in 

the visible range, increasing form the visible to the UV. Matthew et al. 96 produced a 

mixture of Au NCs (d < 2nm) including Au25, Au38 Au68 Au102 and Au144, and observed 

smooth profile without any distinct absorption band (Figure 1.6).  

 

Figure 1.6 a) UV/Vis absorption spectra of hexanethiolate-coated AuNCs in hexane. b) Matrix 

Assisted Laser Desorption/Ionization- Time-of-Flight (MALDI-TOF) mass spectrum of magic 

numbered AuNCs.96 

The densities of state and the energies of the particles depend on the size of the 

particles.97 The fluorescence of Au NCs is originated from energy transition between 

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied 

Molecular Orbital) states and can be tuned by the NC size in the range from 0.1 eV to 

2.0 eV.98 Their distinct optical properties are mainly attributed to the ultra-small sizes 



 

 13 

and corresponding discrete electronic structure.99 For polymer-stabilized Au NCs with 

diameter range from 1.1 nm to 1.7 nm, the fluorescence was observed with a quantum 

yield of ~ 3 %.100  An alternative explanation was proposed by Apell et al., who 

suggested that the fluorescence properties of Au NCs arise from the charge 

recombination processes involving d-band orbitals.101 The absorbed photons promote 

the electrons to an empty sp band above the Fermi level from the narrow d band. Ultra-

small Au NCs show fluorescent properties that not only depend on their size but are 

also affected by type of ligands used. Huang et al.102 investigated a 1.8 nm triopronin-

Au NC and reported optical emission occurring at 700-800 nm, due to inter-band 

transitions between the filled 5 d10 band and 6(sp)1conduction band.  

It was proposed that the capping ligands also play an important role in enhancing the 

fluorescence in the thiol-protected Au NCs due to the electron transfer from a thiol to 

a surface gold atom via the Au-S bond. 

For example, purine (-S-)-Au NCs exhibit green fluorescence at 520 nm.103 Moreover, 

by replacing purine ligands with DHLA or BSA,83, 104 red fluorescence at ~ 650 nm 

was achieved. Complementary opportunities arise from attachment of fluorophores to 

Au NCs. It was demonstrated that emissions of fluorophores close to the nanoclusters 

is quenched,105 due to resonant energy transfer. Therefore, fluorescence spectroscopy 

can be used to explore the stability of the ligand shell. The properties of solvent affect 

ligand release, for example, 2 nm Au NCs were found to be prone to ligand shell 

insatiability for that cationic stabilized Au NCs are more labile compared to anionic 
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ones.106  

 

Figure 1.7 TEM (A) and HR-TEM images (B) of AuNCs. Histogram of the size 

distribution of AuNCs from HR-TEM (C) and from DLS results (D).107 

The Au NC morphology was extensively studied by high-resolution transmission 

electron microscopy (HRTEM) and dynamic light scattering techniques. As shown in 

Figure 1.7, the observed water-soluble Au NCs (capped by glutathione and citrate-

GS/C) are spherical with diameter of ~ 1.8 nm, in a narrow size distribution. Analysis 

of the NCs morphology revealed high crystallinity and crystal lattice planes separation 

of 2.34 Å, corresponding to (111) plane of the face centered cubic Au.107 

Exploring the NC surface is of key importance for understanding a NC’s optical and 

magnetic properties. For analysis of the surfaces, X-ray photoelectron spectroscopy 
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(XPS) has been used to analyze the ligand shell of Au NCs. Tamura et al. investigated 

1.7 nm sized Au NCs, capped with 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 

(BINAP), and confirmed the oxidation state of 0 for the gold atoms.108 Boyen et al. 

determined an unexpectedly high oxidation resistance for Au55 clusters compared to 

smaller and larger Au NPs, relating this stability to the closed-shell structure of the 

Au55 clusters.109  

1.2.4 Magnetic properties of Au NCs 

Recently, multiple studies have emerged reporting magnetic behavior of nanoscale 

materials. This magnetism was observed in metal oxide nanoparticles (e.g. Fe3O4)110 

and nanocrystalline films, as well as in typically diamagnetic metal nanostructures (Au, 

Cu, Ag, Pt).111  

The magnetic properties of the d-elements are a result of the electronic configuration 

of the d orbitals, where the number of unpaired electrons defines net magnetic moment. 

Single gold atoms (e.g. in gaseous state or absorbed on a support) are paramagnetic 

because of the unpaired 6s electron, while bulk gold is diamagnetic because the 

paramagnetism of the conduction electrons is counteracted by the orbital and ionic 

core diamagnetism.112 Despite its gas-phase atomic electronic configuration of 

[Xenon]4f145d106(sp)1, the band structure of gold and its calculated density of states 

predict an equal number of spin-up and spin-down electrons, hence diamagnetic 

property.112 This predicted diamagnetism is in agreement with the experimentally 

observed negative value of magnetic susceptibility and diamagnetism of bulk gold.  
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Moreover, recently, Jin et al.113 reported a reversible switching of paramagnetism in 

Au25(SR)18 at T = 5- 300 K, where R is phenylethyl, density functional theory (DFT) 

was used to assign the observed magnetism to the unpaired spin residing in the Kohn-

Sham HOMO state of Au25(SR)18. Alfonso et al.114 confirmed paramagnetism of 

[Au25(SR)18]0 by 1H and 13C NMR studies and suggested that the paramagnetic 

behavior of Au25(SR)18 was arising from the Fermi-contact term confirmed by DFT 

calculations of chemical shifts. However, this results were contradicted by their follow 

up report of diamagnetic behaviour of  [Au25(SR)18]+,115 where DFT-calculations of 

the evolution of the frontier orbitals had been used to supplement their conclusion that 

positive charge state (+1) must be considered diamagnetic due to a significant splitting 

of the HOMO energy level.   

A large number of investigations of magnetism in gold nanoparticles were performed 

using SQUID magnetometers, however the results remain inconclusive, due to the 

complexity of the structure and need for corrections for various contributions (e.g. 

ligands).116 

To gain further insights into this complex problem, X-ray magnetic circular dichroism 

(XMCD) was used to detect of the magnetic moments of an element through sensitivity 

to the difference between the up and down-spin densities around the Fermi level.117 

Yamamoto et al.118 explored magnetization in 1.9 nm Au NP capped with polyallyl 

amine hydrochloride. The evidence of intrinsic spin polarization in gold nanoclusters 

was demonstrated with magnetic moments of ~ 0.13µB. 
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Various theories have been put forward to explain the magnetic properties of Au (and 

other metallic) nanoparticles.112 The current leading theories, suggest that magnetism 

could result from:  

(i) the predominant effect of surfaces at the nanoscale; 

(ii) the strong modification to gold from strongly capping molecules, like thiols; 

(iii)  the strong spin-orbit coupling of gold.  

Of particular interest is interaction of metal ions with ligands. As suggested by Li et 

al.,119 the magnetic properties of capped Au NPs originate from the strong chemical 

affinity of Au atoms to the capping molecules. Strong interaction between thiols and 

gold induces a noticeable charge redistribution. The observation of magnetic moments 

in thiol-capped Au NPs is also associated with the 5d localized holes created through 

the covalent Au-S bonding between the surface Au atoms and S atoms of the capping 

thiol.111 The strong affinity between them can induce a noticeable charge transfer from 

the surface of Au atoms to the S atoms. As a result, the electrons of the surface Au 

atoms will be redistributed to induce hybridization between the 5d and 6s orbitals, such 

that the energy of 5d electrons is closer to the Fermi level. Consequently, unoccupied 

d states are created in the surface Au atoms, leading to the observation of magnetism.  

Ayuela et al.120, used first-principle calculations to show that in the S-Au bond, an 

electron is transferred to the Au cluster. This extra electron is mainly sp and at an 

electronic shell below the NC surface, hence subsurface gold atoms hold unpaired 
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electrons leading to the magnetic moments in Au NC.  

1.3 Cytotoxicity and cellular uptake of gold nanoparticles  

1.3.1 Cytotoxicity study of nanoparticles 

An understanding of the interaction between nanoparticles and biological systems is 

of significant interest. The prototypical nanoparticles are produced by chemical 

synthesis, and are coated with polymers, drugs, fluorophores, peptides, proteins, or 

oligonucleotides and eventually administered into cell cultures or animal models.121  

Nanoparticles were suitable used as drug carriers, however, there is a growing number 

of concerns over the potential risks of nanomaterials to human health and safety.122 

Biophysical responses to the uptake of nanomaterials can include conformational 

changes in biomolecules including DNA and proteins, and changes to the cellular 

membrane and the cytoskeleton. Changes to the latter two can induce changes in cell 

elasticity, morphology, motility, adhesion and invasion.121 Several factors influence 

nanoparticle-cell interactions at the nano-bio interface, such as size, shape, charge of 

the nanoparticles, the ligand density, receptor expression levels, the internalization 

mechanism, the cell properties including phenotype and location.  

As shown in Figure 1.8, nanoparticles can interact with the cell surface membrane in 

multiple scenarios.123 The ligand-coated nanoparticles can bind to receptors on the 

membrane and induce a signalling cascade without entering the cell. Also, the ligand-

coated nanoparticles can be internalized and exocytosed by the cell, without ever 
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leaving the vesicle, and then exit from the cell. Another pathway is internalization of 

nanoparticles that can escape the vesicle and interact with various organelles. They 

bind to membrane receptors, enter the cell, and target subcellular structures. The 

nonspecific interaction with the cell membrane could also be followed by 

internalization.  

 

Figure 1.8 a) Schematic representation of factors that can influence nanoparticle-cell 

interactions at the nano-bio interface. b) Ligand-coated nanoparticles interacting with 

cells. c) Multiple transferrin-coated 15-nm gold nanoparticles are internalized by 

HeLa cells into intracellular vesicle.123 

1.3.2 Detection of intracellular uptake of gold nanoparticles 

With an increasing interest in gold nanoparticles, it is important to understand the 

interaction of gold nanoparticles with the cellular environment. As the NPs enter the 

biological environment, a so-called ‘protein-corona’ is formed by absorption of 

��

��

��
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dissolved biomolecules. The interaction of NP with cells are determined by this 

biomolecular layer.124 Generally, mechanisms of two active and one passivate are 

proposed for the NPs internalization by cells. In activate methods, NPs are 

encapsulated in vesicles and transported into cells via endocytosis: pinocytosis 

(drinking by cells) or phagocytosis (eating by cells).125 Most cells are able to conduct 

pinocytosis of NPs up to several hundred nanometers. Surface exposed functional 

groups on NPs can be recognized by cell surface receptors and activate the cell’s 

uptake machinery. Specialized cells, such as macrophages, neutrophils, and monocytes 

are capable of phagocytosis of micro-sized particles by totally engulfing with their 

plasma membrane.126 For cell types that completely lack the endocytosis machinery 

such as red blood cells, NPs are internalized by passive penetration.127 Cellular uptake 

studies are performed to explore and qualify these interactions. Several methods were 

proposed to detect the intracellular behavior of nanoparticles, such as confocal laser 

scanning microscopy, transmission electron microscopy and fluorescence microscopy.  

1.3.2.1 Photoluminescence microscopy  

Photoluminescence is regarded as a distinct property of gold nanoclusters, which arises 

from the transition between the HOMO and LUMO energy state. Au NCs display 

longer emission lifetimes (from hundreds of nanoseconds to microseconds) compared 

to other plasmonic nanoparticles.128,129 The long lifetime enables to minimize the 

autofluorescence interference in biological samples through time-resolved 

luminescence techniques.130 
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To date Au NP were successfully used for early-tumor diagnostics and 

pharmacokinetics tracking, where accurate in vivo localization of functionalized gold-

nanoparticles was achieved.131 Au NCs were recently used in sensing for detection of 

heavy metal ions, small biomolecules or proteins.94 

Confocal laser scanning microscopy (CLSM) is used for imaging of cell or tissue 

samples and operates by laser scanning on an optical platform. The images are 

obtained at higher resolution with depth selectivity.132 The key advantage of CLSM is 

its ability for optical sectioning in which the images are reconstructed based on the 

point-by-point scanning, and the 3-D structure of the superficial interior can be 

reconstructed. Overall, the quality of the images is greatly enhanced due to the unique 

sectioning method of the laser, and the information from the out-of-focus field is not 

superimposed on the image in focus. Also, most of the traditional imaging techniques 

have the disadvantages of tissue distortion, due to tissue fixation and sectioning and 

exposure to the light beam. The CLSM enables imaging of the intact and/or viable 

sample, hence enabling visualization of actual process.133 

Fluorescence confocal microscopy and its derivatives (e.g., multiphoton laser scanning 

microscopy (MP-LSM)), are still an irreplaceable tool for non-invasive visualization 

of live cell uptake of nanoparticles in real time.76,134 

Fluorescence image of Au NCs’ cellular uptake can be acquired using purine-stabilized 

Au NCs (with hydrodynamic diameter of 2.6 ± 0.7 nm) targeting cell nuclei. Images 

were recorded at 510 nm. As shown in Figure 1.9, The AuNCs targeted nuclei with 
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green emission are differentiated with the deep red plasma membrane dyes stained 

compartments of cells.103  

 

Figure 1.9 Confocal scanning microscopy images of four different cell lines 

following exposure to AuNCs (λem = 510 nm). Cell cytoplasm was stained with red 

dye ((λem = 633 nm). (a–c) Merged fluorescence images are shown in (c, f, i and l) 

(scale bar corresponds to 10 μm). Figure is reproduced from reference [103].103 

The other way is to attach fluorescence label to the gold core,135 but the short distance 

between the fluorescent label and the gold core could lead to energy transfer and may 

inhibit or reduce photon emission. It has also been demonstrated that a ligand can be 

removed during or after cell uptake, either by ligand exchange or by proteolysis.136  
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We have shown that the fluorescence of Au NCs can give a direct visual demonstration 

of cellular uptake. However, it is challenging to access the nanoclusters quantity that 

been absorbed.  

1.3.2.2 Transmission electron microscopy  

Previously, TEM was used only for detecting electron-dense particles e.g. metallic 

nanoparticles rather than soft matter with low electron density. However, advanced 

TEM approaches such as cryo-microscopy emerged in recent years enabling TEM 

visualization of both ‘hard’ and ’soft’ particles.133 Furthermore, very high resolution 

( 0.1 nm, size of atom) aberration-corrected TEM instruments have been developed to 

image detailed atomic structures of nanoparticles.137 

Nowadays, TEM is a widely-used microscopy technique for the intracellular detection 

of metal nanoparticles; their high electron density enables direct visualization. In 

conventional TEM (in contrast to HRTEM), nanoparticles larger than 5 nm can easily 

be imaged inside cells,138 and imaging of single nanoparticles in cellular compartments 

and organelles is possible. Nevertheless, it requires time-consuming sample processing, 

such as cell fixation and resin embedding and hence lacks important statistical 

information. 

A detailed TEM study of cellular uptake and intracellular distributions of a 16 nm PEG 

modified gold nanoparticles by human fibroblast cells (HeLa cells) was presented by 

Nativo et al.139 They demonstrated that the endosomal route of cellular uptake can be 



 

 24 

bypassed to a significant extent by controlling the uptake mechanism either via the 

delivery of the nanoparticles by liposomes or by surface modification of the 

nanoparticles with so called cell penetrating peptides (CPPs). Successful nuclear 

targeting is confirmed using surface modification with a mixture of CPPs and a peptide 

acting as nuclear localization signal (NLS).  

As shown in Figure 1.10, PEG-modified Au NPs are taken up by cells in the presence 

of liposomes by different routes, and are localized in vesicular intermediate, 

endosomes, and cytosols. Interestingly, the transfer process of Au NPs from plasma 

membrane to endosome, and from endosome to cytosol can be observed in TEM 

images.  

 

 



 

 25 

 

Figure 1.10 Uptake of PEG-modified gold nanoparticles in the presence of 

liposomes. Observed uptake mechanisms without apparent direct involvement of the 

liposomes include (a) caveolae and (b) clathrin-mediated endocytosis. Particle 

delivery by liposomes and subsequent uptake are shown in (c) and (d). Perhaps 

reflecting the wealth of different uptake mechanisms available under these conditions, 

nanoparticles are found in the endosome (e) or free in the cytosol (f). Note that some 

nanoparticles in the endosome are surrounded by an additional membrane (arrows), 

which indicates that they have been taken up by the endosome from the cytosol. Scale 

bars are 200 nm.139 
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1.3.2.3 Inductively coupled plasma – Mass spectrometry (ICP – MS) 

Inductively coupled plasma – Mass spectrometry (ICP-MS) is used to qualitatively 

assess cellular uptake of nanoparticles. ICP-MS is a mass spectrometric method which 

uses a hot plasma ion source with a temperature up to 8000 °C. Most elements of the 

periodic table are highly ionized. Biomolecule samples will be fully decomposed and 

atomized.140 It has excellent limits of detection (18 parts per trillion for gold) and can 

be applied to quantify the cellular uptake by digesting the cells with strong acid.141 

While ICP-MS is an excellent tool for quantitative analysis, it is destructive, and 

cannot differentiate between nanoparticles absorbed on the surface of the cell and those 

internalized into cells. Treatment of cells with heparin sulfate before analyzing the 

cells can be used to desorb surface-absorbed nanoparticles, assuming that heparin 

sulfate polymer has a higher binding affinity to the cellular surface to displace surface-

bound gold nanoparticles.142 Another approach is to selectively etch the gold 

nanoparticles on the surface of the cells, as was demonstrated by Cho,143 using solution 

of I2 and KI. ICP-MS analysis combined with I2/KI etching was used to quantify the 

number of gold nanoparticles both ‘on’ and ‘in’ the cells.  

Kim et al. used ICP-MS to quantify the intracellular nanoparticles, AuNP-NH2 and 

AuNP-NH2-cucurbit [7] uril (CB[7]). The analysis of the result showed that the total 

amount of the nanoparticles taken up by the cells was nearly identical (Figure 1.11). 

Quantification of the amount of gold present in cells was also probed. Samples were 

analysed by ICP-MS to determine the amount of gold in breast cancer cell after 3 h 
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incubation with 0.5 μM of AuNP-NH2 and AuNP-NH2-CB[7]. Cellular uptake 

experiments with each gold nanoparticle were repeated 3 times, and each replicate was 

measured 5 times by ICP-MS. Error bars represent the standard deviations of these 

measurements.144,145 

 

Figure 1.11 Cellular uptake of the gold nanoparticles.144 

The bioscience community is working on development of standard imaging approach 

to accomplish all measurements for nano-bio interaction.146 Nowadays, combined 

ways were used to analyze the cellular uptake. The number of citrate-coated gold 

nanoparticles in vesicles after absorption in mammalian cells has been assessed by 

TEM.147 In this study, TEM results have been further validated by inductively coupled 

plasma atomic emission spectroscopy (ICP-AES). This technique allows the 

quantification of the number of gold atoms, thereby offering a more precise assessment 

of the number of gold spheres, still similar to TEM estimation. As for ICP-AES, 

inductively coupled plasma mass spectrometry (ICP-MS) provides an elemental 

analysis and helps estimate the number of nanoparticles in the sample.  
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1.4 Development of Au NCs for biomedical applications  

1.4.1 Folic acid as targeting ligand 

Folic acid (Figure1.12) is a natural B-vitamin that has become a useful ligand for 

targeted cancer therapies, It binds to a tumor-associated antigen known as the folate 

receptor (FR, kd = 10-9).  

Folate that is naturally found in most vegetables plays an important role in various 

cellular reactions including the bio-synthesis of purines and pyrimidines and other 

methylation reactions involving DNA, proteins, and lipids.148 

  

Figure 1.12 The structure of the Folic acid.  

Folate leakage could lead to DNA hyper-methylation and gene expression, and also to 

chromosome damage, both key factors for carcinogenesis.149 In other words, when 

cancer is established, there is increasing evidence that folate can enhance its 

progression in some carcinomas (colon and rectum, breast and prostate).150 

Folate receptors are a group of highly heterogeneous proteins, which mediate 

accumulation of folate into cells and regulate folate homeostasis and cellular 
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proliferation.151-152 There are two main ways for cells to collect folate. One way is via 

the reduced folate carrier (RFC), a bidirectional transporter with low affinity for folate 

and classical anti-folates, but very high capacity for transport. RFC is ubiquitously 

expressed.153 The other way is via the folate receptor (FR), glycosyl-

phosphatidylinositol (GPI)-anchored cell surface glycoprotein of 38-40 kDa, 

preferentially linked to oxidized folate.154 It enhances folate through endocytosis, 

showing very high affinity but low capacity. Since the macromolecule remains intact 

in the endosome, it can fully exert its function inside the cell.155 After endocytosis, FR 

is recycled, returning to the cell surface to bind to new folate (Figure 1.13). The 

recycling rate of FR a is reported in the range from 5.7 h to 20 h.156 Longer exposure 

times were chosen to maximize the internalization of NPs by cells.  
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Figure 1.13 The two folate receptors, reduced folate carrier (RFC), and Folate 

Receptor alpha. Scheme of mechanism of vintafolide.157 

There are three isoforms of folate receptors: Alpha (FRa), Beta (FRb), Gamma (FRg). 

FRA is the most widely researched.151 It has a very limited tissue distribution. In 

normal tissue, FRA is mainly expressed on the apical surface of a subset of polarized 

epithelia cells including parotid, kidney, lung, thyroid and breast 158 which is far away 

from the blood stream.159 While FRA overexpression is described in carcinomas of the 

ovary and endometrium, non-small cell lung adenocarcinoma, clear cell renal 

carcinoma, colorectal carcinoma, and breast carcinoma.151 The limited tissue 

distribution of FRA and its specific expression on certain malignancies make its and 

attractive target for directed therapies. FRB is mostly found in the spleen, placenta, 

and white blood cells and has different stereo-specificities and affinities for folate 
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coenzymes and anti-folates.160 FRG is found principally in bone marrow.161 

He et al.162 synthesized a core-shell-corona particles which are FA-modified PEG-

poly(lactic-co-glycolic acid) (PLGA) amphilic copolymers that encapsulated cisplatin 

(CDDP) and paclitaxel (PTX). Excellent compatibility of the FA-capped NPs was 

demonstrated by the absence of endogenous, exogenous or conventional coagulation 

pathways as well as activation the complement system. Two cell lines were used to 

test the drug’s effects, A549 (FR-negative) and M109 (FR-positive). Even both were 

strongly inhibited under the combined drugs, the M109 exhibited better anticancer 

effects than A549. 

