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ABSTRACT

In this dissertation, we explored the synthesis of water-soluble and 

photoluminescence behavior near infrared emitting (610 nm) gold nanoparticles 

terminated by mercaptoalkanoic acid and possessing UV range (200~350 nm)

excitation. Different effects were monitored as a function of reaction condition 

including different gold and ligand concentrations, types of ligands, solvents and pH. 

It is understood that Gold-thiol complexes were formed and developed into 

nanoparticle-supported complexes. Analyses of the excitation spectra suggests the 

origin of the photoluminescence to be transitions from the triplet energy state of 

LMMCT with the electrons transferred from excited orbitals of Au/Au(I) sites of the 

gold surface. It is also the reason for the enhanced photostability compared with those 

produced as free molecules via other synthesis methods. The pH dependency of the 

emission intensity and excitation spectra alteration of the gold nanoparticles was also

explored. The emission intensity of the gold nanoparticle showed linear dependency

on the pH change in the weak acidic to basic region above the pH 6 with a small peak 

appearance at pH 4. This trend was accompanied by a distinctive excitation peak

wavelength change from 280-290 nm to 250-260 nm at pH 6.. A brush configuration

change of the surface ligands was proposed to explain the pH dependency. In the 

charged and extended form of the carboxylic acid ligands, the accessibility of water to 

the gold nanoparticles surface is greater than in the uncharged collapsed form. Thus, 

in the collapsed form, the local hydrophobicity at the gold surface is higher and the 
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CT excitation spectrum shifts to the blue. Its biocompatibility, as suggested by 

the cytotoxicity test and reactive oxygen species (ROS) generation test, provides 

broader opportunities for this product to be utilized in biological systems. 
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CHAPTER 1

INTRODUCTION

1.1.

This dissertation involves 1) the evaluation of the formation of emissive gold-

ligand complexes, 2) their relation to the formation of water-soluble, photo-

luminescent gold nanoparticles, 3) an analysis of the emission process and its 

dependence on pH, 4) preliminary cell viability using immortalized pulmonary cell 

line, BEAS-2B and 5) the role of this material in the formation of reactive oxygen 

species (ROS) generation using Amplex Red with comparison to the effect on this 

measurement by the presence of the oxide nanoparticles.

Dissertation outline

The described evaluation of emissive gold-ligand complexes is a required 

foundation to enable the development of the diagnostic agents based on gold 

nanoparticles. These agents combine capabilities for imaging with targeted delivery to 

specific sites, for example, to evaluate the consequences and causes of diseases such 

as cancer, to study the mechanisms of new drugs, or to follow the events of DNA and 

protein synthesis. However, the development of multifunctional materials which can 

fulfill the need remains challenging because of the difficulty in developing nano-

materials which possess several properties simultaneously such as water-solubility, 

bio-compatibility, photostability, durability, quantum efficiency and processability.
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1.2.1. Comparison of bio-imaging techniques

1.2. Current status of imaging agents

Photo-luminescence is a phenomenon in which the molecular absorption of a

photon triggers the emission of another photon with a longer wavelength[1]. It has 

been widely utilized for imaging purposes and has been utilized to pin-point specific 

areas of the tissue or tumor by a two-photon technique [2]. Other nonluminescent bio-

imaging agents have been used to enhance ultrasound [3], X-ray [4], Magnetic 

Resonance Imaging (MRI) [3] or Computed Tomography (CT) scanning [5]

techniques (Table 1.1).

Ultrasound imaging involves sound pressure with very high frequency (20 

kHz). The reflection signals reveal images of internal organs [3]. This technique 

shows images of tissues in real time and one of the most widely used diagnostic tools 

due to its inexpensiveness and portability especially when compared with MRI or CT. 

The ultrasound reflection signal is created by the echoes from tissues with different

Table 1.1. Comparison of bio-imaging techniques

Bio-imaging 
techniques 

Resolution Contrast Process 
speed

Radiation 
exposure

Ultrasound[3] < 0.1 mm Echo by density change Instant No

X-ray[4] < 0.1 mm X-ray transmission by 

density

Instant Yes

MRI[3] < 1 mm Hydrogen density Slow No

CT scan[5] < 1 mm Density difference Slow Yes

Fluorescence 

bio-imaging[6]

<1 µm Emission from 

fluorophore

Instant No
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density with a relatively low resolution of 0.1 mm range. Ultrasound also has a 

potential of enhancing inflammatory response and heating the tissues. The sonic 

pressure may cause microscopic bubbles in living tissues that lead to distortion of the 

cell membrane and change in ion fluxes and intracellular activity [7].

X-ray uses electromagnetic radiation with very short range of wavelength in 

the range of 10 to 0.01 nm, which is equivalent to 30 peta Hz (120 eV) to 30 exa Hz 

(120 keV). X-rays can penetrate solid objects and the resulting images are generated 

by the density of the target objects with the resolution of 0.1 mm range [4]. However 

the resolution is generally low and radiation exposure is a potential problem for this 

technique. The sum of all medical X-rays accounts for 10 % of total American 

radiation exposure [8].

MRI (Magnetic Resonance Imaging) is a medical imaging technique to 

visualize the internal structure and function of the body [3]. It uses a magnetic field to 

align the protons of water molecules with the direction of the magnetic field. Then the 

radio frequency (RF) fields are applied to alter the alignment of the magnetization of 

the protons. These alignment changes produce signals in different planes that are used 

to construct a body image after it is detected by the scanner. Using this technique, 

diseased tissues such as tumors can be detected due to the different rates to reach 

equilibrium of the protons. However, these are not sensitive enough to determine 

smaller-sized malignant tumors especially when they are in their early stage and the 

resolution is over 1 mm range.

CT (Computed Tomography) is also a medical imaging method using 

tomography generated by computer processing [5]. Three-dimensional images of the 

objects can be created by this technique by accumulating a large series of two-

dimensional X-ray images taken with a specific axis of rotation. Even though it has 
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enhanced applicability compared to the two-dimensional X-ray images, it still lacks 

the sensitivity to pin-point smaller, early stage targets due to the similar contrast 

between the normal and malignant tissues. The resolution of the image is limited in 

0.1 mm range like X-ray scanning technique.

Fluorescent bio-imaging is one of the most promising technologies due to its 

superior sensitivity, brightness, higher resolution, chemical identification, faster 

detection and the possibility of color-coded multiplexing [6]. The resolution of 

fluorescence bio-imaging can be as small as the size of the fluorophore (either an 

organic molecule or nanoparticle). Since it emits the light of a color different from 

what is absorbed it can be differentiated from the background easily [9]. Usually 

synthetic fluorophores absorbing and emitting light in the visible portion of the 

electromagnetic spectrum are used, but emission can also be detected from the natural 

fluorescence of amino acids such as tryptophan (W) and tyrosine (Y) [1] listed in

Table 1.2. These autofluorescent amino acids have excitation and emission spectra in 

the UV range (250 ~ 350 nm). High energy UV light can cause DNA and tissue 

damage during the scanning and its penetration depth is short [10].

Chemiluminescence, emission as a result of a chemical reaction [11], can 

also be used for imaging. For example, luminol (C8H7N3O2) interacts with hydrogen 

peroxide to produce excited state 3-aminophthalate. This intermediate molecule

Table 1.2. Fluorescent amino acids used in bioluminescence application

Amino Acids Excitation (nm) Emission (nm) Lifetime (ns)
Tryptophan 280 348 2.6

Tyrosine 274 303 3.6

Phenylalanine 257 282 6.4
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eventually loses its energy to reach ground state with the release of photon as shown 

in the following reaction equation 1.1.

luminol + H2O2 � 3-APA* � 3-APA + light  (eq. 1.1)

Fluorescence bio-imaging using fluorescent molecules or quantum dots to 

the target tissue will be dealt in more detail in sections of 1.2.2 and 1.2.3.

1.2.2. Fluorescent molecules

In fluorescence, electrons from the ground state absorb energy from the 

excitation light and transfer to excited state (Figure 1.1).  Then after a short period of 

time, usually ranging from 10-9 to 10-8 sec, these electrons move back to the ground 

state after releasing additional energy they acquired during the excitation state as light. 

This process can be written into a simple chemistry formula (eq. 1.2) shown below in 

which the first two terms indicate the excitation process and the last two terms 

indicate the emission process.

emex hvSShvS ���� 010 (eq. 1.2)

Here, S0 is a ground state of the fluorescence material, S1 is an excited state, 

h is Planck’s constant and v is the frequency of light at excitation and emission as 

denoted in the subscript. 

The energy difference between the absorption and emission light is called 

Stokes shift named after Irish physicist George G. Stokes [1]. The lost energies not 

contained in the emission phenomenon are usually released to the environment in the

forms of molecular vibration, heat or rotations. In rare cases, the emitted photon has 

smaller wavelength, i.e., higher energy, than the excitation light and it is called anti-
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Figure 1.1. Schematic diagram of fluorescent process (Jablonski diagram [1], solid 

grey arrow: excitation, dotted grey arrow: nonradiation energy transfer, hollow arrow: 

radiation energy transfer)

Stokes shift. In this case, usually the extra energy comes from the involvement of 

phonons in the emission process [1; 12].

To quantitatively describe the efficiency of the fluorescence process, the idea 

of the “quantum yield” has been developed [1]. A quantum yield can be simply 

defined as the ratio of the number of photons emitted to the number of photons 

absorbed (eq. 1.3).

abs

em

photon
photon

#
#

�� (eq. 1.3)

Hence, the maximum possible fluorescence quantum yield is 1.0. Usually, a 

fluorescence material which has the quantum yield of 0.1 is still considered to be an 

“efficient” fluorescence material.  Usually, it is more convenient to measure a given 

compound’s quantum yield by its “relative quantum yield”. In this case, a well-known 

standard fluorescence material, such as fluorescein, is used to calculate the quantum 

yield of the fluorescence material of interest (eq. 1.4) [1].
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))(( 2

2

ref

sample

ref

sample
refsample n

n
�

�
��� (eq. 1.4)

Here ��is the slope of the integrated fluorescence intensity with respect to the 

absorbance at the excitation wavelength and n is the refractive index of the solution in 

which the fluorescent material is dissolved. The subscript ref represents reference 

fluorescence material whose optical properties are already known and sample 

represents the sample fluorescence material of interest.

Fluorophores such as fluorecein and bioluminescence proteins such as 

luciferase are widely used fluorescent molecules in bio-imaging research [6]. A

drawback is the low photobleaching threshold of the fluorophore after a short time of 

exposure to excitation light and poor photochemical stability[1]. For this reason more 

resilient quantum dots have been used. Most organic dyes have 100 to 1000 times 

lower photobleaching thresholds than quantum dot [13; 14].

1.2.3. Quantum dots

Quantum dot emission arises from a phenomenon called quantum 

confinement [15].  In this mechanism there is physical confinement of excitons 

(hole/electron bound pair in the material). When the size of nanoparticle is smaller 

than the exciton radius (distance between electron-hole pair), the exciton energies 

start to split into discrete levels instead of remaining in a continuum (Figure 1.2).

Transitions of electrons between these levels may correspond to visible wavelength 

energies. Relaxation from the higher levels back to the thermally equilibrated levels is 

detected as emission. Such nanoparticles absorb more energy than their bulk 

counterpart resulting in emitting stronger energy (shorter wavelength) [16]. This is 

why quantum dots can generate distinct emitting light which is one of the important 
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Figure 1.2. Schematic illustration of the light emission from quantum dot (solid grey 

arrow: excitation, dotted grey arrow: nonradiation energy transfer, hollow arrow: 

radiation energy transfer); Discrete energy levels forms with the particle size smaller 

than Bohr Radius.  

factors to be a bio-imaging agent with greater resolution and sensitivity. Typical 

quantum dots include cadmium and zinc-based quantum dots have been developed as 

imaging agents [15; 17; 18; 19].

A critical disadvantage in the use of cadmium quantum dot system, namely 

cytotoxicity caused by the release of highly toxic Cd2+ ions from the cluster [20]. Free 

Cd2+ concentration in a 0.25 mg/mL solution of cadmium quantum dots can be as 

much as 1 x 103 �M and this value is known for significant cell death [21].

Physiologically, cadmium is known to cause diseases such as “Itai-Itai” disease [22]

and malfunctions of the zinc-coenzyme proteins. Zinc and cadmium are in same 

group in periodic table with same charge number (+2) and similar ion size (Zn: 

R=1.42 Å and Cd: R: 1.61 Å). Thus, cadmium can replace the position of zinc, but 

does not function biologically as zinc and it is known a carcinogen causing many 

types of cancer [23].  The safety of zinc-based quantum dots has not been thoroughly 
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demonstrated. Zinc is a bioactive element that affects numerous enzyme processes 

[24].

To overcome the cytotoxicity problem, the surfaces of the cadmium 

nanoparticles are often covered with biocompatible molecules like PEG [17]. Surface-

covered PEG limits the exposure of the cadmium surface to water to minimize the 

leaching of cadmium ions to the surrounding area of the tissues or cells. However 

there is still a danger of cadmium release if the surface coating material is damaged 

by biochemical or mechanical stress. 

1.2.4. Possible alternative – luminescent gold nanoparticles

Based on the previous discussion it is clear that a different kind of 

fluorescence imaging agent is desired. As an ultimate solution, we need a system that 

possesses suitable photo-luminescence properties with low cytotoxicity and improved 

photo-stability including photobleaching and photo- and biochemical inertness. In 

addition, it should have predictable pH-dependent performance.

Water-soluble, fluorescent gold nanoparticles could be an answer. As Connor 

et al. showed using an MTT assay[25], gold nanoparticles are widely known and 

proven not to cause any biocompatibility issues such as acute inflammatory reactions 

even though it is uptaken by cells [26]. However there remains some controversy.  For 

example, Alkylany et al.[27] showed a cytotoxic effect of CTAB (cetyltrimethyl-

ammonium bromide) capped gold nanorods on human colon carcinoma cells and 

Calamai et al.[28] also reported cytotoxicity of Au(III)-Cl complexes on human 

ovarian carcinoma cells. Because each of these involves different syntheses and 

reagents such as using CTAB or Cl ligands, we need to establish our own cytotoxicity 

results for our gold nanoparticle products.
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Gold nanoparticles larger than 2-4 nm in diameter are poorly fluorescent and 

there have been considerable difficulties in preparing well-defined emissive materials. 

This area is reviewed in next section. 

1.3.1. Luminescent gold nanoparticles for bio-imaging techniques

1.3. Luminescent gold nanoparticles

The optical properties of gold nanoparticles have been studied for many 

years [29; 30; 31; 32; 33] but making luminescent gold nanoparticles is challenging. 

Because gold is not a semi-conducting atom, the gold nanoparticles greater that 3 nm 

in diameter are not strongly fluorescent. Thus, their past use has been more focused 

on absorption and reflection properties [34; 35]. For example, gold nanoparticles have 

been used as a contrast agent after being conjugated with targetting molecules such as 

antibodies or folate for MRI and CT scanning because of its density difference to the 

background [36; 37]. For spherical gold nanoparticles in the size range of 10 to 50 nm,

visible light induces a resonant, coherent oscillation of the electrons near the surface 

of the nanoparticle [38]. This oscillation is called surface plasmon resonance (SPR).

Recently, it was recognized that the SPR effect enhances light scattering and 

absorption giving the nanoparticles more intense color [39]. However, these 

techniques have less sensitivity compared to the fluorescent imaging techniques due 

excessive scattering of incident light which lowers the signal to noise ratio.

A great deal of effort has been expended to understand how the optical 

properties of these materials are affected by pH [40; 41; 42], dielectric function [43; 

44] and refractive index [45]. Tracking pH change or pin-pointing the area with 

different pH is an important aspect of a bio-imaging agent since the target could have 

different pH than the surrounding area. One example is cancer cells with the pH 
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around 5 [46]. The SPR frequency of gold nanoparticles depends on the nearby 

dielectric medium and the size and composition of nanoparticles [44]. In the case of 

40 nm gold nanoparticles, the resonance is sensitive to the environment 10 ~ 20 nm 

above the particle surface. So a slight change of refractive index in this nano-

environment would cause a significant change in the resonance spectrum [45].

1.3.2. Gold-ligand complexes and quantum confined gold nanoparticles

Past attempts to make fluorescent gold nanoparticles yielded the following 

two types of nanoparticles: water soluble gold complexes [47; 48; 49; 50; 51; 52; 53; 

54; 55; 56] and few-atom quantum-confined clusters. [32; 57; 58; 59; 60; 61; 62; 63; 

64] that are smaller than Au39, grown and regulated by the assistance of dendrimers,

proteins or argon matrices (Table 1.3).  The details of each will be discussed in the 

following sections.

1.3.2.1. Gold-ligand complexes.

Gold complexes have a broad absorption spectra and sometimes plasmon 

resonance features in addition to their ligand complex emissions suggesting 

heterogeneity of the system (Table 1.3). Electrophoresis analyses confirm a mixture 

of materials is present. 

Gold-ligand complexes have visible 

emissions and can be generated by binding nonfluorescent ligand molecules including 

phosphine and/or thiol based molecules to form luminescent gold (I) complexes [47; 

48; 49; 50; 51; 52; 53; 54; 55; 65; 66]. The gold atoms in these complexes are loosely 

assembled gold clusters with adjacent Au···Au distances near or less than 3.6 Å [49]

and bonding forces about 29–46 kJ mol-1 [67].
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White-Morris [49] produced ligand complexes with cyclohexyl acetonitrile 

that were characterized with a sharp excitation peak maximum at an unusual energy 

of 4.6 eV (270 nm) and a profile that showed a steep decrease of intensity at the red 

edge of the excitation peak at 4.3 eV (290 nm). Susha and coworkers [53] produced 

Au(I)-thiolate or few-atom thiolated Aux(SR)y clusters in which the emission 

maximum between 620-640 nm was also accompanied by a narrow excitation 

spectrum with maxima at ~4.4 eV (280 nm) with relatively high quantum yield 

(0.002~0.08). Their 1.8 nm particles were produced in a polystyrene polymer matrix 

via the thermal decomposition of Au(I) dodecylthiolate (AuSC12H25) which has an 

absorbance at 3.2 eV (390 nm). Unfortunately their materials were short-lived, and 

continued processing led to a loss of emission and the growth of very large 

nanoparticles.  

The origin of the gold-ligand complex luminescence has been attributed to 

ligand-to-metal charge transfer (LMCT) complexes or ligand-to-metal-metal charge 

transfer (LMMCT, S � Au) [56]. Yam et al. indicated that the lifetime of emission of 

gold-ligand complexes at 2.4 eV in dimethylchloride with the PPh3 ligands is in the 

microsecond range leading to the suggestion that the excitation may involve a triplet 

pathway [47; 50]. Gold-ligand complexes with very similar synthesis conditions and 

properties have also been reported by Jones et al.[54; 55].

In addition to solution-based syntheses, Cha et al., reported a new electron 

beam irradiation method to synthesize Au(I) complexes [48] and claimed that using 

alkanethiols with various carbon lengths, luminescent, functionalized Au(I) 

complexes were synthesized but were insufficiently soluble. 

Most of the fluorescing gold-ligand complexes mentioned above are

prepared and are stable in nonaqueous solutions, limiting their use in biology. Not all 
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of them have been thoroughly evaluated, but Vogler et al. showed that ligand 

complexes are very sensitive to light exposure using a Xe/Hg 1kW lamp which causes

photodecomposition of the complexes and aggregation into large gold nanoparticles 

within a few minutes [51; 52]. For this measurement the absorbance or optical density 

value at 598 nm was monitored as an indicator of particle growth and was shown to 

increase from 0 to 0.45 in 20 min.

To summarize, several technical problems have slowed the development of 

luminescent gold–ligand complexes into usable products, particularly in medical areas. 

While their emissions are much stronger than the earliest reported photo-

luminescence from larger gold nanoparticles, they are still relatively weak compared 

to the better known quantum dot materials [52; 53; 64] (Table 1.3). The emissions of 

ligand complexes are highly susceptible to temperature- and photodecomposition [51].

Finally, Au(I)-ligand complexes have also historically been produced in organic 

solvent, and phase transfer to aqueous solution can result in interconversion between 

metal-ligand stoichiometry culminating in the growth of large gold particles [47; 48; 

49].

1.3.2.2. Quantum-confined gold nanoparticles. Since gold is not a semi-

conducting species, it is relatively harder to develop quantum-confined clusters 

comparable to those semi-conductors such as cadmium. The Bohr exciton radius of 

gold is very small so that the cluster size needed to maintain quantum confinement 

should be 0.5 nm diameter or less, which is roughly a size of Au39 cluster[32; 60]. In 

contrast for Cd-based materials particles between 2 and 10 nm are needed [15]. In 

general, small clusters are inherently unstable and the equilibrium pushes toward the 

addition of other gold atoms to produce larger particles. 
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To develop successful small clusters with a size smaller than the Bohr radius 

stabilization of the cluster to prevent further growth of the particle size is required. As 

one of the examples of quantum confined gold clusters, Zheng et al. [32; 60; 72] have

prepared gold clusters consisting of only a few-atoms clusters grown in the 

hydrophobic interiors of water soluble poly(amidoamine) (PAMAM) dendrimers.

