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Abstract 

Precious metal nanoparticles have attracted considerable interest on account of their 

actual or potential applications in chemical, biological or medical analyses, and for their 

applications in various new types of optical devices or systems. These particles can be 

engineered to absorb light at a particular wavelength and they can also be chemically 

functionalised to bind to target cells. Active targeting of the gold particles to the site of 

a disease can be achieved, in principle, by attaching a suitable antibody to the surface of 

the gold. Localised heating arises when the affected tissue is irradiated with a laser 

tuned to the plasmon resonance of the nanoparticle because some of the incident laser 

light is converted to heat in the particle, which then flows out of the nanoparticle into 

the target cell. This principle is currently being explored overseas as the basis of a novel 

form of n1edical treatment for cancer. 

In this thesis, I extend this concept to develop a nlethod for selectively killing 

different cellular targets. I report how gold nanoparticles, either spherical or rod-shaped, 

were functionalised with specific antibodies so that they would selectively attach to 

particular target cells: nlurine macrophage cells and tachyzoites of the protozoan 

parasite Toxoplasma gondii. Following this, the cells were exposed to defined 

wavelengths and low intensities of continuous laser irradiation from a HeNe laser or a 

solid state diode laser. Cell viability was determined using nucleic stain dye. Exposure 

of target cells to specific bioconjugated gold nanoparticles resulted in the highest 

number of cell death compared with other treatments. In addition, another useful result, 

independent of the actual process of photothermal therapy, is described in this thesis. 

This involves the attachnlent of gold nanoparticle-antibody conjugates to Toxoplasma 

gondii tachyzoites, which clearly reduced their infection of host cells. Therefore, the 

research described provides both for an exciting and novel possibility for in vivo killing 

of any type of target cells using photothermal therapy and for a means to decrease host 

cell invasion by an intracellular parasite in the body. 
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Chapter 1 

Introduction 

1.1 Overview and motivation 

A large number of exciting and novel biological applications have been found for 

nanoparticles of gold. For example, these particles have been used in biosensor and bio-

labelling technologies to provide new diagnostic approaches in biological applications 

[1-6]. They also have shown significant potential in biomedical applications [7] . Their 

use in therapeutic medicine is often based on the concept of photothermal therapy in 

which local application of heat is applied toward treatn1ent of diseases such as cancer. 

There are problems in existing photodynamic therapeutic technologies related to issues 

of immunogenicity and specificity of targeting [8, 9]. In particular, in the case of 

thermal therapy, restriction of the heat generated to the specific region is still a problem 

[10]. Recently, gold nanoparticles have become of interest in therapeutic biomedical 

applications because of their useful properties. Particularly, the surfaces of gold 

nanoparticles are suitable for the facile attachment of biological molecules. This 

property can be applied for specific applications in biomedical areas [11]. In addition, 

gold nanoparticles present a strong plasmon resonance with light which can be 

exploited in photothern1al therapy. The possibility of using gold nanoparticles for 

photo-activated therapeutic applications has been reviewed as part of the current PhD 

project [12]. 
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CHAPTERI . INTRODUCTION 

1.2 Present study 

In this work, I present my research on hyperthermal therapeutic treatments using gold 

nanoparticles. The immediate objective of this research was to investigate the method 

by which gold nanospheres and gold nanorods could be concentrated in specific live 

target cells and then used in conjunction with laser irradiation to selectively destroy the 

target cells. I show how gold nanoparticles, either spherical or rod-shaped, can be 

n10dified to target specific cells. In my work, I used a murine macrophage cell line as a 

model in the first half of my study. Malfunctioning macrophage cells are associated 

with key events in autoimmune diseases such as atherosclerosis, diabetes or rheumatoid 

arthritis. However, these cells are also frequently the host for parasitic organisms such 

as Toxoplasma gondii, Mycobacter tuberculosis and Listeria monocytogenes [13]. 

Therefore, murine n1acrophage cells were an interesting model for me to start with. 

After achieving the killing of murine macrophage cells using gold nanoparticles, I 

then extended the same principle to a new type of target: parasitic protozoans. 