Lei et al.163 did research on turn-on fluorescent nano-probe (FA-PEI-carbon dots) for 

FR-positive cancer cells in vivo and in vitro. These fluorescent nano-probes’ ability to 

recognize FR-positive cancer cells was confirmed with confocal fluorescence 

microscopy images by comparing compound’s cellular uptake of FR positive cells 

HeLa, HepG2 and FR-negative cell line MCF-7. 

Chen et al.164 resolved the crystal structural basis for molecular recognition of folic 

acid by folate receptors at 2.8 Å resolution. As shown in the Figure 1.14, FR a has a 

globular structure stabilized by eight disulphide bonds and contains a deep open folate 

binding pocket comprised of resides that are conserved in all receptor subtypes.  
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Figure 1.14 Structural and biochemical analysis of FRa -folic acid interactions a) 

The internal charge distribution surface of the binding pocket A colour-code bar 

(bottom) shows an electrostatic scale from −3 to +3 eV. b) Folic acid-binding network 

with close-ups of the folic acid head and tail groups. Residues that line with the 

biding pocket are shown in green and folic acid is shown in grey. Hydrogen bonds are 

indicated by dashed lines.164 

��

��
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Structural and mutational analyses provided rationale for the absolute requirement of 

the pterin group for anchoring folate in the binding pocket of the receptor and for the 

availability of the glutamate group for conjugation with drugs and imaging reagents, 

without adversely affecting the interaction between receptor and ligand.164 The key 

part of folic acid conjugated with folate receptor was the pterin group. For 

modification of folic acid on the glutamate part either a-  or  g- carboxylic acid 

groups can be activated. However, the recognition by the folate receptor is not 

expected to be affected.   

1.4.2 Magnetic resonance imaging  

Magnetic resonance imaging (MRI) is a diagnostic tool for medical imaging and it 

provides excellent soft tissues contrast resolution, sensitive to temperature changes. 165 

According to different relaxation pathways, MRI images can be classified as T1 

(longitudinal relaxation time) or T2 (transverse relaxation time)-weighted images. MRI 

contrast agents can help to resolve images and allow better interpretation.166 

Commonly, paramagnetic complexes, such as Gd-DTPA (gadolinium diethylene 

triamine pentaacetic acid), are used as T1 contrast agents and magnetic nanoparticles 

are selected as T2 contrast agents.  

The mechanism of T2 contrast is as follows: Under an applied magnetic field (B0), a 

magnetic dipole moment is induced in superparamagnetic nanoparticles. When water 

molecules diffuse into the periphery (outer sphere) of the induced dipole moments, the 

magnetic relaxation process of the hydrogen atoms in water are perturbed and the spin-
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spin relaxation time (T2) is shortened. Such changes result in darkening of the 

corresponding area in T2 -weighted MR images (Figure 1.15). The degree of the T2 

contrast effect is typically represented by the spin – spin R2 relaxivity (R2 = 1/T2), 

where higher values of R2 result in a greater contrast effect. The relaxivity coefficient 

R2, which is obtained as the gradient of the plot of R2 versus the molarity of magnetic 

atoms, is a standardized contrast enhancement indicator.  

 

Figure 1.15 Scheme of magnetic resonance contrast induced by magnetic 

nanoparticles. Under and external field (B0), magnetic NPs are magnetized with a 

magnetic moment of m and generate an induced magnetic field, which perturbs the 

nuclear spin relaxation processes of the hydrogen atoms. This perturbation leads to 

MR contrast enhancement which appears as a darkening of the corresponding section 

of the image. 167 

In a previous study, iron oxide magnetic NPs (MNPs) were shown to provide a strong 

contrast in T2-weighted images.168 Metal alloy MNPs such as FeCo and FePt can also 
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serve as MRI contrast agents.167 A significant challenge associated with the application 

of these NPs in vivo is nonspecific uptake by the reticuloendothelial system (RES),169 

including the liver, spleen, and lymph nodes.169-170 Hence there is a need for the next 

generation of NP-based MRI contrast agents, which incorporate novel nano-crystalline 

cores, stable coating materials, and functional ligands to improve specific delivery/ 

targeting.171 Au NPs with diameter of 2 - 2.5 nm capped by dithiolated ligand 

(DTDTPA) was conjugated with gadolinium chelates. The conjugates were proved be 

an attractive MRI contrasts.172   

1.4.3 Thermal therapy 

Temperature is one of the most important parameters in determining the dynamics and 

viability of biological systems.173, 174 In humans, any temperature increase 

significantly  above the normal body temperature (~ 37 °C) is indicative of disease 

and can lead to irreversible damage and even to fatal organ failure.175 Nevertheless, 

contrary to general thinking, controlled temperature increments could have positive 

effects in patients with an ongoing disease.176 The beneficial effects of thermal therapy 

in the treatment of cancer were first observed in the 19th century.177 It was shown that 

the administration of living bacteria to cancer patients could cause a partial tumor 

regression,178 and successful treatment of uterine cervix cancer can be achieved with 

circulating heated water treatment.178 However, the heating methods and temperature 

measuring technologies were not sufficiently advanced at that time, so the success and 

reproducibility of such treatments were reduced. Consequently, the clinical application 
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of these therapies was not accomplished. 

In recent years, several scientific reports demonstrated substantial improvements in 

cancer treatment outcomes by using thermal treatments.179 A significant effort has 

been made to develop novel techniques for controlled and localized heating to 

understand the mechanisms of temperature induced cell death.180 It is widely assumed 

that the efficacy of a thermal treatment is given by two main factors: the magnitude of 

the temperature increment and the duration of the treatment.181, 182 To achieve efficient 

treatment, it is necessary to induce a well-localized heating, so that a significant 

temperature increase is achieved in the tumors only area.183 

For the purpose of cancer treatment, hyperthermia (HT) is currently attracting much 

attention from the scientific community.178,184 Compared to traditional techniques such 

as surgery, chemotherapy and radiation therapy, the HT therapies are potentially more 

specific and less invasive.  

Nanotechnology is currently proposed as a promising technique for remotely induced 

and localized heating. This application relies on the development and bio-

incorporation of heating nanoparticles (HNPs).185-186 which have long circulation 

times in the bold-stream, are targeted and able to produce localized heating in response 

to external trigger.  

1.4.3.1 Nanoparticles for magneto-thermal therapy 

Currently, promising results were achieved with HNPs in which heating is induced by 
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the application of oscillating magnetic fields (magnetic heating nanoparticles, M-

HNPs).165 Since MR imaging is sensitive to temperature, the image-guided thermal 

therapy is developed and uses real-time temperature mapping to provide better 

treatment outcome. The HNPs thermal dose required to induce cell death ranges from 

25 to 240 minutes at 43 °C.187  

Therefore, the role of MRI is to visualize and quantify the deposition of heat energy in 

the treated and surrounding tissue with adequate spatial and temporal resolution. 

Consequently, the success of MR image-guided thermal therapy depends on the 

accuracy with which temperature can be estimated. Quesson et al.188 summarized the 

thermometry methods: the NPs are introduced into the tumour site and activated by 

oscillating magnetic field to generate heat.189,190 The proof of concept of HT treatments 

based on M-HNPs was provided in 1957 by Gilchrist et al. who demonstrated tissue 

heating by a 1.2 MHz magnetic field based on the presence of Fe2O3 magnetic 

nanoparticles.191 In 2001, Jordan et al. reported the first clinical study of magnetic 

hyperthermia,192 demonstrating successful and safe treatment of brain tumors by 

aminosilane-coated superparamagnetic iron oxide nanoparticles. M-HNPs are 

currently considered as a multi-functional platform for cancer therapy, since they can 

be used for simultaneous tumor heating and imaging.190  

1.4.3.2 Nanoparticles for photo-thermal therapies 

An alternative route for activation of NP is provided by illumination with laser 

radiation that has attracted much attention for the last few years.193  
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Figure 1.16 Schematic representation of the different processes activated when a light 

beam interacts with a nanoparticle. The presence of scattering, luminescence and heat 

generation are included.182 

When a nanoparticle is illuminated by a light beam, some of the incident photons are 

scattered by the nanoparticle while others are absorbed. The absorbed energy is 

released as heat or as luminescence (Figure 1.16).182  

Further reduction of non-desired light absorption by healthy tissues can be achieved 

by using specific laser wavelengths lying in the so-called biological windows.194,195 

Biological windows are defined as the spectral ranges where tissues become partially 

transparent due to simultaneous reduction in both absorption and scattering. 182 
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Figure 1.17 Extinction coefficient of a representative tissue.182 

To achieve nanoparticle-based selective and efficient photo-thermal therapies, the NPs 

to be used must fulfil a number of requirements: 

i. Large absorption cross section for optical wavelengths within any of the two 

biological windows. This would ensure an efficient absorption of optical radiation 

and, in combination with a large light-to-heat conversion efficiency, would make 

thermal therapy possible with low-power laser sources.196  

ii. Low toxicity. Toxicity of L-HNPs should only be activated in the presence of 

optical radiation. L-HNPs should be non-toxic to both healthy and cancer cells. 

This is required to achieve a selective treatment with minimum side effects.197  

iii. Surface functionalization. This would also allow for highly selective treatments 

since tumor targeting would become possible.198  
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iv. Good solubility in biologically relevant solvents. This would ensure long 

circulation times (half-lives) in the bloodstream and, consequently, easy access to 

cancer tumours even at low circulation flows.199 

Based on these criteria, gold nanostructures such as nanocages, nanostars, nanoshells 

and nanorods have been investigated. Among them gold nanorods (NRs) are the most 

widely researched photo thermal therapy (PTT) agents since nanorods have a short and 

long axis, hence two absorption peaks matching with the transverse and longitudinal 

SPR. Recently, Zhang et.al.200 prepared Au NRs with a 40 nm length, 10 nm diameter 

and corresponding transverse and longitudinal absorption peaks of 520 nm and 900 

nm. A successful targeted damage of HER2-positive breast cancers has been 

demonstrated with NIR laser excitation. Better efficacy was obtained compared to 

traditional therapy.200 

The effect of NP size and shape on their distribution in solid tumours has been studied. 

Perrault et al. proved that larger size Au NPs were not able to penetrate deep into 

tumors.  

Though PTT was shown to have potentials in cancer treatment, effective heating of 

some tissues was prevented by various physical and technical limitations. For example, 

for magnetic hyperthermia, the generators with field amplitudes up to a few ten of 

kAm-1 are needed in the frequency range of 50 KHz to 1 MHz,190 which presents 

various technical challenges.201 Lasers are limited to treatment of superficial tumors 

as the energy source of PTT, as well as increased non-specific damage to adjacent 
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tissues.  

Inductive heating can be introduced to PTT process: combined with alternating 

magnetic field, a flow of current is generated within MNPs, the amount of current is 

proportional to the value of magnetic field and the size of the objects. Hence, the 

temperature will be improved with increasing resistance.  

Zeev et al.202 utilized a dual method of heating which combined laser irradiation with 

low frequency and amplitude alternating magnetic field to produce magnetic NPs 

oscillation. This leads to more rapid and efficient cell death, demonstrating that this 

manipulated MNP(Fe3O4) technique can be a superior agent for PTT. This technique 

can be specifically used on target cells or other live tissues, providing a concentrated 

assembly for improved cell death capability.  

Au NPs are able to convert electromagnetic radiation into heat due to electron 

excitation and relaxation, providing their potential for thermal ablation of tumor 

cells.203 Mendes et al. produced Au NPs with diameter of 14 nm and demonstrated an 

efficient light-to-heat conversion at 530 nm. A ∆T = 12 °C was obtained of cell with 

Au NPs than without under 60 s 3.44 W·cm−2 laser irradiation. Besides, PTT in the 

visible can reduced breast cancer cell viability by 60 %.204 

In this chapter, we have introduced the synthesis, properties and applications of gold 

nanoclusters. Its outstanding optical, magnetic, easy-modification, low toxicity 

properties make Au NCs as a worthy candidate for cancer treatment.  
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1.5 Thesis outline 

This thesis is composed of seven charters which describe different aspects of the 

research. 

Chapter 2 sets the aims for this project. 

Chapter 3 introduces the analytical techniques used, including their principles, models 

and parameters used in measurements. The methodology used for nanocluster 

synthesis is provided in detail. The description of in vitro assays and cellular uptake 

studies is also included here.  

Chapter 4 presents the fabrication of capping ligands, thioctic acid conjugated poly 

(ethylene glycol). The properties of water-soluble gold nanoclusters as well as the 

assessment of their stability are discussed. 

Chapter 5 describes the development of folic acid targeted ligands, the production of 

folic acid conjugated gold nanoclusters and the evaluation of their properties and 

stability. 

Chapter 6 shows the in vitro studies of both targeted and non-targeted Au NCs. The 

cytotoxicity of Au NCs is assessed by cell viability assay (MTT assay). The cellular 

uptake are analyzed by ICP-MS. 

Finally, in Chapter 7, all the results and the conclusions of this projects are summarized 

and future works is suggested.    
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Chapter 2 

Chapter 2. Aims and objectives  

The aim of this project is to develop novel targeted Au NCs for imaging and treatment 

based on magnetic water-soluble gold nanoclusters conjugated with folic acid.  

Particular objectives are:  

1) Develop the methodology for colloidal synthesis of Au NCs starting from gold (III) 

chloride hydrate, with kinetic and thermodynamic control of growth of monodisperse 

particles with diameter below 2 nm.  

2) Explore various routes for conjugation of folic acid for targeting of FA receptor 

overexpressing cancer cells.  

3) Study optical, morphological and magnetic properties of synthesized NC. 

4) Explore biocompatibility, cell uptake and targeting efficiency of Au NCs and FA 

conjugates. 
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Chapter 3 

Chapter 3 Experimental methods 

Commercial reagent grade solvents from Fisher Scientific® were used for all reactions. 

All anhydrous solvents were purchased from Fisher Scientific® or Sigma Aldrich®. All 

reagents were purchased from Sigma Aldrich® or Fisher Scientific® and used without 

further purification. 

Milli Q water (resistance 18.2 MW•cm) was purified with a Barnstead NANOpure 

DIwaterTM system. All glassware used for AuNC synthesis was thoroughly cleaned 

with aqua regia (37 % HCl: 70 % HNO3=3:1 v/v), rinsed with copious amounts of 

nanopure water, and then dried in an oven (T = 50 °C) prior to use. 

3.1 Optical and morphological characterization  

In this project, UV/Vis absorption spectra (190-900 nm) were recorded using a Cary 

100 UV/Vis spectrophotometer (Varian, Palo Alto, USA). High resolution 

transmission electron microscope (HR-TEM) was performed on a JEOL-2100 TEM 

equipped with a thermally assisted field-emission gun, which was operated at an 

accelerating voltage of 200 kV. The TEM samples were prepared by drop casting 

colloidal solution of Au NCs onto a graphene oxide coated copper grid and allowed to 

dry. Dynamic light scattering data were obtained from Nano-ZS instruments (Malvern 

Zetasizer, UK). Inductively coupled plasma mass spectrometry (ICP-MS), using a 
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Thermo-Fisher Scientific X-series II with a hexapole collision cell charged with 7 % 

hydrogen in helium. Data were recorded and analysed using PlasmaLab software 2.5.4, 

(Thermo-Fisher Scientific). The details of each characterization method is introduced 

in the following chapter. 

3.1.1 UV-Vis spectroscopy 

UV/Vis spectroscopy is an absorption technique used to record intensity of absorbed 

light in the wavelength range from ultra-violet to near-infrared (200 – 900 nm). As 

shown in Figure 3.1, upon absorption of light, electrons are transferred from the 

ground state to higher energy excited state. Absorption profile can be measured by 

UV/Vis spectroscopy, and can be used to estimate the concentration of the sample 

using Beer-Lamber Law:  

𝐴 = 𝜀𝑏𝑐 = log	(+,
+-
	),																																											     (3.1) 

where A is the absorbance， 𝜀 is the molar attenuation coefficient， b is the path-

length, c is the molar concentration， I0 is the incident light intensity， I is the 

transmitted light intensity. 
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Figure 3.1 a) Jablonski diagram illustrating electron transfer to excited state upon 

absorption of photon; Raman scattering and fluorescence emission processes are 

shown in the sketch, b) An arrangement of cuvette with liquid sample for absorption 

measurements.  

The main components of a UV/Vis spectrophotometer are illustrated in the Figure 3.2. 

 

Figure 3.2 a) Sketch of UV/Vis spectroscopy b) Morphology and process of 

homographic gratings. 

A white light source is used for excitation. To account for difference in light intensity 
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at different wavelength, the measurements are performed with a reference sample, i.e. 

cuvette with solvents. Two white light sources are commonly used in UV-Vis 

spectrophotometers: the deuterium arc lamp, constant light intensity in the UV region; 

the tungsten-halogen lamp (good intensity over part of the UV and the visible range). 

In some spectrometers, both types of lamps are used to generate a single broadband 

source. 

Dispersion gratings are used to select monochromatic light for excitation. An exit slit, 

positioned after the grating allows selection of specific wavelength of light from a 

continuous source. Generally, holographic gratings are used in UV-Vis spectrometers. 

Light falling on the gratings is reflected at different angles, depending on the 

wavelength. Holographic gratings can generate a linear angular dispersion with 

wavelength and are temperature intensive. (Figure 3.2 b) 

Intensity of light transmitted (not absorbed) through the sample is detected by 

photomultiplier tube. It combines signal conversion with several stages of 

amplification within the body of the tube. 

Sample holders (Cuvettes) are optically transparent. Glass or plastics cuvette are used 

in the visible - NIR region. Below 310 nm quartz or silica cuvettes are used. 

In this project, UV/Vis absorption spectra (190 - 900 nm) were recorded using a double 

beam, dual chopper and single dispersion Cary 100 UV/Vis spectrophotometer (Varian, 

Palo Alto, USA, Figure 3.3). It consists of tungsten-halogen light source with quartz 
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window, deuterium arc ultraviolet source, Czerny-Turner 0.278 m monochromator and 

high performance R928 photomultiplier tube.  

 

Figure 3.3 Schematic diagram of Varian Cary 100.  

Quartz cuvettes (1 mL) or disposable plastic cuvettes (400 µL) was used. Solvent used 

was analyzed and reference spectrum recorded. Then analyte solution (au 

concentration around 0.5 mM ) was transferred to cuvette and spectrum was recorded 

starting from 800 nm to 200 nm at a scan rate of 600 nm/min. Light source changes at 

350 nm. Absorption spectrum of each sample was recorded 3 times plotted as average.  

3.1.2 Transmission electron microscopy 

Transmission electron microscopy (TEM) uses high energy electrons beams 

(accelerating voltage up to 300 kV) to resolve the sample morphology (e.g. crystal 
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structure). The electrons from the beam are scattered by the atoms, and the transmitted 

electrons are projected to generate images (Figure 3.4).  

De Broglie’s formula (Equation 3.2) describes the properties of electromagnetic 

radiation and Abbe’s equation (Equation 3.3) links the wavelength of radiation to the 

resolution limit of a microscope.  

																																																																			𝜆 = 1
23
		,																																																			     (3.2) 

where h is Plank’s constant; m is mass of the electron, v is electron velocity. 

𝑟 = 5.789
: ;<= >

			,																																																						  (3.3) 

where r is resolution; 𝜆 is wavelength; n is refractive index of the medium;	𝑎 denotes 

half of the angular aperture of the light source. 

Larger accelerating voltages provide increased electrons speed and lead to the greater 

resolution quality of the images.  
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Figure 3.4 Diagram illustrating the interaction between electron beam with 

samples.205  

Transmission electrons microspores consist of an electron source, electromagnetic lens, 

sample holder and imaging system.  
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Figure 3.5 Structure of a TEM and (inset) electron source structure (Reproduced from 

Atomic World established by the Department of Physics, the Chinese University of 

Hong-Kong).206 

The electron beam is generated by a device composed of a cathode (tungsten filament) 

and anode (usually carbon). Electrons are emitted by heating the tungsten filament 

(cathode) and confined to a loosely focused beam after passing through a negative 

potential cap (Figure 3.5). The beam is then accelerated towards the sample by the 

positive anode. The loose electron beam is focused using electromagnetic lens and a 

metal aperture. Only electrons with a well-defined energy pass through. 

The imaging system consists of a screen and two electromagnetic lenses. Electrons are 
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refocused after passing through the sample by one electromagnetic lens. The image is 

enlarged and projected onto the phosphorescent screen by another lens to form an 

image.  

 

Figure 3.6 Photograph of Jeol-2100F FEG-TEM system. 

In this study JEOL-2100F FEG-TEM (Figure 3.6) system was used. It is equipped with 

a thermally assisted field emission electron gun (FEG), which provides a high 

brightness and high stability electron source for use at 100 kV and 200 kV; two 

detectors; bright field STEM detector and high angle annular dark field (HAADF) 

STEM detector. A point resolution of 0.19 nm can be achieved and allows the ultrahigh 

resolution imaging of materials.  

The Oxford Instruments 80 mm X-Max system was used for energy dispersive x-ray 

spectroscopy (EDS). 
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For TEM studies, Au NC solutions (~ 400 µL, 2 mM) were drop-cast onto graphene 

oxide coated grids and left to dry. The grids were placed onto a probe holder. Images 

were recorded by Dr. Michael Fay ( nmRC). 