Smaller clusters such as Au5 generated UV emission and larger ones such as Au31

NIR emission. However, these are normalized intensities without a clear purification 

protocol for the gold nanoparticles. Later, Bao et al. used the same type of PANAM 

dendrimers but modified the synthesis protocol [61]. They adopted milder synthesis 

conditions in physiological temperature of 37 °C and pH range with higher yield of 

production compared to Zheng’s protocol. Instead of dendrimers, amorphous polymer 

matrices such as polystyrene [71] have also been used to stabilize the growth of the 

gold clusters prepared by thermal decomposition.

Unlike others who prepared quantum confined gold clusters with the 

assistance of stabilizing matrices, Negishi et al.[64; 69; 70] showed that quantum 

confined gold nanoclusters could be stabilized by covalently bound glutathione. Their 

gold clusters are sized from Au10 to Au39 clusters and they have relatively weaker 

quantum yields (ranging 10-3 to 10-5) compared to dendrimer stabilized gold 

nanoclusters. They also showed the size distribution by gel-electrophoresis with the 

size in 10 ~ 30 kDa size range.

1.3.2.3. Summary of difference between luminescent gold-ligand complexes 

and luminescent quantum confine gold nanoparticles. In general, the distinguishing 

observable difference between luminescent gold-ligand complexes and quantum 

confined gold nanoclusters is the relative positions of their absorption versus 

emissionspectra and the time dependent dynamics of the emitting species. For 
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instance, for quantum confined clusters, the Stokes shift between absorption and 

emission is relatively small (~50 nm) and shifts smoothly to the near infrared with 

increasing cluster size [32; 60].  The emission lifetimes for quantum-confined 

materials are in the picoseconds range. In contrast for gold-ligand complexes, the 

Stokes shift is much larger (~150-200 nm), and the emission exhibits microsecond 

kinetics [47; 48; 49; 50]. The metallic characteristics of the gold limits the size of the 

quantum-confined gold nanoclusters only up to Au39 (~0.5 nm) for observing 

fluorescent emissions. On the other hand gold-ligand complexes are essentially 

molecules and each domain of LMMCT is locally responsible for the 

photoluminescence process. 

Another main difference between the quantum-confined gold nanoclusters 

and gold-ligand complexes is the bonding between the gold atoms. Au-Au bond is 

essential for quantum confined gold clusters. Thus quantum-confined gold 

nanoclusters require a reductant for the formation of the core gold structure while it is 

not needed for the synthesis of gold-ligand complexes (Table 1.3). 

A limitation inhibiting development of fluorescent gold nanoparticles into 

usable products has been the lack of a well-characterized and reproducible sample 

preparation that yields narrowly dispersed materials. From careful evaluation of 

reported spectral characteristics, it is clear that both quantum-confined clusters and 

ligand complexes can form under the same conditions and S-Au bonding between 

glutathione and core of the quantum-confined gold cluster, reported by Negishi et 

al.[64; 69; 70], is the same the covalent bonding between thiol to gold in gold-thiol 

complexes.  

The pros and cons of the two types of photo-luminescent gold nanoparticles 

are summarized in the following table (Table 1.4).
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Table 1.4. Summary of pros and cons of the two types of luminescent gold 

nanoparticles

Pros Cons
Quantum confined 
gold nanoclusters

High QY (> 0.1) Requires stabilizing matrices; 
Difficult synthesis due to severe 
limitation on size (< 0.5 nm)

Gold-ligand 
complexes

Less limitation on its size Weak photostability and 
photobleaching; Poor water 
solubility

A systematic plan to approach the development of photoluminescent gold 

nanoparticles with desirable properties for bio-imaging agents as described in section

1.2.4 was developed. An overall flow chart for this project is provided in Figure 1.3,

and details are provided in the subsequent sections. The major parts were to establish 

the design criteria for the desired gold material, develop a reproducible synthesis, 

characterize the properties of the material and compare them to the desired properties, 

and redesign if needed.

1.4. Outline and flow chart of the dissertation

1.4.1. Design

After reviewing the references of the photoluminescent gold nanoparticles as 

described in section 1.3, it became clear to set a goal to develop photoluminescent

gold nanoparticles for bio-imaging agents which can address the solutions for all the 

problems discussed. The ideal design of the photoluminescent gold nanoparticle 

would combine the advantages of the gold-ligand complexes and solid gold-cored 

nanoparticles (Table 1.4).
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Figure 1.3. Systematic flow chart of the dissertation. Details of each are provided in 

the next sections.

By making the “hybrid” gold nanoparticles, we can expect to achieve the 

luminescent gold nanoparticles that possess these advantages while minimizing the 

disadvantages of both types of gold nanoparticles such as size limitation, matrix 

requirement and weak photostability. The gold-ligand complexes which are 

covalently bound on the surface of the core gold nanoparticle could improve the 

stability against the uncontrolled growth of gold nanoparticle. Any unbound gold 

atoms in the solution would be sterically hindered from accumulation by the surface-

bound gold-ligand complexes that reduce the available sites for the Au-Au bonding 

from the core gold nanoparticle.

The structure of mercaptoalkanoic acid consists of two functional groups, thiol 

and carboxylic acid, at each end with a carbon chain backbone in between. Choosing 

the bifunctional mercaptoalkanoic acid molecules as a ligand could provide several 

advantages for the gold nanoparticle process in comparison with monofunctional 

thiols. Its S group works as a LMMCT forming domain as well as a gold core 

Design

Synthesis

Characterization

Product

Understanding
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stabilizing agent. The carboxylic acid group provides water solubility to the gold 

nanoparticle and it can also be utilized as a conjugation domain with possible 

signaling and/or drug molecules via ester or amide couplings. The pKa value of the 

carboxylic acid group is around pH 4.5~5 and the titratable range of pH is from pH 3 

to pH 8. The carbon chain backbone is biochemically inert and its inherent 

hydrophobicity could create a surface layer can act as a carrier for the embedded 

hydrophobic molecules.

1.4.2. Synthesis

A synthesis protocol was developed to produce a relatively pure suspension 

of gold nanoparticles ~2 nm in diameter surrounded by gold-ligand complexes in a

simple one-pot synthesis. It is different from other gold-ligand complex protocols in 

using additional reductants and avoids the need for matrix for stabilization or tedious 

gel electrophoresis work-up. To produce the product, reducing agent was added to the 

pre-mixed starting solutions of gold and mercaptoalkanoic acid. Sodium borohydride 

was chosen for the reducing agent for its solubility and reducing power shown 

previously to be suited for the gold nanoparticle synthesis. The mixture was then 

sealed and stirred for 24 hr to avoid evaporation of the solvent. EtOH trituration was 

employed to separate the products from starting materials. Differences in solubility of 

the precursors, all of which are soluble in EtOH, and the product, results in 

precipitation of the final product. Simple centrifugation was sufficient to collect the 

product.  The product pellet was dried and stored until further use. A detailed 

synthesis condition will be described in next chapter.
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1.4.3. Characterization

The characterization of the properties of gold nanoparticle products included 

the physical properties such as mean size and zeta-potential as well as absorbance, 

emission and excitation spectra. The size was mainly analyzed by transmission 

electron microscopy (TEM) and dynamic light scattering (DLS) methods. TEM is a 

microscopy technique using a beam of electrons [73]. An image is generated from the 

electrons transmitted through the specimen after the interactions between the electrons 

and specimen. This technique enables one to verify fine structures as small as an atom 

owing to the small wavelength of electrons. DLS is a technique to determine the size 

distribution profile of small particles in suspension[74]. In this method, laser light is 

scattered by the particles which are constantly moving by Brownian motion and the 

distance of the particles’ motion is correlated with the size of the particles. Then, the

scattered light encounters either constructive or destructive interference with light 

scattered by the surrounding particles. Within this intensity fluctuation, the time scale 

of movement of the scatterers can be revealed. Also, gel electrophoresis was also 

performed for further size identification. 

The zeta-potential[75] of the gold nanoparticle products was analyzed at 

different pHs to understand the iso-electric point and overall charge distributions of 

the materials. But in this case, repetitive oscillation of the electric field is applied to 

the suspension causing the movement of the charged particles and the scattered laser 

light by the particles determines the charge value of the particles. 

The thiol to gold ratio was determined by the inductively coupled plasmon 

mass spectroscopy (ICP-MS) to identify the final compositions of the gold 

product[76]. The plasma creates high temperature up to 10,000 K and the ionized 
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substances breaks down in atomic level at this temperature and they are analyzed to 

determine the concentration.

The biocompatibility of the gold nanoparticles was tested in two different 

ways. First, cell viability test was performed using BEAS-2B cells (human pulmonary 

cancer cells). The gold nanoparticle solution was incubated with BEAS-2B cells and 

the cell viability was tested using Dojindo kit (Dojindo, Rockville, MD). Tetrazolium 

reagent changes to yellow colored formazan molecule by the dehydrogenase activity 

from the live cells. So, by analyzing the color change, the metabolic activity that is 

assumed to correlate with number of viable cells could be determined. Second, the 

effect of gold product on the formation and detectability of reactive oxygen species 

(ROS) was determined by the Amplex Red kit (Invitrogen, Carlsbad, CA). In this test 

the Amplex Red molecule is changed to fluorescent resorufin molecules by ROS in 

the presence of peroxidase. The ability of gold product to generate resorufin with and 

without added H2O2 was determined, and a comparison made with other types of 

nanoparticles.

1.4.4. Understanding

The effects of varied reaction conditions including different gold to ligand 

ratio, the length of stirring time of the synthesis mixture, different types of ligands, 

varying the length of the carbon chains and different polarity of solvents on the size 

and optical properties of gold nanoparticles was evaluated. A theory for gold 

nanoparticle nucleation and growth was presented after analyzing the time dependent 

optical property changes and assigning them to the four steps of ionization of starting 

materials, reduction of gold, formation of LMCT/LMMCT complexes and the 

formation of nanoparticles. 
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The emission change of the gold nanoparticles at different pHs was also 

studied to understand the limits of their use as a bio-imaging agent. The combined 

effect of salt and pH on the aggregation behavior was studied to understand the effect 

of the charges and the presence of charge screening species in the solution on the 

optical properties. Based on the result of this study, it was determined that the 

hydrophobicity of the stabilizing ligands affected the aggregation tendency.To better 

understand the complicated nature of the photoluminescence and optical properties of 

the gold nanoparticles, quantum chemistry calculations were used to identify the 

energy levels of the band gap system of gold bound mercaptooctanoic acid and 

uncomplexed mercaptooctanoic acid itself. 

The simulation of the electronic structures of mercaptooctanoic acid-gold 

complexes was performed with density functional theory using the B3PW91 model 

and Pseudopotential Lanl2dz basis in the Gaussian03 program[77]. Two separate 

model systems were used, namely standalone mercaptooctanoic acid and complexes 

of the acid with one gold atom. Geometries of these model systems were fully 

optimized in an aqueous environment using a continuum PCM solvation model[78].

LUMO-HOMO gap was used to estimate the band gap.

1.4.5. Product

The final gold nanoparticle product for bio-imaging was developed after 

numerous trials. The final product meets the criteria standard for a bio-imaging agent 

in terms of water-solubility, biocompatibility, photostability, adequate quantum yield, 

NIR range emission, and pH sensitivity. To show its ability as a bio-imaging agent, 

folate molecules were conjugated to the surface of gold nanoparticles and the 

attraction of these complexes toe breast cancer cell line, MCF-7, was monitored. 
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In this section, the abstracts of each chapter in this dissertation are provided to 

provide an overview of the accomplishments of this project.

1.5. Abstracts of each chapter

1.5.1. Abstract of Chapter 2

Water-soluble photoluminescent thiol-stabilized gold nanoparticles were 

produced using reductive reaction of gold salt and mercaptoalkanoic acid ligands at 

room temperature in aqueous solution. The origin of the observed photoluminescence 

was identified as coming from a ligand-metal-metal charge transfer complex. 

Electrophoresis and electron microscopy analyses along with studies elucidating the 

dependence of photoluminescence intensity on excitation wavelength suggest the 

charge transfer complexes are not free but are stabilized by interactions with 

nanoparticles which grow during the process leading to an enhanced emission 

intensity and greater stability against UV irradiation. Analysis of the excitation 

spectrum of the photoluminescent product reveals the interaction of both neutral and 

singly ionized gold atoms with the ligand complexes, which may be responsible for 

enhanced stability of these complexes compared with those produced as free 

molecules via other synthesis methods. The photoluminescence intensity was studied 

as a function of ligand concentration, ligand chain length, reductant concentration, 

solvent composition, particle size, and particle surface area, and indicated a 

relationship between photoluminescence intensity, nanoparticle size and polarity of 

the environment. The reductive synthesis is complicated by the reaction of the 

reductant with water which leads to variations in nanoparticle size and therefore 

photoluminescence intensity, but not wavelength. Time dependent spectroscopic 

changes during the first 48 hr of reaction suggested that the highly photoluminescent 
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product is a secondary product and may be the result of continued reduction of gold-

thiol ligand complexes into nanoparticles.  

1.5.2. Abstract of Chapter 3

In this chapter, we have described the synthesis and properties of a pH 

responsive nanoparticle-supported molecular brush which utilizes the polarity-

dependent photoluminescent signal of gold-thiol charge transfer complexes to report 

the pH change. This work shows that bifunctional molecular ligands in which one of 

the functional groups is protonatable while the other forms a stable bond with the gold 

nanoparticles can form a collapsible molecular brush on the surface of gold 

nanoparticles.  By using a thiol-based ligand a polarity sensitive photoluminescent 

charge transfer complex can be localized at the particle periphery. When the brush is 

collapsed this species responds reversibly to the change in local polarity. The 

operational range of these materials is between pH 5 and 8, spanning the range of pH 

that are generally relevant in chemical and biological studies. The typical size of this 

material is about 2 nm, small enough for use in nanosized devices and intracellularly.

1.5.3. Abstract of Chapter 4

ROS formation is an important method to determine biocompatibility of the 

material since it is widely known that the ROS can damage cells and tissues. The ROS 

formation by gold nanoparticles was tested using Amplex Red assay kit. The result 

showed that the presence of the gold nanoparticle in Amplex Red solution cause no 

sign of ROS generation. Interestingly, the result indicates that the gold nanoparticles 

even showed lowering the ROS comparing to the negative control, water, up to 20% 

less detection in the case of 0.2 uM gold nanoparticles. This result suggests the 
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possibility of antioxidant activity of the gold nanoparticles. The effect of the metallic 

oxide nanoparticles on ROS formation and its effect on Amplex Red assay was also 

dealt as a positive control set and the detailed mechanisms of their effect were studied.

In comparison to the gold nanoparticles, other commonly used metallic oxide 

nanoparticles were also used to investigate the production of the ROS and its effect on 

the Amplex Red measurement. In this chapter, we have shown the effect of four 

different types of oxide nanoparticles, CeO2, Fe2O3, TiO2 and SnO2 on Amplex Red 

assay to detect H2O2. All four oxide nanoparticles showed intrinsic capability of 

converting Amplex Red molecules to fluorescent resorufin in the absence of H2O2.

Also, during the Amplex Red assay in the presence of H2O2 and horseradish 

peroxidase, CeO2, Fe2O3 and TiO2 nanoparticles under-reported the actual amount of 

H2O2 while SnO2 nanoparticle showed minimal effect. Similar trends were observed 

when these tests were repeated in cell culture media. The results suggest that there are 

catalytic effects of oxide nanoparticles to consume H2O2 during the reaction. All

kinetic parameters have been calculated and simulated concentration profile over time 

at different conditions has been performed using calculated parameters for the 

understanding of the complicated system. The significance of this work is showing 

the care is needed to be taken in interpreting the result of seemly robust bioassays in 

the presence of nanoparticles.

In this chapter, current photo-luminescent bio-imaging techniques comparing 

to other bio-imaging techniques and the types of photo-luminescent gold 

nanoparticles were reviewed. During the review, pros and cons of the current 

technologies were summarized and the need for a better bio-imaging system was 

1.6. Conclusions
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stated. Based on the need for a new photoluminescent gold nanoparticles, the flow-

chart of the dissertation was presented and each step of the chart was explained.
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CHAPTER 2

SYNTHESIS, ANALYSIS AND PROPERTY OF MERCAPTOALKANOIC 

ACID STABILIZED GOLD NANOPARTICLES

In this chapter is described the synthesis, characterization and understanding 

parts of the flow chart described in the preceding chapter (Figure 1.4.). The

production of water-soluble photoluminescent thiol-stabilized gold nanoparticles 

using reductive reaction of gold salt and mercaptoalkanoic acid ligands at room 

temperature in aqueous solution is described. Characterization of the product by 

electrophoresis and electron microscopy analyses is followed by studies elucidating 

the dependence of photoluminescence intensity on excitation wavelength. Through 

these studies we have understood that charge transfer complexes have been formed.

These charge transfer complexes are stabilized by interactions with nanoparticles 

which grow during the process leading to an enhanced emission intensity and greater 

stability against UV irradiation. Analysis of the excitation spectrum of the 

photoluminescent product reveals the interaction of both neutral and singly ionized 

gold atoms with the ligand complexes, and this interaction may be responsible for 

enhanced stability of these complexes compared with those produced as free 

molecules via other synthesis methods. The photoluminescence intensity was studied 

as a function of ligand concentration, ligand chain length, reductant concentration, 

solvent composition, particle size, and particle surface area. The results indicated a

2.1. Abstract
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relationship between photoluminescence intensity, nanoparticle size and polarity of 

the environment. The reductive synthesis is complicated by the reaction of the 

reductant with water which leads to variations in nanoparticle size and therefore 

photoluminescence intensity, but not wavelength. Time dependent spectroscopic 

changes during the first 48 hr of reaction suggested that the highly photoluminescent 

product may be the result of continued reduction of gold-thiol ligand complexes into 

nanoparticles. 

Gold-thiol ligand complexes and thiol-stabilized gold nanoclusters have 

generated significant scientific and technological interest. However, because gold 

complexes experience strong aurophilic attractions [67], unless they are separated or 

protected, aggregation takes place and a mixture of variously sized materials is 

produced.  This situation has led to difficulties in determining some of the properties 

of the individual species and identifying the synthesis parameters needed to obtain 

them in significant quantities. The purpose of this study is to understand the effects of 

reductant concentration, alcohol concentration, ligand concentration and ligand chain 

length on the formation of water-soluble photoluminescent gold-thiol ligand 

complexes and thiol-stabilized gold nanoclusters or nanoparticles. Water solubility is 

a necessary prerequisite for use of these materials in many applications. For example, 

some photoluminescent gold-based materials have potential as two photon imaging 

agents and could be a safer to alternative Zn- and Cd-based quantum dots in 

theranostic applications.

2.2. Introduction

As they are discussed in the Chapter 1, many of the reported syntheses of 

photoluminescent gold complexes and gold nanoclusters take place in nonaqueous 
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solution or inside the hydrophobic regions of a polymer (Table 1.3). Largely, we can 

categorize the photoluminescent gold nanoparticles in the table into three types. These 

are 1) gold-ligand complexes, 2) gold clusters stabilized in dendrimers or polymer 

matrices and 3) gold clusters stabilized by surface ligands. Negishi et al.[64; 69; 70]

have produced gold clusters stabilized with surface ligands, glutathione, and showed 

it was possible to physically separate variously-sized photoluminescent complexes 

and nanoclusters using SDS-PAGE as long as the synthesis and the electrophoresis 

were performed at cold temperatures to slow further development. This procedure is 

inherently low yield. Zheng et al.[32] led the development of quantum confined gold 

clusters stabilized in dendrimenrs and showed that the formation of gold-thiol 

complexes and nanoclusters could be better controlled if they took place in the 

hydrophobic void spaces of dendrimers. However, the photoluminescent properties of 

the gold materials produced seem to be quite different from that of the gold-thiol 

complexes and nanoclusters developed by Negishi et al. Adding to the confusion, 

recently Huang et al.[62] reported weakly luminescent water-soluble mercapto-

alkanol-stabilized gold nanoparticles 1-3 nm in diameter similar in appearance to 

nanoclusters reported by Negishi et al., but with photoluminescence wavelengths 

corresponding to ligand-metal charge transfer (LMCT) and ligand-metal-metal charge 

transfer (LMMCT) complexes. They also indicated that the emission wavelength 

could be shifted over the visible range (i.e., from 620 nm to ~490 nm) by varying the 

chain length of the mercaptoalkanol ligand in the synthesis which affected the 

nanoparticle size. Susha et al. reported similar, albeit unstable, materials in a polymer 

matrix[53].

In this study, we focus on a more detailed understanding of the reductive 

production of fluorescent gold complexes and nanoparticles in water using NaBH4 as 
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the reductant and structurally simple mercaptoalkane carboxylic acids as ligands. 

Under reductive conditions, gold particle nucleation [79; 80] as well as particle 

growth takes place alongside ligand charge transfer complex formation. Reaction of 

the reductant NaBH4 with water competes with these processes. Following

purification of the product by trituration, ~2 nm diameter gold nanoparticles decorated 

with thiol-ligands exhibiting the widely Stokes shifted emission of the type (i.e.,

2.03 eV or ~610 nm) were produced. Electrophoresis gave no evidence for free gold-

thiol clusters as reported by Negishi et al. The nanoparticle size was found to be 

adjustable in a variety of ways by altering the chain length of ligand, the amount of 

ligand, the reducing power of the reaction mixture, and the ethanol content in the 

reaction mixture. Although the emission intensities were found to depend on particle 

size, in contrast to the work of Huang et al.[62] the emission wavelength remained 

fixed. The emissive species had an unusually assymetrically shaped excitation 

spectrum with maximum significantly blue-shifted compared to what is expected from 

free gold-ligand complexes. The production of luminescence was not immediate, but 

its appearance was delayed  for over an hour after reagent mixing. An isosbestic point 

in the time dependent absorption spectra suggests that the formation of the 

luminescent species is the result of a two state conversion from an initially formed 

primary species. 