Particularly, n1y supervisors and I selected the rapidly growing tachyzoite stage of the 

parasite Toxoplasma gondii to test our idea. All parts of n1y work have been done in 

vitro as a necessary precursor to any future in vivo techniques to kill infectious 

protozoans or other pathogens. 

The background theory needed for these experin1ents is presented in Chapter 2. 

Properties of gold nanopartic]es both nanospheres and nanorods, including the use of 

gold nanoparticles in biomedical applications, are reviewed. General inforn1ation on 

Toxoplasma gondii and a few details of murine macrophage cells are also provided in 

this chapter. General experimental approaches for all experiments in this work are 

presented in Chapter 3. 

The initial studies using gold nanosphere-antibody conjugates to kill a model cell 

(the n1urine n1acrophage cells) and the parasitic protozoan parasite T. gondii, are 

presented in Chapters 4 and 5, respectively. In Chapters 6 and 7, I continue this theme 

to show how bioconjugation of antibodies with gold nanorods can be used to destroy the 

san1e targets. Gold nanorods have a different surface chemistry from that of gold 

spheres and rather n10re versatile optical properties. The study of killing T. gondii 

tachyzoites also provides some intriguing results on the inhibition of host cell binding of 

the tachyzoites after they are bound with gold-antibody conjugates. 
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CHAPTERl. INTRODUCTION 

The last chapter, Chapter 8, contains my conclusions, including suggestions for 

expanding the ideas embodied in the research illustrated in this work. 
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Chapter 2 

Literature Review 

2.1 Properties of gold nanoparticles 

2.1.1 Chemical inertness of gold 

Although gold is generally an inert metal, it can be readily dissolved by halide or 

sulphide ions in the presence of oxidising agents to fOID1 gold (III) or gold (I) 

complexes. Gold has high thermal and electrical conductivity and wildley used in 

electronics. On the Pauling scale, gold is the most electronegative of all metals and this 

suppolis the view that it is the most noble as well [14]. The condition to be met in order 

to dissolve gold is the simultaneous presence in aqueous solution of a good ligand for 

gold and an oxidising agent [15]. Furthermore, bulk gold nonnally does not act as a 

catalyst because of its inert propeliy. However, when gold is reduced to a small size 

such as on the nanoscale, its properties change dramatically and it becomes a very good 

catalyst for certain reactions [16] . Generally, gold often presents unusual chen1ical 

properties compared to other materials; for example, it has the lowest of the 

electrochemical potential. This shows that the cationic form of gold will accept 

electrons frOln any reducing agent to forn1 metallic gold. For this reason, a solution 

containing gold complexes [AuC4r can be easily reduced to gold, which may forn1 as a 

gold colloid under controlled conditions. The colour of colloidal gold can range fron1 

red, blue to violet depending on particle size and shape [15]. 

The nobility of gold, in addition to its properties of density, softness, non-toxicity 

and very good electrical conductivity [11], makes it a good candidate for some 

biomedical applications. 
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CHAPTER 2. LITERATURE REVIEW 

2.1.2 Optical absorption properties of gold nanoparticles 

Reducing particles down to nanoparticle size leads to the onset of changed or new 

physical and, particularly, new optical properties of the particles. When nanoparticles of 

suitable dielectric properties are excited by an electromagnetic field, these nanoparticles 

produce an intense absorption centred on certain wavelengths, attributed to the 

collective oscillation of electrons on the surface of the particle. This is termed a surface 

plasmon resonance [17] and the absorption is termed a surface plasmon absorption [18]. 

The optical properties of metal nanoparticles can be strongly influenced by the 

occurrence of this resonance. In particular, gold nanoparticles strongly absorb light at 

their plasmon resonance frequency. Figure 2.1 shows the surface plasmon absorption of 

spherical nanoparticles. Localised surface plasmons are generated when the size of the 

metal is smaller than the excitation wavelength which is defined when the dielectric 

constants of particle and environment meet certain conditions. The electric field of an 

incon1ing photon enhances a polarisation of the free electrons within the spherical 

nanoparticle. The difference in net charge at the nanoparticle surface acts as a restoring 

force. In its simplest form, this n1akes a dipolar oscillation of electrons with a resonance 

fi·equency. 