3.1.3 Dynamic light scattering 

Dynamic light scattering (DLS) is used to assess the hydrodynamic size of the 

nanoparticles. In this technique, a laser beam is used to illuminate the analyte. The 

intensity of the scattered light is detected by a photon detector positioned at a known 

scattering angle. The size of the NP is calculated from scattering intensity assuming 

Brownian motion.  

 

Figure 3.7 Working principle of dynamic light scattering (reproduced from LS 

instruments website). 

Brownian motion of the particles is analyzed using the Stokes-Einstein Equation: 

                        𝐷 = ABC
7DEF

	,                               (3.4) 

where D is the diffusion constant. kB is the Boltzmann constant, T is the temperature 

and 𝜂 is the viscosity and R is the hydrodynamic radius. 
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Figure 3.8 Photograph and sketch of Zetasizer Nano ZS (reproduced from Zetasizer 

website).  

The Zetasizer Nano ZS (Malvern, UK) was used for DLS analysis. It is equipped with 

a Me-Ne laser (4 mW, 633 nm). The signal can be measured between 25 ns to 8000 s, 

and at measurements angles in the range from 13o to 173o.  

For DLS, AuNC solutions were filtered using a 22 µm filter (Sartorius). Each sample 

was placed into a disposable plastic cuvette (1cm × 1 cm × 3.5 cm) with a volume of 

1.2 mL (concentration: ~ 0.1 mM) and was measured and analyzed using Malvern 

software.  
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3.1.4 Inductively coupled plasma – mass spectrometry  

Inductively coupled plasma – mass spectrometry (ICP-MS) is composed of two main 

parts: inductively coupled plasma torch and mass spectrometry.  

  

Figure 3.9 Scheme structure of ICP-MS (QMS: quadrupole mass spectroscopy). 

The sample is nebulized and converted into plasma, which is then analyzed by the 

quadrupole mass spectroscopy. The general structure of ICP-MS is shown in Figure 

3.9. 

The sample introduced into the ICP as liquid form, it goes through different steps. As 

shown in Figure 3.10a, the first process is nebulization, where the sample is converted 

to a mist of finely divided droplet called an aerosol. Then in the spray chamber, 

separation of aerosol occurs as large droplets split to fine droplets that are carried to 

the plasma.  
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Figure 3.10 a) Configuration and arrangements sketch of ICP-MS; b) schematic 

diagram of typical ICP (reproduction form Labseries).207 

A typical inductively coupled plasma source is called a torch. It consists of three 

concentric quartz tubes through which streams of argon gas flow. A water-cooled 

�� ��

�� ��b)

a)
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induction coil powered by a radio-frequency generator; a Tesla coil to ionize the 

flowing argon; an induction coil to produce fluctuation magnetic field and interact with 

previous ions and their associated electrons (Figure 3.10b).  

 

Figure 3.11 Photograph of Thermo Fisher Scientific X-series 2 ICP-MS. 

In this project, we used a Thermo-Fisher Scientific X-series II ICP-MS with a hexapole 

collision cell charged with 7 % hydrogen in helium. Data were recorded and analyzed 

using PlasmaLab software 2.5.4 from Thermo-Fisher Scientific.  

All samples were prepared at 5 mL volume, and met the following criteria: 

(i) Less than 2 % dissolved solids; 

(ii) An acid concentration of no more than 2% (v/v) (nitric or hydrochloric); 

(iii) Analystes broadly in the correct weight range.  

3.1.5 Nuclear magnetic resonance spectroscopy  

Nuclear magnetic resonance spectroscopy (NMR) is one of the most powerful tools 



 

 58 

available to chemists and biochemists for elucidating the structure of chemical species. 

NMR is a non-destructive technique that allows determination of the structure of 

molecule by measuring the interaction of nuclear spins with a static magnetic field and 

a second oscillating magnetic field. The basis behind is that certain atomic nuclei have 

the properties of spin and magnetic moment. Exposure to a magnetic field leads to 

splitting of their energy levels and then generates structural information. As shown in 

Figure 3.12, an external magnetic field, splits the energy levels (Zeeman splitting) to 

higher energy for spin state opposite to field direction and lower energy for spin state 

aligned with B0. The energy transfer takes place at wavelength that corresponds to 

radio frequencies. When the spin returns to its ground state level, energy is emitted at 

the frequency, corresponding to energy level separation.  

 

Figure 3.12 Nuclear energy level under external magnetic field.  

The precise resonant frequency of the energy transition is affected by electron 

shielding, which depends on the chemical environment. Reversely, information about 

the nucleus’ chemical environment can be derived from its resonant frequency, also 

called Larmor frequency. The more electronegative the nucleus is, the higher the 

�� ��
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resonance frequency will be. The Larmor frequency can be estimated:  

                             ν = IJK
LD
	,                            (3.5) 

where ν  is Larmor frequency, 𝛾  is the gyromagnetic ratio, B0 is the external 

magnetic field. Also, factors like anisotropy and bond strain affect the frequency 

values. Tetramethysilane (TMS) is commonly used as proton reference frequency, then 

chemical shift can be expressed as: 

                             	δ = 3O3P
3P

                           (3.6) 

where ν is Larmor frequency, 𝑣R	is the resonant frequency of TMS, its chemical shift 

is set to zero on NMR spectra.  

NMR also enables assessment of spin-spin coupling, which results in splitting of the 

signal into two or more lines. The coupling constant (J) is measured as an absolute 

frequency (Hertz) and describes the interaction between a pair of protons. The nature 

of splitting indicates the number of chemically bond nuclei near the observed nucleus.  

Two types of relaxation processes can be observed in NMR: spin-lattice, or 

(longitudinal) relaxation and spin-spin (transverse) relaxation. Spin-lattice relaxation 

is observed as first-order decay with characteristic relaxation time, T1. The value of T1 

depends on gyromagnetic ratio of the absorbing nuclei and on mobility of the lattice.  

Spin-spin relaxation is a measure of mutual exchange of spins by two precessing nuclei 

in close proximity to each other. A nucleus in the lower spin state is excited, and the 
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other nucleus relaxes to the lower energy state. No net change in the relative spin-state 

population is observed, but the average lifetime of an excited nucleus is shortened. 

This process leads to NMR line broadening and is described by a transverse, or spin-

spin, relaxation time T2.  

In the NMR studies, chemical shifts are measured, and can be used to estimate spin-

spin coupling constant, relaxation time and concentration of the sample. The spectra 

are acquired in the instrument shown in Figure 3.13, which illustrates a simplified 

diagram of an NMR. It includes superconducting magnet, sample probe, amplifier, 

console and computer. The magnet produces the B0 field necessary for the NMR 

experiments. The sample probe is equipped with radiofrequency (RF) coil and are used 

for loading of the sample. RF coils create the B1 field (perpendicular to the B0 field) 

which rotates the net magnetization in a pulse sequence. The console is acting both as 

a RF transmitter and receiver. The computer is used to set the measurement sequences 

and to record the data. 

For proton NMR measurements, the NMR tubes containing samples is loaded into the 

probe, the magnet causes the protons to spin and the probe sends RF pulses to excite 

them and collects the free induction decay as they relax back to equilibrium. The 

signals are amplified on transmission and receipt. The FIDs are Fourier transformed 

from time to frequency domains to product NMR spectra of intensity versus chemical 

sift using computer.  
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Figure 3.13 Simplified diagram of a Fourier transform NMR spectrometer (the NMR 

spectra was transferred from free induction decay (FID) signal).208  

In this project, 1H NMR and 13C NMR spectra were recorded on BrukerTM AV 300, 

AV400, AV3400, AV3400HD, NMR500 or NMR600 spectrometers at room 

temperature.  

− Bruker DPX300, equipped with a 60 positions auto-sampler, a 5 mm dual 1H/13C 

probe with z gradients, automated gradient shimming capability. 

− Bruker DPX400, equipped with a 60 positions auto-sampler and a 5 mm autotune 

broadband probe with z gradients, automated gradient shimming capability. 

− Bruker AV400, equipped with a 60 position autosampler and a 5 mm autotune 

broadband probe with z gradients, automated gradient shimming capability. 



 

 62 

− Bruker AV(III)400, equipped with 60 position autosampler, 5 mm autotune 

inverse probe with z gradients, automated gradient shimming capability. 

− Bruker AV(III)500, equipped 60 position autosampler, with a 5 mm dual 1H/13C 

cryoprobe with z gradients, automated gradient shimming capability. 

To prepare samples for NMR, the solvents were used with no resonances of their own 

in the spectral region of interest, such as CDCl3, CD3OD, acetone-d6, and DMSO-d6 

and D2O. 

Standard 5 mm NMR tubes (507-PP-7-5, Wilmad) were used for holding 10 ~ 20 mg 

per NMR tube samples dissolved in deuterated solvents (600 µL).  

Chemical shifts, δ, given in parts per million (ppm) and J values in Hertz (Hz). 

Multiplets were designated by the following notations: s, singlet; d, doublet; t, triplet; 

q, quartet; quin quintuplet; sex, sextet; m, multiplet. 
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3.2 Synthesis of Au NCs 

3.2.1 Synthesis of PEG-based ligands 

3.2.1.1 Synthesis of TA-PEG550-OCH3 

Thioctic acid conjugated poly-ethylene-glycol (PEG) was synthesized starting from 

PEG (1) (Scheme 3.1). Generally, the hydroxyl group was replaced by a 

methanesufonyl (2) and then displaced with an azide group (3) by SN2 reaction. The 

amine was formed using an Staudinger reduction reaction. The amine obtained then 

was coupled with the carboxyl group of thioctic acid (4). Details of each reaction are 

described below.  

 

Scheme 3.1 Synthesis of TA-PEG550-OCH3. 

To synthesize N3-PEG550-OCH3 (3), PEG methyl ether (MW ~ 550 Da, 4.4 g, 8.0 

mmol) and methanesulfonyl chloride (1.2 g, 10.40 mmol) were dissolved in 
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tetrahydrofuran (THF, 10 mL). The solution was then cooled to 0 °C in an ice bath. 

Triethylamine (1.62 ml, 12.00 mmol) was added dropwise to the reaction using an 

dropping funnel and stirred for 48 hrs at room temperature. Excess amounts of solid 

NaHCO3 was used to adjust the reaction pH to ~ 8, and sodium azide (0.83 g, 12.80 

mmol) was added to the solution. The content was heated to 67 °C to distill THF and 

refluxed overnight at 100 °C. The reaction mixture was cooled to room temperature 

and then extracted with ethyl acetate (3×50 mL : 50 mL per time for 3 times ) followed 

by extraction in chloroform (5×50 mL). The combined organic layers were dried over 

anhydrous sodium sulfate, filtered and the organic solvent removed in vacuo at room 

temperature to yield a waxy liquid. TLC was carried out using a 10:1 (v/v) 

dichloromethane (DCM): Methanol eluent for the product resulting with an Rf of 0.5. 

1H NMR (300 MHz, in CDCl3): δ 3.62-3.71 (m), 3.53-3.57 (m, 2H), 3.39 (t, 2H, J = 

5.2 Hz), 3.38 (s, 3H). 

 

N3-PEG550-OCH3 was then used to synthesize NH2-PEG550-OCH3 (5). N3-PEG550-

OCH3 (4.18 g, 7.27 mmol) and triphenylphosphine (2.65 g, 10.10 mmol) were 

dissolved in tetrahydrofuran (48.5 mL) and stirred gently for 1 h. Water (1.2 mL) was 

added and the solution was further stirred overnight. The THF was removed in vacuo, 

and 48.5 ml of 1 M HCl solution was added into the remaining layers. The reaction 

mixture was extracted with ethyl acetate (6×50 mL). The aqueous layers were 

basified (to pH ~ 8) with solid NaHCO3 and saturated with solid NaCl. The reaction 
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mixture was then extracted with DCM (6×50mL).  The combined organic layer was 

dried over sodium sulfate anhydrous, filtered and the solvent was removed in vacuo to 

yield a waxy liquid at room temperature. 1H NMR (300 MHz, in CDCl3): δ 3.62-3.71 

(m), 3.53-3.57 (m, 2H), 3.51 (t, 2H, J = 5.2 Hz), 3.38 (s, 3H), 2.87 (t, 2H, J = 5.2 Hz). 

NH2-PEG550-OCH3 (2.0 g, 3.63 mmol), 4-(N, N-dimethylamino) pyridine (98 mg, 

0.81 mmol), N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (766.8 

mg, 4 mmol) were dissolved in DCM (13.5 mL) and cooled to 0 oC. Thioctic acid 

(0.825 g, 4 mmol) dissolved in DCM (4.5 mL) was added and the resulting solution 

was stirred overnight. The solvent was removed in vacuo and H2O (30 mL) was added 

to the residue. The reaction solution was washed with diethyl ether (4×50 mL). The 

aqueous layer was saturated with excess amounts of solid NaHCO3. The reaction 

mixture was extracted by DCM (4×50 mL).  The combined organic layers were 

dried over anhydrous sodium sulfate, filtered and the solvent was removed in vacuo. 

The crude product was purified by column chromatographed on silica gel using 10: 1 

(v/v) DCM: Methanol as eluent to yield a yellow waxy liquid at room temperature 

(~58% yield). TLC of the product was carried out using a 10: 1 (v/v) DCM: Methanol 

eluent resulting with an Rf of 0.5. 1H NMR (300 MHz, in CDCl3): δ 6.29 (br s, 1H) 

3.62-3.71 (m), 3.53-3.57 (m, 4H), 3.46 (t, 2H, J = 5.2 Hz), 3.38 (br s, 3H), 3.08-3.22 

(m, 2H), 2.42-2.52 (m, 1H), 2.19 (t, 2H, J = 7.2 Hz), 1.86-1.96 (m, 1H), 1.59-1.78 (m, 

4H), 1.40-1.55 (m, 2H).  
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3.2.1.2 Synthesis of TA -PEG400-NH2 

As depicted in Scheme 3.2, thioctic acid conjugated PEG teminated with amine was 

synthesized using a similar method to that of –OCH3 terminated ligands. One 

additional step was used to displace azide with amine, then to carboxylic acid. Details 

of this procedure are described below. 

 

Scheme 3.2 Synthesis of TA-PEG400-NH2. 

To synthesize N3-PEG400-N3 (9), PEG (MW ~ 400 Da, 5.0 g, ~25 mmol) and methane 

sulfonyl chloride (5.8 mL, 75 mmol,) were dissolved in THF (15 mL). The solution 

was cooled to 0 °C in an ice bath and triethylamine (7.6 mL, 55 mmol) was added 

dropwise to the reaction over 5 mins and stirred for 18 hours at room temperature. H2O 

(30 mL) and sodium bicarbonate (1.78 g, 21 mmol) were added and the pH was 
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adjusted to ~ 8. Sodium azide (4.4 g, 68 mmol, 2.72 eq.) was added to the mixture. 

THF was distilled off and the residual solution was heated to 67 °C under stirring for 

18 hours. The reaction mixture was cooled to room temperature and extracted with 

chloroform (5×50 mL). The combined organic phases were dried over anhydrous 

sodium sulfate, filtered and the solvent removed in vacuo to yield a waxy liquid (4.25 

g, 76%). 1H NMR (400 MHz, in CDCl3): δ 3.62-3.75 (m), 3.41 (t, 4H, J = 5.0 Hz). 

Synthesis of NH2-PEG400-N3 (10) were performed by mixing N3-PEG400-N3 (4.25 

g, 7.7 mmol) and ethyl acetate (140 mL) in a 2-neck round bottom flask equipped with 

magnetic stirring bar. Solutin of 56 mL 1M HCl was added and stirred gently. 

Triphenylphosphine (6.90 g, 26.3 mmol) was dissolved in ethyl acetate (93 mL), and 

added dropwise at 0 °C over 30 min and stirred for 18 hours. The aqueous layer was 

then washed with ethyl acetate (2×50 mL) and stirred with KOH (10.58 g, 0.49 mol, 

5 eq. vs. HCl) at 0 °C and the reaction solution was extracted with ethyl acetate (5×

50 mL). The combined organic layers were dried over anhydrous sodium sulfate, 

filtered and the solvent was removed in vacuo to yield a waxy liquid (2.11g, 65% 

yield), which was used in the next step. TLC of the product was carried out using a 10: 

1 (v/v) DCM: methanol eluent Rf ~ 0.1. 1H NMR (400 MHz, in CDCl3): δ 3.61-3.89 

(m), 3.53 (t, 2H, J = 5.0 Hz), 3.40 (t, 2H, J = 5.0 Hz), 2.88 (t, 2H, J = 5.2 Hz).  

To synthesize TA-PEG400-N3 (11), NH2-PEG400-N3 (2.10 g, 5 mmol), 4-(N,N-

dimethylamino)pyridine (0.12 g, 1.03 mmol), EDC hydrochloride (1.02 g, 5.3 mmol, 

1.03 eq.) were dissolved in DCM (30 mL) and cooled to 0 °C in ice. Lipoic acid (1.03 
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g, 5 mmol, 1 eq.) in DCM (18 mL) was added dropwise and the resulting solution was 

stirred at room temperature for 18 h. Then the reaction solution was washed with HCl 

(1 M, 50 mL) and with saturated NaHCO3 (50 mL), dried over anhydrous sodium 

sulfate, filtered and the solvent was removed in vacuo to yield a yellow waxy liquid at 

room temperature (2.31 g, 71% yield). TLC of the product was carried out using a 10 

: 1 (v/v) DCM: Methanol eluent resulting in Rf ~ 0.6. 1H NMR (400 MHz, in CDCl3): 

δ 6.29 (br s, 1H) 3.62-3.8 (m), 3.55-3.60 (m, 4H), 3.47 (t, 2H, J = 5.2 Hz), 3.41 (t, 2H, 

J = 5.4 Hz), 3.09-3.23 (m, 2H), 2.49 (m, 1H), 2.21 (t, 2H, J = 7.4 Hz), 1.93 (m, 1H), 

1.71 (m, 4H), 1.49 (m, 2H).  

Synthesis of TA-PEG400-NH2 (12) were performed by dissolving TA-PEG400-N3 (2.2 

g, ~3.5 mmol) in dry THF (40 mL) under nitrogen atmosphere. Triphenylphosphine 

(1.38 g, 5.3 mmol) was added in one portion and stirred at room temperature for 30 

min. Distilled water (0.63 mL, 35 mmol) was added to the reaction and stirred gently 

for 18 h. The solvent was removed under reduced pressure and ethyl acetate (30 mL) 

was added into the residue. A volume of 80 mL 1M HCl was added to the suspension 

and the aqueous layer was washed with ethyl acetate (4×50mL), basified Na2CO3 to 

pH ~ 9 and extracted with chloroform (5×50 mL).  The combined organic layers 

were dried over anhydrous sodium sulfate, filtered and the solvent was removed in 

vacuo to yield a yellow waxy liquid at room temperature (1.55 g, ~73% yield). TLC 

was carried out using a 10:1 (v/v) DCM: Methanol eluent with the designed product 

having an Rf ~ 0.1. 1H NMR (400 MHz, in CDCl3): 3.5-3.73 (m), 3.44-3.5 (m, 4H), 
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3.09-3.24 (m, 2H), 2.87-3.0 (m, 2H), 2.63-2.76 (m, 2H)2.42-2.54 (m, 1H), 2.18-2.30 

(m, 2H), 1.88-1.98 (m, 1H), 1.60-1.79 (m, 4H), 1.40-1.56 (m, 2H).  

TA-PEG400-NH2 (0.75 g, 1.24 mmol) and succinic anhydride (0.25 g, 2.50 mmol, 2 

eq.) were dissolved in dry DCM (10 mL) under nitrogen atmosphere. Triethylamine 

(0.45 mL, 3.20 mmol, 2.6 eq.) was added in one portion and the reaction mixture was 

stirred at room temperature for 18 h. HCl (100 mL 1M) was the added to the solution 

and the aqueous layer was extracted with DCM (4 ×100 mL). The combined organic 

layers were dried over anhydrous sodium sulfate, filtered and the solvent was removed 

in vacuo to yield a yellow waxy liquid at room temperature (0.74 g, 93% yield). TLC 

was carried out using a 10:1 (v/v) DCM: Methanol giving an Rf ~ 0.25. 1H NMR (400 

MHz, in CDCl3): 6.90–7.30 (br s, 1H), 6.20–6.70 (m, 1H), 3.60–3.74 (m), 3.52–3.60 

(m, 5H), 3.44 (m, 4H), 3.07–3.22 (m, 2H), 2.66 (m, 2H), 2.55 (m, 2H), 2.41–2.51 (m, 

1H), 2.21 (m, 2H), 1.83–1.96 (m, 1H), 1.57–1.76 (m, 4H), 1.38–1.53 (m, 2H). 

3.2.1.3 Synthesis of TA/DHLA-PEG200-NH2 

Thioctic acid conjugated PEG amine with average molecular weight of 200 was 

synthesized using the same method as was described in Chapter 3.1.1.2 for 400 MW 

PEG. One additional step was required to reduce -S-S- to two thiols (Scheme 3.3). 

Detail are listed below. 



 

 70 

 

Scheme 3.3 Synthesis of TA/DHLA-PEG200-NH2. 