2.3.1. Materials

2.3 Materials and methods

Mercaptooctanoic acid (C8H16O2S) (MOA), mercatohexanoic acid (C6H12O2S) 

(MHA), mercaptdodecanoic acid (C12H24O2S)  (MDA), mercaptopropanoic acid 

Au
SRAu
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(C3H6O2S)  (MPA), hydrogen tetrachloroaurate (HAuCl4), sodium borohydrate 

(NaBH4), ethanol (EtOH), fluorescein and all solvents used in this paper were 

purchased from Sigma (St. Louis, MO).  Precast Tris-HCl 4-15% gradient gel, tris-

glycine SDS buffer and Laemmli sample buffer were purchased from Bio-Rad 

(Hercules, CA). Formvar-coated carbon TEM grids were obtained from Ted Pella 

(Redding, CA). 

2.3.2. Gold nanoparticle synthesis

The standard synthesis for gold nanoparticles involved mixing 2.30 mL of 

0.01087 M HAuCl4•3H2O solution (9.8 mg, 0.025 mmole), with 1.75 mL of water 

solution containing various amounts of sodium borohydride (0.375 mmole, 0.25 

mmole, 0.2 mmole, 0.15 mmole, 0.1 mmole), and 0.45mL of ethanol solution 

containing various amounts of mercaptoalkane carboxylic acid (0.025 mmole, 0.0375 

mmole, 0.05 mmole, 0.075 mmole, .0875 mmole, 0.1 mmole, 0.125 mmole). For 

some syntheses, 0.45mL of ethanol solution containing mercaptopropanoic acid, 

mercaptoheptanoic acid, or mercaptododecanoic acid (0.025 mmole) was added 

instead of mercaptooctanoic acid. 

The sequence of mixing was the addition of mercaptoalkane carboxylic acid 

solution to a previously prepared gold solution, followed by addition of NaBH4

solution, each added within 10 sec of the other. Parafilm was used to seal the top of 

flask to prevent evaporation while the mixture was stirred overnight at 600 rpm in 

25 °C. The next day, sample was separated into three pre-weighed 1.5 mL centrifuge 

tubes and centrifuged at 12,000 rpm for 10 min at 25 °C to pellet any large 

particulates that might have formed. The supernatant containing the fluorescent 

product was decanted and triturated twice using 200-proof EtOH (with 1 to 100 
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dilution with EtOH), allowing the fluorescent product to precipitate and be pelleted by 

centrifugation (12000 rpm, 10 min) using an IEC Micromax RF bench-top centrifuge 

(Thermo Scientific, Waltham, MA). This purified pellet was dried under vacuum for 3 

days and was resuspended in E-pure water to make a concentration of 0.2 mg/mL. 

The final pH of the gold nanoparticle suspension was 8.5 and all the experiments were 

conducted at this pH unless noted otherwise.

2.3.3. Electrophoresis

SDS-Page gel electrophoresis was performed using a Mini-Protean 3 cell from 

Bio-Rad (Hercules, CA) using precast Tris-HCl 4-15% gradient gel, Tris glycine SDS 

buffer and Laemmli sample buffer. To prepare the sample mixture, a triturated pellet 
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redispersed in 1mL in E-pure water and mixed with sample buffer at 1:1 (v/v) ratio.  
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applied for 1 hour until the smallest size marker reached the bottom of the well. The 

gel was carefully removed from its cassette and luminescence from the gold 

nanoparticles observed by placing the gel on the surface of a UV transilluminator 

(White/UV transilluminator, Upland, CA) providing 254 nm excitation light. The 

luminescent image was recorded using a Canon digital camera for further analyses. 

The size ladder in the gel could be observed via absorbance of the UV light as dark 

lines seen in the image.

2.3.4. Mass spectrometry measurements

ICP-MS analysis using an Agilent 7500ce mass spectrometer (Santa Clara, CA) 

was used to obtain the gold (m/z 197) content of aqua regia-digested samples. The 
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samples were diluted (1 in 100) in 5% HNO3 and run together with a calibration curve 

prepared from a soluble gold standard (Inorganic Ventures, Madrid, Spain). Iridium 

(3.3% in HCl, Inorganic Ventures) was used as internal standard (m/z 192). A self 

aspirating PTFE nebulizer (ESI Scientific), PTFE cyclonic spray chamber (PC3 

Elemental Scientific), and platinum cones were used. For sulfur (m/z 32) content 

analyses, the samples were diluted (1 in 2) using 2.4 % HNO3 and run together with a 

calibration curve prepared from a soluble sulfur standard (H2SO4, Inorganic Ventures). 

In this case terbium (m/z 159) was used as internal standard. To discount any 

interference of gold in the solution on the detection of sulfur, a known amount of 

sulfur standard (10 ppm) was mixed with the different concentrations of gold (0, 5, 10, 

15 and 20 ppm). Result showed there was no interference effect.

2.3.5. Transmission electron microscopy

Transmission electron microscopy images were obtained using a JEOL 

JSM840a TEM at the Electron Microscopy facility at Brigham Young University, 

Provo, UT and Tecnai T12 TEM (Philips, Andover, MA) operated at 120 kV with the 

magnification of 666,667 X for observation from the Heath Science Core Facility in 
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dry on the center of the TEM grid at room temperature.

2.3.6. Absorption spectrometry

Absorption spectra of the gold nanoparticle suspensions c��
������������

particles at pH 8.5 and pH 3 were recorded between 200-800 nm at room temperature, 

using a Shimadzu UV mini 1240 (Kyoto, Japan) absorption spectrophotometer, in 1 

cm path length quartz cuvettes at 20 °C. Spectrometer resolution was ±2 nm.
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2.3.7. Fluorescence spectrometry

Fluorescence emission spectra of gold nanoparticle suspensions containing 1 
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Eclipse spectrophotometer from Varian (Palo Alto, CA).  An excitation wavelength of 

290 nm was used. Samples were placed in a 1 cm quartz Suprasil cuvettes, and 

spectrometer slit width was fixed to 5 nm to obtain a spectral resolution of 1 nm. The 

excitation spectra monitoring 610 nm emission as a function of excitation wavelength 

between 200 and 600 nm were taken using the same instrument. All spectra were 

obtained at pH 8.5 unless otherwise noted.  

2.3.8. NaCl concentration effect

NaCl was added to the gold nanoparticle solution and its effect on absorbance 

and emission along with DLS measured mean size was measured. Concentrated NaCl 

solution (4M) was prepared in deionized water and added to 2 mL of gold 

nanoparticle solution to prepare mixtures containing the following concentrations of

NaCl: 0, 12.5, 25, 50, 75, 100, 125, 150, 200, 250 and 300 mM. 

2.3.9. Fourier transform infrared spectroscopy 

FT-IR spectra were measured by putting a 10�l drop of concentrated sample 

, ���� -�'� ���.�� �����	�$��
��� ��
 �&�/�	���� ,!
��
 ������0�-IR, Palo Alto, CA).  

Spectra were obtained over the range of 40-4000 cm-1.  Pure mercaptoalkane 

carboxylic acid and water were analyzed as controls.
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2.3.10. Relative quantum yield measurement 

The relative emission quantum yield of the gold nanoparticle stabilized with 

mercaptooctanoic acid was calculated in reference to the known quantum yield, 0.95 

of an aqueous fluorescein dye solution [1]. A series of gold suspensions were 

prepared by diluting the as-prepared gold suspension by 2 to 20 times and the 

fluorescence yield relative to absorbance was measured. The maximum fluorescence 

yield was obtained by extrapolating the curve to infinite dilution in order to avoid 

problems with self quenching. A similar plot and extrapolation was obtained for 

fluorescein solutions prepared over the range of 0.01 to 1 uM in concentration. The 

relative quantum yield gold� of the gold product was obtained by:
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2.3.11. Simulation

The simulation of the electronic structures of mercaptooctanoic acid-gold 

complexes was performed with density functional theory using the B3PW91 model 

and Pseudopotential Lanl2dz basis in the Gaussian03 program [78] at the Center for 

High-Performance Computing, University of Utah. Two separate model systems were 

used standalone mercaptooctanoic acid and complexes of the acid with one gold atom. 

Geometries of these model systems were fully optimized in aqueous environment 

using a continuum PCM solvation model LUMO-HOMO gap energies were estimated 

in the usual manner.
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2.3.12. Lifetime measurement

Gold nanoparticle suspensions were placed in a UV-transparent cuvette and 

positioned 2 cm in front of a photomultiplier tube (R636P, Hamamatsu Photonics, 

Hamamatsu, Japan) with a 10 ns rise time. The excitation wavelength at 266 nm was 

generated as the fourth harmonic of a Nd:YAG regenerative amplifier (4400 series, 

Quantronix, East Satauket, NY). The average laser power was measured to be 0.2 

mW. A repetition rate of 770 Hz was used. The photomultiplier signal was collected 

with an SR400 photon counter (Stanford Research Systems, Inc., Sunnyvale, CA) 

triggered by the excitation pulse using a moving gate. Exponential decay fitting using 

the following equation, B
t
xAy ��� )exp(* was used to obtain the lifetime of the 

emission from the recorded data.

2.3.13. Cytotoxicity test 

For cytotoxicity assays, gold nanoparticle suspensions were dialyzed 

overnight at pH 7.4 in cellulose dialysis membranes with molecular weight cut-off 

(MWCO) 1000, sonicated for 15 min in a bath sonicator, diluted by a factor of 9:1 in 

PBS to give a final concentration of 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4

and 1.47 mM KH2PO4. The mixture was boiled for 5 min. There was no effect 

observed on the property of gold nanoparticles for boiling. The gold nanoparticle 

suspensions were diluted by 9:1 in OptiMEM cell culture medium. Appropriate 

volumes were added to microplate wells (Nunc, Thermo Fisher Scientific, Rochester, 

NY) pre-seeded with BEAS-2B endothelial cells (immortalized pulmonary cell line, 

CRL-9609 from ATCC). This is a widely used cell type for cell viability testing [81].

The cells were seeded (20k/cm2) in the microwell plate and grown for two days in 

OptiMEM cell culture media at 37 °C, in a 5% CO2 chamber. The cells were 
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incubated with the gold nanoparticles in a series of doses ranging from 0.065 nM to 1 

������� (�hr at 37 °C, in a 5% CO2 chamber (VWR, West Chester, PA). After this 

period, cell media was replaced with fresh the Opti-MEM culture media containing 4% 

of the WST-8 reagent (CCK-8, Dojindo Laboratories, Gaithersberg, MD). The plates 

were incubated at 37 °C for an additional 2 hr before reading of absorbance at 460 nm 

using Molecular Devices plate reader (Sunnyvale, CA). During this process, the 

tetrazolium reagent is changed into yellow-colored formazan after reducing reaction 

by dehydrogenase of living cells. Thus the absorption by the formazan molecule at 

460 nm is directly related the amount of the viable cells. 

2.3.14. Photobleaching test

Gold nanoparticles (200 nM) and fluorecein solutions (19 nM) in a 1 cm path 

length quartz cuvette mounted in a water-cooled jacket at 30 °C. The output from a 

300W Xenon arc lamp (14200 LUX at the sample position) was directed at the 

cuvette and the fluorescence spectrum of the sample was measured every 5 min. The 

experiment was performed in water and pH 8. For comparison of the light intensity, 

the microscope stage was exposed to the light with the intensity of 7320 LUX.

2.3.15. Preparation of gold-PEG-folate conjugate and imaging

Folate was first conjugated to monoamino-PEG (polyethyleneglycol) by 

mixing folate (0.1 mmol, 0.0389 g) in 10 mL of a 1:1(v/v) water:DMSO mixture and 

adding EDAC (1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide Hydrochloride, 0.1

mmol, 0.0192 mmol) and SNHS (N-hydroxysulfosuccinimide, 0.1 mmol, 0.0217 g). 

The mixture was stirred for 10 min at 600 rpm in a 20 mL glass vial. Monoamino-

PEG (0.1 mmol, 0.0149 g) was added to the stirring mixture and stirring continued 
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overnight in a sealed vial at room temperature. A yellow colored solution was 

obtained that contained folate-monoamino-PEG conjugates. The product was not 

analyzed further or purified, because it is 1��� ��
�� 2-carboxylic acid is more 

��
	��#����
�3-carboxylic acid about 8:2 reaction ratio[82]. Most of the applications 

for the folate directed drug delivery reported so far do not consider the difference of 

the conjugation position important and a mixture of conjugates involving 3�
�-���2-

carboxylic acid are used without any further purification[82; 83; 84]. Therefore we

have also used this conjugate as synthesized for further application. 

Two mL of gold suspension (containing 0.4 mg of gold) was mixed in a 

separate container with the ester bond formation coupling agents EDAC ,�%45�������

�%� )� ��.� 
�� 6�&7� ,�%��� ������ �%�(� ��.� 
�� �������� ���� ��� ��%� ���� ���
��-

monoaminePEG conjugate solution (containing �%45� ���� of folate�� 45� ��.� was 

added to the gold suspension and the mixture stirred at 600 RPM overnight at 20oC. 

The final 2 mL of product was dialyzed three times against 1L deionized water using

a 1kDa MWCO cellulose dialysis membrane (SpectraPor, Rancho Dominguez, CA) to 

remove unreacted materials while retaining the newly formed gold nanoparticle-

monoamine-PEG-folate conjugate. This purified material was stored in the dark at 

room temperature until used.  

For microscopic imaging, o����������
��
���	�������������
�����������

incubation with cultured cells. The gold nanoparticle was purified by EtOH trituration 

and E-pure filtered water was used for the resuspension of the gold nanoparticles. The 

gold nanoparticle solution was boiled for 3 min in the water bath for the sterilization 

before the cell incubation. MCF7 and A549 cells were exposed to gold nanoparticles 

for 4 hr at 37 C° at the incubator. Fluorescence microscope images of the cells after 

incubation and rinsing off of the supernatant were obtained using a Olympus IX71 
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fluorescence microscope (Olympus America Inc., Melville, NY) with Qimaging 

Retiga 1300 color CCD camera (Quantitative Imaging Corporation, Burnaby, BC, 

Canada). Specimens were prepared by placing 5 uL of the cell solution on the glass 

slide and covering it up with glass cover slip. The microscope images were taken at an

exposure time of 20 ms and 50X magnification. The light intensity at the point of 

illumination was approximately 1 * 109 Lux/ m2.

2.4.1. Electrophoresis, ICP MS, TEM and FT-IR 

2.4. Result and discussion

The final photoluminescent product produced after 48 hr of reaction, and 

purified with trituration, exhibited an absorbance maximum at 290 nm and emission 

at 610nm. Electrophoresis showed that the material consisted of relatively 

monodisperse nanoparticles with electrophoretic migration properties similar to that 

of MW markers ~120 kDa in size (Figure 2.1A). For an Au25 cluster, the reported 

electrophoresis band position was 10 kDa[64], so the 120 kDa band observed in this 

study corresponds to a particle with over 300 Au atoms. This value is also consistent 

with the particle size estimated from TEM analyses (Figure 2.1B). Notable, was the 

absence of any bands in the 10-30 kDa range which are typical of molecular-sized 

ligand complexes [64; 69; 70].

HRTEM showed particles with a clearly visible atomic lattice (Figure 2.1C). 

Detailed analysis of the images using Photoshop (Adobe, San Jose, CA) allowed the 

estimation of the average d-spacing of the gold lattice in the nanoparticles of ~0.22-

0.24 nm. This value is very close to that of other reported Au (111) lattice spacings 

(0.235 nm and 0.312nm [85]). Using the density of pure gold, 19.32 g/cm3, one Au 
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Figure 2.1. Characterizations of gold nanoparticle A) Image of the electrophoresis 

gel showing (right lane) mercaptooctanoic acid-stabilized gold particles and 25-250 

kDa MW markers (left lane). The gel is illuminated using 254 nm UV-excitation so 

the gold particles appear brightly fluorescent while the MW marker appears as dark 

black lines. B) TEM micrograph of luminescent gold product produced using 

reductive aqueous synthesis using a 3:1 molar ratio of gold to ligand.  The average 

particle size is 2.2 ± 0.6 nm.   C) High resolution TEM micrograph of the particles 

obtained.
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atom should occupy 0.017 nm3.  Since the volume of a 2.2 nm diameter (radius, r=1.1 

nm) gold nanoparticle is 5.58 nm3, the number of Au atoms in a 2.2 nm diameter gold 

nanoparticle should be about 333. Therefore, both TEM and electrophoresis 

measurement are in agreement. ICP-MS analyses of gold and sulfur content in the 

final product showed that the gold to sulfur molar ratio was 1:0.27. Although this ratio 

is consistent with what is calculated for gold nanoparticles in the 2 nm diameter range 

such as Au309(thiol)75 to Au225(thiol)68 [86], similar values have also been reported for 

samples in which polynuclear d10 metal complexes[47; 50] making this result 

somewhat inconclusive.

ATR-FTIR spectrum of the purified photoluminescent product was compared 

to that of pure mercaptooctanoic acid (Figure 2.2). The result indicated the loss of SH 

stretch vibrations in the product sample, which is consistent with the formation of 

gold thiol ligand complexes.  A shift of the characteristic C=O stretch and CH2 bend 

vibrations to lower wave number are consistent with a strong interaction of this 

molecule with another entity, which is suggested later to be an underlying gold 

nanoparticle support.

2.4.2. Spectroscopy and computational analysis

The aim of the theoretical calculation was to show graphically the expected 

location of the emissive active site of the Au-S species. The existence of charge 

transfer complexes and the nature of the active species have been speculated in the 

past, and this calculation confirms that the active site will be located underneath the 

ligand layer on the particle surface. MOA has no appreciable emission of its own, and 

its HOMO-LUMO gap energy obtained experimentally and by calculations is in the 

far UV (Table 2.1). Simulated orbital isosurfaces obtained using the Gaussian 3 
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Figure 2.2. ATR-FT-IR spectra; gold nanoparticle product (solid line) and 

mercaptooctanoic acid (dotted line). Loss of SH stretch is consistent with the 

formation of gold-thiol bonding, and shift of C=O stretch and C-H2 bend vibrations to 

lower wavenumber with a strong interaction of this molecule with another species, 

likely the gold nanoparticles present in the sample.

Table 2.1. Calculated and experimental HOMO-LUMO gap energies

Molecule Solvent/Polarity 
index

HOMO-LUMO 
Calculation 
(eV)

HOMO-LUMO 
Experiment 
(eV)

Emission 
(eV)

Stokes 
shift (eV)

MOA

only

Dichloromethane/3.1 5.44

Isopropanol/3.9 6.11

Ethanol/5.2 6.14

Water/9 5.90 6.30

Au-MOA Isopropanol/3.9 4.77 2.03 2.74

Ethanol/5.2 4.43 2.03 2.40

Water/9 3.80 4.28 2.03 2.25
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program show that for unbound MOA, the LUMO orbital is located at the carboxylic 

acid group and the HOMO orbital is located at the thiol end region of the molecule 

(Figure 2.3).  When complexed to one or more gold atoms, a significant change in 

orbital distribution takes place, and the isosurface plot shows that both molecular 

orbitals become located at the sulfur end of the molecule. This difference results in a 

shift of the HOMO-LUMO energy gap to lower energy (Table 2.1).

The spectral trends of unbound MOA and gold-complexed MOA produced in 

this work in solvents of different polarity are also consistent with a major difference 

in orbital distribution of the two species. As solvent polarity increases, the energy of 

the singlet excited state of MOA shifts to higher energy (Table 2.1). A blue shift of 

the excitation spectrum with increasing polarity is rather unusual and suggests that the 

absorbing species is already quite polar and additional stabilization by dipole-dipole 

interactions with water has minimal effect. This is consistent with the isosurface plots 

shown in Figure 2.3, which show that the HOMO is at the sulfur terminus of the 

molecule, while the electronegative carboxylic acid group is at the opposite end. 

In contrast, for gold-MOA complexes, the excitation maxima red shifts with 

increasing polarity (Table 2.1) suggesting an absorbing species that has a 

comparatively smaller dipole moment. This too is consistent with the isosurface plots. 

There are few studies of the dependence of solvent polarity on gold-complexed MOA 

HOMO-LUMO energies with which to compare. Lee et al. [87] reported differences 

in the stability of reduced versus oxidized ligand complexes produced 

electrochemically, but their material was very different and had near infrared 

emissions 1.38 eV (~902 nm) and 1.2 eV (~1025 nm) with a HOMO-LUMO gap of 

only 1.33 eV.
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Figure 2.3. Gaussian3 simulated orbital isosurfaces of Mercaptooctanoic acid, A)

LUMO. B) HOMO and gold-mercaptooctanoic acid, C) LUMO, D) HOMO. Yellow 

spheres: sulfur, Red spheres: oxygen, Grey spheres: carbon: White sphere: hydrogen.
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The final product produced in this synthesis exhibited an absorbance and 

excitation spectra with maximum at ~4.3 eV (290 nm), and an emission maximum at 

2.03 eV (610 nm). According to Tzeng et al.[56], complexes with an intrinsic 

absorbance maxima at around ~3.1 eV (400 nm), and very weak emission at ~2.7 eV 

(477 nm) are of the type Au-SR and are referred to as LMCT complexes, while those 

with an absorbance at ~3.9 eV (320 nm) and a very intense emission ~ 1.94 eV (640 

nm) are LMMCT with an configurations. Variations in these parameters are 

sometimes attributed to mixing with metal centered orbitals.  