electronic cluster 

-+ + + . + 

light 

electric fiel d + + + \ 

ionic cluster 
surface charges 

time t time t + T 12 

Figure 2.1: Schematic illustration of surface plasmon absorption of spherical 

nanoparticles with the excitation of the dipole surface plasmon oscillation. (Reproduced 

from Link and El-Sayed [19]). 
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CHAPTER 2. LITERATURE REVIEW 

Gold colloid, for example, shows a beautiful colour in transmitted light. When the 

frequency of the electromagnetic field resonates with the collective electron motion, the 

observed colour results from a strong absorption in parts of the spectrum [20]. Optical 

absorption spectra of spherical gold nanoparticles at different sizes are shown in Figure 
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Figure 2.2: Optical absorption spectra of spherical gold nanoparticles (sizes 22, 48 and 

90 nm). (Reproduced from Link and El-Sayed [19]). 

The resonance frequency, however, is extremely dependent on particle shape, 

particle size, aggregation and interparticle distance, and environmental factors. By 

changing these characteristics, the frequency can be shifted over a wide range of 

wavelengths . As a result, this makes gold nanoparticles attractive as a functional 

Inaterial for use in many applications [17] such as biosensors [4], molecular imaging 

devices [21] and thermal ablation [22]. In the case of noble metals, the plasmon 

resonance is strongest and shifted into the visible region of the electromagnetic 

spectrum [23]. 

Faraday was the first scientist known to study this aspect of gold nanoparticles. He 

believed that the bright red colour of the co lloidal gold was due to the small size of 

individual particles. These small particles interacted with light in a different maImer 

con1pared to metallic go ld; however, this hypothesis could not be proven [11] . Gustav 

M ie [24] was the ftrst to properly explain the surface plasmon resonance behaviour of 
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CHAPTER 2. LITERATURE REVIEW 

spherical metallic nanoparticless. He solved Maxwell's equation for an electromagnetic 

light wave interaction with a small sphere. In the case of metallic nanoparticles, solving 

Maxwell ' s equations lead to a relation 0 f the extinction cross-section, () ext (() ext = () abs 

+ () sea = absorption cross-section + scattering cross-section) [25]. When the size of the 

particle is smaller than one tenth of the wavelength of the incident light, only a dipolar 

oscillation contributes to the extinction cross section [20]. Therefore, Mie 's theory is 

reduced to the fo llowing equation: 

(2.1) 

where V is the particle volume, w is the angular frequency of the exciting radiation; cis 

the speed of light; cm is the dielectric function of the n1edium surrounding of the n1etallic 

nanoparticles; Cw is the dielectric function of the metallic nanoparticles when Cw = c 1 (co) 

+ iC2(W). The surface plasmon absorption band will become visible when cl(W) = -2cm , 

if c2( w) is small or if it is only weakly dependent on w. The bandwidth and high peak 

are well estimated by C2 (w). 

Equation 2.1 has been used to explain the absorption spectra of small tnetallic 

nanoparticles. For larger nanoparticles (larger than 20 nm in the case of gold), the 

plasmon resonance depends on the particle size. With larger sizes of particles, the light 

cannot homogeneously polarise the nanoparticles, resulting in higher mode resonances 

as well. The higher-order modes peak at lower energies, whereas the dipolar plasmon 

band red shifts for the large particle sizes [18, 19]. In addition, the plasmon bandwidth 

increases with the size of particles, as shown in Figure 2.2. 

Link and El-Sayed [26] have also demonstrated the relation between bandwidth 

and nanoparticle size. They found that the bandwidth increases with decreasing 

nanoparticle size when the size of nanoparticles is less than 20 nm in diameter (Figure 

2.3a) . This is believed to be due to electron scattering of the surfaces off the 

nanoparticle. In the case of nanoparticles larger than 20 nm, however, the bandwidth 

increases with the increase of nanoparticle size. Furthermore, they also found that the 

absorption coefficient has a linear dependence with the volume of nanoparticles (Figure 

2.3b), which is in concurrence with the theory ofMie [24, 26]. 
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CHAPTER 2. LITERATURE REVIEW 
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Figure 2.3: The relationship between (a) the absorption bandwidth and the nanoparticle 

size and (b) a linear dependent relation of the extinction coefficients of gold 

nanopartic1es against their volume. When the radius of nanoparticles decreases in 

intrinsic size region or increases in extrinsic size region, there is a resulting increase in 

the bandwidth. (Reproduced from Link and El-Sayed [26]). 