The first step, synthesis of N3-PEG200-N3 (15), was performed by dissolving PEG 

methyl ether (MW ~ 200 Da, 5.0 g, 25 mmol) and methanesulfonyl chloride (4.5 mL, 

57.4 mmol) in THF (30 mL). The solution was cooled to 0 °C in ice bath and 

triethylamine (8.6 mL, 61.5 mmol) was added dropwise to the reaction using a 

dropping addition funnel and stirred overnight. H2O (30 mL) was added into the 

mixture. NaHCO3 (1.78 g, 21 mmol) was used to adjust the solution pH to ~ 8. Sodium 

azide (4.43 g, 68.13 mmol) was added. The content was heated to 67 °C to distill off 

THF and refluxed overnight. The reaction was cooled to room temperature and 

extracted with chloroform (5×50 mL). The combined organic layers were dried over 

sodium sulfate anhydrous, filtered and the solvent removed in vacuo to yield a waxy 

liquid at room temperature. The crude product was purified by column 
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chromatography on silica gel with 20: 1 (v/v) DCM: Methanol as eluent to yield a 

yellow waxy liquid at room temperature (~90% yield). TLC of the product was carried 

out using a 10: 1 (v/v) DCM: Methanol eluent resulting in Rf ~ 0.75. 1H NMR (400 

MHz, in CDCl3): δ 3.62-3.75 (m), 3.41 (t, 4H, J = 5.0 Hz). 

N3-PEG200-N3 was then used to synthesis NH2-PEG200-N3 (16). N3-PEG200-N3 (6.0 

g, 24 mmol) was dissolved in ethyl acetate (140 mL) in a 2-neck round bottom flask 

equipped with magnetic stirring bar. HCl (56 mL 1 M) solution was added and stirring 

gently. Triphenylphosphine (6.9 g, 26.3 mmol) was dissolved in ethyl acetate (93 mL) 

and added dropwise using a dropping funnel in an ice bath below 5 °C and further 

stirred overnight. The suspension was transferred into a separating funnel, and the 

aqueous layer was washed with ethyl acetate (2×50 mL).  The aqueous layer was 

basified with KOH (0.49 mol) at 0 °C. The remaining solution was extracted with ethyl 

acetate (5×50 mL). The combined organic layers were dried over sodium sulfate 

anhydrous, filtered and the solvent was removed in vacuo to yield a waxy liquid (~80%) 

at room temperature. TLC was carried out using a 10: 1 (v/v) DCM: Methanol giving 

an Rf ~ 0.1. 1H NMR (400 MHz, in CDCl3): δ 3.61-3.89 (m), 3.53 (t, 2H, J = 5.0 Hz), 

3.40 (t, 2H, J = 5.0 Hz), 2.88 (t, 2H, J = 5.2 Hz). 

The synthesis of TA-PEG200-N3 (17) was achieved by dissolving NH2-PEG200-N3 

(4.0 g, ~ 17.8 mmol), 4-(N, N-dimethylamino) pyridine (0.46 g, 3.57 mmol), N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (3.45 g, 18.00 mmol) in 

DCM (100 mL) and cooled to 0 °C in ice bath. Thioctic acid (3.67 g, 17.80 mmol) 
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dissolved in DCM (62.5 mL) was added using an addition funnel and stirred overnight. 

The solvent was removed in vacuo and deionized water (120 mL) was added to the 

residue. The aqueous layer was washed with hexane (4×50 mL) and then saturated 

with solid NaHCO3. The remaining solution was extracted by DCM (4×100 mL).  

The combined organic layers were dried over sodium sulfate anhydrous, filtered and 

the solvent was removed in vacuo to yield a yellow waxy liquid at room temperature 

(~ 49 % yield). TLC was carried out using a 10: 1 (v/v) DCM: Methanol eluent 

resulting in Rf ~ 0.6. 1H NMR (400 MHz, in CDCl3): δ 6.29 (br s, 1H) 3.62-3.8 (m), 

3.55-3.60 (m, 4H), 3.47 (t, 2H, J = 5.2 Hz), 3.41 (t, 2H, J = 5.4 Hz), 3.09-3.23 (m, 2H), 

2.49 (m, 1H), 2.21 (t, 2H, J = 7.4 Hz), 1.93 (m, 1H), 1.71 (m, 4H), 1.49 (m, 2H).  

To synthesize TA-PEG200-NH2 (18), TA-PEG200-N3 (2.20 g, ~5.29 mmol) was 

dissolved in dry THF (50 mL) in a 2-neck round bottom flask equipped with magnetic 

stirring bar. Triphenylphosphine (2.08 g, 7.93 mmol) was added and further stirred at 

room temperature for 30 mins. Water (0.96 mL, 5.29 mmol) were added to the reaction 

and stirred gently for 48 h. The solvent was removed in vacuo and ethyl acetate (100 

mL) was added into the residue. HCl (100 mL, 1 M) was added. The aqueous layer 

was washed with ethyl acetate (4×50 mL) and basified with solid Na2CO3 (to pH ~ 9). 

The reaction mixture was extracted by chloroform (4×100 mL).  The combined 

organic layers were dried over anhydrous sodium sulfate, filtered and the solvent was 

removed in vacuo to yield a yellow waxy liquid at room temperature (~54% yield). 

TLC was carried out using a 10: 1 (v/v) DCM: Methanol eluent resulting in Rf ~ 0.1. 
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1H NMR (400 MHz, in CDCl3): 3.5-3.73 (m), 3.44-3.5 (m, 4H), 3.09-3.24 (m, 2H), 

2.87-3.0 (m, 2H), 2.63-2.76 (m, 2H), 2.42-2.54 (m, 1H), 2.18-2.30 (m, 2H), 1.88-1.98 

(m, 1H), 1.60-1.79 (m, 4H), 1.40-1.56 (m, 2H).  

The last step, synthesis of DHLA-PEG200-NH2 (19), was performed by mixing TA-

PEG200-N3 (0.43 g, ~ 1 mmol), ethanol (7 mL) together under 0 ° C. NaBH4 dissolved 

in water (3 mL) (0.15g, 4 mmol) was added and further stirred for 4 h. The solvent 

was removed in vacuo and brine (30 mL) was added into the residue. The reaction 

mixture was extracted by DCM (4×50 mL). The combined organic layers were over 

sodium sulfate anhydrous, filtered and the solvent was removed in vacuo to yield a 

yellow waxy liquid at room temperature (~ 55 % yield). 1H NMR (400 MHz, in 

CDCl3): 3.62–3.72 (m), 3.51–3.61 (m, 4H), 3.43–3.50 (m, 2H), 2.93 (m, 1H), 2.88 (t, 

2H, J = 5.2 Hz), 2.63–2.80 (m, 2H), 2.21 (t, 2H, J = 7.4 Hz), 1.87–1.98 (m, 1H), 1.40–

1.81 (m, 7H). 
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3.2.2 Synthesis of targeting ligands 

Folic acid was chosen as targeting ligand. The procedure was developed and used to 

conjugate with PEG ligands, described in Chapter 3.1.1.  

3.2.2.1 Synthesis of TA-PEG-NH2-maleimide. 

 

Scheme 3.4 Synthesis route of TA-PEG-NH2-maleimide. 

To synthesize BrCH2CH2CH2-maleimide (22), a 3-neck 100 ml round-bottom flask 

containing triphenylphosphine (1.67 g, 6.4 mmol) and a magnetic stirring bar. Dry 

THF (40 mL) was added and the solution was degassed with N2 for 10 mins. The flask 

was cooled to - 78 °C. Diisopropyl azodicarboxylate (DIAD, 1.25 mL, 6.4 mmol) and 

3-bromo-1-propanol (0.58 mL, 6.4 mmol) were added dropwise to the mixture and 

stirred for 5 mins. Maleimide (0.75 g, 7.68 mmol) was added to the reaction. After all 

maleimide had dissolved, the dry ice was removed, and the reaction was stirred 

overnight at room temperature under argon atmosphere. Concentrated the reaction to 

5 ml after all maleimide has been reacted. The crude product was purified by column 
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chromatography on silica gel using 1: 2 (v/v) EtOAc: Hexane as eluent to yield a white 

powder at room temperature (~27% yield). 1H NMR (400 MHz, in CDCl3): δ 6.70 (s, 

2H), 3.68 (t, J = 6.6 Hz, 2H), 3.36 (t, 2H, J = 6.6 Hz), 2.08- 2.30 (m, 2H). 

The TA-PEG-NH2 was used to synthesize TA-PEG-NHCH2CH2CH2-maleimide (23). 

TA-PEG-NH2 (258 mg, 0.55 mmol), anhydrous K2CO3 (83 mg, 0.6 mmol) and 

BrCH2CH2CH2-maleimide (108 mg, 0.5 mmol) were dissolved in CH3CN (3 mL). The 

yellow solution was stirred at 65 °C for 18 h. The solvent was evaporated in vacuo, 

then water (5 mL) was added to the residue, and the mixture solution was extracted 

with DCM (3×5 mL). The combined organic phases were washed with saturated 

aqueous NaCl (10 mL), dried over sodium sulfate, and filtered. The solvent was 

evaporated in vacuo. The residue was purified by the silica gel chromatography using 

a mixture of petroleum/acetone (2:1, v/v) as eluent to obtain the oily products. 1H 

NMR (400 MHz, in CDCl3): 3.5-3.73 (m), 3.44-3.5 (m, 4H), 3.09-3.24 (m, 2H), 2.87-

3.0 (m, 2H), 2.63-2.76 (m, 2H), 2.42-2.54 (m, 1H), 2.18-2.30 (m, 2H), 1.88-1.98 (m, 

1H), 1.60-1.79 (m, 4H), 1.40-1.56 (m, 2H).  

 

 

 

 



 

 76 

3.2.2.2 Synthesis of TA-PEG-COOH-maleimide 

 

Scheme 3.5 Synthesis route of TA-PEG-COOH-maleimide. 

To produce Boc-NHCH2CH2-maleimide (25), a 3-neck 100 mL round-bottom flask 

was charged with triphenylphosphine (1.67 g, 6.4 mmol) and a stirring bar, to which 

was added dry THF (40 mL) and been degassed with N2 for 10 min. The reaction 

mixture was then cooled to - 78 °C. DIAD (1.25 mL, 6.4 mmol) was added dropwise 

to the mixture and N-Boc-ethanolamine (1.03 g, ~ 0.99 mL, 6.4 mmol) was added 

dropwise to the reaction and stirring for 5 mins. Maleimide (0.75 g, 7.68 mmol) was 

then added to the reaction mixture. After all the maleimide had dissolved, the reaction 

mixture was allowed to warm to RT. Further stirring overnight at room temperature 

under argon.  The crude product was chromatographed on silica gel with 1: 2 (v/v) 

EtOAc: Petro (with 5% Et2O) as eluent to yield a white powder at room temperature 

(~24.5 % yield). 1H NMR (400 MHz, in CDCl3): δ 6.70 (s), 3.66 (m, 2H), 3.33 (q, 2H, 

J = 5.9 Hz), 1.40 (s, 9H). 
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Then synthesis of NH2CH2CH2-maleimide (26) was performed, Boc-NHCH2CH2-

maleimide (0.34 g, 1.42 mmol) was loaded in a 50-mL round bottom flask, 

Trifluoroacetic acid (4.75 mL), triisopropylsilane (0.125 mL) and H2O (0.125 mL) 

were added sequentially to the reaction mixture and stirred for 4 h. The TFA was 

evaporated in vacuo, followed by addition of 20 ml Et2O to the pink residue. 

Precipitate was filtered. The product was obtained as a white powder after drying in 

vacuum. 1H NMR (400 MHz, Methanol-d4) δ 6.92 (s, 2H), 3.83 (dd, J = 5.2, 6.3 Hz, 

2H), 3.17 (dd, J = 5.2, 6.3 Hz, 2H) 

The next step was to performing synthesis of TA-PEG-CONHCH2CH2-maleimide (27), 

NH2CH2CH2-maleimide (50.4 mg, 0.09 mmol) and TA-PEG-COOH (15.00 mg, 0.11 

mmol) were dissolved in dimethylformamide (DMF, 1.5 mL), 1-

Hydroxybenzotriazole (HoBt, 8.5 mg, 0.11 mmol), O-(benzotriazol-1-yl)-N, N, N′, N′-

tetramethyluronium hexafluorophosphate (HBTU, 20 mg, 0.1 mmol), N,N-

diisopropylethylamine (DIPEA, 12.9 µL, 0.15 mmol) were added to the reaction 

sequentially and the reaction mixture was stirred overnight. H2O (15 mL) was added 

to the reaction, and the product was extracted with DCM (2×10 mL). The organic layer 

was washed with 1M HCl (2×10 mL) solution and then brine (2×10 mL). Residual 

solvents were evaporated and a yellow powder product was obtained. 1H NMR (400 

MHz, in CDCl3): 7.01 (s, 2H), 6.20–6.70 (m, 1H), 3.60–3.74 (m), 3.52–3.60 (m, 5H), 

3.44 (m, 4H), 3.07–3.22 (m, 2H), 2.66 (m, 2H), 2.55 (m, 2H), 2.41–2.51 (m, 1H), 2.21 

(m, 2H), 1.83–1.96 (m, 1H), 1.57–1.76 (m, 4H), 1.38–1.53 (m, 2H). 
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3.2.2.3 Michael addition of FA-SH to maleimide linkers 

The coupling of folic acid with cystamine (FA-SH) (28) was performed by dissolving 

folic acid (1.00 g, 2.26 mmol) in dry DMF (20 mL) in the dark. N-Hydroxysuccinimide 

(0.26 g, 2.26mmol) and N, N'-dicyclohexylcarbodiimide (EDC, 0.31 g, 1.52 mmol) 

was added and stirred for 20 h. The resulting precipitate was removed by filtration. 

The solvents were evaporated in vacuo to yield FA-NHS. FA-NHS (0.12 g, 0.23 mmol) 

was dissolved in pyridine (10 mL), cystamine hydrochloride (0.026 g, 0.23 mmol) was 

added to the reaction and stirred for another 20 h in the dark. The reaction mixture was 

concentrated in vacuo to yield product FA-SH in yellow powder. Negative Mass 

Spectrum show the compound peaks at 4991- (expecting was 500). 1H NMR (400 MHz, 

DMSO-d6) δ 10.53 (s, 1H), 8.70 – 8.62 (m, 5H), 8.03 – 7.94 (m, 3H), 7.69 – 7.61 (m, 

3H), 7.55 (ddd, J = 1.5, 4.4, 7.7 Hz, 4H), 6.95 (s, 1H), 6.64 (d, J = 8.7 Hz, 3H), 4.49 

(s, 2H), 2.59 (s, 5H), 1.23 (s, 2H). 

  

Scheme 3.6 Chemical structure of FA-SH. 

Then the FA-SH obtained was attached to maleimide (29). Acetonitrile: H2O in ratio 

1:1 (2 mL) was prepared as reaction solvents and the mixture adjusted pH was adjusted 

to 8, TA-PEG-CONHCH2CH2-maleimide (10 mg, 0.014 mmol) and FA-SH (7.43 mg, 
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0.015 mmol) were sequentially added to the reaction and stirred overnight. Mass 

spectrometry revealed the desired peak in our compound and NMR results confirmed 

the formation of desired products in solutions. 1H NMR (400 MHz, 90% H2O + 10% 

D2O) δ 8.62 – 8.52 (m, 1H), 8.48 – 8.36 (m, 0H), 7.72 – 7.59 (m, 2H), 7.59 – 7.49 (m, 

1H), 6.88 – 6.75 (m, 2H), 6.70 – 6.58 (m, 1H), 4.83 (s, 2H), 4.59 (s, 1H), 4.43 – 4.24 

(m, 3H), 3.71 – 3.60 (m, 6H), 3.61 (s, 11H), 3.53 (s, 1H), 3.41 – 3.29 (m, 1H), 3.29 – 

3.19 (m, 1H), 2.50 – 2.15 (m, 7H), 2.05 (td, J = 7.0, 9.2 Hz, 0H), 1.99 (s, 7H), 1.52 (s, 

2H), 1.28 (s, 4H). 

 

Scheme 3.7 Chemical structure of FA-SH-maleimide-PEG-TA. 

3.2.2.3 Conjugation of FA to TA-PEG based ligands  

 

Scheme 3.8 Chemical structure of FA-PEG-TA. 

Folic acid (0.16 g, 0.36 mmol) was dissolved in DMSO (10 mL). N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (0.104 g, 0.544 mmol) 
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for 20 h in the dark (covered with aluminium foil). TA-PEG200-NH2 (0.4197 g, 1.08 

mmol) was added to the mixture and further stirred overnight. A light-yellow 

precipitate was obtained and filtered after adding of acetone (50 mL). The dried solid 

precipitate was dissolved in EtOAc (40 mL). The organic layer was washed with brine 

(5×50 mL) and dried over an anhydrous Na2SO4. All solvents were evaporated and the 

final product (yellow oily solid) was obtained by drying the residues under vacuum. 

1H NMR (500 MHz, DMSO-d6) δ 8.60 (d, J = 3.1 Hz, 1H), 7.81 (s, 2H), 7.61 (ddd, J 

= 2.3, 4.6, 8.9 Hz, 2H), 6.89 (s, 1H), 6.60 (dd, J = 2.5, 8.9 Hz, 2H), 4.44 (d, J = 6.1 

Hz, 2H), 3.50 – 3.41 (m, 6H),, 3.20 – 3.02 (m, 6H), 3.01 – 2.90 (m, 2H), 2.76 (s, 2H), 

2.43 – 2.32 (m, 1H), 2.17 – 2.05 (m, 1H), 2.02 (t, J = 7.1 Hz, 2H), 1.88 (s, 2H), 1.95 – 

1.76 (m, 2H), 1.65 – 1.46 (m, 1H), 1.31 – 1.24 (m, 2H). 
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3.2.3 Synthesis of Au NCs 

3.2.3.1 Organic soluble Au NCs 

Chloroauric acid was used as a precursor that been transferred into toluene by TOAB 

(phase transfer agents), NCs were capped with thiolate ligands and NaBH4 was used 

as the reducing agent.  The ratio of Au to ligands was 1:3. (as shown in Scheme 3.9). 

Details are given below: 

 

Scheme 3.9 Scheme of organic-soluble Au NCs synthesis and photo of synthesized 

Au25.  

To synthesize 2-phenylethanethiol capped Au nanoparticles, chloroauric acid (158 mg, 

0.4 mmol) was dissolved in deionized water (5mL). Tetraoctylamminoium bromide 

(TOAB, 256 mg, 0.47 mmol) dissolved in toluene (10 mL) was added and the biphsic 

mixture was stirred vigorously for 15 min to mix the two phases. The phases were 

separated, and aqueous phase was discarded. The organic layer was cooled to 0 o C 

under nitrogen and 2-phenylethanethiol (0.17 mL, 1.2 mmol) added and stirred gently 

for 1h. Sodium borohydride aqueous solution (7.00 mL, 4 mmol, 0.57 mM) was added 

and vigorously stirred overnight under nitrogen to obtain crude Au NCs. The two 

layers were separated and aqueous phase removed. The organic layer was concentrated 

in vacuo and the black powders obtained were dissolved in ethanol (20 mL) to remove 
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impurities. The Au NCs were collected after removing the supernatant. 

3.2.3.2 Synthesis of dodecanethiol capped Au nanoparticles 

The synthesis of dodecanethiol capped Au nanoparticles was achieved by dissolving 

chloroauric acid (33 µL, 1M, 0.033 mmol) in deionised water (5 mL). TOAB (0.036 

g, 0.066 mmol) was dissolved in toluene (10 mL) and added to the mixture under 

vigorously stirring to mix the two phases for 10 min at room temperature. 

Dodecanethiol(1.65 mL, 0.02 M, 0.033 mmol) in toluene was added and the solution 

stirred vigorously for 10 min. Sodium borohydride aqueous solution (0.5 mL, 0.66 M, 

0.33 mmol,) was added dropwise and vigorously stirred overnight. The two layers 

were separated and aqueous phase removed. The organic layer was washed with H2O 

(3×20 mL), dried over anhydrous sodium sulphate, and concentrated in vacuo and the 

product was dissolved in ethanol (50 mL) to remove impurities. After 24 hrs storage 

at - 20 °C, the Au NPs were collected by filtering the solution through a 0.45 µm pore 

size PTFE membrane. The solid product was washed with ethanol and acetone and 

dried under vacuum to obtain the Au NPs.  

 

Scheme 3.10 Scheme of synthesis of Au NPs capped with dodecanthiol. 
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3.2.3.3 Synthesis of water-soluble Au NCs 

Generally, chloroauric acid was used as a source of gold, mixed with ligands under an 

alkaline environment (pH ~ 11) in deionized water, reduced by NaBH4. The ratio of 

gold to ligands was 1:3. Following centrifugation/filtration using a Millipore unit, a 

concentrated brown solution was produced (as shown in Scheme 3.11). Details are 

given below: 

  

 Scheme 3.11 Scheme of Au NCs synthesis with PEG based ligands 

Firstly, Au NCs capped with DHLA-O-mPEG500 were synthesized. DHLA-O-

mPEG500 (30 µmol) was dissolved in deionized water (20 mL) which contained 

sodium hydroxide (50 µl, 2 M). Chloroauric acid (10 µL, 1 M) was added and stirred 

gently for 5 min. Sodium borohydride aqueous solution (400 µL, 50 mM) was added 

dropwise and moderately stirred overnight at room temperate to obtain crude Au NCs. 

The solution obtained was purified by centrifugation at 4000g and filtrated with a 
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molecular weight cut-off of 10 kDa membrane. The procedure was repeated 3 times. 

The resulting solutions were stored at 4 °C. 

Then, the synthesis of Au NCs capped with TA-NH-mPEG550 was carried out, TA-

NH-mPEG500 (30 µmol) was dissolved in deionised water (20 mL) which contained 

sodium hydroxide (50 µL, 2 M). Then chloroauric acid (10 µl, 1 M) was added and 

the reaction stirred gently at ~ 300 rpm for 5 min. Sodium borohydride solution (400 

µL, 50 mM) was added dropwise and stirred at ~ 600 rpm overnight at room temperate 

to obtain crude Au NCs. The obtained solution was purified 3 time with a molecular 

weight cut-off of 10 kDa centrifugation/filtration unit. The resulting solutions were 

stored at 4 °C until further use. 