8
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LMMCT species seems likely [54].The blue-shifted excitation energy maximum to 

4.3 eV (290 nm) for the complexes produced here compared to that of other reported

ligand complexes can be understood in terms of overlap of the electronic orbitals of 

gold atoms and CT complexes with the resulting wavefunction having more 

amplitude on the gold.  According to Vogler et al.[52], the oxidizing and reducing 

ability of the ligand plays an important role in this mixing, so different types of 

ligands are expected to display different characteristics. As summarized in Table 2.2,

the ionization spectra of neutral and singly ionized Au[88; 89; 90] show numerous 

strong or persistent lines (Table 2.2). Features in the asymmetric excitation spectrum 

obtained from samples prepared using MOA seem to correlated with at least some of 

these lines (Figure 2.4A, Table 2.2). These features are unique to this sample, and are 

well-reproduced from sample to sample.

The fact that excitation using any of the wavelengths associated with gold 

ionization leads only to LMMCT emission at 610 nm strongly suggests that the ligand 

metal complexes are strongly associated with both neutral and Au (I) gold atoms. An

Au
SRAu
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electronic energy diagram illustrating this relationship is shown in Figure 2.4B.  In 

this diagram excitation of gold or the complex leads to triplet emission from the 

complex. As a result of the electronic interaction between gold atoms and the ligand 

complex, there is a decrease in photodegradation of the photoluminescent complex

under UV excitation, over what has been reported for other gold-thiol complexes in

Table 2.2. List of energies and wavelengths of persistent or strong lines in neutral Au 

and single ionized Au [88; 89; 90], compared to features in the excitation spectrum of 

MOA-Au nanoparticles produced in this work. (*Au(I) refers to the absorption 

spectrum of neutral gold atoms, while Au(II) refers to the absorption spectrum of 

single ionized gold atoms.)

Experiment 
(eV(nm))

Persistent 
lines
(eV(nm))

Strength Spectrum* Configuration

-- 6.15(202) 1000 Au(I) 5d96s2-5d9(2D3/2)6s6p(3P0
1)

5.52 (225) 5.49(226) 700 Au(II) 5d9 (2D3/2)6p->5d9 (2D3/2)7s

5.09(244) 5.11(243) 250 Au(I) 5d106s->5d106p

4.61(269) 4.63(268) 300 Au(I) 5d106s2->5d9(2D5/2)6p

4.48 (277) 4.51(275) 100 Au(I) 5d96s->5d106s6p(3P0
1)

4.43(280) 600 Au(II) 5d9(2D5/2)6p-5d9(2D5/2)7s

4.39(283) 4.40(282) 1000 Au(II) 5d9 (2D3/2)6p->5d9 (2D3/2)7s

4.28(290) 4.3(289) & 

4.25(292)

400 Au(II) 5d9 (2D3/2)6p->5d9 (2D3/2)7s 

4.10(303) 4.14(300) & 

4.10(303 )

400 Au(II)/Au(I) 5d9(2D5/2)6p-5d9(2D5/2)7s & 

5d96s2->5d9 (2D5/2)6s6p(3P0
1)

3.94(315) 3.98(312) 150 Au(I) 5d96s2->5d106p



47

Figure 2.4. Gold nanoparticle excitation spectrum and proposed energy diagram; A)

Excitation spectrum obtained by monitoring the emission at 2.2 eV (~610nm) of 

luminescent gold produced in this work. Mark points landmark the known positions 

of presistent line in Au(0) and Au(I) spectra from references [89; 90; 91]. B)

Electronic energy levels of Au(0) and Au(I) relative to the ligand-metal-metal charge 

transfer complex (LMMCT) formed by reaction of gold with mercaptooctanoic acid.
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free solution without the presence of nanoparticles [51] (Figure 2.5). In this graph the 

optical density in the visible at 598 nm is monitored over time as a measure of particle 

agglomeration. 

The photobleaching test was performed for the gold nanoparticle solution with 

the comparison of the fluorescein solution. The two solutions were exposed to the 

same intensity of the light (14600 lux) and the photoluminescence was monitored 

every 5 min. As shown in Figure 2.6, the photoemission did not change significantly.

In this experiment, while the control, fluorescein solution lost most of its fluorescence 

emission after 50 min of light exposure, the gold nanoparticle solution maintained its 

photoluminescence up to 84% of its original strength. These two photostability test 

results showed the gold nanoparticle has a superior stability than gold-ligand 

complexes and other fluorescent dye molecules.

Figure 2.5. Photostability of luminescent gold materials exposed to of light from a 

300W xenon arc lamp. Open circles (this work), solid circles (from Vogler et al [52])
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Figure 2.6. Photobleaching property of gold nanoparticle solution

The hypothesis is that the gold nanoparticles interact with the LMMCT 

complexes act as a sensitizer of complex emission. Sensitization of emission by 

electron rich compounds with correct electronic energy overlap is a well accepted 

phenomenon [92]. The mechanism by which this takes place can vary and can involve 

the transfer of electrons from the sensitizer to the emitter before photogradation can 

take place, thereby increasing emission intensity. This interaction is supported by an 

excitation spectrum of the emissive product that is higher in energy compared with 

what has been measured for LMMCT molecular complexes in the absence of gold 

nanoparticles. Its shape is also skewed, which leads to an energy maximum at ~ 290 

nm that happens to correspond to the persistent gold line with the highest intensity 

listed in Table 2.2).
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2.4.3. Effect of chain length on particle size and optical properties

The TEM analysis shows the difference in the obtained particle diameter 

between the different ligand stabilized gold nanoparticles (Figure 2.7). With shorter 

chain length, the size of the gold nanoparticle is larger and with longer chain length, 

the size of the gold nanoparticle is smaller. In the particle size analysis using 

PhotoShop program with 50 particles per sample, the average diameter of MHA 

stabilized gold nanoparticle is 3.3 ± 0.9 nm, MOA stabilized gold nanoparticle is 2.2

± 0.6 nm and MDA stabilized gold nanoparticle is 1.7 ± 0.3 nm.  

In the case of MDA stabilized gold nanoparticles, aggregates are visualized in 

the TEM picture while it is not apparent from the other two sets of gold nanoparticles 

with shorter chain length. In the case of shorter carbon-chained ligands, it is possible 

for the aggregates to be separated during the drying process by the interaction with 

hydrophobic Formvar (poly-(vinyl formal)) coating material of the TEM grid. 

Formvar is a polymeric surface coating material consisting of C5H8O2 repeating units. 

This hydrophobic polymer layer would interact with the hydrophobic ligands of the 

gold nanoparticles. The competing process between the Formvar and surface ligands 

and between the surface ligands of different nanoparticles can determine whether 

Figure 2.7. TEM pictures of different ligand stabilized gold nanoparticles. (A) MHA 

stabilized, (B) MOA stabilized and (C) MDA stabilized gold nanoparticles.
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aggregates form on the TEM grid. In the case of very long hydrophobic ligands like 

MDA-stabilized gold nanoparticles, strong hydrophobic interaction between each 

other are not broken apart by the interaction with hydrophobic TEM grid surface. 

Changing the chain length of the mercaptoalkanoic acid ligand did not result 

in a shift in emission wavelength, but did result in both a change of shape and blue-

shift of the excitation spectrum maximum to higher energy from ~4.32eV to 

~4.97eV(Table 2.3, Figure 2.8). Variations in photoluminescence intensity were also 

noted. In constrast, Huang et al.[62] reported that photoluminescence yield increased 

with decreasing particle size (from 2.9 ± 0.5 nm to 2.0 ± 0.2  nm). The change in 

particle size was obtained by increasing mercaptoalkane alcohol ligand chain length. 

Accompanying a change of nearly 1000-fold in intensity was a shift in the emission 

wavelength to shorter (~500 nm) wavelength as the nanoparticle size was reduced. 

Table 2.3. Effect of chain length on photoluminescence and particle size (*The logP 

of each uncharged ligand was ranked by Smiles-logP calculator provided by 

Molinspiration software (www.molinspiration.com/services/logP.html) which uses 

atom-additive methods as described in Wang et al.[93].)

Ligands # of C Estimated 
Hydrophobicity 
(LogP)*

Excit
(eV)

Emission 
(eV)

TEM size
(nm)

Stokes  
shift (eV)

MPA 3 0.2 none none Very large -
MHA 6 1.4 4.32 2.05 3.3 ± 0.9 2.27
MOA 8 2.4 4.36 2.03 2.2 ± 0.6 2.33
MDA 12 4.5 4.97 2.00 1.7 ± 0.3 2.97
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Figure 2.8. Excitation and emission spectra of GNP with different ligand. A)

Excitation spectra obtained for luminescent gold product produced using 

mercaptododecanoic acid (dotted line), mercaptooctanoic acid (solid line) and 

mercaptohexanoic acid (dashed line). B) Emission spectra obtained for the same 

samples. Data normalized to highlight shape and position changes. In the excitation 

spectrum MDA is multiplied by 11, and MOA by 3 relative to MHA. In the emission 

MHA is multiplied by 4 and MDA by 11. MOA is unchanged. This means MOA is 

more efficiently being sensitized.
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Although these observations were suggested to be related  to size dependent 

confinement effects, without additional information about the excitation spectrum it is 

difficult to be conclusive. The limited range of the shift in their emission wavelengths 

and the fact that all spectra could be obtained using 365 nm excitation energy from a 

hand-held UV lamp, does not exclude the possibility that photodecomposition of 

LMMCT complexes into LMCT complexes had taken place in their observation.

When the mercaptoalkanoic acid ligand carbon chain length was changed, 

there was no significant effect on the emission wavelength but there was a shift the 

position of the excitation spectrum maximum to higher energy. This shift is caused by 

changes in the local hydrophobicity at the surface of the gold nanoparticles where the 

LMMCT site is likely to be located. More discussion of this is provided in Chapter 3.

In general, a greater stabilization of the absorbing state of the CT complex due 

to dipole-dipole interactions in low hydrophobicity environment should lead to red 

shift in the excitation spectrum maximum, while less stabilization and a

corresponding blue shift should occur in more hydrophobic environments. The longer

chain of MDA interacts with the underlying gold core via stronger dispersion forces,

and is more likely to have a collapsed configuration (Figure 2.9A), which protects the 

underlying LMMCT bonds from interaction with the surrounding water, lowering the 

local polarity. A schematic of this situation is illustrated in Figure 2.9B shows what 

may happen in the case of shorter chain ligands.

Regardless of the position of the excitation energy maximum there is little 

change in the emission energy maximum. This observation suggests a significant 

difference in bonding structure of the triplet (1T*) LMMCT state relative to that of the 

singlet (1S*).  Electronic structure calcuations for the singlet and triplet excited states 

of gold-ligand complexes indicate that a major difference between the two is a much 
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Figure 2.9. Cartoon illustrating a hypothetical cutaway configuration of gold-ligand 

complexes and gold atoms at the surface of gold nanoparticles. Gold atoms 

comprosing the rest of the gold nanoparticle core are not shown in this picture. A)

Mercaptododecanoic acid, B) Mercaptohexanoic acid. The longer chain ligand has 

greater potential to protect the gold-sulfur bond portion of the molecule from 

interaction with the surrounding solvent. Under the reaction condition, other gold 

nanoparticles and gold atoms are only present at the periphery.

shorter Au-Au bond distance of the excited triplet state[91]. This geometry change 

could be responsible for making the emitting state more compact, and either reducing 

the overall dipole moment or moving the electronic distribution of the emitting 

species to a part of the molecule that relatively isolated from the surrounding solvent. 

There are differences in photoluminescence intensity when the excitation 

spectrum maximum shifts, and this matter will be discussed more thoroughly later in 
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this chapter for the case of varying ligand concentration used during the synthesis, 

which also had this effect.

Steric hindrance as a function of chain length of the stabilizing agents could be 

an alternate explanation for different particle size as a function of ligand chain length.  

Longer carbon chains in a growing cluster could hinder the addition of other gold 

atoms to the cluster during the synthesis by hindering the formation of Au(0)-Au(0) 

bonding even under reducing conditions. In this case, ligand chain length should also

be inversely related with the final gold nanoparticle size (Table 2.3). Increased 

hydrophobicity of the longer carbon-chained ligands strengthens the hydrophobic 

interaction between the ligands, which would attract other ligand molecules from the 

solution, speeding up the coating. Also, longer carbon-chained ligand molecule would 

prevent the approach of gold atoms from the solution by steric hindrance. These 

processes prevent the growth of gold nanoparticles (Figure 2.10).

Figure 2.10. Scheme describing one of the possible effects of the longer surface 

carbon chain length on the size of the gold nanoparticles; Due to steric hindrance

(Left) and hydrophobic attraction between ligands (Right), the limiting size of gold 

nanoparticles is smaller when the ligand carbon length is longer.

Repulsion of Au atom by 
ligand steric hindrance

Attraction of ligand 
molecules by 
hydrophobic interaction
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2.4.4. The effect of the carbon chain length on salt-induced aggregation

Based on the concepts of DLVO theory[94], in the presence of the salt ions 

ionic screening effects[95] reduce the charge-charge repulsions which makes the 

particles dispersed. Factors which modulate salt-induced aggregation include the 

hydrophobicity of the surface-covering ligands[96; 97; 98] and ionic strength which 

affects the thickness of the double charge layer[95]. If the double charge layer 

becomes too thin at high salt concentration for the particles to repel each other they 

will start to aggregate via the dominating van der Waals or hydrophobic interaction.

In the case of alkane thiol-stabilized gold nanoparticles, the length of the 

alkane thiol carbon chain is the factor for controlling the hydrophobicity of the 

nanoparticle system. Since the number of the carboxylic acid groups of a ligand is 

fixed to one per molecule, by changing the carbon chain length of the ligand, the 

balance between the ionic and hydrophobic interactions can be controlled since the 

increased number of the carbons in the carbon chain would increase the overall 

hydrophobicity of the molecules as it is shown in Table 2.3.

The carbon chain length of the ligand plays an important role to determine the 

concentration of the salt needed to create aggregates. With longer chain length, such 

as MDA, the particle starts to aggregate even without the addition of salt and forms 

micrometer-sized aggregates. The hydrophobicity of the longer carbon chained ligand

was too strong to make the particles dispersed by the single charge from the 

carboxylic acid groups at the end of the ligand.

Both MOA and MHA stabilized gold nanoparticles showed more tolerance 

against salt-induced aggregation. For example, MOA gold nanoparticle showed 

aggregates forming at higher than 200 mM salt, while MHA did not show any 

significant aggregation until 300 mM (Figure 2.11).
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Figure 2.11. NaCl induced aggregation of the gold nanoparticles stabilized with 

MHA, MOA and MDA. The MDA stabilized gold nanoparticles showed large 

aggregates even without the presence of NaCl. No further salt concentration test has 

been performed due to the size of the aggregates was out of limit for the reliable 

reading for the DLS machine.

2.4.5. Salt concentration effects on gold nanoparticles with MPA and MHA ligands

Hybrid gold nanoparticles with different ratios of MHA and MPA were 

synthesized to control the hydrophobicity of the gold nanoparticles. The MHA to 

MPA ratios of 9 to 1, 4 to 1,  and 1 to 1 were prepared and the salt induced 

aggregation test was performed (Figure 2.12). The hydrophobicity of each hybrid gold 

nanoparticles is summarized in Table 2.4. Larger portions of MPA were not 

successful in making stable gold nanoparticles. MPA may be too short to be utilized 

as stabilizing agent to protect the gold nanoparticles from uncontrolled aggregation.  

A more hydrophobic surface resulted in more sensitivity for aggregation in the 

presence of salt ions. In the case of 9 to 1 and 4 to 1 ratios, hybrid gold nanoparticles,
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Figure 2.12. NaCl induced aggregation of hybrid gold nanoparticles stabilized with 

different ratios of MHA to MPA (MPA percentages of 0 %, 10 %, 20 % and 50 %). 

2.4.6. Time dependent spectral changes

Table 2.4. Hydrophobicity comparison of the MHA to MPA hybrid gold 

nanoparticles

MHA to MPA ratio of 
hybrid GNP

Average number of carbon 
per stabilizing molecule

Average hydrophobicity per 
stabilizing agent (LogP3)

MHA only 6 1.4

9:1 5.7 1.28

4:1 5.4 1.16

1:1 4.5 0.8
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showed similar aggregation trend as we have monitored from MHA only gold 

nanoparticles. But at the ratio of 1 to 1 MHA to MPA hybrid gold nanoparticles, 

showed tolerance against NaCl concentration up to 400 mM concentration.

The basic steps of the reactions involving NaBH4 driven reduction of gold are 

reviewed below:

Ionization: HAuCl4 + H2O � Au3+ + 4Cl- +  H3O+ (1)

Reduction: Au3+ + 3BH4
- � Au + 3BH3 + 3 H+ (2)

Formation of LMCT/LMMCT complexes, e.g.: xAu + ySR � Aux(SR)y (3)

Formation of clusters or nanoparticles e.g.: n Aux(SR)y �(Aux(SR)y)n (4)

Reaction 2 has been suggested to be a two step reaction involving the reduction of 

auric salt to aurous salt, followed by a disproportionation step to form two Au(0) [99; 

100].  Without the presence of reductant Reactions (2), (3), (4) are not favored. 

To understand the reactions taking place in this system further, we monitored 

the absorbance, excitation and fluorescence spectra of samples periodically within the 

first 48 hr of reaction. Immediately after mixing of the MOA and NaBH4 solutions 

with HAuCl4, the characteristic absorption peak of HAuCl4 at 4.15eV (~300 nm) 

disappeared (Figure 2.13A).

A broad absorbance at ~3.1 eV (~400 nm) and developed in the first hour of 

the reaction.  After an hour, the absorbance at 400 nm declined, and a peak at ~4.4 eV 

(280 nm) appeared and continued to grow over the subsequent 48 hr (Figure

2.12B&C). At the same time a new emission at ~2.03 eV (610 nm) appeared and grew 

in intensity (Figure 2.13D). The time dependence of emission increase at ~2.03 eV is 

similar to that of nucleation processes reported by Turkevich et al. for citrate gold
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Figure 2.13. Spectra and analysis on timed gold nanoparticle synthesis, A)

Absorption spectra of 50 uM HAuCl4 solution dissolved in water. B) Time dependent 

change in absorbance as a function of time after reagent mixing. C) Comparison of 

time dependent spectral changes at various wavelengths: absorbance at 400 nm (open 

triangles), absorbance at 280 nm (solid circles), emission intensity at the excitation 

spectrum maximum of 290 nm divided by 125 (solid triangles), and absorbance at the 

isosbestic point of 280 nm. D) Time dependence of emission at 610 nm as a function 

of synthesis time. E) Absorption spectrum of final product produced when reductant 

NaBH4 was omitted from the reaction.
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[101]. The appearance of an isosbestic point in the UV-Vis absorption spectrum at 

320nm (Figure 2.13B) suggests that the photoluminescent product is the result of a 

two state reaction, that starts with an initially formed nonphotoluminescent material 

which converts to another photoluminescent product. Eventually most of the initial 

species is consumed. Reaction (4) is the likely process reflected by the isosbestic 

point of the UV-Vis absorption spectra. As expected, without added NaBH4 there is 

no spectroscopic evidence for Reactions (2), (3) and (4). The absorption spectrum 

shown in (Figure 2.13E) is taken 48 hr after mixing MOA and HAuCl4 in water, but 

without reductant and shows no growth in absorbance at 4.4. eV (~280 nm) and no 

emergence of photoluminescence at 2.03 eV (~610 nm). 

2.3.7. Effect of solvent

The solvent in which gold reduction takes place is an important parameter 

determining the reaction outcome. In water, NaBH4 forms several products not all of 

which retain reducing ability [102; 103].

The first product is BH4
- formed via Reaction (2). This species is the primary 

reducing species-the oxidation potential of BH4
- is -1.24 eV.  Two other competing 

reactions must be considered, one which forms insoluble sodium metaborate, NaBO2 

(Reaction (5)) and another which forms tetrahydroxyborate, NaB(OH)4, a boron 

oxoanion (Reaction (6)).

NaBH4 + 2H2O -> NaBO2 + 4H2 (5)

NaBH4 +4H2O -> NaB(OH)4 + 2H2 (6)
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NaBO2 does not directly participate in Au3+ reduction. Whether NaB(OH)4
-, a boron 

oxoanion could is not clear. In general oxoanions can be 1e- or 2e- oxidants and tend 

to have positive electron potentials[104]. However, a few oxoanion species can also 

act as 1e- reductants. One of these is SO3
2- which can participate in reactions similar 

to:

SO3
2- + e- -> ·SO3- and  2·SO3 -> S2O6

2- (7)

Given that mixing NaBH4 with water has the potential to form three products, BH4
-,

NaBO2, and NaB(OH)4
-, it is clear that any situation which increases the 

concentrations of the latter two at the expense of the BH4
- concentration at the time of 

mixing can affect gold reduction and nanoparticle growth. Factors expected to play a 

role include pH [103], ethanol content [102], and amount of NaBH4 initially used. For 

instance, the formation of sodium metaborate, NaBO2 is favored in basic solution.  