The size dependency of the position of the surface plasn10n absorption band of 

metallic nanoparticles can be explained by assuming size dependent electric functions 

[27, 28]. Other theories can also be integrated into a size dependent dielectric function 

and the framework of the Mie theory [19]. 

However, the shape of a nanoparticle has a more sensitive effect on its optical 

absorption spectrun1 rather than its size [29]. When the shape of a go ld nanoparhcle, for 

exaln ple, transforms from spherical to rod shape, the surface plasmon absorption also 

changes. The surface plasmon absorption of gold nanorods splits into two bands (Figure 

2.4) because the particles become more elongated along one axis, resulting in electron 

oscillations both along and across the rod. The peak of the weak ShOli wavelength band 

is due to the transverse surface plasmon resonance in the visible region of light 

spectrum (that is , at the wavelength of green light of approxin1ately 520 nm) by an 

electronic oscillation across the width of the rod. This transverse plasmon resonance is 

effectively of the same nature as the plasmon resonance observed for spherical gold 

nanoparticles. The longitudinal band, which is due to the oscillation of electrons in the 

long direction of the rod-shaped particles, provides a much larger extinction coefficient. 

This band occurs at longer wavelengths than that observed for the transverse resonance 

(that is, it is "red-shifted" relative to the transverse mode) [30]. 
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The energy separation between the resonance frequencies of the two plasmon 

bands increases when the aspect ratio increases. The aspect ratio is the value of the 

length divided by the width of a rod-shaped particle [19, 31]. The spectral position of 

the longitudinal resonance has an almost linear dependence on the aspect ratio while the 

maximun1 peak of the transverse absorption band does not change (Figure 2.5) [29, 32]. 

1.2 
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Figure 2.4: The absorption spectrum of gold nanorods with an aspect ratio of 3.3 . The 

weak short wavelength band at 525 nm is the transverse plasmon resonance and the 

long wavelength band at 740 nIn is the longitudinal plasmon resonance. (Reproduced 

from Link et al.[33]). 
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Figure 2.5: Optical properties of rod-shaped gold nanoparticles at different aspect 

ratios. The wavelength of light of the longitudinal resonance depends on the aspect ratio 

of the rods. The absorption n1aximum of the longitudinal band is strongly red-shifted 

after increasing the aspect ratio. (Reproduced from Xu and Cortie [34]). 

The Mie theory can also be used for tTIodelling the optical absorption spectrun1 of 

gold nanorods with aspect ratio R. According to the Gans treatment within the dipole 

approximation, the cross-section (j ext for an elongated rod is given by the following 

equation [31 , 35]: 

(2.2) 

where Pj is the depolarisation factor beside the axes A, B, and C of the nanorod at A > 

B = C, in terms of 

PA =~[_1 In(~J-l], e 2e l-e (2.3) 

p =p =l - PA 
B C 2 (2.4) 

and R, the aspect ratio, is contained in e in equation 2.5: 
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(2.5) 

The different absorption of the longitudinal band produces the difference in colour 

of the nanorod solutions [36]. Remarkably, these small changes in the aspect ratio of 

gold nanorods result in significant changes in extinction as shown in Figure 2.6. 

Moreover, when gold nanorods are dispersed in different solvents that have varying 

refractive indices, the colour of gold nanorods also changes because plasmon 

resonances of the gold nanorods are sensitive to the dielectric properties of their 

environment. The long nanorods have the greatest sensitivity to refractive index effects 

on their longitudinal surface plasmon resonance and will absorb light in the infrared 

range, resulting infrared range leading to solution which appear colourless to observer 

[36]. 

Figure 2.6: The colours and micrographs of gold nanorods with a range of mean aspect 

ratios. (Reproduced froin Perez-Juste et al. [36]). 

2.1.3 Light scattering by gold nanospheres and gold nanorods 

W11en a n1etallic nanoparticle is illuminated with an electron1agnetic wave, the electrons 

in the metal oscillate at the same fiequency as the electric field of the incident wave. 