Au NCs capped with DHLA-NH-PEG400-NH2 were also synthesized. DHLA-NH-

PEG400-NH2 (30 µmol) was dissolved in deionized water (20 mL) which contained 

sodium hydroxide (50 µL, 2 M). Chloroauric acid (10 µL, 1 M) was added and the 

solution stirred gently for 5 min. Sodium borohydride solution (400 µL, 50 mM) was 

added dropwise and moderately stirred overnight at room temperate to obtain crude 

Au NCs. The obtained solution was purified 3 times via centrifugation/filtration with 

a molecular weight cut-off of 10 kDa membrane filtration device. The resulting 

solutions were stored at 4 °C until required. 

To produce NCs with shorter ligands, the DHLA-NH-PEG200-NH2 (30 µmol) was 

dissolved in deionized water (20 ml) which containing sodium hydroxide (50 µL, 2 

M). Chloroauric acid (10 µL, 1 M) was added and stirred gently for 5 min. Sodium 
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borohydride solution (400 µL, 50 mM) was added dropwise and moderately stirred 

overnight at room temperate to obtain crude Au NCs. The solution obtained was 

purified 3 times via centrifugation/filtration with a molecular weight cut off membrane 

filter of 10 kDa. The resulting colloidal solutions were stored at 4 °C until further use. 

3.1.3.7 Synthesis of Au NCs capped with TA-NH-PEG200-NH-FA 

TA-NH-PEG200-NH-FA (30 µmol) was dissolved in deionized water (20 ml) which 

contained sodium hydroxide (50 µL, 2 M). Chloroauric acid (10 µL, 1 M) was added 

and the solution was stirred gently for 5 min. Sodium borohydride solution (400 µL, 

50 mM) was added dropwise and moderately stirred overnight at room temperate to 

obtain crude Au NCs. The obtained solution was purified 3 cycles of 

centrifugation/filtration with a molecular weight cut-off of 10 kDa membrane filtration 

device. The resulting solutions were stored at 4 °C until required. 

3.3 In vitro studies 

3.3.1 Tissue culture 

Human derived cell lines were acquired from The American Type Culture Collection 

(ATCC) and used in this study, including HCT-116, human colon cancer cell line; 

MCF-7, human breast cancer cell line; MDA-MB-231, another human breast cancer 

cell line; A549, human lung cancer cell line.  

MDA-MB-231 was chosen as the folate receptor (FR) positive cell line, and A549 was 
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chosen as FR negative. HCT-116, MCF-7 were also used. 

All cell lines were maintained at 37 °C under a humidified atmosphere of 5% CO2 / 

95% air in RPMI nutrient medium supplemented with 10 % (v/v) fetal bovine serum. 

3.3.2 Cell proliferation assay 

The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay209 is 

one of the cell assays used for measuring the mitochondrial activity and estimating 

viability of cells. Normally, cell-based assays are used for screening collections of 

compounds to determine if the test molecules have effects on cell proliferation or show 

direct cytotoxic effects that eventually lead to cell death.  

MTT is positively charged and readily penetrates viable eukaryotic cells. Viable cells 

with active metabolism convert MTT into a purple colored formazan product with an 

absorbance maximum at 550 nm. When cells die, they lose the ability to convert MTT 

into (E,Z)-5-(4,5-dimethylthiazol-2-yl)-2,5-diphenylformazan (formazan), thus 

formation of formazan serves as a marker of the viability of cells. The exact cellular 

mechanism of MTT reduction into formazan is not well understood, but likely involves 

reaction with NADH or similar reducing molecules that transfer electrons to MTT.209  
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Scheme 3.12 Transformation of MTT to formazan. 

For MTT assays, all studied cells were seeded into a 96-well flat bottom plate at a 

density of 3000 cells/well. Cells were allowed 24 hours to adhere prior to treatment. 

Au NCs were used at final concentrations ranging from 10 nM to 100 µM. One-column 

of wells was treated with medium only as a control. For each treatment concentration, 

6 wells of each column were used. Following 72 h of exposure to Au NCs, medium 

with treatment agent was aspirated and 50 µL of 2 mg/mL of MTT was added. The 

plate was incubated for 2.5 hours at 37 °C and 5 % CO2, allowing for the formation of 

purple crystals. The media was carefully removed, and the crystals were dissolved in 

dimethyl sulfoxide (150 µL per well). Absorbance values at 550 nm were recorded 

using an EnVision® Multilabel Plate Reader (PerkinElmer) and cell viability was 

estimated as a percentage of absorbance compared to untreated control cells.  

3.3.3 Cellular uptake detection 

Celluar uptake of Au NPs was assessed using ICP-MS, The Au NP solutions were 

studied to determine the exact treatment concentration of Au NP and to compare to 

that uptaken by the cells. The cells studied were seeded into a 6-well plate at ~105 cells 

per well and incubated for 24 hours. The medium was aspirated, and treatment agent 
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added (2 mL/well). Cells were exposed to Au NCs for 24 hours and washed with PBS 

(3×2 mL) to remove extracellular Au NCs. Then 16 M HNO3 (142 µL) was added to 

digest cells for 30 mins. The solution was diluted with deionized water to 5 ml to make 

ICP-MS samples. 

The concentrations of corresponding treated Au NC solutions were also probed by 

ICP-MS. The samples are made up to a minimum volume of 5 mL with 2 % w/v nitric 

acid concentration in the final solution. The detailed results will be discussed in 

Chapter 6. 
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Chapter 4 

Chapter 4 Development of water-soluble 

PEG-capped gold nanoclusters 

Gold nanoparticles with a diameter less than 3 nm are defined as gold nanoclusters 

(Au NCs). They do not show the surface plasmon resonance (SPR) effect observed in 

Au nanoparticles (NPs), which corresponds to absorption peak around 520 nm along 

UV/Vis spectra. However, due to their ultra-small size, they do exhibit unique physical 

and chemical properties arising from strong quantum size effects.210  

4.1 Synthesis of Au NPs in organic solvents 

Jin’s group at Carnegie Mellon University have performed comprehensive studies on 

the thiol protected gold nanoclusters which are soluble in organic solvents.95 

Atomically precise nanoclusters were produced in a controlled manner, with magic 

number clusters of gold atoms, i.e. 25, 64, 144. The diameter of these clusters is below 

2 nm.54, 66, 211  

The sizes of gold nanoparticles can be controlled and tuned by modifying the synthesis 

parameters, such as, the choice of reductants,212, 213  ratio of gold to ligands,214 pH of 

the reaction,215 and aging time. 216  

To grow ultra-small gold nanoparticles with diameter less than 2 nm, we followed a 

one pot protocol for synthesis of Au NC (Au25) in an organic solvent.17 In this method, 

chloroauric acid was used as a precursor. It was solubilized in toluene by a phase 

transfer agent tetraoctylamminoium bromide (TOAB). The 2-phenylethanethiol 
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(HSC2H4Ph) was used as the capping ligand and NaBH4 was used as the reducing 

agent.  The used Au to ligands molar ratio was 1:3. During the synthesis, particle 

aggregation was observed, and a black precipitate formed (see Figure 4.1). 

 

Figure 4.1 a) Synthesis scheme of 2-phenylethanethiol capping Au NCs and b) 

photograph of synthesized precipitated Au25. 

We proposed that precipitation occurred due to unsuccessful NC surface passivation 

by the short chain ligand. Hence, we decided to replace it with a longer chain capping 

molecule, dodecanethiol, as a stabilizing agent.217 The procedure was repeated as 

follows, chloroauric acid was mixed with TOAB and dodecanthiol and was then 

reduced by NaBH4 at room temperature (Figure 4.2). The molar ratio of Au to ligands 

in this case was 1:1. The resulting mixture was filtered through a 0.2 µm PTFE 

membrane and a brown precipitate was collected. An aging time of 20 h was used. We 

note, that to produce Au NPs, the cleanliness of glassware was critical, no particles 

were formed unless the glassware was thoroughly pre-cleaned with aqua regia.  
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Figure 4.2 Synthesis scheme of dodecanthiol-Au NCs. 

In order to assess the properties of the NC formed, we used TEM imaging and UV/Vis 

spectroscopy. For the TEM studies, the produced brown Au NPs were dispersed in iso-

propane and deposited on graphene oxide copper grids. Images were acquired on a 

JEOL-2100F microscope operated by Dr M. Fay (Nano and Microscale Research 

Centre (nmRC), Nottingham). From the analysis of TEM and HR-TEM images (Figure 

4.3), it was found that nanoparticles are spherical in shape with an average diameter 

of 	𝑑TUVW = 2.2 ± 0.4	nm. 

 

Figure 4.3 a) Representative TEM and (inset) HR-TEM images of Au NP. b) 

Histogram of size distribution of dodecanthiol capped Au NCs.  

HAuCl4
NaBH4
TOAB

HS SS
SS

S S
Au

50	nm

a) b)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0
0

100

200

N
um

be
rs

Diameter (nm)

 

 2	nm



 

 92 

Studies of the absorption of the NC solutions in iso-propane (Figure 4.4) revealed a 

main no distinct peak along the profile. The absorbance profile observed at l < 400 

nm is characteristic for d-sp transition in gold.218 For nanoparticles with diameter d > 

3 nm, resonance peak is observed at 520 nm.219-222 The TEM studies show that our Au 

NCs have average d = 2.2 ± 0.4 nm. Hence no peak is observed at ~ 520 nm.  

 

Figure 4.4 Representative absorption spectrum of dodecanthiol capped Au NCs with 

diameter 𝑑TUVW = 2.2 ± 0.4	nm.  

In this study, we have demonstrated that the Au NCs with diameter around 2 nm was 

successfully obtained, however, its applications in bio-system are largely restricted due 

to their insolubility in water. Water-soluble Au NCs are required to fulfill the project 

objectives. 

4.2 Synthesis of PEG based ligands 

For biological applications, solubility and stability of compounds under physiological 
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solvents is paramount. Several methods have been reported, which address this goal, 

e.g. ligand exchange,61 or further modification of ligands.222 However, ligand 

exchanges is time-consuming because at least a two-step reaction procedure is required, 

the yield of the reaction requires improvement, as the gold-thiol bond is relatively 

strong making ligand replacement challenging.223   

To overcome the drawbacks of the ligand exchange method, direct synthesis of Au 

NPs with water-soluble thiol-ligands would be beneficial. DHLA–PEG molecules 

were identified as promising candidates for use as surface capping agents. This ligand 

has been successfully used to produce stable aqueous solutions of metal NP’s and 

quantum dots.224 The DHLA-PEG capping ligand is composed of dihydrolipoic acid 

(DHLA) whose function is to anchor onto the nanoparticle surface and a PEG 

(polyethylene glycol) chain linked to the DHLA via its terminal amine (Figure 4.5). 

DHLA-PEG can be terminated with different functional groups (e.g. carboxylic acid, 

-OMe and amino groups) to enable further attachment of targeting molecules. 

 

Figure 4.5 Schematic representation of a modular design of PEG-based hydrophilic 

ligands.  
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DHLA has two thiol groups which provide strong anchoring to the surface of Au NPs. 

Au NPs made with DHLA have been reported to be stable and biocompatible. Strong 

ligand binding ensures resistance to ligand exchange when Au NPs are placed in high 

concentrations of other thiols-containing molecules such as intracellular glutathione 

(GSH),225-227 which can be present up to 125 µM for 72 hrs. 

PEG is used to achieve the aqueous solubility and enhance the retention time of Au 

NPs by protecting them against various degrading system active inside a tissue or 

cell.228 It has been demonstrated, that PEG efficiently improve the solubility, stability 

and dispersion of conjugated drugs, lead to an improved antitumor efficiency in vivo 

by increasing the cellular uptake of drugs by hiding the nanoparticles from immune 

system.227 The surface modification of NPs with PEG of different chain length or 

molecular weight and incorporation of different targeting moieties is emerging as a 

more promising and technologically advanced drug delivery system in anti-cancer 

therapy.216  
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Scheme 4.1 Reaction scheme of series PEG based ligands. 

Ligands that connect thioctic acid and PEG with the amide group were synthesized 

(Chapter 3.2.1). One-pot functional group interconversion of the alcoholic moieties 

into azides was used. Followed by regioselective Staudinger reaction, yielding (7)/ (8). 

This azido-amine is coupled with TA to form (9)/ (10). Staudinger reduction of (10) 

leads to (11). Intermediate (10) can be further reacted with succinic anhydride, and 

yields the ligand terminated with COOH (12). TA-PEG (13) which, upon disulfide 

reduction, gives the DHLA-PEG ligand (14). All solutions were purged by nitrogen 

before the final reduction step. 3 The PEG starting material can be easily changed for 

a different chain length from PEG200 to PEG550. All products were analyzed by TLC 
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and NMR. 

 

Figure 4.6 1H NMR spectrum of TA-PEG-MPEG (Inset shows a structure of thioctic 

acid with numbered hydrogens and carbons). 

All ligands synthesized were analysed by NMR to confirm their structures. A 

representative 1H NMR spectrum is shown in Figure 4.6 for TA-PEG-NH2. The peaks 

of 1H NMR are labeled with corresponding numbers of hydrogen as on the molecular 

structure. These studies also confirmed successful attachment of functional groups (–

OCH3, -COOH) (Figure 4.7). The presence of - OCH3 group was confirmed by the 

single peak at ~ 3.4 ppm (with labelling on the first spectrum of Figure 4.8). 

The presence of - COOH group was confirmed by the two multiple peaks at ~2.65 ppm 

and ~ 2.55 ppm (labelled h) characteristic of two –CH2- groups between –

CONH- and –COOH. We also successfully fabricated ligands with different lengths 
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by adjusting the poly (ethylene glycol) molecular weight of 200, 400 and 550, 

supported by mass spectrometry.   

  

Figure 4.7 1H NMR spectra of PEG based ligands terminated with –OCH3, -NH2 and 

–COOH. (Inset show the structures of TA-PEG with corresponding functional 

groups). 

We have successfully synthesized PEG-based ligands. All ligands were kept at 4 °C 

until further use, such as the synthesis of Au NCs. The -S-S- part of these ligands are 

ready for surface attachment of NPs at a reduced state.17, 22, 28, 30, 54, 60-67, 69, 70, 107, 229   

4.3 PEG capped gold nanoclusters 

In this part, we first presented Au NCs capped with DHLA-O-MPEG and with then 

DHLA-NH-PEG based ligands terminated with –OCH3, -NH2 and –COOH. The 
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synthesis parameters have been optimized to obtain smaller nanoclusters and 

properties of Au NCs capped with various ligands will be compared. 

4.3.1 Au NPs capped by DHLA-O-mPEG 

Our first water soluble Au NPs were prepared using DHLA-O-mPEG400 ligands, 

using the procedure described in Chapter 3.2.3.1. Briefly, chloroauric acid was used 

as a source of gold and was mixed with ligands under alkaline environment (pH ~ 11) 

in deionized water and reduced by NaBH4. The ratio of gold to ligands was 1:3. Molar 

ratio of Au : NaBH4  = 1 : 2. Following centrifugation/filtration using a Millipore unit, 

a concentrated brown solution was produced (Figure 4.8).  

The formed colloidal solutions were found to be stable for a period of over 3 years if 

stored at 4 °C by UV/Vis. As shown in Figure 4.9, the Au NCs reveals an more 

intensified absorption profile than the ligand only solution.  

 

Figure 4.8 Representative UV/Vis spectra of DHLA-O-mPEG capped gold nanoparticles (black 

line) and of ligands only (red line). 
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As mentioned before, according to Mie theory, gold nanoparticles with d > 3 nm are 

expected to show absorption peak around 520 nm, which is not present in Au NPs with 

d < 2 nm 60, 65, 107 However, the analysis of published work (Figure 4.9) show some 

inconsistencies between the NP size and the position of absorption locations. 30, 33, 35, 

100, 107, 216, 230-242  Some reports demonstrate that gold nanoparticles with diameter 

smaller than 2 nm also have higher absorption around 520 nm.243 Hence, UV/vis is not 

sufficient for confident confirmation of Au NC sizes and further morphological 

characterization is required.   

 

Figure 4.9 A summary of absorption peak position v.s. Au NP size from literature sources. Data 

points shown with blue diamond points are for NP where no peak was observed; Data points 

shown with orange squares are for NP with distinct absorption at 520 nm; Data points shown 

with grey triangles are for NP with peaks in the range form 280 nm to 512 nm; data points shown 

with yellow squares are for NP with two distinct peaks in the range of 370 nm to 570 nm. 

4.3.2 Au NPs capped with TA-CONH-PEG 

The TA-COOH-PEG capped Au NCs (Chapter 4.3.1) were synthesised using an ester 
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as the linker to connect thioctic acid and PEG. However, the stability of this ligand 

was low, hence the ester linker was replaced with the amide group (-CONH-). Amide 

shows greater stability compared to ester due to the resonance forms of the amide. 

The TA-CONH-PEG capped Au NPs were synthesized following the same procedure 

as for DHLA-O-mPEG capped Au NPs (Chapter 4.3.1). The molar ratio of Au to 

ligands was 1: 3 and molar ratio of Au: NaBH4 was 1: 2. As shown in Figure 4.10, the 

absorption spectrum of this Au NCs solution revealed a distinct absorption peak at 340 

nm and a small peak at 520 nm. We note that ligand only solution has no distinct 

absorption features in this wavelength range. 

 

Figure 4.10 The UV/Vis spectra of solutions of TA-CONH-PEG550-OCH3 (black) 

and TA-CONH-PEG550-OCH3 capped Au NCs (red). 

To optimize the method to produce ultra-small particles, the effect of several 

parameters on the NCs properties have been investigated: the molar ratio of gold to 
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ligands, stirring time and pH value of the starting solution.    

 

Figure 4.11 The UV/Vis spectra of Au NCs with Au: Ligand molar ratio of 1:0.3 

(green, LNH2), 1:1 (yellow, LNH2) 1:3 (navy, LOCH3), 1:5 (viridian, LOCH3 ), 1:10 

(rose, LOCH3), an experimental artefact (between 340 and 365 nm ) was intentionally 

deleted. 

Au: Ligands ratio ranging from 1:0.3 to 1:10 were explored. It is expected that the 

greater ratio of ligands will provide more efficient surface passivation, leading to 

formation of smaller Au NP. The UV/Vis absorption spectra of Au NCs produced with 

different amounts of capping molecules are shown in the Figure 4.11. The absorption 

profile of the nanoparticles produced with 1 : 0.3 ratio of Au to ligand showed 

resonance peak at ~ 520 nm, indicating formation of larger particles (d > 3 nm). 

Although, all other ratios had no distinct absorption, the 1:1 ratio revealed greater 
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absorption of l > 300 nm compared to other samples. No significant absorption in this 

range was observed for solutions produced with 1:3, 1:5 and 1:10 ratio samples. The 

ratio of Au : ligands = 1:3 was chosen for further studies as NPs formed had d < 2 nm 

and the colloidal solutions had long shelf life (> 6 months).    

 

Figure 4.12 The UV/Vis spectra of TA-CONH-mPEG550 capped Au NCs 

synthesized at pH of 8 (black), 9 (bright green), 10 (yellow) and 11 (dark green). 

The effect of the pH of the Au-precursor solution on Au NCs size was considered. The 

pH was adjusted by adding 2M NaOH before addition of tetrachloroauric acid. The 

pH is a crucial parameter for the synthesis of polymers capping metal nanoparticles. 

Since the morphology and size of the nanoparticles could be controlled by changing 

the pH of the media.244 The UV/Vis absorption spectra of samples synthesized at pH 

= 8, 9, 10, show a distinct absorption around 520 nm, compared with samples 

synthesized at pH 11 (Figure 4.12), indicating that smaller NCs were formed at this 

pH.  
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We envisaged that an increased pH leading to improvement of the reduction rate of 

gold ions and accelerated reduction is suggested as a key step to obtain smaller 

particles, stable against aggregation.216 

 

Figure 4.13 Representative UV/Vis spectra of LNH2 or LOCH3 capped Au NCs 

synthesized at pH = 11 with different aging time from 2 h to 51 h. 

The reaction time affects the nanoparticle size. Syntheses were performed with 

different reaction ageing times from 2 h to 51 h at room temperature. The UV-Vis 

spectra (Figure 4.13) of the NPs produced with tAging = 20 hrs revealed no absorption 

band at 520 nm, while samples prepared with longer ageing times revealed absorption 

peak at 520 nm, and those produced at shorter aging times revealed stronger absorption 

at l > 300 nm. These results indicate that longer ageing time of the reaction leads to 

growth of larger particles and shorter ageing time may result in incomplete reaction. 
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Hence, we selected tAging= 20 hrs for further synthesis.  

Informed by these studies, we summarized the optimized synthesis parameters: the 

molar ratios of gold and ligands = 1:3; stirring time tAging = 20 hrs; and pH value of the 

starting solution at 11. These conditions are used in further experiments.  

4.3.4 Au NCs capped with different PEG-based ligands 

The benefit of -NH2 terminated capping ligands is its properties of modification. Au 

NPs are easily modified to attach to molecules for further biological applications. With 

the optimized parameters of Au NCs synthesis: pH 11, Au : Ligand = 1:3 and aging 

time 20 h, DHLA-NH-PEG400-NH2 capped Au NCs dispersions were produced in 

aqueous solutions (see Chapter 3.2.3 for experimental details).  

 

Figure 4.14 (a) A representative UV/Vis spectrum and for DHLA-NH-PEG400-NH2 

stabilized Au NCs. (b) High-resolution TEM image and (c) histogram of size 

distributions of NCs.  