Since the pH of the gold-thiol reaction mixture is naturally alkaline ~ 8.5, we can 

expect this is a significant reaction in our system and is responsible for small amounts 

of insoluble material formed after mixing. Addition of alcohol to the mixture is 

known to inhibit the formation of NaBO2 and instead form alkoxyoxoanions:

NaBH4 + 4CH3OH -> NaB(OCH3)4 + 4H2 (8)

As expected in the presence of alcohol no insoluble precipitates are formed at 

the early stages of the reaction. By blocking Reaction (5), the amount of BH4
-

available for reaction with gold would be increased, increasing the efficiency of 

particle nucleation. In conditions where gold is a limiting reagent, this should result in 
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greater numbers of relatively smaller particles detected by TEM. Consistent with this 

mechanism, we observed smaller gold particles in the final product when 75 vol% 

ethanol was used and larger gold particles in the final product with small amounts of 

ethanol (e.g. 10 vol%).  

Comparing in greater detail 75, 25 and 10 vol% EtOH, the average particle 

sizes were 1.5 ± 0.3 nm, 1.7 ± 0.3 nm, and 2.2 ± 0.6 nm, respectively (n=30) (Figure 

2.14).  Starting with more NaBH4 had a similar effect on final product particle size 

which can be attributed to better nucleation. For example, an initial NaBH4

concentration of 0.375 mmole produced nanoparticles of smaller dimension, 1.8 ± 0.4 

nm (n=50), compared to larger concentrations (0.25 mmol) which produced 2.2 ± 0.6 

nm particles (n=50). For very low reductant concentrations, 0.2 mmole and lower, 

few nanoparticles were produced.

Figure 2.14. TEM pictures (360,000X magnification) of the gold nanoparticles 

synthesized in different solvent ratio of EtOH to water; A) 10%, B) 25% and C) 75% 

of EtOH to water ratio

10 % EtOH 25 % EtOH 75 % EtOH
Average diameter
2.2 ± 0.6 nm

Average diameter
1.7 ± 0.3 nm

Average diameter
1.5 ± 0.3 nm



64

2.4.8. Ligand concentration and particle size

The effect of increasing mercaptoalkane carboxylic acid ligand concentration 

on particle size is shown in Figure 2.15.  For the images shown the average particle 

diameters were 2.9 ± 0.8 nm, 2.2 ± 0.6 nm and 1.8 ± 0.3 nm, for 1.5:1, 3:1, and 5:1

S:Au ratios respectively (n=50)). Such a trend might be expected for a nanoparticle 

capping agent which competes for surface sites on a growing gold nanoparticles [100].

However in Reaction (3) we postulated that the mercaptoalkane carboxylic 

acids are mainly responsible for the formation of gold-thiol ligand complexes, and in 

Reaction (4) these complexes retain significant aurophilic attractions which lead to 

the formation of nanoparticles with associated complexes.  In reducing conditions, 

clustered complexes can form what is essentially a nano-sized reactor environment, 

not unlike that of dendrimers, but with less complex and organized structure.  In this 

environment gold atoms have a chance to react with permeating reductant to nucleate 

Figure 2.15. TEM pictures (360,000X magnification) of the gold nanoparticles 

synthesized with different thiol to gold ratios; A) 1.5:1, B) 3:1 and C) 5:1 ligand to 

gold ratio

1.5:1 3:1 5:1
Average diameter
2.9 ± 0.8 nm

Average diameter
2.2 ± 0.6 nm

Average diameter
1.8 ± 0.3 nm
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particles.  When the initial ligand concentrations are high enough to react with all the 

gold atoms a maximum number of ligand complexes are produced, and the number of 

clusters that nucleate will also be high. If reduction is efficient, each of these clusters 

has the potential to generate a nanoparticle which will be of relatively smaller 

dimension, since each cluster will have fewer gold atoms in it. On the other hand if 

the ligand concentration is limiting, then there is likely to be excess gold atoms that 

can add to any existing cluster increasing their size given sufficient reducing 

conditions. Consistent with this, the particle diameter increased with decreasing 

ligand content with an R2 of 0.94 (Figure 2.14). It is likely that as the gold atom 

reduction takes place there is some rearrangement within a cluster, and the ligand then 

takes on the role of a capping agent to prevent combination of more than one cluster 

into larger particles. This has been suggested to occur with alkanethiols in organic 

solution to form core shell structures [105]. The mechanism may be tested in the 

future using detailed time dependent luminescence and X-ray photoelectron 

spectroscopy methods but the question is beyond the scope of this current dissertation.

2.4.9. Particle size, excitation spectrum and photo-luminescence

Shown in Figure 2.16 is that the relative quantum yield of photoluminescence 

decreases with increasing nanoparticle diameter. According to calculations and 

experiments by Zheng et al. and others, pure gold nanoparticles > 2nm in diameter are 

not expected to be significantly photo-luminescent [106; 107]. We also observe a 

decrease in photoluminescence with increasing particle size. However, if the origin of 

the observed luminescence is from nanoparticle-bound LMMCT complexes, these 

results could be explained by a reduction in total nanoparticle surface area available 

for LMMCT complex attachment. In other words, the larger the particles, the smaller 



66

Figure 2.16. Particle size analysis, A) Diameter of particles as a function molar ratio 

of MOA to gold, B) Relative quantum yield of emission at 610 nm as a function of 

particle size, C) Relative quantum yield as a function of particle surface area.

the overall surface area, the fewer bound ligand complexes. Looking at Figure 2.16B,

and considering the change in photoluminescence intensity for a change in particle 

diameter between 2 and 3 nm we can see that the fractional change in surface area is 

roughly equal to that of photoluminescence decrease. Specifically, for 2nm diameter 

the surface area is 12.56 nm2 and RQY% is 4.5% and for 3nm the surface area is 

28.26 nm2, and the RQY% is 2, so the ratio of 12.56/28.26 is 0.444 and the ration of 

2/4.5 is also 0.444.

It is found that as the particle size decreases, the wavelength or energy 

maximum of the excitation spectrum changes parabolically (Figure 2.17). However, 

when normalized by the absorbance at wavelength of the absorbance maximum

(Figure 2.18), the obtained relative quantum yield of photoluminescence plotted 
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Figure 2.17. The size of the gold nanoparticles and its relation with the emission 

intensity.

Figure 2.18. Excitation spectrum energy maximum and its relation to the relative 

quantum yield.
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against excitation spectrum energy maximum is a linear plot. In other words, higher 

the photoluminescence yield corresponds to smaller particles, and more blue shift 

excitation spectrum.

With our model, this trend can be explained if the 1S* level of the LMMCT is 

able to move up and down in energy with change in particle size in order to allow 

better overlap with different levels of neutral and Au(I). As the energy level of the 

absorbing state moves up in energy, there is greater overlap of the LMMCT 

complexes with more of the gold levels and this corresponds to an overall increase in 

the photoluminescence quantum yield. The explanation for why the excitation 

spectrum energy maximum changes parabolically with particle size is unknown at this 

time.  

2.4.10. Temperature dependence of emission

The fluorescence intensity at 610 nm excited using 280 nm light was found to 

have a reversible, inverse dependence on temperatures between 1 °C to 35 °C (Figure 

2.19). The R2 value of the slope was 0.9991.

The temperature dependent fluorescence emission behavior of the gold 

nanoparticles can be used to estimate its energy transfer efficiency. Schulman 

described the effect of the temperature for the quantum yield of the fluorescence 

( f� )[108] of ZnS/CdSe as following equation, 
df

f
f kk

k
�

�� , where kf is the rate

	���
����������������	�	��
��9kd is the sum of rate constants of deactivation by all

competitive nonradiation processes including heat. An increase in competing 

processes eventually lowers the efficiency of the overall emission yield resulting less 

fluorescence.
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Figure 2.19. Temperature dependence of the fluorescence emission intensity at 610 

nm measured using 280 nm excitation light. The sample was placed in the 

temperature-controlled antifreeze bath for 5 min and the fluorescence intensity at 610 

nm emission of the sample was read at each temperature point after being transferred 

within 5 sec to the fluorometer next to the antifreeze bath.

Eychmuller et al. [109] suggested that at higher temperatures, electrons can be 

deeply trapped in a regional energy gap created by the surrounding heat which allows 

nonradiative energy release.  In earlier work by his group, they showed that electron 

trapping in CdS quantum dots occurs in 10-13 to 10-14 sec time, a time with which 

spontaneous fluorescence process cannot compete [110]. This reservoir of the excited 

electrons are later detrapped to the conduction band for the spontaneous fluorescence 

process, kf, while some would be released in the form of non�
��
��#�����	�������9kd.

The electron trap becomes deeper at higher temperatures for those electrons trapped 

would be more inefficient to overcome the energy gap to reach conduction band. 
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Decreased fluorescence emission intensity with increased temperature was seen in the 

case of quantum dots (CdSe/ZnS core/shell), with and without an accompanying 

change in emission peak position [111; 112].

Liu et al. argued that the dependency of the fluorescence emission intensity on 

the temperature is related with changes in the quantum yield of the materials [111]. In 

their work, they showed that a decrease in fluorescence intensity with temperature 

could be correlated to particles which possessed a lower effective quantum yield.  For 

example, a 50% decrease of the fluorescence emission was observed with 15 K 

temperature increase (280 K to 295 K) for the quantum dots with 9.8% relative 

quantum yield, while 35.6 K temperature increase (280 K to 315.6 K) was needed for 

the same fluorescence emission intensity decrease for quantum dots with 22.4% 

relative quantum yield. These relative quantum yields are referenced to Rhodamine 

6G fluorescent dye molecule solution (QY = 0.95).  For our gold nanoparticles, there 

is a linear dependence of the fluorescence intensity on temperature and it required an 

increase of 24.7 K (280 K to 304.7 K) for 50% decrease of the fluorescence emission 

intensity. 

2.4.11. Cytotoxicity test

Understanding biological mechanisms is often a challenging task due to the 

complexity of the biomolecular interactions and low concentration of molecules of 

interest. Most biomolecules lack the characteristics to distinguish themselves from 

surrounding objects during the observation. Fluorescent probes are widely utilized as 

bio-imaging agents due to their sensitivity, noninvasive nature, safe detection and 

simple usage over other technologies including MRI or radioisotope labeling [6].

Fluorescent dye molecules such as fluorescein have been widely used due to its 
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brightness and sensitivity accounted by its superior quantum yields (0.95) [1].

However, a lower photobleaching threshold has been a major drawback making them 

not suitable for elongated monitoring and analysis. Recently, quantum dots are 

utilized as fluorescent probes mainly due to their more stable photobleaching 

properties [15; 17; 18; 113]. However quantum dots are composed with biologically 

active heavy metals, such as cadmium, and their cytotoxicity limits biological usage 

as they are known to release toxic metal ions to surrounding environments [20].

Gold has been widely used as a biomaterial for implant in medicine and 

dentistry [114].  Also, Connor et al showed no acute inflammatory reaction caused by 

negatively-charged gold nanoparticles uptaken in human body [26]. They tested 

various capping molecules including citrate, cysteine, glucose and CTAB and showed 

no toxicity even though they are uptaken by cells.  Positively charged nanoparticles 

fare worse. Goodman et al. reported cytotoxicity for 2 nm gold nanoparticles 

presenting a positively charged surface while anionic gold nanoparticle showed little 

cytotoxicity [115].  An in vivo study conducted by Harper et al. using zebra fish also 

showed 100% mortality at 250 ppm concentration range for 1.5 and 0.8 nm cationic 

gold nanoparticles while anionic and neutral gold nanoparticle showed less than 20 % 

of mortality [116].

Gold nanoparticles did not cause any death of BEAS-2B cells up to a particle 

concentration dose of 1 ���,0������2.20). The highest con	���
��������������������

57% increased cell viability comparing to the control. The increase of apparent 

#�
�����$�
�������	�	���
����	���
�����������	�������
$����
����	
������
��
��

these levels the cells are beginning to feel some stress. The high concentration of gold 

nanoparticles irritates the cell’s metabolic system so that the cells actually produce 

more dehydrogenases at these conditions. This upregulation of active dehydrogenase 
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Figure 2.20. Beas-2B cell viability versus dose of gold nanoparticles

in the live cells is responsible for the direct conversion of the tetrazolium assay 

reagent which leads to higher than baseline level of 460 nm absorbance. For future 

cytotoxicity tests, assuming that an eventual application of these materials may be IV 

injection into humans, should include macrophages, liver and kidney cell evaluations.

A goal of this work was to understand the details of the reductive reaction of 

HAuCl4 and mercaptoalkanoic acids at RT in H2O as a function of reaction condition, 

ligand chain length, and solvent concentration. Reports of synthesis in other solvent 

systems have shown variability in results in terms of photoluminescence yield, 

emission wavelength and the coproduction of other materials. Confounding the 

problem is the potential for reductants such as NaBH4 to react with water to form 

other products that cannot participate in gold reduction. The importance of this 

competing reaction is discussed in this study. In water the reductive reaction of 

HAuCl4 and mercaptoalkanoic acids synthesis reaction forms nanoparticle-stabilized 

2.5. Conclusions
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photo-luminescent ligand complexes of LMMCT character and which are stable 

against UV irradiation with relatively high photoluminescence yields. No free ligand 

complexes were detected using electrophoresis, further suggesting the gold-thiol 

ligand complexes formed are strongly interacting with gold nanoparticles. The 

excitation spectrum revealed the interaction of both neutral and single ionized gold 

atoms with the ligand complexes. These interactions are likely responsible for 

enhanced stability of these complexes compared with those produced as free 

molecules via other synthesis methods. 

It was found that there are two stages to the production of photoluminescence: 

an initial phase in which absorption spectral characteristics typical of reported gold-

thiol ligand complexes with little photoluminescence grow in magnitude over the 

course of the first hour, and a second step in which a photoluminescence consistent 

with LMMCT complexes is greatly amplified along with the appearance of gold 

nanoparticles. Isosbestic features in the time dependent spectra taken during the first 

48 hrs of reaction showed that the intense emission was produced as the terminal 

product of a two state reaction that likely involves the continued reduction of gold-

thiol ligand complexes into nanoparticles. Nanoparticle size was adjustable by 

altering specific reaction parameters:  the chain length  and amount of ligand, and the 

amount of NaBH4, but in contrast to previous work by other researchers no effects on 

the emission wavelength were noted. Nanoparticle size did affect the 

photoluminescence yield and the energy maximum of the excitation spectrum. This 

suggests that the terminal state is always the same, but the overlap between the metal 

and the ligand complex is changing with nanoparticle size. Changes in chain length of 

the ligand had dual effects of changing particle size as well as local hydrophobicity of 

the emitting species. Both the energy level of the absorbing LMMCT species, and the 
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electronic overlap between the CT complex and the gold atoms was affected. Changes 

in MOA ligand concentration used in the synthesis also affected particle size and 

excitation spectrum energy maximum in a way that suggests particle size alters the 

binding of the LMMCT complexes to the particles and possibly the structure of the 

particles themselves. The hydrophobicity of the ligands was calculated by LogP3 

values. Longer chain ligands with more hydrophobicity had less tolerance against salt-

induced aggregation. Two nanometer diameter is considered to be a transition 

between ordinary nanoparticles and quantum-enhanced particles. Although further 

study is needed to better understand the nature of the particles in this transitional size 

range, the relative purity and robustness of the materials produced suggests their 

practical potential in applications such as two photon imaging or bioelectronics will 

be possible using these particles. Gold nanoparticle products did not show 

cytotoxicity with BEAS-2B cells which may indicate the applications for the product 

can be expanded into biological and medical fields. To demonstrate targettability, the 

gold nanoparticles were conjugated with folate molecules and uptaken to the folate-

positive breast cancer cell line, MCF-7, was monitored. As a negative control, the 

gold nanoparticles were incubated with the folate-negative human lung cancer cell 

line, A549, and showed no binding for the gold nanoparticles (Figure 2.21).

Figure 2.21. The fluorescence microscopic image of MCF7 cells (left) and A549 cells 

(right) after incubating with folate-conjugated gold nanoparticles for 6 hr (50X).
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CHAPTER 3

PH DEPENDENT EMISSION PROPERTIES OF MERCAPTOOCTANOIC 

ACID TERMINATED GOLD NANOPARTICLES

In this chapter, we describe the synthesis and properties of a pH responsive 

nanoparticle-supported molecular brush which utilizes the polarity-dependent 

photoluminescent signal of gold-thiol charge transfer complexes to report the pH 

change. This work shows that bifunctional molecular ligands in which one of the 

functional groups is protonatable while the other forms a stable bond with the gold 

nanoparticles can form a collapsible molecular brush on the surface of gold 

nanoparticles.  By using a thiol-based ligand a polarity sensitive photoluminescent 

charge transfer complex can be localized at the particle periphery. When the brush is 

collapsed this species responds reversibly to the change in local polarity. The 

operational range of these materials is between pH 5 and 8, spanning the range of pH 

that are generally relevant in chemical and biological studies. The typical size of this 

material is about 2 nm, small enough for use in nanosized devices and intracellularly.

3.1. Abstract

The Lippert-Mataga analysis was performed to show the expected linear 

dependence between the solvent polarity and change in dipole moment between 

ground state and excited state. The slope of this curve indicated the excited state is 

more polar than the absorbing ground state, and so it more affected by local
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environment. The Grahame model was used to estimate the number of charges per 

particle.

Recently developed nanotechnologies enabled the development of various 

types of nanoparticles [117; 118; 119; 120; 121]. These nanoparticles are useful for 

the biochemical analysis including bio-sensors or bio-markers [122; 123; 124]. Since 

the measurement of pH is one of the most important indications for agricultural, 

chemical, industrial, diagnostic and biological applications. The pH sensor is one of 

the mostly studied types of nano-sensors [40; 124; 125]. Many of the nanoparticles 

designed for the pH sensors utilize pH indicating molecules encapsulated in nano-

shells or covalently attached on the surface of the nanoparticles. 

3.2. Introduction

To be distinctively differentiated from the background in the nanometer scale, 

a fluorescent indicator preferred over color changing indicators. Commercially 

available pH sensitive commercial dye molecules [126; 127; 128; 129; 130] such as 

2,7-Bis-(2-carboxyethly)-5-(and-6)carboxyfluoroscein and green fluorescent 

protein[126; 127; 131] are adopted for their sensitivity, size and relative safety in 

biological environments [132; 133; 134; 135; 136]. However, most of these have 

aromatic macrocycles [1; 132; 133; 135] and can be susceptible to photobleaching and 

biochemical reactions. Leakage of dye from the carrier is another concern for this type 

of the nano-pH sensors.  A nanoparticle with pH indicating ability but without 

fluorescent dyes would be more desirable. Quantum dots overcome many of the 

problems of fluorescent dye molecules [15; 18], but have no intrinsic pH dependent 

change unless pH responsive dyes can be conjugated on the surface [125; 137].

However, cytotoxicity concerns continue to drive the search for improved sensors [20; 
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22; 23].  A potential solution to the problems are water-soluble, nontoxic pH-sensitive 

photo-luminescent gold nnoparticles. Gold nanoparticles have been utilized in many 

biological applications in nanobiotechnology areas including nanoimmunology and 

nanomedicine due to their perceived biocompatibility, noncytotoxicity and 

nonimmunogenicity [26; 138; 139]. Their optical properties have been of interest for 

various applications including photonics [140], biomaterials [141] and bio-imaging 

agents [31; 72]. However, only a few studies have been reported for the pH sensitive 

gold nanomaterials. These involve pH sensitive surface plasma resonance (SPR) 

changes when the particle size, shape or surface is altered [142; 143; 144; 145; 146],

and colorimetric responses which measure the aggregation-induced changes to the 

integrated extinction between 600 and 800 nm or SERS signals [40; 42; 147; 148; 

149]. A fluorescent gold-based pH sensor embedded in a polythiophene polymer 

matrix was reported but with significant polydispersity and limited range of detectable 

pH, in outside of biological region of pH 3 to pH 6 [150].

The goal of this study was to use molecular brush technology to design a gold 

nanoparticle-based photo-luminescent pH sensor that works in the range of pH 5 to 

pH 8.  Molecular brushes are an emerging technology aimed at smart, switchable, and 

multifunctional surfaces. Application areas include coatings that control wetting, 

adhesion, friction, or the emission of light [151]. In this case the brush consists of 

short mercaptooctanoic acid (MOA) molecules which on binding to the gold 

nanoparticles generates a photoluminescent charge transfer complex at the 

nanoparticle metal/ligand interface [47; 54; 56; 61; 66; 70]. The singlet excited state 

of the charge transfer (CT) complex is polarity sensitive and exhibits a characteristic 

change in its excitation spectrum and photoluminescence intensity when the 

surrounding polarity drops. Deprotonation of the carboxylic acid group of MOA 
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causes a collapse of the molecules onto the nanoparticle surface.  This obscures the 

emitting part of the molecule from the polar surroundings and induces a polarity-

consistent change in position and shape of the excitation spectrum and change in 

emission intensity.  The pH response of this system between pH 5 and 8 was found to 

be reversible with no aggregation of suspended materials. 

3.3.1. Materials 

3.3. Materials and methods 

Mercaptooctanoic acid (C8H16O2S), hydrogen tetrachloroaurate (HAuCl4),

sodium borohydrate (NaBH4) were purchased from Sigma (St. Louis, MO). E-Pure 
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all syntheses. Dialysis membranes (1000 MWCO) were obtained from SpectraPor 

(Rancho Dominguez, CA) and rinsed in E-Pure water before use. Formvar-coated 

carbon TEM grids were obtained from Ted Pella (Redding, CA). Two hundred 

nanometer pore size GD/X syringe filter was purchased from Whatman (Kent, UK) 

and 100 nm pore size Acrodisc syringe filters were purchased from Pall Corporation 

(East Hills, NY).

3.3.2. Gold nanoparticle synthesis 

Gold nanoparticles were synthesized by 
������ %)����������	
����	�
��	�

acid (0.075 mmole) in 0.45mL of ethanol into 2.30 mL of stirring 0.01087 M gold 

chloride solution (0.025 mmole) in water in a 25 mL Erlenmeyer flask using 1.5 cm 

stir bar spun at 600rpm using a magnetic stirrer. Ten sec after the mercaptooctanoic 

acid addition, 1.75 mL of 0.143M sodium borohydride (0.25 mmole) were added and 

the mixture stirred overnight at room temperature at 600 rpm.  Parafilm was used to 
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seal the top of flask to prevent evaporation. The next day, sample was separated into 

three 1.5 mL centrifuge tubes and centrifuged at 12000 rpm using bench-top 

centrifuge (Micromax RF, Thermo Scientific) for 10 min at 25 °C. The supernatant 

was triturated with 200-proof EtOH leaving the product pellet to dry. The dried pellet 

was weighed and the final yield of the synthesis was determined to be 37.1± 2.7%.

The pellet was resuspended in E-pure water to obtain the concentration of 0.2 mg/mL.

3.3.3. Transmission electron microscopy 

Transmission electron microscopy images were obtained using a JSM840a 

TEM (JEOL, Tokyo, Japan) at the Electron Microscopy facility at Brigham Young 

University, Provo, UT and Tecnai T12 TEM (Philips, Andover, MA) operated at 120 

kV with the magnification of 666,667 X for observation from the Heath Science Core 

0
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��
���	��� ������on was

allowed to air-dry on the center of the TEM grid at room temperature. 

3.3.4. Fluorescence and absorption spectrometry

&������������	��
���� ���������
��
���	�������������	��
������������

particles at pH 8.5 and pH 3 were recorded between 200-800 nm at room temperature, 

using a Shimadzu UV mini 1240 (Kyoto, Japan) absorption spectrophotometer, in 1 

cm path length quartz cuvettes at 20 °C. Spectrometer resolution was ±2 nm. 

Fluorescence emission spectra of gold nanoparticle suspensions containi����������

gold particles were obtained from 400 nm to 800 nm at 20 °C using a Cary Eclipse 

spectrophotometer from Varian (Palo Alto, CA). An excitation wavelength of 290 nm 

was used.  Samples were placed in a 1 cm quartz Suprasil cuvettes, and spectrometer

slit width was fixed to 5 nm to obtain a spectral resolution of 1 nm. The excitation 
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spectra monitoring 610 nm emission as a function of excitation wavelength between 

200 and 600 nm were taken using the same instrument.

3.3.5. Dynamic light scattering (DLS) and Zeta-potential 

Particle size distributions and zeta-potentials were obtained using a Malvern 

Zetasizer NanoZS (Worcestershire, UK) in 1 cm quartz cuvettes at 20 °C. Typical 

polydispersity of the samples was between 0.4- 0.6. The number of scans to be 

averaged was determined automatically by the machine depending on the output 

quality and was usually in the range of 12 – 17.

To exclude the possibility that the loss of emission at lower pH was due to 

only to precipitation, the gold nanoparticle solutions (prepared at a particle 

	�	���
������������
���=�).5) were mixed with NaCl to contain 0, 5, 15, 25, 50, 

75, 100, 150, 200, and 250mM of NaCl.  The fluorescence emission was measured at 

each NaCl concentration 

3.3.6. pH and NaCl dependent measurements 

This experimental set was designed for determining the effect of pH and NaCl 

concentration on the gold nanoparticle’s optical properties. For pH dependent 

spectroscopic measurements 3 mL of triturated and resuspended gold nanoparticles 

synthesiz��� �$� ���� ���	���� ���	������ 	��
���� �� ��� ����� 
��
���	���� �
��

adjusted to specific pH using either 1 M HCl solution or 1M NaOH solutions. The pH 

was measured using AR60 pH meter (Fisher Scientific, Pittsburgh, PA). At each pH 

increment, the sample was characterized by measuring the emission intensity, 

absorbance, and DLS. This procedure was repeated several times with the same 

specimen to ascertain repeatability and the emission and absorbance spectra were 
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corrected for dilution of the sample accordingly.  For NaCl concentration effect on 

gold nanoparticle’s optical properties, 1 M NaCl solution was added into the gold 

nanoparticle solution up to NaCl concentration of 100 mM. All the measurement 

described above repeated. The excitation spectra with 610 nm emission were 

measured as a function of pH. 

3.4.1. Transmission electron microscopy 

3.4. Results 

The TEM analysis was performed for both high and low pHs at pH 8.5 and pH 

3.0 (Figure 3.1). After counting 50 particles for each specimen, gold nanoparticles at

higher pH up to 8.5 were found to have an average particle diameter of 2.2 ± 0.6 nm 

and the particles at lower pH around 3.0 had an average particle diameter at 2.3 ± 0.5

nm. There is basically no difference between the TEM images of gold nanoparticles at 

higher and lower pH (Figure 3.1).

Figure 3.1. Transmission electron microscope image of fluorescent gold 

nanoparticles, A) at pH 8.5 and B) at pH 3.

3.4.2. Emission and absorption measurements

40 nm
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When placed onto a UV transilluminator with excitation wavelength 254 nm, 

the as-synthesized materials at pH 8.5 produced a bright red emission with a 

maximum near 610 nm (Figure 3.2).

The pH dependence of the emission, excitation and absorption spectra as a 

function of pH were measured (Figure 3.3). The peak intensity at 610 nm emission 

(Figure 3.3A) declined approximately 3- fold as the pH was changed from pH 9 to pH 

6. The change is not sigmoidal and there is a 60% rise in emission intensity between 

pH 6.0 and 3.9 (Figure 3.3B). The change in emission intensity as a function of pH 

was found to be reversible between pH 9 and 5 (Figure 3.4).  At pH below 4.5 

increasingly irreversible aggregation was observed. Excitation spectra measured with 

610 nm emission as a function of pH are shown in Figure 3.2C. The excitation peak 

position showed a sudden shift from 280-290 nm range to 250-260 nm range at pH 

around 5 (Figure 3.3D). A sudden change in the absorption spectrum took place 

around pH 5 as well. Absorbance spectra were measured as a function of pH. The 

Figure 3.2. Red-emitting gold nanoparticle solutions on the UV transilluminator 

(excitation 254 nm)
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Figure 3.3. Gold nanoparticle optical spectra at different pH, A) Emission spectra of 

fluorescence gold nanoparticles with the peak excitation for each point as a function 

of pH, B) Emission peak intensity change as a function of pH, C) Excitation spectra 

with 610 nm emission as a function of pH, D) Excitation peak change as a function of 

pH, E) Absorbance spectra change as a function of pH and F) Absorbance at 280 nm 

plotted as a function of pH.
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Figure 3.4. Reversibility of fluorescence intensity as a function of pH.

result showed that between pH 6 to pH 5 a definite shift in the position of the 

excitation peak maximum occurred (Figure 3.3E and F).

The fluorescence intensity of gold nanoparticles measured at different pH 

conditions was shown to be correlated with the pH. The emission intensity of gold 

nanoparticles excited with each pH point’s excitation peak decreased from higher pH 

down to pH 6 and then recovered slightly (Figure 3.3B). However, when the emission 

intensity was normalized by the absorbance at the absorption wavelength maximum,

the normalized emission intensity displayed a typical sigmoidal dependence of a 

titration curve (Figure 3.5).

3.4.3. DLS size and Zeta potential versus pH 

The DLS size distribution of the gold nanoparticle suspension increased from 

5�>)����
��������=�����������
�������
���
�������=���	��
���%�������
���������

the enhanced hydrophobic interaction between the octane backbones of 

mercaptooctanoic acid surface capping molecules between neighboring nanoparticles
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Figure 3.5. Normalized emission intensity at different pH

at low pH where the surface charge is low.  The size of the aggregation dramatically 

increased near the isoelectric point of pH 5.5 and the exact size at pH lower than the 

isoelectric point was not accurately measureable by the DLS machine (Figure 3.6A).

Consistent with the observed aggregations, the zeta potential of the particle 

suspension between pH 9 and pH 4 declined from – 35 mV to -5 mV (Figure 3.6B), 

becoming essentially zero at more acidic pH values. At low pH where the particle 

surface charge is reduced the van der Waals interaction of essentially uncharged gold 

nanoparticles dominates. 

The isoelectric point of the sample was calculated as 5.5 from zeta-potential 

analysis using Henderson-Hasselbalch equation [152], where the molecules are half 

neutralized, 1
][
][
�

�

HA
A

. The typical pKa of carboxylic acid group is 4.8 and our result 

showed a little shift (0.7) to higher. The shift of the isoelectric point of the carboxylic 

groups on the surface gold nanoparticles may be influenced by the electron-rich
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Figure 3.6. DLS size and zeta potential, A) DLS size analysis as a function of pH, B) 

Zeta potential of gold nanoparticles as a function of pH. 

metallic surface. The local electron concentration near the surface of the gold 

nanoparticles would be higher than the bulk solution. These highly populated 

electrons then attract H+ ions resulting higher local H+ concentration, resulting the 

shift of the pKa value.

3.4.4. Salt induced gold nanoparticle aggregation 

To exclude the possibility that the loss of emission at lower pH was due to 

only to aggregation, gold nanoparticles were treated with increasing concentration of 

NaCl up to 250 mM NaCl to induce flocculation. The size distribution and

fluorescence emission of gently stirred suspensions to avoid any settling was 

measured with DLS using (Figure 3.7A). The fluorescence intensity was unchanged 

despite the detectable increase in the flocculation of the materials in the suspension 

(Figure 3.7B).  In contrast, although a similar degree of flocculation was induced by 

pH change around pH 5 (Figure 3.3), a dramatic loss in emission intensity was 

observed suggesting different behavior for both cases.
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Figure 3.7. Controlled aggregation of the gold nanoparticle and its fluorescence: A) 

DLS particle size with different NaCl concentration, B) The fluorescence intensity 

with different NaCl concentration.

3.4.5. Salt effect on excitation spectrum 

The excitation spectra monitoring with 610 nm emission was measured as a 

function of pH for gold nanoparticle suspensions with and without added NaCl. For 
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form a mixture containing 100 mM NaCl. The result showed that the sudden 

transition in peak position of the excitation peak shift occurred at pH 7 (Figure 3.8A,

B), whereas without added NaCl (Figure 3.3C, D), the transition was shifted about 2 

pH unit lower.

3.4.6. Mercaptooctanoic acid surface coverage estimation

The electric double layer (Debye layer) thickness was calculated from recently 

developed equation by Kimura et al. [153]. The Debye parameter, @ is defined from 
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Figure 3.8. Excitation spectra shift in the presence of salt, A) Excitation spectra 

monitoring 610 nm emission from a gold nanoparticle solution containing 100 mM 

NaCl as a function of pH, B) Excitation peak wavelength change as a function of pH.

the following equation, �� 5.0

0

22

)(
kT
nez

r

ii

��
� , in which zi is the valence of ith ion, e is 

the elementary electric charge, ni is the bulk concentration of ith ion and is connected 

to the total bulk ion concentration by �� rinn � and Ar and A0 are the relative and 

vacuum dielectric constants, respectively. The Debye layer is defined as 1/ @. With the 

assumption of the added electrolytes, such as NaOH and HCl are dissociated 

completely over the whole pH region, the degree of electrolytic dissociation, 3, is 

defined as,
0

][
R
R �

�� , where R is mercaptooctanoic acid. The surface charge density, 

B, can be derived as a function of pH using the degree of electrolytic dissociation 3

and the maximum surface charge density B0, ��� 0� . Since mercaptooctanoic acid 

has one charge value, the calculated charge density for a carboxylic acid with one 
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charge is -1.6 x 10-19/0.214 nm2 or 0.75 C/m2, where the maximum surface area of the 

thiol for gold surface, S0, was 0.214 nm2 [154].

Using the relationship shown in equation 3.1,

�

���
�

1
0��

Area
Ve (eq. 3.1)

where Ve is the charge of an electron in Coulombs, ��is the dielectric constant,����is 

the vacuum permittivity, and ��is the surface potential, the surface area actually 

occupied by one charge in our samples can be estimated. To obtain��� the surface 

potential we use the previously estimated surface charge density in the equation,
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(eq. 3.2)

and solve for the parameter y. Using the relation, kTey /0�� . We obtain �s the 

surface potential which can be used in equation 3.2 shown above, along with the other 

parameters to solve for the area occupied. Dividing the surface area of a particle by 

the surface area footprint of our charge the number of charges per particle can be 

obtained. The result at different pH is summarized in the Table 3.1. Overall, the 

result showed that the surface coverage of mercaptooctanoic acid on a particle is 

calculated to be 71 molecules per particle. Interestingly, this result is very well 

matched with our previous ICP-MS gold to thiol ratio analysis as reported in Chapter 

2 and other reported gold to thiol ratio of 2 nm diameter gold nanoparticles with the 

range of Au309(thiol)75 to Au225(thiol)68 [86].
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Table 3.1. Surface coverage by mercaptooctanoic acid 

pH Debye layer 
(1/) (nm)

� ��s�� Area occupied by 
one charge (m2)

MOA 
coverage/particle

2.7 9.67 -0.061 -335 2.7 x 10-18 5.78

5.3 192.58 -0.296 -343 5.4 x 10-19 28.16

7.97 444.14 -0.716 -348 2.2 x 10-19 68.04

8.3 305.42 -0.728 -348 2.2 x 10-19 69.11

8.98 139.69 -0.740 -348 2.2 x 10-19 70.30

9.5 76.80 -0.744 -348 2.2 x 10-19 70.71

10.54 23.20 -0.748 -348 2.1 x 10-19 71.02

The main hypothesis drawn from this work is that a change in the protonation 

status of the carboxylic acid of relatively short MOA can make a dramatic change in 

MOA brush configuration. A hypothetical diagram is shown in Figure 3.9A. In the 

charged, extended form the accessibility of water to the gold nanoparticle surface is 

greater than in the uncharged collapsed form. In the collapsed form, the local 

hydrophobicity at the gold surface is higher and the LMMCT excitation spectrum 

shifts to the blue.

3.5. Discussion

The emission intensity at various pH divided by the corresponding absorbance 

at ~290 nm to correct for concentration effects (Figure 3.9B) can be used to extract a 

pKa of ~5.5. Although the pKas of small carboxylic acids tend be around pH 3-4, they 

can be higher for molecules with longer aliphatic chains, such 4.9 for acetic acid and 

4.89 for octanoic acid. Interaction of titratable groups with nanoparticle surfaces can 

lead to further pKa shift by up to 1.1 pH units [155].
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Figure 3.9. Brush configuration, (A) Hypothetical brush configuration; (B) Emission 

intensity divided by absorbance. The spheres are gold atoms at the particle interface. 

The gold atoms that form the rest of the nanoparticle are not shown.

Our gold nanoparticle system is believed to be different from the Au(I)-ligand 

complexes as evidenced by the following: (1) The improved photo- and thermal 

stability compared to the Au(I)-ligand complexes, (2) TEM image clearly showing 2.2 

nm nanoparticles with gold lattice with typical Au-Au bond d-spacing of 0.22~0.24 

nm and (3) ICP-MS result showed the ratio of elemental gold to sulfur is 1:0.27, 

which suggests sulfur layer covering the gold core of the particles. The starting Au(III) 

species would be in form of reduced Au (0) and start to produce Au(0)-Au(0) cluster 

as widely reported for the production of the thiol stabilized gold nanoparticles. As 

suggested in Chapter 2 it is possible that part of Au species forms Au(I)-S complexes 

on the surface of the gold nanoparticles and is responsible for the emission.

As described in the orbital diagram (Figure 3.10), the electron orbital change 

at different carboxylic acid protonation state could be involved in the transfer of 

excitation between the gold and the LMMCT complex. Protonated COOH which 
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Figure 3.10. Molecular orbital change between charged and neutral carboxylic acid 

functional groups and its proposed band structure/electron population change.

lacks the number of nonbonding orbitals but deprotonated COO- has an additional 

oxygen nonbonding orbitals.  At higher pH the excitation spectrum maximum of the 

LMCCT complexes is lower in energy possibly due to some stabilization by the 

charged carboxylic acid.

In Figure 3.11, we have proposed energy diagrams to explain the dependency 

of the emission intensity on pH. As it is explained in Figure 3.8, and earlier, at lower 

pH, excitation is less efficient due to the increased overall energy gap between ground 

and excited states. This results in a change in overlap with gold transitions which 

affects the excitation spectrum energy maximum. The photoluminescence intensity

also changes and is reduced at low pH despite the shift in the position of the the 

LMMCT singlet excited state to higher energy. This could be explained if in spite of 

increased electronic orbital overlap there is also an increased chance for nonradiative 

relaxation of the LMMCT excited state via bond geometry shift other process.
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Figure 3.11. Proposed energy transfer diagram; The singlet excited state of the 

LMMCT complex is higher at low pH and lower at high pH. The position of the 

triplet state is same since the emission wavelength does not change by the pH. 

It is also important to clarify the effect of aggregation itself in terms of the 

fluorescence intensity loss. As shown in the Figure 3.5, the addition of the NaCl in the 

gold nanoparticle solution did not affect the fluorescence intensity even though flocs 

formed at higher concentrations of NaCl. It means that interactions between the 

particles are not as strong of an influence of emission as is change in the protonation 

status of the molecules at the surface. Reversible aggregation behavior of 

carboxylated gold nanoparticles as a function of pH was reported by Li et al.[156] In 

their work, aggregation was identified by the distance-dependent red shift in the 

plasmon absorption. Their hypothesis was that pH dependent aggregation is the result 

of hydrogen bonding between the carboxylic acid groups on adjacent nanoparticles. 

This is certainly possible in our materials, since the DLS determined size of the 

Au & Au(I) LMMCT

5.5eV
4.0 eV

3.9 eV
2.2 eVh�
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materials in the suspension is significantly larger than the 2 nm intrinsic particle size 

determined using TEM.

Via the NaCl-induced aggregation of the gold nanoparticle test, we have 

confirmed that the aggregation itself has less impact on the fluorescence intensity than 

does pH change. Increased ion concentration of Na+ and Cl- screens the charge-charge 

interaction between the negatively charged carboxylic groups of the gold nanoparticle 

causing the aggregation between the particles. At the concentration of 100 mM of 

NaCl, the salt concentration which does not cause any significant aggregation, the pH 

dependence on the fluorescence intensity was tested and the result showed that the 

excitation peak position changed from 290 nm to 250 nm as before but at pH 7 while 

without NaCl the transition occurred around pH 5. The shift of the pKa value in the 

presence of the NaCl suggests the screening effect of the salt ions dissociated in the 

solution. The charged carboxylic acid groups attract the Na+ ions so that they are more 

stabilized and may stay similarly charged at lower pH ranges.

The interactions between the fluorophore and solvent affect the energy 

difference between the excited and ground states. The energy difference can be 

estimated by the Lippert-Mataga equation, where Av and Fv are the wavenumbers 

(cm-1) of the absorption and emission, respectively, h is Planck’s constant (erg*s), c is 

the speed of light (cm/s), a is the radius of the cavity in which the fluorophore resides 

(cm), A is the dielectric constant of the solvent, n is the refractive index of the solvent 

and µE and µG are dipole moments (Debye) at excited and ground states, respectively 

[1]. This equation is an approximation with neglecting the polarizability and higher-

order terms (eq. 3.3).
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In this equation, an increased value of n will decrease this energy loss while 

increased A value will increase the energy loss, which is Av - Fv (C#, here after). The

refractive index is a high-frequency response which depends on the motion of 

electrons within the solvent molecules. This process is essential for the light 

absorption. In contrast, the dielectric constant is a static property which depends on 

both electronic and molecular motions. The molecular motion is the solvent 

reorganization at excited state. An increase in refractive index allows both ground and 

excited states stabilized by the movements of electrons within the solvent molecules. 

This will eventually decrease the energy difference between the ground and excited 

state. However, the reorientation of the solvent dipoles by the dielectric constant leads 

the energy decrease of the excited state and this requires the movement of entire 

solvent molecule. 