In the absorption profile of these Au NCs (Figure 4.14a) no absorption peak was 

detected around 520 nm, as expected for d < 2 nm. The size of NCs was confirmed by 
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HRTEM. To assess the morphology, the Au NCs were deposited on graphene oxide 

coated copper grid. Images were acquired on JEOL-2100F microscope operated by Dr 

M. Fay (nmRC Nottingham). Figure 4.14b shows a typical HR-TEM image. From the 

analysis of TEM images, it was found that gold nanoparticles are spherical in shape 

and have an average diameter of 1.7 ± 0.4 nm.  

The length of the capping ligands may have effects on the density of surface coverage. 

According to Hinterwirth et al.,216 ligand density linearly increases with decreasing 

ligand length. This may affect the particle size and their colloidal stability. Longer 

ligands may lead to low surface coverage, which may cause aggregation and 

precipitation.  

To explore the effect of PEG length, PEG was used with molecular weight of 200, 400 

and 550. The length of this molecule is estimated to be 1.97 nm, 3.16 nm and 4.05 nm, 

separately by estimated in Materials Studios for a stretched molecule. 
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Figure 4.15 UV-Vis absorption spectra of Au NCs capped with PEG-based ligands 

with PEG molecular weight of 200, 400 and 550. Inset show a chemical structure of 

the ligands. 

No absorption peak was recorded at ~520 nm for these Au NCs solution, indicating 

that the diameter of these particles was smaller than 2 nm. We conclude that all capping 

ligand used, PEG 200 to 550, can be used to produce sub 2 nm Au NCs, meeting the 

projects requirements.   

To investigate the impact of the terminating groups, PEG-based ligands with LCOOH, 

LNH2, LOCH3, and LN3 were used to stabilize Au NCs, produced with the following 

synthesis parameters: the molar ratios of gold to ligands = 1:3; aging time 20 hrs; and 

pH = 11 for the starting solution. 
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Figure 4.16 UV-Vis absorption spectra of Au NCs capped with PEG-based ligands 

with PEG ended with –COOH (red), -NH2(blue), -OCH3(green), and -N3(black). 

It is apparent that solutions of Au NCs capped with the same concentration of LNH2 

and LOCH3 have weaker absorption around 520 nm, indicating a smaller size of Au 

NCs compared to LN3 and LCOOH. We envisaged that the pH of the reaction affects 

the size of the Au NCs capped by ligands with different terminal functional groups. 

However, further research is needed for a deeper understanding of the relationship. 

Also, azide will be converted to –NH2 with the addition of strong reducing agent 

NaBH4.245 Hence LN3 were not used in further work.  

We also explored a possibility to produce NCs with mixed ligands, combining LCOOH 

with LOCH3 or LNH2 with LOCH3. The molar ratio of inert LOCH3 to reactive LNH2 

(or LCOOH) 1:0, 0.7:0.3, 0.3:0.7 and 0:1 was used. The UV/Vis spectra are shown in 

Figure 4.17. Consistent with above results (Figure 4.16), no distinct absorption peak 
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was observed for NCs capped with mixture of LNH2 and LOCH3. A small peak at ~ 

520 nm is resolved for samples containing LCOOH.  

 

Figure 4.17 The UV/Vis spectra of Au NCs synthesized with different Ligands ratios.  

During NC synthesis, the TA-PEG ligand is reduced to DHLA-PEG. We compared Au 

NCs synthesized with TA-PEG and DHLA-PEG. Both samples showed flat absorption 

at ~ 520 nm (Figure 4.18), indicating similar size Au NCs were obtained with both 

disulfide and dithiol ligands. Hence, there is no need to reduce TA to DHLA before the 

synthesis. The absorption feature in Au NCs dispersions UV/Vis spectrum could be 

from unreacted tetrachoroauric acid: a pronounced peak at 290 nm was reported for 

pure aurate solution.116 
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Figure 4.18 The UV/Vis spectra of Au NCs capped with TA-NH-PEG400-NH2 

(black) and DHLA-NH-PEG200-NH2 (green). 

4.3.5 Study of the stability of Au NC solutions 

The stability of Au NCs in different environments has significant implications for their 

future use. As a result, the effects of temperature and pH on colloidal stability and 

optical properties was studied. 

The stability of TA-PEG400-NH2 /TA- MPEG550 capped Au NCs was assessed over 

a period of 1 month, at different pH (pH = 6 - 9) and at physiological temperature (T 

= 37 °C). The UV/Vis characterization was carried out after storing at 4 °C for 1 month; 

heating a sample of TA-NH-PEG400-NH2 and TA-NH-mPEG550 capped Au NCs to 

T = 40 °C using water bath for 1 h, adjusting pH of the aqueous solution from slightly 

basic pH = 9 to neutral pH = 7 then to slightly acidic pH = 6.  
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For both Au NC solutions studied, the UV/Vis spectra (Figure 4.19) did not reveal any 

significant changes, indicating that pH in the range from 6 to 9 did not affect the 

stability of the solutions. The thermal treatment has not caused any significant changes 

to optic properties, only slightly weaker absorption was observed. No precipitation 

was observed over 1 month storage, hence stability of colloidal solutions was not 

affected.  

It can be concluded that TA-NH-PEG400-NH2 capped Au NCs and TA-NH-

mPEG550-capped Au NCs are stable at physiologically relevant pH and temperature. 

 

Figure 4.19 The UV/Vis spectra of Au NC aqueous solutions exposed to different 

conditions: original (black), 1 month old (red), 40°C of original (blue), pH = 9 

(yellow), 7 (pink), 6 (brown) of original. (a) TA-NH-PEG400-NH2 capped Au NCs; 

(b) TA-NH-mPEG550 capped Au NCs. 

Long-term stability study is required for long shelf life of the product. The long-term 

stability of Au NCs was examined by UV/Vis absorption on freshly prepared DHLA-

NH-PEG200-NH2 capped nanocluster solutions, after one month and after six months 
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of storage at 4 °C (Figure 4.20). The solutions remained aggregate-free and no 

significant changes were observed, indicating that the nanoparticles retain their 

shape/size and capping layer over the period of at least 6 months. This indicates that 

binding of thiol group in capping ligand to gold atoms on NCs surface is sufficiently 

strong and provides efficient passivation of the surface, reducing the rate of Ostwald 

ripening and preventing aggregation.  

 

Figure 4.20 The UV/Vis spectra of DHLA-NH-PEG200-NH2 capped Au NCs, as-

synthesized (original, yellow), and stored for 1 month (green) and 6 months (black) at 

4 °C. 

The pH and temperature stability study of TA-NH-PEG200-NH2/ DHLA-NH-

PEG200-NH2 capped Au NCs was also studied. The pH of the Au NCs dispersions 

was adjusted by adding 0.5 M NaOH, and 0.5 M HCl solution and stored for 24 h at 

4 °C. The stability of Au NCs against changing pH and temperature was probed in the 
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range of pH = 3 - 11 and T = 40 °C and 50 °C for 1 hr. No noticeable change was 

observed at the range of temperature and pH’s studied. 

 

Figure 4.21 The UV/Vis spectra of DHLA-NH-PEG200-NH2 capped Au NCs 

solutions exposed to (a) different pH and (b) treated for 1 h at different temperatures. 

These results confirm that Au NCs capped with PEG-modified dihydrolipoic acid 

demonstrate remarkable colloidal stability over a broad pH and temperature range.  

The stability of Au NC dispersions capped by TA-NH-PEG200-NH2 is similar to 

DHLA-NH-PEG200-NH2. The pH and thermal treatment has not affected the UV/Vis 

absorption profiles. 
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Figure 4.22 The UV/Vis spectra of TA-NH-PEG200-NH2 capped Au NCs solutions 

exposed to (a) different pH and (b) treated for 1 h at different temperatures. 

Small changes are observed for both samples at pH = 11. It is well documented that 

thiol ligands are the best candidate to maintain the stability of gold nanoparticles.117, 

120, 246 However, the stability of nanomaterials in aqueous solution also depends on the 

surface charge or the ligands structure. At pH 11, NH2 terminated PEG ligands are 

expected to be less protonated (pka of amines: ~10.7) and affect the Au NCs overall 

absorption.  

The results on synthesis of Au NCs capped by PEG-modified lipoic acid ligands, as 

bidentate anchoring groups, clearly demonstrate remarkable colloidal stability over a 

broad pH and temperature ranges, and long-term stability. Strong coordination of the 

anchoring group onto the metal surface combined with the inert nature of the PEG 

makes these materials very promising for applications both in life sciences and 

electronics. 
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4.3.6 Magnetic properties of Au NCs 

4.3.6.1 Magnetic properties studied by SQUID 

Bulk gold is diamagnetic,113 but ligated gold nanoclusters have been reported to  

demonstrate magnetism in previous research.247 The reasons are not yet fully 

understood, however several reasons have been suggested for the explanations of 

magnetism in NPs: 1) Their molecular-like structure. Jin et al.248 proposed the reason 

that the magnetism arises from an unpaired spin having distinct P-like character and 

delocalized among the gold core in the HOMO both by DFT calculations and 

experiments. 2) The electron orbitals at the interaction of ligands and gold core, the 

spin-orbit coupling between surface-bound thiols and gold surface atoms. Which 

proposed by Hernandes et.al.,249, 250 as the gold particle size decreases and surface area 

to volume ratio increases, the likelihood of ferromagnetism increases. The 

magnetization data of water-soluble PEG capped Au NCs (1.7 nm) and organic-soluble 

Au NCs (2.2 nm) were probed using a superconducting quantum interference device 

(SQUID) magnetometer at a temperature range from 2 to 50 K.   
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Figure 4.23 Magnetization of Au NCs with average diameter of (a) 1.7 nm (water-

soluble) and (b) 2.2 nm (organic-soluble).Measurements were performed by Dr. F. 

Moro. 

Figure 4.23 shows dependence of magnetization on magnetic field strength for Au 

NCs samples at temperatures of 2 K, 5 K, 10 K, 20 K and 50 K. Both samples exhibit 

a typical paramagnetic behavior below 50 K. With an increasing magnetic field, the 

paramagnetic response rises linearly. The magnetic susceptibility is an indicator for 

the paramagnetic strength of materials and can be estimated from the slope of the 

magnetic hysteresis (MH) curves (results are listed in Table 4.1). It is apparent that 

water-soluble Au NCs have larger susceptibility values compared to the organic-

soluble NCs. Moreover, the magnetic properties of both Au NCs studied are 

temperature dependent: the lower the temperature, the stronger the paramagnetic 

property.  
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Table 4.1 Magnetic susceptibility of Au NCs at different temperatures. 

Temperatures (K) 

Susceptibility (1  ´ 10-6 emu/gOe) 

1.7 nm Au NCs 2.2 nm Au NCs 

2 7.16/11.45 5.33/4.52 

5 3.51/7.89 2.34/2.19 

10 1.96/5.10 1.20/1.11 

20 1.05/2.85 0.55/0.47 

50 

300  

0.44/- 

6.69 ´ 10-2 /- 

0.15/- 

- 0.0191/- 

 

 

Figure 4.24 Temperature dependence of magnetization susceptibility for 1.7 nm Au 

NCs and 2.2 nm Au NPs. 
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Our magnetic studies using Superconducting Quantum Interference Device (SQUID) 

of the AuNPs with sizes 1.7 nm and 2.2 nm show that at low temperatures (T < 50 K) 

the nanoparticles are paramagnetic and the smaller NCs possess magnetic susceptibly 

which gradually decrease from 2 K (7.16 x 10-6 emu/gOe v.s. 5.33 x 10-6 emu/gOe) to 

50 K (0.44 x 10-6 emu/gOe v.s. 0.15 x10-6 emu/gOe)(see Figure 4.24 and Table 4.1). 

For AuNCs with diameter of 1.7 nm the paramagnetic properties are observable up to 

room temperature(6.69 x 10-8 emu/gOe at T = 300 K). 

However, the magnetic susceptibility values of dodecanethiol capped Au NCs changes 

from positive to negative values at temperature T = 70 K, indicating that larger gold 

nanoclusters are diamagnetic at higher temperature.  

It is anticipated that all our PEG-capped water-soluble NPs with d = 1.7 nm are 

paramagnetic. SQUID is a very sensitive technique which may also include signal 

from ligands that effects the results. Also, for used in biomedical applications, Au NCs 

should be paramagnetic at room temperature. Hence, further studies are needed to 

probe this effect.  

4.3.6.2 Magnetic properties studied by 1H NMR 

NMR spectroscopy offers a sensitive tool to assess magnetism in NPs, by measuring 

relaxation times of protons located near a magnetic centre. 1H and 13C, spectra were 

obtained using a Bruker Avance 500 spectrometer at 500 MHz and at 125.7 MHz, 

respectively. T1 and T2 relaxation time were measured with inversion recovery pulse 
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sequence and CPMG pulse sequence from 1H NMR performed on a 600 MHz 

spectrometer at a repetition rate of 1 s. All spectra were acquired at 298K and 

referenced to tetramethylsilane (TMS) for an external standard. 

Theoretically,251 when a spin label is located close to a proton, magnetic dipole 

interactions lead to paramagnetic relaxation enhancement (PRE), increasing the 

relaxation rate of the nuclear magnetization and resulting in the suppression of the 

NMR signal of the neighbouring nucleus. The line-width of observed NMR proton 

signal is significantly perturbed. The paramagnetic enhancement is expected to 

decrease with increasing distance between spin label and the proton studied. 

Relaxation rates were studied on our Au NCs to access their magnetic properties. A 

typical 1H-NMR spectrum measured on the synthesized DHLA-PEG-NH2 capped Au 

NCs and DHLA-PEG-NH2 alone are shown in Figure 4.25.   
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Figure 4.25 Representative 1H NMR spectra of DHLA-PEG400-NH2 (black) and 

DHLA-PEG-NH2 capped Au NCs (red) recorded at room temperature. All samples 

were prepared in solvent consisting of 90% H2O + 10% D2O (Inset shows a structure 

of thioctic acid attached to gold core with numbered hydrogens and carbons). 

 

The 1H NMR spectra of DHLA-PEG400-NH2 capped Au NCs and DHLA-PEG400-

NH2 samples were compared. To determine the peaks of protons in ligand molecules 

close to the Au NCs surface, a complete assignment of all observable NMR resonances 

was carried out by combining 1D 1H, 13C NMR spectra, 2D-COSY, and 2D-HSQC 

techniques. The corresponding protons are numbered in a proximity sequence to gold 

core on the DHLA molecular structure and labelled on 1H NMR spectra in Figure 4.27.  

It is evident that the intensity of NMR signals closets to the gold surface are lower and 

resonances are broader compared to ligand only peaks. The signal broadening suggests 
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the presence of paramagnetic compound in the proximity to corresponding protons. 

Hence, these results support our previous results, suggesting presence of paramagnetic 

gold core.  

As expected, longitudinal relaxation time, T1, of protons in the vicinity of 

paramagnetic Au NCs samples is expected to be shorter compared to ligand only 

solutions. Table 4.2 summarises all the observed T1 values. 

Table 4.2 Longitude relaxation time T1 (unit: second) for Au NCs and Ligands 

Position AuNP Ligands 

1 1.207 1.889 

2 0.66 1.614 

2’ 0.5869 0.993 

4,5,6 0.467 0.704 

5,6 0.525 0.76 

7 0.615 0.667 

We observe a clear trend in value of T1 depending on a distance between proton and 

NCs surface: the T1 difference decreased with increasing distance to the gold core 

(Figure 4.26).  
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Figure 4.26 Dependence of T1 time on distance between protons on ligands and Au 

NC surface, for NC solutions(red) and ligands only solution.  

4.4 Conclusions 

A range of Au NCs with different capping ligands was successfully synthesized. Au 

NCs capped by dodecantheiol are soluble in iso-propane and have homogeneous size 

distribution of 2.2 ± 0.4 nm. By changing the ligands used, water-soluble gold 

nanoclusters capped by PEG-based ligands with average diameter of 1.7 ± 0.4 nm were 

also synthesized. Optimized parameters for Au NCs synthesis were obtained: Au: 

Ligands ratios = 1: 3, reaction pH = 11, aging time 20 hrs. The aqueous Au NCs 

produced exhibited long-term colloidal stability over a wide range of pH (3-10) and 
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temperatures (T = 40 °C and 50 °C). Both organic-soluble and water-soluble gold 

nanoclusters demonstrated paramagnetism at temperature lower than 50 K. However, 

PEG-based Au NCs had a stronger paramagnetism which was further verified by a 

shorter relaxation times, T1, observed for protons on capping ligands in Au NC samples 

estimated from 1H NMR studies.   
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Chapter 5  

Chapter 5 Au NCs conjugated with folic acid  

Folic acid (FA) is a natural vitamin B9 that has been shown to be an effective ligand 

for targeted cancer therapies.252 FA binds to a tumor-associated antigen known as a 

folate receptor (FR), of which there are four glycol-polypeptide types: 

FRa, FRb, FRg, FRd, with a range of molecular weights from 38 to 45 kDa.253-256 The 

alpha isoform, FRa,  known as FOLR 1, is a glycosylphosphatidylinositol (GPI) – an 

anchored membrane protein with a high affinity (dissociate coefficient kd = 10-9) for 

binding and coordinating transport of the active form of folic acid.257 It was 

demonstrated that folic acid can act as a drug delivery vector if an active 

pharmaceutical can be attached to it, without disrupting in vivo recognition. Recently, 

folic acid modified pharmaceutical agents have been proved to have a better 

attachment to FR positive cell line than FR negative cells in several cases.258 

5.1 Folic acid conjugated with PEG ligands 

In Chapter 4, we demonstrated the synthesis of paramagnetic and water-soluble Au 

NCs with long term colloidal stability. Two strategies are proposed below to conjugate 

folic acid with the gold nanoclusters: 1) Conjugation of thiol modified-FA on the 

surface of PEG-capped Au NCs; 2) Coupling folic acid with TA-PEG ligands prior to 

synthesis of the nanoclusters.  
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The yielding of first strategy may be scarified by extra post treatment steps in addition 

to synthesis. Therefore, we chose to attach FA to our previous ligand obtained first. As 

shown in Figure 5.1, folic acid has two carboxylic acid groups in a and g positions,  

 In 1991, Leamon et al.259 published reports of numerous chemotherapeutic agents 

targeted by FA, and suggested that modification of the a- carboxylic acid groups 

disrupts FR binding recognition, whereas, conjugation to g- carboxylic acid has no 

disrupting effects. The pKa values of folic acid are 4.7(a-COOH), 6.9 (g-COOH). 

 

 

Figure 5.1 a) Chemical structure of Folic acid with a-  and  g- carboxylic acid 

groups indicated. b) Structure of folic acid- g- SH with TFA ester modified 

(unpublished work). 
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We were aiming to synthesise folic acid conjugated PEG-based ligands at the 

g- carboxylic acid position. Mixture of two regioisomers, a- FA-PEG   and  g- FA-

PEG are potentially products obtained from direct synthesis of connecting folic acid 

and PEG-NH2 via coupling methods, which will likely lower the targeting efficiency 

of cancer cells.  

Water-soluble trifluoroacetic acid (TFA) modified FA- g- SH (shown in Figure 5.1b) 

was provided by collaborators in Italy (Mr. Salvatore Pacifico, University of Ferrara). 

Once PEG-maleimide is obtained, conjugation of FA and PEG is carried out by 

Michael addition reaction. Reactions between thiols and maleimide have long been 

recognized as the most efficient Michael-type additions.164 Given its reliability, 

efficiency, and selectivity, thiol-maleimide reactions have been a primary means of 

bio-conjugation for several decades.64 

5.1.1 Synthesis of PEG-NH-maleimide 

The synthetic route used to produce PEG-NH-maleimide is shown in Figure 5.2. First,  

Mitusnobu reaction was carried out between 3-bromo-1-propanol and maleimide in 

the presence of triphenylphosphine and diisopropyl azodicarboxylate (DIAD). The 

bromine was then replaced by the amine group on PEG ligands by an SN2 reaction.  
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Figure 5.2 a) Scheme of PEG-NH2-maleimide synthesis and b) COSY NMR of 

compound (22) (Inset shows the structure of compound (22) with numbered 

hydrogens and carbons). 

COSY NMR was used to assess the success of the reaction. Protons peaks were 

confirmed and assigned (Figure 5.2). The COSY NMR results were inconclusive and 

successful synthesis of compound (22) was not confirmed by mass-spectroscopy as 

isotopic bromine peaks were absent. We opted to carry on the procedure by reacting 

compound (22) with the primary amine group on PEG ligands, to see if compound (23) 
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could be generated. Unfortunately, neither the NMR or MS indicated successful 

formation of compound (23). Two possible reasons for reaction failure are: (i) 

compound (22) was not obtained. (ii) the last step of the procedure is more plausible 

for secondary amine, not for primary one. This method was discarded.  

5.1.2 Synthesis of PEG-COOH-maleimide 

An alternative synthetic route had been planned using carboxylic acid terminated 

ligands (Scheme 5.1). PEG-COOH (12) was coupled with NH2-maleimide (25). (see 

also Chapter 3.2.2). Compound (25) was successfully attained in a yield of ~ 25%. 

Compound (26) was produced by removal of tert-butyloxycarbonyl protecting group 

(Boc) and the free amino was used for the synthesis of compound (27). 

 

Scheme 5.1 Reaction sequences of PEG-COOH-maleimide synthesis. 

The coupling reaction between PEG-COOH and NH2-maleimide was then carried out 

using EDC as the amide coupling reagents in the presence of DMAP, but this failed to 
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produce the desired compound. Then HoBT, HBTU, DIEA were used as coupling 

agents in a trial reaction between thioctic acid (TA) and compound (26). After TA-

maleimide was obtained in this way, the procedure was then repeated between TA-

PEG-COOH (12) and compound (26). The scale-up reaction successfully formed 

PEG-COOH-maleimide (27) in a good yield of ~ 64 %.   

5.1.3 Michael addition of FA-SH (TFA-ester) to maleimide 

To produce FA-PEG-TA ligands, a one step Michael thiol addition reaction of FA-SH 

with maleimide-PEG-TA was used (Scheme 5.2, see also Chapter 3.2.2 for details). 