The term in the above equation, )
12

1
12

1( 2

2

�
�

�
�
�

n
n

�
� is the orientation 

polarizability (Cf, here after). The first term including the dielectric constant accounts 

for the shifts due to reorientation of the solvent dipoles and to the redistribution of the 

electrons in the solvent molecules. The second term containing refractive index 

accounts for only the redistribution of electrons. Thus, the difference of these two 

terms represents the spectral shifts due to the reorientation of the solvent molecules 

and it is why it is called orientation polarizability. Since the effect by the refractive 

index and electronic redistribution has only minor effect due to the approximately 

equal stabilization of the ground and excited states by the process, the Stokes shift is

mostly affected by the solvent reorientation [1].

A Lippert-Mataga plot has been constructed as shown in Figure 3.12. The 

slope is ��*2
3hca

with the unit of 1
31
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. As shown in the 
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Figure 3.12. The Lippert-Mataga plot with the function of solvent, ligand chain 

length and pH. The slope is calculated to be 138038 (1/cm).

Figure, the slope is 138038 (cm-1). Since the dipole moment unit, Debye is defined as 

5.15.0 cmerg , the deference of dipole moment, µE - µG, can be determined by the 

following equation (eq. 3.4).
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(eq. 3.4)

From the above equation, the dipole moment is calculated to be -24 Debye after 

applying maximum excitation peak values from Figure 3.2D and also the different 

excitation and emission values with different solvent polarity shown in Table 3.2. 

y = -138038x + 63039
R² = 0.9389
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Table 3.2. Excitation and emission maximum, and energy shift for gold-MOA 

materials as function of solvent polarity.

Molecule Solvent/
Polarity Index

Excitation (eV) Emission (eV) Stokes Shift (eV)

Au-MOA Isopropanol/3.9

Ethanol/5.2

Water/9

4.77

4.43

4.28

2.03

2.03

2.03

2.74

2.40

2.25

The calculation was performed after assuming the fluorophore cavity radius is 

half the length of the Au-MOA molecule length. This is a reasonable number 

compared to dipole moment changes of other organic molecules. For example, 

molecule such as potassium bromide has the dipole moment of 10.4 Debye [157]. The 

true fluorophore cavity is difficult to estimate since the conformation of the ligand 

complex may vary slightly with different solvents. 

����
��
����#
�������Cf was calculated from the measured values of Av - Fv

(C#, here after) for ligands of different chain length as well as a function of pH 

assuming that polarity is the major cause of the Stokes shift and follows the trend 

established in experiments using different solvents. In each case, experimentally 

����	���Cf values are within the norm as expected for short chain ligands at surfaces.

The argument for the collapse of the molecular brush at high pH is built from 

the observations regarding the change in Stokes shift of the emission as a function of 

solvent polarity. The Lippert-Mataga analysis was first used to show that for a given 

ligand, MOA, solvent polarity was able to cause a dipole moment change of -24 

Debye between ground state and excited state, indicating that the excited state is more 

polar than the absorbing ground state. 
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Stokes shifts of similar magnitude and sign were also obtained for different 

ligand chain lengths, and used to estimate effective Cf (a function of dielectric 

constant and refractive index). These were found to lie in a reasonable range as 

estimated from solvent polarity and showed that even short ligands slightly shield the 

active site from the solvent. Because similar changes to the excitation spectra were 

also observed with changing pH, using the Lippert-Mataga fitted line, Cf values were 

also estimated. For both chain length and pH titration the estimated Cf were slightly 

less polar than that of Isopropanol. This is reasonable given the overall short chain 

lengths of ligands, and the ability of the carboxylic acid group to hydrogen bond 

water molecules. For reference, chloroform has a calculated Cf of 0.15 and hexane 

0.01. Because the particles precipitate strongly in these solvents it is not possible to 

make the measurements described under those circumstances. 

We have shown the different effects of the pH change on the properties of the 

mercaptooctanoic acid stabilized gold nanoparticle solution. The photo-luminescence

intensity of the gold nanoparticle solution was linearly dependent on the pH change in 

the weak acidic to basic region above the pH 6.  A significant shift in the excitation 

peak from 280-290 nm to 250-260 nm occurred at pH 6, near the pKa value of the 

gold nanoparticle solution.

3.6. Conclusion

The surface bound mercaptooctanoic acid coverage was estimated to be 71 

molecules per particle from the surface charge density calculation. This result agrees 

with the previously estimated from ICP-MS result and other reported gold 

nanoparticles with similar diameter. Also, the Lippert-Mataga analysis showed that 

the solvent polarity was able to cause a dipole moment change of -24 Debye between 
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ground state and excited state with the MOA ligand which suggests the excited state is 

more polar than the absorbing ground state and explains why the excitation spectra 

shifts with pH, but not the emission spectra.
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CHAPTER 4

EFFECT OF NANOPARTICLES ON THE MEASUREMENT OF REACTIVE 

OXYGEN SPECIES BY THE AMPLEX RED ASSAY

Part of this work has been published in part as a regular article in Lee et al, “The 

Accuracy of Amplex Red Assay for Hydrogen Peroxide in the Presence of 

Nanoparticles”, Journal of Biomedical Nanotechnology, 5, 477-485 (2009).

4.1. Abstract

ROS formation is an important method to determine biocompatibility of a 

material since it is widely known that excessive ROS can damage cells and tissues. 

Changes in the level of ROS induced by materials are usually determined with assay 

kits such as Amplex Red (Invitrogen, Carlsbad, CA).  However the nanoparticles 

themselves may interact with the reagents and affect the accuracy of the measurement. 

In some cases if they generate ROS themselves, a higher ROS content maybe detected. 

On the other hand if they have an antioxidant effect they may reduce the measurable 

ROS level. The ability of Amplex Red to report ROS concentration in the presence of 

several oxide nanoparticles as well as the gold nanoparticles of this project is 

examined.
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Reactive oxygen species (ROS) including hydrogen peroxide (H2O2) are 

harmful in body due to their superior reactivity toward biological 

componentsincluding tissues, proteins and DNA, and have been associated with skin 

and tissue aging, DNA damage and tumor development [158; 159]. Chemical assays 

such as Amplex Red (Invitrogen) are widely used to measure H2O2 generated by cells 

in response to environmental or internal triggers. Amplex Red detects H2O2 with a 1:1 

stoichiometry. In the presence of horseradish peroxidase as a catalyst, the Amplex 

Red molecule degrades into ethanol and resorufin. Resorufin gives red fluorescence 

(emission at 590 nm) for detection (Figure 4.1)[160]. The detection limit of Amplex 

Red for H2O2 is as low as 2 picomoles in ideal situations [161].

4.2. Introduction

Recently there is great interest in using ROS levels for the evaluation of the 

biological safety of a variety of nanomaterials [20; 116; 162; 163; 164; 165; 166; 167; 

168; 169].  For example, Lovric et al.[20] reported that cadmium-based quantum dots 

generated ROS and led to cell death and multiple organelle damage. 

Figure 4.1. Chemistry scheme of Amplex Red conversion to resorufin in the presence 

of hydrogen peroxide using peroxidase: Optically transparent Amplex Red molecule 

is converted to fluorogenic molecule, resorufin with interacting 1:1 molar ratio to 

hydrogen peroxide. The reaction is catalyzed by horseradish peroxidase. 
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Similarly, Xia et al.[168] tested various nanoparticles ranging from TiO2,

carbon black, to polystyrene, and showed some of the particles produced more 

oxidative stress than others and initiated mitochondrial apoptotic pathways. Park et al. 

[170] reported that CeO2 nanoparticles induced oxidative stress of BEAS-2B cells, 

and the elevated level of ROS in the cell triggered cytosolic caspase-3 and chromatic 

condensation which led to cell apoptosis. Reeves et al. [171] showed that TiO2

nanoparticles photolytically generated hydroxyl radicals (·OH) which led to the 

formation of hydrogen peroxide and oxygen. These results clearly suggest a 

connection between some nanoparticles and the occurrence of oxidative species, 

however, to better understand the mechanisms involved, quantitative measurement of 

H2O2 levels in the cell is necessary.

Accurate, quantitative measurement of H2O2 levels in cells using Amplex Red 

is considered to be relatively straightforward, using a calibration curve obtained in 

appropriate medium for known amounts of H2O2. Typically, the concentration of 

H2O2 in the experimental sample is derived by comparison of the measured 

fluorescence intensity of resorufin, relative to that observed at known concentrations 

of H2O2 in the calibration standard. This assumes that the experimental specimen has 

had no effect on the intrinsic performance of the Amplex Red assay and on its ability 

to detect H2O2. This assumption may not hold in the presence of nanoparticles which 

have large surface areas able to interact both with the detection reagents (in this case 

Amplex Red), its products, and on the H2O2 analyte. 

In this work the performance of Amplex Red assay in the presence of oxide 

nanoparticles, cerium oxide (CeO2), tin oxide (SnO2), iron oxide (Fe2O3) and titanium 

oxide (TiO2). Also examined is the ability of gold nanoparticles studied in this work 

to generate ROS.
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These nanoparticles are widely used in catalysis, but also for various 

biological applications including cellular uptake [172; 173], biological affinity 

reaction [174], and cell toxicity tests [175]. CeO2 and Fe2O3, have been suggested to 

have antioxidant capability [176; 177; 178; 179], while TiO2 is known to generate 

HO· species as water molecule is broken which eventually forms H2O2 via the 

following several mechanisms including photolytic or electronic dissociation 

mechanisms [171; 180; 181]:

There are a few reports which state about the possible antioxidant activity by 

gold nanoparticles[182; 183]. Esumi et al. [182] showed the possibility of antioxidant 

activity by gold-chitosan composite nanoparticles. Here the particles had 80 times 

higher antioxidant activity compared to just chitosan composite which did not have 

any antioxidant activity. In their report, they have observed the best antioxidant 

activity at the 0.01 wt% to 0.1 wt% of chitosan in gold nanoparticles while the 

antioxidant activity was reduced with increasing chitosan coverage due to loss of gold 

surface exposure to the hydroxyl radicals formed by an H2O2/FeSO4. In this 

experiment the concentration of hydroxyl radicals were determined by spin-trapping 

method. Yakimovich et al. [183] showed antioxidant properties of gold nanoparticles 

using electron spin resonance (ESR) spectroscopy method. According to them, the 

antioxidant activity of the gold nanoparticles depended on the “specific” surface of 

the particles.
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4.3.1 Materials

4.3. Materials and methods

Amplex Red was purchased from Invitrogen (Carlsbad, CA). Other chemicals, 

solvents and enzymes including hydrogen peroxide, horseradish peroxidase, disodium 

phosphate, monosodium phosphate, dimethylsulfoxide (DMSO) were purchased from 

Sigma-Aldrich (St. Louis, MO). Water used in this experiment was purified with a 

Barnstead E-pure system (Waltham, MA). EBM (Endothelial cell basal medium 

without Phenol Red) was purchased from Lonza (Walkersville, MD). 

Oxide nanoparticles were provided by the Center for Excellence in 

Nanopowders at the University of Utah (Table 4.1). Gold nanoparticle synthesis was 

described in section 2.2.2. Nanoparticles synthesized with 3 to 1 mercaptooctanoic 

acid to gold ratio in 10% EtOH in water were used.

4.3.2 Reagent preparation

&������/����
��������#��� ��6�;D� ����
1�� '�������������%�=$������

�������������������
��������������'�������������
������E-pure water (pH 7, 18 

mOhm) and used fresh. Horseradish peroxidase (HRP, 1 U/mL) was prepared as a 

125 mM solution in sodium phosphate buffer at pH 7.4. One unit of HRP is defined to 

form 1.0 mg of purpurogallin from pyrogallol in 20 sec at pH 6.0 at 20°C by the 

manufacturer.

Nanoparticles were dispersed in E-pure water at as specified concentrations 

ranging from 0 to 0.5 mg/mL and sonicated in a pan sonicator (Fisher Scientific) for 

10 min before the experiment to disperse the particles. Gold nanoparticles were used 

after purification by EtOH trituration.
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4.3.3. Measurement of nanoparticle size

The size of the oxide nanoparticles was measured by X-ray crystallography 

and confirmed by liquid nitrogen adsorption isotherm surface area measurement 

(AxisUltraDLD, Kratos, Manchester, UK). The size of gold nanoparticles was 

determined from TEM analysis. A Spectra Max fluorescence micro-well plate reader 

from Molecular Device (Toronto, ON) was used for the fluorescence analysis.

4.3.4. Measurement of resorufin formation 

Resorufin emission was measured using an excitation wavelength of 550 nm 

and emission wavelength at 590 nm using a microwell plate reader (Spectra MAX M2, 

Molecular Devices, Sunnyvale, CA).  

4.3.5. Effect of nanoparticles on resorufin formation in the absence of H2O2

To determine whether nanoparticles directly caused resorufin formation, 20 

������
��
���	����
��#
������	oncentrations from 0 to 0.5 mg/mL were mixed with 

 �� ��� ��� '��� ��� ��� &������ /��� ,&/.� �� ���
�
��� ������ ��� 
� ��
F��� �������

��	������� ��
��� ,0������ ;	������	�� 7���������� 7&.� 	��
���� �4�� ��� ��� � '� ���

phosphate buffer prepared at pH 7.4. The total reactio�#�������
�� �����%�������
���

was incubated for 30 min at 37 °C during which the resorufin emission was measured 

every 5 min.  The measured fluorescence intensity was corrected for light scattering

and absorbance attenuation of measured nanoparticle emission at 590 nm. For 

example, Fe2O3 a red colored nanoparticle suspension had the largest correction 

(~74 %), TiO2 (~14 %) while the other nanoparticles required no appreciable 

correction of the measured fluorescence intensities.
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4.3.6. H2O2 concentrations in the presence of nanoparticles via resorufin formation

To determine whether Amplex Red is capable of accurately measuring a 

known amount of H2O2��� ��������� '����,�=�5%(.�������
�����������������
	�����

each well of a 96-well micro-well ��
��%�����$�������'�����=2O2�� ��������'������

���&������/������������ ��������
��
���	������������
��#
������	�	���
�����


�� ����������"-���=/7��������������
���������������	��
��������������
��
��

37 °C during which the resorufin fluorescence measured as before. The measured 

fluorescence intensity was corrected for light scattering/absorbance attenuation of 

measured nanoparticle emission at 590 nm as already described.

The concentration of H2O2 in each well was obtained by comparison with the

fluorescence emission intensity from a calibration curve obtained using final mixture 

	�	���
��������'��������&������/���
���%��"-������=/7���� '�����=�5%(�

phosphate buffer over the same concentrations of H2O2 used in the experiment. An R2

value of 0.9904 was obtained for the calibration, confirming the linear relationship 

������� �$������ ��������� 	�	���
���� 
�� �������� 
�� ���� �
��� ������ �� ���

concentration of hydrogen peroxide. 

4.4.1. Physical characterization 

4.4. Results and discussion

The physical properties of the nanoparticles used in this study are listed in 

Table 4.1. Except for gold nanoparticles whose size were characterized directly by 

TEM, the size of the other oxide nanoparticles was calculated from surface area using 

liquid nitrogen adsorption isotherm surface area measurement (BET measurement, 

AxisUltraDLD, Kratos, Manchester, UK) and XRD measurements (Rigaku, AFC 

diffractometer, Japan)
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Table 4.1. Physical properties of nanoparticles used in this study (*This measurement 

is obtained from TEM images.).

4.4.2. Oxide nanoparticles

Figure 4.2 shows the amount of resorufin fluorescence produced after 30 min

of incubation in the presence of varying amounts of oxide nanoparticles, without the 

addition of H2O2 and HRP.  

Even in the absence of nanoparticles there is a small amount of resorufin 

produced after time, presumably as a result of photooxidative processes. In the 

presence of nanoparticles a significant increase in the amount of resorufin was noted, 

which increased with higher nanoparticle concentrations. SnO2 nanoparticles 

produced significantly more resorufin with increasing particle concentration over that 

of other nanoparticles. 

Powder Phase Average 
Crystallite 
size (from 
XRD*)

Surface Area
(from BET)

Particle Size
(From surface 
Area)

Cerium Oxide 
(CeO2)

- 3 nm 140 m2/g 9 nm

Iron Oxide (Fe2O3) Maghemite 4 nm 180 m2/g 6 nm

Tin Dioxide (SnO2) Cassiterite 3 nm 200 m2/g 4 nm

Titanium Dioxide 
(TiO2)

Anatase 5 nm 170 m2/g 10 nm

Gold nanoparticles 
(AuNP)

- 2.2 nm* - -
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Figure 4.2. Resorufin fluorescence emission intensity after 30 min of incubation with 

various concentrations of nanoparticles. E
	���
�����	��
����'�����&������/����

but no H2O2 and HRP. The measurement was performed at 37 °C.

&������/���
��
$��
������������
������%'�������=2O2 in the presence of 

each nanoparticle at a concentration of 0.5 mg/mL in buffer and in mammalian cell 

	������� ����
� 	��
���� �%�� "-��� =/7� 
�� '�� ��� &������ /��� ,0������ (%3).  

Except for the case of SnO2���������
��%'����=2O2 was detected.  A similar trend was 

observed in media, except that in addition, TiO2 nanoparticles did not seem to affect 

H2O2 measurements. No nanoparticles showed a clear reduction in the overall amount 

of detectable H2O2 in medium compared with water solution. The plotted data reflect 

measurements taken at the 30 minute time point of the reaction, well after the reaction 

had reached completion with a finite amount of H2O2.
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Figure 4.3. Detection of H2O2, (A) Detection of H2O2 in the presence of nanoparticles 

in buffer (black bars) and in EBM media (grey bars): Resorufin signal intensity was 

taken after 30 min of incubation at 37 °C and converted to an apparent H2O2 

concentration using a calibration curve obtained in buffer. Each solution contained 50 

������&������/�����%'���-������
��
���	������%'�������=2O2, and 0.1 U/mL HRP. 

(B) Kinetics of the hydrogen peroxide detection without the presence of nanoparticles:

Resorufin intensity was taken every 2 min during the test at 37 °C and converted to an 

apparent H2O2 concentration using a calibration curve obtained in buffer. Each 

��������	��
����'��������&������/�����%'�������=2O2, and 0.1 U/mL HRP.
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Figure 4.4 shows the time course of data taken for these two cases. Because 

of the limitations of the microarray device the earliest time point recorded was 2 min.

Clearly the reaction reached completion after 10 min, so the reported H2O2

detectability result is not related to gross alteration in the kinetics of the reaction. The 

ability of Amplex Red assay to measure H2O2 in the presence of nanoparticles as a 

function of HRP concentration was also evaluated (Figure 4.4). If adsorption and 

denaturation of HRP were a significant factor in the detection of H2O2, this would 

Figure 4.4. Ratio of resorufin fluorescence signal intensity measured in the presence 

of nanoparticles (INP) divided by resorufin signal intensity detected in buffer (IB)

plotted as a function of HRP concentration: Resorufin fluorescence intensity was 

��
������ 
����� ��� ��� ��� �	��
���� 
�� �5� *+%� E
	�� �������� 	��
���� '�� ��� ���

&������/�����%'���-������
��
���	����
���%'�������=2O2.
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show up as poorer detectability at lower HRP concentrations than at higher 

concentrations. For each HRP concentration, the results are plotted as a ratio of 

resorufin fluorescence signal intensity measured in the presence of nanoparticles, INP,

divided by signal intensity detected in buffer in the absence of nanoparticles IB. A 

fix���	�	���
��������%'����=2O2 was used. For each nanoparticle, no difference 

was observed in the detectability of H2O2 over the range of HRP concentration 

surveyed. 

From Figure 4.4, we cannot exclude that some binding of HRP to the various 

particles used in this study is taking place. A drop-off in enzyme activity at the lowest 

HRP concentrations (0.0125 U/mL) in case of SnO2 suggests the possibility. The 

point is to show that using reasonable HRP concentrations for the Amplex Red 

protocol (i.e. not catalyst limiting conditions) the measurement of H2O2 is not affected 

by gross denaturation of the catalyst. We can estimate the amount of HRP that could 

bind to the surface of 4 nm diameter nanoparticles. At higher concentrations of HRP 

this amount is largely insignificant. What may be most significant is that it may be 

possible for nanoparticles to competitively bind and deactivate small amounts of 

endogenous enzymes from the specimen. This may become another important 

complication in the interpretation of H2O2 measurement results using this system, and 

may also play a role in other bio-sensing reactions that involve enzyme catalysts.

There are three different mechanisms which occur simultaneously during the 

measurement of H2O2 using Amplex Red in the presence of nanoparticles: 1) A direct 

reaction between nanoparticles (NP) and Amplex Red (AR), which produces resorufin 

(R) via mechanism a); 2) The HRP-assisted reaction of Amplex Red with H2O2 via 

mechanism b); and 3) The reaction of H2O2 with oxide nanoparticles via mechanism 

c).  Neglected in this scheme is simple surface adsorption of H2O2 on nanoparticle 
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surfaces that does not lead to breakdown of H2O2 but still prevents H2O2 from being 

detected. 

The three mechanisms listed in equations a), b) and c), seem to be the most 

important processes, so we have only analyzed and discussed these major effects. 

Other factors such as H2O2 or enzyme binding to nanoparticles were not considered 

for the calculation. As shown by the calculation based on change in enzyme activity, 

the amount of HRP lost to binding is expected to be a small fraction of the total HRP 

present for the other experiments where high HRP concentrations were used. 

For mechanisms a) and b), the reaction rates were estimated from the time 

dependent development of resorufin fluorescence in the first 30 min in the presence of 

0.5 mg/mL nanoparticles. The end points of these linear curves were used to obtain 

Figure 4.2.  For mechanism a, assuming the reaction is not limited by nanoparticle 

concentration or active surface area, the consumption of Amplex Red during the 30 

minute incubation period can be expressed mathematically:

011 ]][[]][[][ NPARkNPARk
dt
ARd

��� (eq. 4.1)

dtNPk
AR
ARd

01 ][
][
][
�� (eq. 4.2)

tNPkeARtAR 01 ][
0][)]([ �� (eq. 4.3)

and the rate constant, k1 obtained:
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Using the measured rate of appearance of resorufin emission to estimate the 

consumption of AR, we obtained for each nanoparticle:

The rate k2 was determined from the time dependence of HRP catalyzed 

conversion of Amplex Red in the presence of known concentrations of H2O2, but no 

nanoparticles (Mechanism b). The rate constant k2 can be expressed and solved from:

]][[][
222 OHARk

dt
ARd

�� (eq. 4.5)

where d(t) =[H2O2]0 – ([AR]0 -[AR](t)) since the Amplex Red is consumed in a 1:1 

reaction of with hydrogen peroxide. Rearranging this equation gives:
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from which k2 can be extracted as:
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(eq. 4.7)

For example, when [H2O2]0 G��%'�����k2 = 0.000266 )
sec

1(
�M�

. This was obtained 

using the early time dependence of measured resorufin production shown in Figure 

4.5.

The rate of reaction between nanoparticles and H2O2, k3, can be obtaining by 

solving the two equations for the rate of change in Amplex Red and H2O2

concentrations expressed as:

]][[]][[][
2221 OHARkNPARk

dt
ARd

��� (eq. 4.8)
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Figure 4.5. The measurement of the resorufin formation after the mixing with H2O2.

(A) Overall range of the measurement, (B) Linear region of the graph where k2 value 

�
�� ���� 	
�	��
���%� ���� ��
	���� 	��
���� �%'� ��� �$������ ���������� '�� ��� ���

Amplex Red  and 0.1 U/mL HRP in pH 7.4 125 mM PBS at 37°C.  

]][[]][[][
223222

22 OHNPkOHARk
dt

OHd
��� (eq. 4.9)

where the first term in equation 4.8 represents the direct conversion of Amplex Red to 

resorufin by Mechanism a) and the second term the enzyme catalyzed conversion by

Mechanism b). The change in H2O2 level (eq. 4.9) is a combination of enzyme

catalyzed conversion of Mechanism b) and direct loss of H2O2. Using the values for k1

and k2 concentrations obtained earlier, and the overall measured concentrations of 

resorufin, from which the residual Amplex Red concentration was estimated, k3

values for each nanoparticle mixture were numerically solved (Table 4.2).
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Table 4.2. k1 and k 3 values for each nanoparticle at the concentration of 0.5 mg/mL

)
sec

(
�mg

mL

CeO2 Fe2O3 SnO2 TiO2

k1 1.2x10-6 1.3 x10-6 2.6 x10-6 1.4 x10-6

k3 0.0262 0.0316 0.0060 0.0184

The rate constants are higher than the previously reported values [177; 184; 

185] determined for the catalytic decomposition of hydrogen peroxide by oxide 

particles. For example, if the unit of k3 is converted to M-1sec-1, the Fe2O3

nanoparticle has the reaction constant of 3.53 M-1sec-1 with molar concentration based 

on the number of Fe atoms present in the powders. The reference values of the iron 

oxide rate constant on hydrogen peroxide decomposition were shown in Table 4.3.

There are at least two reasons why our k3 values are higher. First in the 

simplified mechanism presented earlier we have treated each nanoparticle as an 

independent reagent. However, it is the concentration of nanoparticle active surface 

sites that is relevant for this analysis, since each nanoparticle has the potential to react 

with more than one H2O2 molecule simultaneously. These results imply there are 

about 100 active surface sites per particle functioning independently. 

Table 4.3. Rate constants for iron oxide catalyzed hydrogen peroxide decomposition 

[177]

Rate Constant (M-1sec-1) Type of iron oxide Reference

0.019-0.067 Goethite [177]

0.013-0.031 Fe2O3-Al2O3 [184]

0.037 Fe2O3 coated on Al2O3 core [185]
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For 6 nm Fe2O3 particles used in this work, the surface area per particle is 

about 113 nm2 which is consistent with this idea, if we assume that each H2O2

footprint is about 1 nm2. According to Deng et al.[186] the distance between the O 

atoms in the lattice of Fe2O3 is 0.229 nm. In a 1 nm2 region, there are around 25 

oxygen atoms available. If there is one oxygen vacancy created in every 25 oxygen 

site (~4% vacancy density), it creates about 1 reactive site per 1nm2 area and be 

consistent with ~ 100 H2O2 per particle. 

Also, according to Roh et al.[187], the percentage of oxygen vacancies in 

some metal oxide materials can range from 0~50%. Our assumed 4% vacancy density 

is a conservative estimate for the number of vacancies/potential active sites present. 

The fact that only this small number of binding sites are needed to explain the 

experimental results further suggest that the process of H2O2 binding without reaction 

is not a particularly important factor in for our analyses.

The calculated k1 and k3 values are inversely correlated with each other with a 

correlation coefficient of 0.994. This result suggests a competitive relation between 

the process (a) and (c). This suggests that a closely related or possibly the same active 

site is involved in both cases. A significantly weaker correlation between surface area 

and k1 of 0.789 and surface area and 1/k3 rate of 0.725 was observed. Recall, we have 

omitted the reaction of HRP with NP in this model, based on the results shown in 

Figure 4.3. However this omission may be responsible for the weaker correlations 

with surface area if a third species is capable of occupying the nanoparticle surface. 

In order to utilize the Amplex Red assay to obtain an accurate estimate of 

H2O2 concentration, it is necessary to account for consumption processes described by 

mechanism a and c. This is most easily done using a simulation approach to estimate 
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the unaccounted for H2O2 given specific concentrations of Amplex Red, HRP, 

temperature, etc. Here we illustrate a procedure for the case studied in this work.  

Using the reaction constants, k1, k2 and k3, obtained in the above analysis the 

expected resorufin formation as a function of time can be simulated when: 1) when 

there is no interaction between the nanoparticles and Amplex Red (ie, k1 = 0) (Figure 

4.6A), 2) when there is no interaction between the nanoparticles and hydrogen 

peroxide (i.e., k3 = 0) (Figure 4.6B), and 3) when both k1 = 0 and k3 = 0 (Figure 4.6C). 

When k3 = 0, there is no direct consumption of H2O2 molecules by the interactions 

with nanoparticles which results in a higher measured resorufin concentration. As can 

be seen from Figure 4.5B the nanoparticle-dependent differences in measure H2O2 are 

eliminated, except in the case of SnO2. The final amount of resorufin present after 30 

min is determined by the initial input amount of hydrogen peroxide (which reacted 

very quickly, hence the steep increase in the first few seconds) plus slow, but 

spontaneous conversion of Amplex Red to resorufin by the nanoparticles, as described 

by Mechanism a.  When only k1 =0 then the measured resorufin concentration is that 

produced by Mechanism b attenuated by the competition of Mechanism c for H2O2

(Figure 4.6A).  When both processes are turned off the time dependent resorufin 

production should look like Figure 4.6C, and the actual total H2O2 concentration 

estimated accordingly. 

Of course when all three mechanisms are included, the resorufin production 

over 30 min of reaction duration can be plotted as in Figure 4.7. As expected, the 

simulated result showed that the concentration change of resorufin proceeds in two 

stages. At early times there is a steep rise in resorufin production dominated by 

mechanism b followed by a plateauing region dominated by Mechanism a.  
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Figure 4.6. Computer simulation on resorufin concentration profile with assumptions: 

Simulated result of resorufin production with assumption of k1=0 (A), k3=0 (B) and 

k1=0 and k3=0 (C).
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Figure 4.7. Computer simulation of the concentration profile is shown over time: 

Simulated concentration profile of resorufin production is shown at early time (5 min) 

(A) and over the entire 30 min time course (B) assuming all reactions are occurring 

simultaneously.
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The inability of the Amplex Red assay to correctly measure the 0.5 M H2O2 

concentration in the presence of CeO2, TiO2 and Fe2O3 nanoparticles is consistent 

with the reported antioxidant activity of such nanoparticles [176; 177; 178; 188].

According to these studies, the anti-oxidant effect of metal oxide nanoparticles like 

TiO2, may occur at the site of oxygen vacancies (O-vac) of the metal-oxide 

nanoparticles [180; 189; 190; 191; 192].

O-vac sites in some of metal oxide crystals can induce dissociation of small 

molecules such as water or possibly peroxide molecules to form hydroxyl groups or 

water, respectively. Thus, these nanoparticles may be capable of the reduction of 

hydrogen peroxide molecules to water, reducing the detectable amount of H2O2.  In 

the case of Fe2O3, it is thought that Fe2+ and Fe3+ directly interacts with hydrogen 

peroxide to decompose and form radicals and the radicals also react with hydrogen 

peroxide to decompose the molecule[177].

In contrast, SnO2 had little effect of the ability of Amplex Red to detect H2O2.

One major difference between SnO2 and the other three (CeO2, Fe2O3 and TiO2) is 

that SnO2 does not readily exhibit multiple valence states in a single particle, but 

CeO2, Fe2O3, and TiO2 do (e.g. Fe2+ /Fe3+, Ti2+/Ti3+/Ti4+ and Ce3+/Ce4+) [193]. These 

different types of valences may facilitate decomposition of hydrogen peroxide 
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through redox processes. In fact, this is used to explain the good catalytic 

performance of CeO2 and Fe2O3.

Finally, the fact that the above described trends are also observed when the 

reactions are carried out in EMB media underscores the difficulty in obtaining 

accurate measurement of biochemical markers in the presence of nanoparticles in cell 

culture assays. The ability for the nanoparticles to compete for H2O2 via Mechanism c, 

is reduced in media, as seen by the smaller difference in measured H2O2 with and 

without nanoparticles in media compared to just buffer.  The loss in competitiveness 

is not the same for all materials.  For example, the ability for TiO2 nanoparticles to 

consume additional H2O2 appears to have been eliminated, partly eliminated for CeO2,

and unchanged for Fe2O3. While TiO2 is a photoactive nanoparticle capable of H2O2

production of water when illuminated by UV light, this is unlikely to have made a 

significant impact in our experiments, since exposure to room light was minimal. The 

fact that the amount of H2O2 measured did not exceed the expected amount as 

measured without nanoparticles in either buffer or media supports this.  Probably the 

TiO2 nanoparticle surface is simply occupied with media components which prevent 

the usual nanoparticle-induced process of H2O2 consumption. Why this does not occur 

for the other nanoparticles is not certain from this work, but may also be related to the 

multivalency of TiO2 as discussed earlier.  At this point it is difficult to say whether 

the effect is caused by strong binding of organic molecules from the media, or the 

presence of reducing agents that interfere with the redox processes involving 

nanoparticle-induced H2O2 decomposition.  In any event, these results show that not 

only the surface area of the nanoparticles but also their specific chemical composition 

affects the outcome of the Amplex Red H2O2 assay in complex media, and suggest 
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that similar effects may occur for other ROS and biochemical marker assays. These 

must be accounted for in order to obtain accurate measurements.

4.4.3. Gold nanoparticles

Following the calibration scheme described in the previous section, the effect 

of gold nanoparticles for ROS generation was determined. For this, two control 

samples, a positive control containing no nanoparticles but 5 µM H2O2,and a negative 

control containing no nanoparticles and no H2O2.  One U/mg of HRP was present 

added to both samples. One unit of HRP is defined to form 1.0 mg of purpurogallin 

from pyrogallol in 20 sec at pH 6.0 at 20°C by the manufacturer.

As expected the Amplex Red assay reported the correct of H2O2 concentration 

within 10 min of incubation for the positive control sample. The negative control 

showed a typical baseline formation of resorufin as was shown earlier, even though no 

substrate is present. This has been attributed to photo-initiated resorufin formation.  

Two experimental samples were prepared, one with 0.04 �M of gold 

nanoparticles and the other 0.2 �M gold nanoparticles. One U/mg of HRP was present 

added to both samples and no H2O2 was added (Figure 4.8).

Four different types of oxide nanoparticles, CeO2, Fe2O3, TiO2 and SnO2 were 

evaluated for their ability to interfere with the Amplex Red assay to detect H2O2.

CeO2, Fe2O3 and TiO2 nanoparticles under-reported the actual H2O2, meanwhile SnO2

nanoparticle had no such effect. All types of nanoparticles showed an intrinsic 

capability for converting Amplex Red molecules to fluorescent resorufin in the 

4.5. Conclusion
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Figure 4.8. The effect of gold nanoparticle presence in Amplex Red assay with 

positive control (No GNP, '����H2O2) and negative control (No GNP and no H2O2).

The experimental samples containing gold nanoparticles at varying concentration 

have no H2O2. Each sample contains 1 U/mg of HRP.

absence of H2O2 and HRP. SnO2 nanoparticle showed the highest conversion rate for 

this process. A similar trend is seen when these reactions are carried out in EMB

media, a typical base medium used in cell culture. As might be expected, the amount 

of measureable H2O2 is further reduced due to additional H2O2 consuming reactions 

with molecules in the medium. The significance of this work is that care needs to be 

taken in interpreting the outcome of seemingly robust biochemical assays such as that 

of Amplex Red when they take place in the presence of nanoparticles, regardless 

whether in buffer or in cellular milieu. The extent of discrepancy between expected 

and measured H2O2 in both cases was found to be a function of surface area and type 

of particle. The described approach for obtaining the actual concentration of H2O2 in 
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the presence of metal oxide nanoparticles in spite of competing side reactions can be 

extended to other types of nanomaterials.

In the case of gold nanoparticles, Amplex Red assay appeared to protect the 

Amplex Red from non-H2O2 driven resorufin formation that is usually seen in all 

samples even in the absence of H2O2 Further study is needed to determine if this is an 

effect of Amplex Red protection or HRP damage.
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CHAPTER 5

CONCLUSION

In this thesis, we explored the synthesis of water-soluble and photo-

luminescence behavior red emitting (610 nm) gold nanoparticles terminated by 

mercaptoalkanoic acid and possessing UV range (200~350 nm) excitation. The 

samples were followed as a function of reaction condition including different gold and 

ligand concentrations, types of ligands, solvents and pH. Under the reaction 

conditions, gold-thiol (LMMCT) complexes formed and developed into 

nanoparticle-supported complexes. Analyses of the excitation spectra suggests the 

origin of the photoluminescence to be transitions from the triplet energy state of 

LMMCT with the electrons transferred from excited orbitals of Au/Au(I) sites of the 

gold surface. It is also the reason for the enhanced photostability compared with those 

produced as free molecules via other synthesis methods. The stabilizing agent, 

mercaptoalkanoic acid, has one thiol and one carboxylic acid group at each end of a 

chemically inert octane backbone. The presence of the carboxylic acid groups of the 

gold nanoparticle provides us a possibility for further conjugation chemistry which 

would allow directing the gold nanoparticle to the specific target of interest as well as 

providing enough hydrophilicity of the resulting gold nanoparticle products. The salt-

induced aggregation formation test showed that hydrophobicity of the surface 

stabilizing molecules plays an important role on its aggregation property with less

Au
SRAu
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hydrophobic gold nanoparticles showed improved tolerance against aggregation by 

increased salt concentration possibly by less hydrophobic interaction between the 

particles. 

The pH dependency of the gold nanoparticle’s emission intensity and 

excitation spectra alteration was explored. The emission intensity of the gold 

nanoparticle showed linear dependency on the pH change in the weak acidic to basic 

region above the pH 6 with a small peak appearance at pH 4. This trend was 

accompanied by a distinctive excitation peak wavelength change from 280-290 nm to 

250-260 nm at pH 6, near the pKa value, ~5.5, of the gold nanoparticle solution. The 

pKa of the carboxylic acid group is usually near pH 4.7~4.8 which is lower than gold 

nanoparticles. The shift of the isoelectric point of the carboxylic groups on the surface 

gold nanoparticles may be influenced by the electron-rich metallic surface. 

A brush configuration change of the surface ligands was proposed. In the 

charged and extended form of the carboxylic acid ligands, the accessibility of water to 

the gold nanoparticles surface is greater than in the uncharged collapsed form. Thus, 

in the collapsed form, the local hydrophobicity at the gold surface is higher and the 

CT excitation spectrum shifts to the blue. In addition to this hypothesis, two other

hypotheses have been proposed to explain the pH dependency on the emission and 

excitation spectra. Either of the hypotheses imposed the possibility of the energy level 

changes by suggesting the increased ground energy level caused by the shift of lower-

energy sigma orbital at low pH to higher-energy nonbonding orbital at high pH and a

new energy level formed at higher pH region by the bridging between the negatively 

charged oxygen and Au(I) atoms which eventually shows improved efficiency for the 

photoluminescent pathway. The Lippert-Mataga analysis was performed with 

combining the excitation results of different pH, solvent and ligand chain length. The 



127

result showed that the solvent polarity was determined by the dipole moment change 

of -24 Debye between ground state and excited state with the MOA ligand which 

indicates the excited state is more polar than the absorbing ground state. The number 

of surface ligands bound on a particle was calculated by pH titration method and the 

result was 71 molecules per particle. This value is reasonable amount comparing to 

the known literature value. 

Its biocompatibility, as suggested by the cytotoxicity test and Amplex Red test 

provides broader opportunities for this product to be utilized in biological systems. 

The Amplex Red study showed that the gold nanoparticles do not generate any ROS 

and even showed a possibility of lowering the pre-existing ROS in the control 

solution, although the mechanism for this is not fully understood.

The possibility that nanoparticles themselves may interact with the reagents 

and affect the accuracy of the measurement was examined using four different types

of oxide nanoparticles, CeO2, Fe2O3, TiO2 and SnO2. In some cases if they generate 

ROS themselves, a higher ROS content maybe detected. On the other hand if they 

have an antioxidant effect they may reduce the measurable ROS level. CeO2, Fe2O3

and TiO2 nanoparticles under-reported the actual H2O2, meanwhile SnO2 nanoparticle 

had no such effect. Also, the result showed that all four types of the oxide 

nanoparticles has an ability to convert the Amplex Red molecule to resorufin for a 

“false” ROS signal while they underreports the presence of the ROS when they are 

mixed in the same solution.

In conclusion, from this project, we have developed the protocols to produce

water-soluble photo-luminescent gold nanoparticles and the mechanism of the photo-

luminescent process was proposed. However, there are some challenges to address for 

the improved product development. 1) During the synthesis process, overall yield of 
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the production is around 80% from the input gold chloride, confirmed by the ICP-MS. 

The loss of 20% could be minimized by reducing the formation of large and dark 

metallic pellets formed during the initial stirring process. These products are removed 

by the centrifugation at the beginning step of the purification. Better stirring stability 

and performance could be achieved by using improved stirring system including stir

plates, bars and stable flasks which do not allow irregular stirring movement. This 

will also allow stabilized higher speed stirring during the synthesis. The current 

system does not allow stable stirring performance over 1000 rpm. The new test with 

better stirring system would be worth to try for the product improvement. 2) Our gold 

nanoparticle system only allows 610 nm emission and we have confirmed that it does 

not change its emission peak position regardless its size and types of surface ligand. It 

would further broaden the applicability of the product if the emission light is 

modifiable. Different dyes can be adsorbed or covalently bound to the surface of the 

gold nanoparticles to possibly modify the intrinsic 610 nm emission. 3) The DLS size 

of the gold nanoparticle is around 50~100 nm in diameter despite of the fact that the 

TEM size of the individual nanoparticle is 2.2 nm. The possible aggregation of the 

gold nanoparticles could be minimized if the hydrophilic moieties are introduced to 

the surface ligand. For example, PEG can be conjugated to the end surface ligand 

groups to reduce the hydrophobic interaction which causes the aggregation.

The developed protocol reproducibly generates pH dependent and photostable 

photoluminescent gold nanomaterials with low toxicity and water-solubility. To

further demonstrate the biocompatibility of the product, the new cell viability test 

with blood cells such as hemoglobins and leukocytes. Leukocyte would the first 

immunogenic system of the bloodstream that gold nanoparticle would actively be 

encountered when it is injected. Also, for the possible adhesion with the blood 
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proteins such as albumin, immunoglobulins and fibrinogens, the gold nanoparticles 

would be needed to be incubated with the blood proteins mentioned at the 

physiological concentrations and the basic properties and cytotoxicity could be tested 

for better understanding of the gold nanoparticle behavior in live human body.

This study is important for the use of fluorescence gold materials for bio-

imaging, nano-pH sensing, and diagnostics. Potential applications for these widely 

Stokes shifted materials include two photon imaging and energy conversion. For this 

product to be used as a nano-pH sensor, it is required to maintain same local 

concentration of the product at the final destination. The uniform concentration could 

be achieved by encapsulating the gold nanoparticles into the optically transparent 

nanoshells. The surface of nanoshells should be conjugated with the targeting signal 

molecules. For other biomedical applications, the gold nanoparticles would be directly 

used with a proper surface modification with the targeting ligand would be needed. 
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