No FA-conjugated product was visible in MS or NMR in the first experiment. Due to 

limited quantity of FA-SH, HPLC was used purify the reaction mixtures, however, no 

trace of desired structure was detected by MS in all 20 fractions analysed.  

 

 

Scheme 5.2 Michael addition of FA-SH to TA-PEG-maleimide. 
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The reaction conditions had to be optimized for producing the desired product. So, a 

trial experiment was carried out: cystamine conjugating to PEG-maleimide with the 

same parameters that would be used for FA-SH adding to PEG-maleimdie. It was 

proved that maleimide was successfully attached to cystamine by MS (at 406.12 1+m/z, 

the exact mass is 405.12).  

5.1.3.1 Synthesis of FA-SH 

In order to synthesize FA-SH, we had to consider the limited quantity of FA-SH 

provided by our collaborators (Mr. Salvatore Pacifico, University of Ferrara) and how 

to successfully attach our PEG-maleimide to it by the thiol addition reaction. The 

synthesis route is shown in Scheme 5.3. We activated the -COOH as NHS-ester first, 

then added cystamine (see also Chapter 3.2.2 for details).  

 

Scheme 5.3 Scheme of synthesis of FA-SH (28). 

The conjugated structure of folic acid with cystamine was confirmed by NMR 

(detailed 1H NMR are listed in Chapter 3.2.2.3) and MS (peak at 501.16 1+m/z, the 

exact mass is 500.16). The type of regioisomer (a-  or  g- ) would be probed in later 

chapter. 

(28)
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5.1.3.2 Michael addition of FA-SH to maleimide 

Compound (28) was used in a thiol Michael addition reaction with FA-cystamine and 

TA-PEG-maleimide, FA-PEG-TA was identified via MS. However, as shown in the 

MS spectrum (Figure 5.3), the PEG starting materials is still present in the reaction 

mixture, indicating an incomplete reaction. 

 

Figure 5.3 a) Chemical structure and b) mass spectrum of FA-PEG-TA. Arrow 

indicating the desired peaks. 

5.2 Synthesis of TA-PEG-FA 

FA-PEG-TA was synthesized in Chapter 5.1 by conjugating the modified folic acid 

and maleimide attached PEG using thiol-Michael addition, however, the reaction yield 

was too low. Also, the conjugation carboxylic acid site remains unknown. According 

to the structural configuration of folate receptor presented by Chen et al.,36, 54, 62, 65, 92, 

237, 260-265 the key recognition part of folic acid is the pterin group, indicating that 

modification of glutamate part will not affect the conjugation with folate receptors. 
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Which means it is not necessary to know the conjugated site on folic acid. In the 

Chapter 5.2, the direct coupling of TA-PEG-NH2 and folic acid is explored aiming to 

increase reaction yield. 

5.2.1 Coupling of FA and TA-PEG-NH2 

We considered possible coupling of folic acid with TA-PEG-NH2 directly. The 

synthesis scheme is shown in Scheme 5.4. (See also Chapter 3.2.2 for details)  

 

Scheme 5.4 Synthesis scheme of direct coupling of FA to TA-PEG-NH2. 

The mass spectrometry (MS) study confirms that conjugation of folic acid to TA-PEG-

NH2 was successful (Figure 5.4a). The MS shows only mono-conjugation. Since the 

g-COOH has a lower pKa (4.7) than a-COOH (6.8), it is reasonable to assume that the 

conjugation was performed at the gamma site. However, a NOESY NMR experiment 

(Figure 5.4b) revealed that the alpha site was also activated and conjugated by TA-

PEG-NH2. Two coupling peaks between carbon proton and nitrogen carbon were 

18

30
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detected, interaction of HaHc, HbHc, indicates the a-site was linked. 

 

Figure 5.4 a) Mass spectrum b, c ) NOESY NMR spectrum of FA-PEG-TA. 

In summary, we have synthesized folic acid coupled PEG-TA ligands as a mixture of 
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a- and g- conjugates. Nevertheless, based on Chen et al.’s study, both isomers are 

expected to target the folate receptors. The FA-PEG-TA obtained was then used for Au 

NCs synthesis.  

5.3 Synthesis of Au NCs with FA conjugated ligands 

The Au NCs were synthesized following the same procedure as for PEG-capped Au 

NCs (Figure 5.5a, see also Chapter 3.2.7 for details). Instead of using PEG-TA as 

ligands, FA-PEG-TA was used. The presence of FA did not affect the NC formation 

and monodisperse water-soluble spherical gold nanoclusters were formed with an 

average diameter of 1.60 ±	0.26 nm. A representative HRTEM image of FA-Au NCs 

is shown in Figure 5.5d. 
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Figure 5.5 a) Synthesis scheme of FA-Au NCs. b) UV/Vis spectra of FA solution, 

PEG-Au NCs and FA-Au NCs solutions. HRTEM images of PEG-Au NCs (c) and 

FA-Au NCs (d). 

The UV/Vis spectrum shown in the Figure 5.5b confirmed the presents of folic acid 

on Au NCs. FA-PEG only showed no absorption at wavelength over 450 nm, while 

FA-Au NCs had same absorption in this range, indicating the formation of gold 

nanoclusters as PEG-Au NC. The observation of an absorption peak at ~ 370 nm in 

the solution of FA- Au NCs, confirmed the conjugation of folic acid on Au NCs, which 

was not observed in the PEG capped Au NC solutions.  

The 1H NMR spectra of both PEG-Au NCs and FA-PEG-Au NCs are shown in Figure 

5.6. It was obvious that the FA-Au NCs spectrum (red) displays extra peaks (with blue 

arrows labelled) compared to that of PEG-Au NCs (green), indicating the presence of 
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folic acid of FA-PEG-Au NC sample.  

Combined UV/Vis and NMR results proved that the Au NCs has been successfully 

conjugated with folic acid. 

 

Figure 5.6 1H NMR spectra of a) PEG capped AuNCs and b) FA-PEG capped 

AuNCs. 

A confocal imaging study was carried out to characterize the fluorescence properties 

of FA-Au NCs. Very weak fluorescence emission images was recorded for FA-Au NCs. 

Further optimization of imaging studies are needed to fully explore the potential of 

this material. However, since detectable fluorescence is recorded (Appendix), we 

envisaged that the folic acid conjugated gold nanoclusters can be potentially used as 

imaging agents. 
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5.3.1 Targeting activity of Au NCs capped with FA-PEG-TA 

We have produced FA-PEG-TA-Au NCs and PEG-TA-Au NCs using the same 

synthesis parameters. UV/Vis spectra (Figure 5.5b) of FA-Au NCs and PEG-Au NCs 

have similar profile across the wavelength range 450 nm – 800 nm. The absorption 

spectrum of FA-Au NCs also revealed a distinct peak at ~ 370 nm, which was 

attributed to folic acid. These results also indicate that both nanoclusters sizes were 

below 2 nm, since no absorption at ~ 520 nm was observed.  

The size of Au nanoclusters was analyzed using HR-TEM images recorded on a JEOL-

2100F. The average sizes of PEG-Au NCs was 1.91 ± 0.33 nm (Figure 5.7). The FA-

PEG-Au NCs had an average diameter of 1.60 ± 0.26 nm (Figure 5.5b). Both FA-Au 

NCs and PEG-Au NCs samples revealed narrow size distribution of spherical-like 

particles. The inter-crystal distance in Au NCs was 2.35 Å, which corresponds to the 

phase (111) of face-centered cubic (FCC) crystal structure. But it was hard to discern 

that FA-PEG capped Au NCs exhibiting the same structure in those images, limiting 

by the graphs resolutions. Since both NCs were obtained by the same procedures, we 

proposed that FA-PEG-Au NCs had the same structure, however, further analysis was 

needed to probe this.  
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Figure 5.7 HRTEM images of PEG-Au NCs (arrows indicating the inter-crystal 

distance).  

Since FA-PEG-TA ligands are longer than PEG-TA ligands, the capping efficiency 

may be different. We investigated the percentage coverage of ligands on the surface of 

NCs by probing the atom ratio of sulfur and gold, using an elemental analysis carried 

out by energy-dispersive X-ray spectroscopy (EDX) on JEOL-2100F. The atomic 

percentages of S and Au were 0.51 %: 0.80 % for PEG-Au NCs, the ratio of Au : S 

was estimated to be 1.57. The atomic percentages of S and Au were 0.18 % and 0.29% 

respectively for FA-Au NCs, Au : S ratio was 1.61. Hence, the PEG-Au NCs and FA-

PEG-Au NCs have comparable Au/S ratios. 

 

 

 

 



 

 138 

Table 5.1 Au : S ratio of Au NCs capped with PEG and FA-PEG ligands. 

Sample Sulfur (%) Gold (%) Au : S atomic ratio 

PEG-Au NCs 0.51 0.80 1.57 

FA-PEG-Au NCs 

Au38(SR)24 64 

0.18 

/ 

0.29 

/ 

1.61 

1.58 

Previous research on atomically precise gold nanoclusters were looked through, 

including Au20(SR)16, Au24(SR)20, Au25(SR)18, Au36(SR)24, Au38(SR)24, Au40(SR)24, 

Au55(SR)31, Au67(SR)35, Au102(SR)44, Au130(SR)50, and Au144(SR)60. 266 The 

Au38(SR)24 (Au/S = 1.58) was found to have the similar value with our NCs. All these 

atomic precisely nanoclusters are below 2 nm in size and are organic-soluble, while 

our Au NCs are water-soluble.  

We estimated that our NCs contain 38 gold atoms. However, there is significant 

difference in the UV/Vis spectra of organic-soluble Au NCs compared to our DHLA-

capped Au NCs. The spectra of water-soluble Au NCs solutions had no noticeable 

absorption feature at range of 400 nm – 800 nm, however, the Au38(SR)24 had two 

distinct absorption peaks at ~ 480 nm and 640 nm (Figure 5.8). Hence, the Au atom 

number in water-soluble Au NCs needed to be determined by other methods.  
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Figure 5.8 UV-vis spectrum of Au38(SC2H4Ph)24 nanoclusters.267 

Both FA-Au NCs and PEG-Au NCs were excited by 254 nm UV lamp and images 

were captured by cameras. As shown in Figure 5.9, the observed colors were not 

identical even under same excitation wavelength. The fluorescence of PEG-Au NCs is 

weak, with slightly red emission observed，while the FA-PEG-Au NCs showing a 

strong blue fluorescence. 

 

Figure 5.9 Photographs of fluorescence of (a) FA-PEG-Au NCs solutions and (b) 

PEG-Au NCs solutions with excitation at 254 nm. 

Two reasons were proposed for the difference observed: (1) The structures of these 

two nanoclusters are different. (2) The fluorescence is affected by the ligands used 

and folic acid could be the main contributor to the blue fluoresce observed in FA-

��� ���
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PEG-Au NCs, since previous report confirmed fluorescence of FA at ~ 460 nm, in 

the range of blue light. 244  

5.3.2 Effect of synthesise parameters on FA-targeted Au NCs  

Folic acid conjugated PEG ligands showed different properties compared to PEG 

based ligands, including their lengths, solubility, absorption profile, etc. The optimized 

parameters for PEG-stabilized Au NCs may not be directly transferable to FA-PEG-

stabilized Au NCs, hence it is necessary to investigate the effect of the synthesis 

conditions (pH, Au: ligands ratios) on the formation of FA-PEG-Au NCs. 

Folic acid has different solubility in media at different pHs.268 The pH of ligands’ 

solution used for synthesis was adjusted to pH = 7, 8, 9,10 or 11. Gold precursors were 

added in a molar ratio of 1: 3 of Au to ligands, and 1:2 of Au to NaBH4. The aging 

time was 20 hrs.  

The UV/Vis absorption spectra of these samples are shown in Figure 5.15. It is obvious 

that the lower reaction pH resulted in stronger absorption, which significantly 

enhanced NCs synthesis at pH = 7 at the wavelength range of 400 - 800 nm. No peak 

was observed at ~ 520 nm. Also, the Au NCs synthesized at pH = 7 did not produce a 

clear solution, exhibiting light yellow flocculation. We believed that the NCs 

precipitated due to low solubility of folic acid at pH ~ 7. The absorption profile of NCs 

synthesized at pH = 11 had the absorption profile expected for sub 2 nm particles 

(Figure 5.10). Therefore, pH 11 was chosen for further synthesis.  



 

 141 

 

Figure 5.10 UV/Vis spectra of FA-PEG-Au NCs solutions synthesised at different pH 

values. 

Since the diameter width of FA- PEG ligands is larger than PEG-based ligands (4.5 

nm vs. 3.1 nm), their coverage density on gold surface will be affected.268-270 The ratio 

of gold to ligands was investigated. The pH of ligands solution for synthesis was 

adjusted to pH = 11. Gold precursors were added in molar ratios of 1: 0.3, 1: 1, 1: 3, 

1: 5 or 1:10 of Au to ligands; with fixed molar ratio of 1:2 of Au to NaBH4, and each 

reaction was stirred for 20 hrs at room temperature.  

All synthesises produced clear colloidal solutions, without any precipitate detected. 

The UV/Vis absorption spectra of each samples are shown in Figure 5.11. The 1 : 0.3 

ratio of Au : ligand showed a distinct absorption around ~ 520 nm, indicating 

inefficient ligand density and formation of larger particles. The 1:1 ratio sample had 

no absorption at ~ 520 nm, however the absorption intensity was stronger than that 
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with larger ratios of ligands. Little differences were identified among 1:3, 1:5 and 1:10 

samples, all showing absorption profile expected for ultra-small (sub 2 nm) particles. 

The ratio of 1:3 was chosen for further synthesis.  

 

Figure 5.11 The UV/Vis spectra of FA-PEG-Au NCs solutions synthesised with 

different Au: L molar ratios. 

5.3.2 Stability study of FA-PEG-Au NCs 

The long-term stability study of FA-PEG capped Au NCs was assessed over a period 

of up to 2 month stored at 4 °C in the dark; after exposure to different pH and different 

temperatures after synthesis. UV/Vis spectroscopy was used to record the results.  
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Figure 5.12 The UV/Vis spectra of FA-PEG Au NCs, taken after synthesis (original), 

and storage for 3 weeks and 2 months at 4 °C. 

UV/Vis spectra of freshly prepared, 3 weeks old and 2 month old FA-PEG-Au NCs, 

stored at 4 °C are shown in Figure 5.12. The colloidal solutions remained aggregate-

free with no significant changes in UV/Vis, indicating that the nanoparticles retain 

their shape/size and capping layer. Hence, attachment of FA does not alter the ability 

of ligands to provide efficient passivation of the surface and to stabilize them in 

aqueous solution.  

The colloidal stability of NP can be altered by pH as it will change both the strength 

of ligand binding to Au NP and the charge on the ligand.  
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Figure 5. 13 The UV/Vis spectra of FA-PEG-TA capped Au NCs solutions at various 

pH values. 

The pH of the Au NC solutions was adjusted by addition of 0.5 M NaOH, or 0.5 M 

HCl solution. Following 24 h storage at 4 °C, the stability of the Au NCs against 

changing pH and temperature was probed in the range of pH from 3 to 11. The 

absorption profiles of Au NP solutions at pH ≤ 6 are very similar, as well as those at   

pH ≥ 7.   

These results confirmed that Au NCs capped with FA-PEG-TA present remarkable 

colloidal stability at neutral and basic environment. However, when the pH of the 

solution is lower than 6, the absorption was largely enhanced. This can be explained 

by the low solubility of folic acid under acidic solutions, leading to separation of gold 

nanoclusters capped by FA-based ligands from the colloidal solution and formation of 

aggregates. The observed aggregation is reversible by addition of NaOH to increase 
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the pH.   

We observed that all synthesized solutions being stored for 24 h at 4 °C retained their 

colloidal stability. Solutions treated to pH values in the range from 7-11 were also 

stable, Solutions stored at acidic pH became flocculated. The precipitation was 

reversible if solution pH was increased.  

 

Figure 5.14 The UV/Vis spectra of FA-PEG-TA capped Au NCs solutions treated at 

temperatures of 40 °C and 50 °C. 

The thermal stability of Au NCs capped with FA-PEG-TA were studied at T = 40 °C 

and 50 °C. The vials containing Au NC solutions were heated in a water bath and kept 

for 1 h. The UV/Vis absorption profiles have not revealed any significant changes, 

apart from decrease of intensity of peak at 370 nm. At first, we proposed that the 

decomposition of folic acid at higher temperature is a possible reason for the weaker 

absorption following thermal treatment at 50 °C. Day et al.271 reported that folic acid 
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has a retention of 75 - 92% after 2 h at 100 °C, which shows that folic acid is slight 

unstable at such temperatures. But it seems very unlikely at 50 °C, since many studies 

on folic acid stability in liquid media were in agreement with a starting degradation 

temperate of 180 °C.248 However, the absorption of gold nanoclusters at 520 nm was 

not disturbed by the increased temperature, indicating thermal stability of Au NCs 

solutions.  

In conclusion, FA-PEG-TA-stabilized Au NCs have long shelf life (> 3 months) and 

are stable at pH is above 7 and at T = 40 °C or 50 °C.   

5.3.4 The magnetic properties of FA-PEG Au NCs 

1H NMR was used to assess the magnetic properties of FA targeted Au NCs. The 

studies were performed by the method described in Chapter 4.3.6.2.  
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Figure 5.15 600 MHz 1H NMR spectrum of FA-PEG only (red) and FA-PEG Au NCs 

(blue) in 90% H2O + 10% D2O at 298K (Inset shows a structure of thioctic acid 

attached to gold core with numbered hydrogens and carbons). 

The 1H NMR spectra of FA-PEG-TA capped Au NCs and FA-PEG-TA only samples 

are shown in Figure 5.15. A complete assignment of all observable nuclei was 

established by combining 1D 1H, 13C NMR spectra with 2D-COSY and HSQC 

techniques. The corresponding protons are numbered in a proximity sequence to the 

gold core on the TA molecular structure and labelled on 1H NMR spectra (Figure 5.16).  

The results are comparable to those for PEG-TA capped Au NCs: peaks of protons 

close to the gold core were less intense and broader compared to ligand only sample. 

The signal broadening results from proximity of proton to metal core and is likely due 

to interaction with species of paramagnetic in the samples. Since this effect is a 
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manifestation of unpaired electron magnetic moments effecting efficient nuclear 

relaxation.122, 139, 272-274  

The longitudinal relaxation time, T1, of the protons in close proximity to the 

paramagnetic Au NCs is expected to be shorter than for ligand-only solutions. The 

Table 5.2 summarizes the T1 values estimated in our studies.  

Table 5.2 Longitudinal relaxation time, T1, for Au NCs and ligands only solutions. 

Position T1, Au NP(sec) T1, Ligands(sec) 

1 0.74 0.75 

2 0.85 1.55 

2’ 0.687 0.69 

4,5,6 0.634 0.76 

5,6 0.696 0.91 

7 0.7 1.32 

The paramagnetic enhancement is expected to decrease with longer distance.272, 275 We 

observed an overall decrease of T1 values. However, no significant changes were 

observed for 1H in positions 1 and 2’, which requires further investigations.  

In summary, the presence of signal broadening in proton NMR and shorten T1 times 
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confirmed the paramagnetic centre of FA-Au NCs.  

5.4 Conclusions  

In this chapter, we have confirmed that FA conjugated ligands were successfully used 

to stabilize the Au NCs solutions. The size of Au NCs formed is 1.6 ± 0.3 nm.   

Two methods were used to obtain FA conjugated PEG-TA ligands: 1) FA was modified 

to FA-SH, while PEG-TA was converted into maleimide-PEG-TA, then FA-SH was 

attached to PEG by a thiol Michael addition; 2) Direct coupling of FA to NH2-PEG-

TA. The FA-PEG-TA was used in colloidal synthesis of Au NCs with following 

optimized parameters: molar ratio of Au: Ligand = 1:3, pH = 11. The FA aqueous 

solution of capped Au NCs have colloidal stability both in a basic environment and at 

temperatures up to T = 50 °C. The long-term stability of FA-Au NCs were 

demonstrated at least for 2 months. The analysis of T1 relaxation time indicated the 

presence of paramagnetic centers in FA-PEG-Au NCs.  
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Chapter 6  

Chapter 6 In Vitro studies of targeted and non-

targeted Au NCs 

Colloidal Au NCs are of potential interest for cancer therapy. However, several studies 

indicated possible NC-induced cytotoxicity,276 which is determined by NC structure, 

size and capping ligands.277 

More than 70 different types of serum proteins have been found adsorbed to the PEG 

capped Au NPs surfaces (PEG at densities up to 1.25 PEG/nm2).278 However, PEG 

was also found to resist protein absorption and reduce nonspecific endocytosis 

uptake.156 Zhang et al. had investigated the in vivo toxicity in mice with 5, 10, 30 and 

60 nm PEG(size not mentioned)-capped Au NPs, showed that all four particles 

presented side effects in mice with different severities.279 However, there is limited 

information on toxicity on Au NCs capped with PEG or other capping ligands with d 

< 5 nm. 

To assess the potential of our Au NCs for bio applications, an in vitro study was carried 

out to investigate the effects of Au NCs on cell viability. MTT assays were used to 

evaluate the in vitro cytotoxicity of Au NCs. ICP-MS was employed to quantify the 

cellular uptake of Au NCs. Considering the reported recycling rate of FR a as 5.7 - 20 

h, 280 we chose 72 h as the incubation time to for MTT assay to maximize the 
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internalization of NPs by the cells. 

6.1 In vitro cytotoxicity study of Au NCs 

Cell viability assays were performed to assess in vitro cytotoxicity of Au NCs (see 

Chapter 3.3.1 and Figure 6.1 for details). Briefly, cells were seeded in a 96-well plate 

at a density of 3000 cells per well for 24 h. Au NC solutions were added at a range of 

concentrations between 10 nM to 100 µM, and cultured at 37 °C for 72 h. 3-(4,5-

Dimethylthiazol2-yl)-2,5-diphenyltetrazoliumbromide (MTT) was added to each well 

at an ending concentration of 0.5 mg/mL. After 2.5 h incubation, the growth medium 

was removed and DMSO was added to dissolve the produced formazan; The 

absorbance was measured at 550 nm (extinction coefficient of MTT formazan is 16900 

at 578 nm)252 for each well. Each assay was repeated at least 2 times, and each 

concentration was repeated 6 times.  

 

Figure 6.1 The schematic representation of a procedure used for MTT assay. 
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6.1.1 Cytotoxicity of Au NC capped with different length 

PEG 

The MTT assays were analyzed with Au NCs of d < 2 nm stabilized by DHLA-

PEG400-NH2, DHLA-PEG550-OCH3, and DHLA/TA-PEG200 with a gold 

concentration from 10 nM to 100 µM. The concentrations of gold were assumed as no 

loss in synthesis procedures. We have selected a human-derived colorectal carcinoma 

cell line, HCT-116 and a human-derived breast cancer, MCF-7 to evaluate the toxicity  

The cell viability, expressed as percentage of the untreated control, of MCF-7 and 

HCT-116 exposed to Au NCs for 72 h are shown in Figure 6.2.  
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Figure 6.2 Viability of MCF-7 and HCT-116 cells after 72 h of incubation with 

different concentrations of (a) DHLA-NH-PEG200-NH2 (b) DHLA-PEG400-NH2 (c) 

DHLA-PEG550-OCH3 capped Au NCs estimated from MTT assay. The error bars 

represent the standard deviation over 6 repeats. 

Both cell lines retain over 60% viability following 72 h exposure to Au NCs at Au 

concentration up to 100 µM. The DHLA-NH-PEG400-NH2 capped Au NCs showed 

no toxic effects with cell viability > 70 %: 80 % for MCF-7 and ~ 70% for HCT-116 

�

��

��

��


�

���

���

������� ���� ���� ��� ��� � � �� �� ���

��
���
��
��
���
��
���
�


�����������������µ��


������
���

����	 
������ 

�

��

��

��


�

���

���

������� ���� ���� ��� ��� � � �� �� ���

��
���
��
��
���
��
���
�


�����������������µ��


������
���

�

��

��

��


�

���

���

������� ���� ���� ��� ��� � � �� �� ���

��
���
��
��
���
��
���
�


�����������������µ��


������
		�

��

��

��



 

 154 

at exposure concentration of 100 µm. The DHLA-NH-PEG550-OCH3 capped Au NCs 

also showed high cell viability > 90 % at exposure concentration up to 100 µm both 

for MCF-7 and HCT-116. The cell viability of DHLA-NH-PEG200-NH2 capped Au 

NCs are > 80% for MCF-7, however only ~ 60 % for HCT-116. We proposed that 

shorter ligands may lead to a closer distance of gold surface and cells’ apparatus, the 

‘naked’ surface gold affects apparatus’ functions and result in a lower cell viability. 

Leopold et al.281 produced PEG200 capped Au NPs size of 12 nm – 27 nm.  They 

observed a cell viability over 80% with A549 cells treated by PEG-Au NPs below the 

concentration of 450 × 10−9 M. These Au NPs are therefore regarded as having good 

biocompatibility.   

Hence, we have demonstrated that our PEG-capped Au NC have little side effects on 

the viability of MCF-7 and HCT-116 cell lines.  

6.1.2 Targeting high folate-receptor expressing cell lines with 

FA-conjugated Au NCs 

In order to assess possible toxicity induced by FA and to probe if FA is showing 

targeting capability, two cell lines were selected: involved in this analysis, folate 

receptor expressing breast cancer cells (FR-positive), MCF-7 and MDA-MB-231. FR-

negative cell line, HCT-116 was used as control cells. The cellular uptake of FA-Au 

NCs by FR-positive cells is anticipated to be higher than by FR-negative cell lines. 

The studies of receptors in cells are sparce. For FR, four isoforms of FR were identified 



 

 155 

as FR (a, b, g, d).282 Moreover, they are activated even when the folate is at low 

concentration or when rapid cell growth requires elevated folate uptake. However, the 

isoforms have different cellular distribution patterns and tissue specificity. FR a is 

expressed in normal epithelial cells and its expression is markedly enhanced in several 

carcinomas, including breast cancers. The FR b is often overexpressed in non-epithelia 

malignancies.283, 284 These two isoforms are not expected to be present at the same 

time. Yang et al.285 suggested that the coexistence of FR b was not possible on the 

tumour itself, but on the tumour-associated macrophages (TAMs) that accumulated at 

the tumour sites.  

Several studies reported that MCF-7 cells are FR overexpressing,282, 286 while other 

reports suggested that they are FR-negative.287	 The MDA-MB-231, another breast 

cancer cell line, was confirmed to have a high folate receptor expression. MDA-MB-

231 cell lines was found to have the greatest abundance of FR a. with 369 ± 6 fg/cell. 

The MCF-7 have 209 ± 5 fg/cell of FR a.288 There are no reports suggesting folate 

receptor overexpression by HCT-116 cells. 

The cells were exposed to Au concentration from 10 nM to 500 µM. The observed cell 

viability is shown in Figure 6.3. For concentrations up to 100 µM, all cell lines retained 

viability over 80 %. These results are comparable to previously reported values for 

FA-conjugated AuNP. 
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Figure 6.3 All Viability of MCF-7, HCT-116 and MDA-MB-231 cells after 72 h 

exposed to FA-PEG-TA capped Au NCs. The error bars represent variations between 

6 repeats of each concentration. 

Based on amount of FA receptors, MDA-MB-231 cells were expected to uptake more 

gold nanoclusters than other two cell lines, however the cytotoxicity observed was 

comparable. Hence, cellular uptake studies are needed to quantity Au NC uptake by 

FR-positive cell line and FR-negative cell line.  

6.2 Cellular uptake of FA-PEG-Au NCs  

MTT assays revealed no cytotoxicity induced by non-targeted and targeted Au NCs in 

all studied cell lines. To confirm the ability of FA to target cells, the cellular uptake of 

Au NCs was assessed by ICP-MS. Two types of cell lines were chosen for cellular 

uptake study, FR-positive cell lines, MDA-MB-231 and FR-negative A549, a human 

lung cancer cell line. A549 were found more FR-negative than HCT-116.  
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6.2.1 Uptake of Au NCs by folate receptor - positive cell lines  

The results of ICP-MS are expressed in weight concentrations, and were related to the 

nanoparticle numbers. For the first experiment, PEG-Au NCs and FA-PEG Au NCs 

were incubated with MDA-MB-231 for 72 h (see Chapter 3.3.2 for details). After 

washing out the extracellular Au NCs with PBS, the cells were digested by 

concentrated HNO3 and diluted by adding water to volume of 5 ml and ready for ICP-

MS analysis. The detailed results are listed in Table 6.1. ICP-MS experiments were 

performed by Dr. Scott Young (University of Nottingham). The treatment 

concentration value was also estimated by ICP-MS using Au NCs only solutions.   

Table 6.1 Concentration and cellular uptake of Au NCs by MDA-MB-231 determined 

by ICP-MS. 

 Treatment concentration 

(µg/well) 

Amount of Au 

uptake (µg) 

Au uptake 

(%) 

FA-Au NCs 56.25 9.98 17.7 

PEG-Au NCs 382.30 35.12 9.2 
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Figure 6.4 Au NC uptake in MDA-MB-231cell line exposed to PEG-Au NCs and 

FA-Au NCs nanocomposites. 

As shown in Figure 6.4, the uptake of the folic acid modified Au NCs was about 2 

times greater (17.7 %) compared to non-targeted PEG-Au NCs (9.19 %), despite lower 

effective treatment concentration. These results indicate that FA-Au NCs have a higher 

uptake rate than PEG-Au NCs in FR-positive cells, confirming FA induced targeting. 

For the 2nd time of ICP-MS analysis, 2 mL of Au NCs at concentration of 10 µg /mL 

were used to treat both MDA-MB-231 and A549 cells for 72 hrs. The results are 

summarized in the Table 6.2.  
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Table 6.2 Concentration and cellular uptake of FA-Au NCs/PEG-Au NCs by MDA-

MB-231determined by ICP-MS.  

 Treatment concentration 

(µg/well) 

Amount of Au 

uptake (µg) 

Au uptake 

(%) 

FA-Au NCs 20.00 11.86 59.31 

PEG-Au NCs 20.00 9.97 49.85 

Despite lower effective treatment concentration, greater Au uptake was obtained. 

About 10 % enhancement of uptake induced by FA was observed. We proposed that 

since the first experiment we were using a more concentrated Au NCs solution, a lower 

cell viability is the reason for the observed difference. Less remaining cells would lead 

to less amount of Au uptaken. We conducted cell viability assay to support the 

suggestions (Figure 6.5). Since cells for ICP-MS study were incubated in 2 mL of 

media, a concentration of 20 µg/mL was used for the treatment used in 1st experiment 

and 10 µg/mL corresponds to 2nd experiment. As displayed in Figures 6.5, the cell 

viability of 20 µg/mL (62%) was slightly lower than 10 µg/mL (67%).   
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Figure 6.5 Cell viability of MDA-MB-231 of 72 hrs incubation with FA-Au NCs in 

concentrations of 10 µg/mL and 20 µg/mL. 

We suggested that smaller cellular uptake by cells were result in small quantity of alive 

cells, the lower viability was leaded by treatment with concentrated Au NCs solutions. 

This also explain the small Au uptake of PEG-Au NCs by MDA-MB-231. The cell 

viability assays were carried out using PEG-Au NCs concentration of 200 µg/mL 

denoting 382.3 µg, and 10 µg/mL for 20 µg sample. The cell viability was 68% and 

41% of 10 µg/mL and 200 µg/mL, respectively. Although the value of cells viability 

under 10 µg/mL only show about 1.5 times of that under 200 µg/mL, the images 

(Figure 6.6 b and c) show obvious differentiations. Most cells in 10 µg/mL media were 

still alive, while cells in 200 µg/mL were observed with mortality and accumulation. 

We envisaged that the high cell viability of sample treated with concentrated Au NCs 

solution was attributed to the absorption of Au NCs in high concentration.  
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Figure 6.6 a) Cell viability of MDA-MB-231 after 72 hrs incubation with PEG-Au 

NCs at concentrations of 10 µg/mL and 200 µg/mL and optical microscopy images of 

cells after exposed to Au NCs at concentration of (b) 10 µg/mL and (c) 200 µg/mL.  

The cellular uptake experiment was repeated for 3rd time. New batches of the Au NCs 

were synthesized and used for cells treatment. The parameters and results are listed in 

Table 6.3. The incubating concentrations of two types Au NCs solutions are 

comparable: 13 µg/mL for FA-Au NCs, and 14.15 µg/mL for PEG-Au NCs. It is 

apparent that MDA-MB-231 uptaken more FA-Au NCs (66.3%) than PEG-Au NCs 

(58.34%). 

 

 

 

67.7 %  

41.0 % 

�

��

��

��

��

�� ���
��
���
��
��
���
��
��
��


	
�������������������� �µ�����

	
�
�	��	�	

����������


�

��

��

��

��

��

	�


�

��

�
��
��
�

��
���
��
�

��	���
�� ��������
���� �µ���� �

��


�

��

��

��
��
��



 

 162 

Table 6.3 Concentration and cellular uptake of FA-Au NCs/PEG-Au NCs by MDA-

MB-231determined by ICP-MS.  

 Treatment concentration 

(µg/well) 

Amount of Au 

uptake (µg) 

Au uptake 

(%) 

FA-Au NCs 25.99 17.23 66.30 

PEG-Au NCs 28.30 16.51 58.34 

We note, that these repeat experiments represented three different conditions of cells 

treatment concentrations: 1) FA-Au NCs quantities (56.25 µg) largely smaller than 

PEG-Au NCs’ (382.3 µg); 2) FA-Au NCs quantities and PEG-Au NCs’ were identical 

(20 µg); 3) FA-Au NCs (25.99 µg) quantities slightly smaller than PEG-Au NCs (28.3 

µg). The cellular uptake weight rate of both Au NCs by MDA-MB-231 are shown in 

Figure 6.7. Our results indicate that FA modified Au NCs given a greater uptake than 

non-targeted Au NCs for all three conditions.  
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Figure 6.7 Comparison of FA-Au NCs and PEG-Au NCs cellular uptake rate by cell 

line MDA-MB-231. 

6.2.2 FR-negative cell lines uptake of Au NCs  

We conducted a cellular uptake study on FR-positive cell lines MDA-MB-231, and 

demonstrated greater uptake of folate receptor targeted Au NCs compared to non-

targeted cells. In this part, a FR-negative A549, human lung cancer cell line was 

studied for comparison. 

The procedure used was similar to that used for MDA-MB-231 and was repeated 2 

times. Comparable weight concentration of clusters was used. A concentration of 10 

µg/mL was used to incubating cells with both Au NCs for the first experiment. The 2nd 

experiment used concentrations of 13 µg/mL for FA-Au NCs, 14.15 µg/mL for PEG-

Au NCs, corresponding to ~ 26 µg/well for FA-Au NCs and ~ 28 µg/well for PEG-Au 

NCs. The cellular uptake of two types Au NCs by A549 are listed in Table 6.4.  
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Table 6.4 Concentration and cellular uptake of FA-Au NCs/PEG-Au NCs by A549 

determined by ICP-MS. 

 Treatment concentration 

(µg/well) 

Amount of Au 

uptake (µg) 

Au uptake 

(%) 

FA-Au NCs 25.99 13.15 50.59 

PEG-Au NCs 28.30 11.32 40.01 

It was surprising to find that, for the FR-absent cell lines, FA-Au NCs (50.59 %) still 

displayed superior endocytose than PEG-Au NCs (40.1 %). It was expected that they 

would have similar intracellular weight of gold. We suggested the smaller size of FA-

Au NCs (1.60 nm) than PEG-Au NCs (1.91 nm) that lead to a better retention of FA-

Au NCs in cells. 

Table 6.5 Concentration and cellular uptake of FA-Au NCs by MDA-MB-231 and 

A549 determined by ICP-MS.  

Cell 

lines 

Treatment 

concentration (µg/well) 

Amount of Au 

uptake (µg) 

Au uptake 

(%) 

MDA-MB-231 25.99 17.23 66.30 

A549 25.99 13.15 50.59 

A comparison of gold incorporated in FR-positive cells and FR-negative cells is 
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presented in Table 6.5. Since the same concentration of Au NCs were used in 

incubating both cells, the initial amount of seeded cells were kept the same, 5 × 105 

cell/well. We also counted each line cells number in the reference wells after 72 hrs 

incubation in PBS media, the results were all around 1x 106 cell/well (~ 1.05 × 106 

cell/well of MDA-MB-231, ~ 0.9 ×	106 cell/well of A549). We propose that small 

difference in cell number cannot account for the observed different in uptake, FA-Au 

NCs exhibited a higher uptake in FR-positive cell line MDA-MB-231 (66.3 %) than 

FR-negative cell line A549 (50.59 %). As expected, the FR-positive cell line uptakes 

FA-Au NCs more effectively than FR-negative one. 

In this project, we used ICP-MS to assess and quantify the cellular uptake of Au NCs. 

Further studies using the complementary analysis, such as competitor assay (using 

unbounded ligand as competitor) could be used to confirm ligand specific uptake. Hou 

et. al, 289 incubated cells with labeled folic acid in the presence and absence of 

unlabeled folic acid and successfully carried out the FR a binding and uptake assays.  

6.3 Conclusions   

In this chapter, we have investigated the in vitro behaviour of folic acid modified Au 

NCs and non-modified Au NCs. MTT assays were carried out to examine the 

cytotoxicity, and ICP-MS were used to analyse the gold uptake by cells.  

Both FA-Au NCs and PEG-Au NCs were shown to be non-toxic to HCT-116, and 

MCF-7. FR-positive cell line MDA-MB-231dispalyed a high tolerance of FA-Au NCs 
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up to concentration of 500 µM.  

FA-Au NCs show stronger cellular uptake than PEG-Au NCs with MDA-MB-231 in 

both cells treatment concentration scenarios: identical treating concentration or FA-Au 

NCs concentration less than that of PEG-Au NCs. These results confirm our 

predictions, since MDA-MB-231 have high expression of folate receptor, leading to 

more FA-Au NCs bonded than normal NCs. 

This proposal was further confirmed by comparing the cellular uptake of FA-Au NCs 

on FR-positive MDA-MB-231 and FR-negative A549. Cell lines MDA-MB-231 

uptake more Au NCs than A549 under the same incubation concentrations, 13 µg/ml.  

We found that FR-negative cell lines also absorbed increased targeted NCs than non-

targeted NCs, and proposed that targeted NCs were prompted be included by A549 

since its smaller size. However, the endocytosis mechanism may different with FR-

positive cells. We suggested that the size effect was the main factor for NCs 

accumulating in A549 cells, and receptor endocytosis was the main factor for MDA-

MB-231.  
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Chapter 7 

Chapter 7. Conclusions and future work 

In this project, a range of Au NCs with different capping ligands were successfully 

synthesized. Au NCs capped with dodecantheiol are soluble in iso-propane and have 

homogeneous size distribution of 2.2 ± 0.4 nm. Then, water-soluble gold nanoclusters 

was produced using PEG-based ligands. By optimizing experimental parameters for 

Au NCs synthesis as Au: Ligands ratios = 1: 3, reaction pH values: ~11, aging time = 

20 hrs, Au NCs capped by TA-PEG400-NH2 with an average diameter of 1.7 ± 0.4 nm 

were obtained. The produced aqueous Au NCs solution exhibited long-term colloidal 

stability (over 180 days), high tolerance over a wide range of pH (3-10) and 

temperatures (T = 40 °C and 50 °C). Both dodecanthiol-capped and PEG-capped gold 

nanoclusters demonstrated paramagnetism at a temperature lower than 50 K. PEG-

capped revealed magnetic property up to 300 K. Moreover, PEG-based Au NCs had 

stronger paramagnetism which was further verified by a shorter relaxation times T1 

observed for protons on the capping ligands in Au NC samples estimated from 1H 

NMR studies.  

For Au NCs further application on cancer treatment, we have confirmed that FA 

conjugated ligands, an targeting agents, were successfully used to stabilize the Au NCs 

solutions. The FA conjugated PEG-TA ligands was generated by direct coupling of 

folic acid to NH2-PEG-TA. FA-AuNCs with an average diameter of 1.6 ± 0.3 nm was 
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produced by colloidal synthesis using the optimized parameters: molar ratio of Au: 

Ligand = 1:3, pH = 11. The aqueous solution of FA-Au NCs show long-term colloidal 

stability in a basic environment and at temperatures up to T = 50 °C. The analysis of 

T1 relaxation time of protons on ligands indicated the presence of paramagnetic centers 

in FA-PEG-Au NCs.  

Finally, we probed the cytotoxicity of targeting Au NCs and non-targeting Au NCs 

using cell viability assay and quantified their cellular uptake by ICP-MS. All water-

soluble Au NCs were demonstrated non-toxic to HCT-116, and MCF-7. The FR-

positive cell line MDA-MB-231 even displayed a high tolerance to FA-Au NCs up to 

a concentration of 500 µM. FA-Au NCs show greater cellular uptake than PEG-Au 

NCs (1.1-1.9 fold) with MDA-MB-231 which attributed to the cell lines’ high 

expression of folate receptor. The comparison of cellular uptake FA-Au NCs on FR-

positive MDA-MB-231 (1.3 fold of A549) and FR-negative A549 further confirmed 

this proposal. We also found that FR-negative cell lines absorbed increased targeted 

NCs than non-targeted NCs. It was proposed that targeted NCs were prompted be 

included in FR-negative cell by a different endocytosis mechanism, the size effect was 

the main factor for NCs accumulating in A549 cells. While the receptor endocytosis 

was the main factor for MDA-MB-231.However, further study need be done to verify 

this proposal.  

We have proceeded many results with this project, however, some questions remain. 

We hope that these questions could be investigated in future research.  
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i) The quantification of Au NCs’ magnetic properties, like the spin state of the 

system which can be explored and calculate by further electron paramagnetic 

resonance (EPR) or NMR study. To offer a better instruction for its potential 

therapy applications. 

ii) Although folic acid was successfully attached to Au NCs by the PEG 

intermediate, we are not able to determine which carboxyl site was conjugated. 

More works need be carried out to confirm this.  

iii) We have demonstrated that FR-positive cell lines MDA-MB-231 showed 

higher uptake of FA-capped Au NCs than FR-absence cell lines A549, but 

lacking an good understanding of the uptake mechanism.  

iv) The in vivo studies will be executed. Targeted and non-targeted composites will 

be explored in mice bearing orthotropic tumors in the future. 
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Appendix Information 

 

Figure A.1 Confocal imaging of (a) FA-PEG-TA ligands (b) FA-Au NCs; left images 

show emission recorded under excitation of 405nm. Right are corresponding bright 

field images (image full size is 100 µm). 
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Figure A.2 Photoluminescence spectra of TA-PEG-OCH3 capped AuNCs. 
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Figure A.3 Photoluminescence spectra of TA-PEG-NH2 capped AuNCs. 
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Figure A.4 Photoluminescence spectra of FA-NH-PEG-TA capped AuNCs. 
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Figure A.5 Dynamic light scattering spectra of TA-PEG-OCH3 capped AuNCs 
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Figure A.6 Dynamic light scattering spectra of TA-PEG-NH2 capped AuNCs 
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Figure A.7 Dynamic light scattering spectra of FA-NH-PEG-TA capped AuNCs 

 