The oscillating electrons then radiate electromagnetic radiation with the same frequency 

in all directions. The re-radiation of light at the saIne incident wavelength is called 

11 



CHAPTER 2. LITERATURE REVIEW 

scattering. Regularly, scattering is accompanied by absorption. The nanoparticles can 

absorb and scatter light with efficiencies greater than expected from their physical 

cross-section when they are illuminated by light (A) which matches with the principal 

maxin1um plasmon absorption (Ap) . At wavelengths longer than Ap, light is only 

manipulated over the physical constraints of its cross-section (Figure 2.7 ) [37]. 

I ___ r---------------____ __ ==-: ---::- .~-f-= ~-----
1 : ~--.-~--

: ~ 

Figure 2.7: Field lines of Poynting vector around a metallic sphere illuminated by light 

at the plasn10n wavelength (A = Ap) and at a wavelength longer than the plasmon 

wavelength (A > Ap). The diameter of the cross-section for absorption is indicated as a 

vertical line on the left . (Reproduced from AsIan et aZ. [37]) . 

Gold particles have been shown to be efficient plasmon scatterers [38]. When 

suspensions of gold nanoparticles of sufficient size are illuminated by a beam of white 

light, these suspensions selectively scatter coloured light. The resulting colour of the 

light depends on the particle size [39]. The appearance of suspensions resulting fron1 

the light scattering go ld nanoparticle suspensions under white light illumination is 

shown in Figure 2.8. 
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Figure 2.8: (a) Light scattering of silver and gold nanoparticle suspensions of different 

sizes illu111inated by a beanl of white light (a fluorescein control sample is shown on the 

right) , (b) the light scattering inlaging of 58 11m and (c) 78 n111 gold nanoparticles .. 

(Reproduced from Y guerbide 1. and Y guerbide EE. [38]). 

Light scattering of go ld suspensions during illunlination denl0nstrates SOI11e si111ilarity 

in visual appearance to fluorescent solutions. This suggested to SOllle workers that light 

scattering by 111etal particles can be applied in tracer assays as fluorescent analogue 

labels. The light scattering is responsive to the size, shape and conlposition of the 

nanoparticles. Figure 2.8a fi-Ol11 left to right shows the different fluorescent colours of 

silver at 40 n111 and gold at 40, 78, 118, and 140 nnl cOl11pared with a solution of 

fluoresce in in the last tube, respectively. Under illumination by a bea111 of white light, 
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the spherical shape of gold nanoparticles at 58 and 78 nm scatters green and yellow 

light correspondingly (Figure 2.8b and c) while rod-shaped gold nanoparticles scatter 

red light [38]. 

Juan Y guerabide and Evangelina Y guerabide [38] have reviewed the theory of 

light scattering properties. They provided a geometrical arrangement for the quantitative 

description of light scattering. A parallel beam of plane-polarised light travels along the 

positive z direction and is along the y-axis (Figure 2.9). At the origin of the coordinate 

system is the position of the scattering particle. A distance r from the particle centre is 

the position of a detector. The angles e and ~ are described as the direction of 

detection r. The e is measured with regard to the forward direction of the light beam 

(positive z-axis). The scattering plane is described as the plane that includes the 

scattering direction (r) and the direction of the incident beam z-axis in the geometry of 

Figure 2.9. 

t\ 
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Figure 2.9: The geometry arrangement of light scattering. A monochrolnatic light bean1 

travels along the z axis. This beam is polarized along the direction y. The scattered light 

is detected by the direction r using the spherical coordinates e and ~. (Reproduced from 

Bohren and Huffman [18]). 

Rayleigh's theory presumes that all electrons in a particle oscillate with the san1e 

phase and frequency as the incident wave. The large oscillating electric dipo Ie moment, 
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which occurs from the collective oscillation within the particle, produces the scattered 

light. In the case of incident light travelling in the direction of the z-axis and polarised 

along the y-axis, light is scattered in the direction 8, ¢ by a homogeneous (isotropic) 

spherical particle with radius G, where a is smaller than the wavelength. Therefore, the 

light scattering intensity of a spherical particle can be described by the equation of 

Rayleigh (2.6) [38, 40]. The light scattering cross-section can be expressed by equation 

(2.7) [35 , 38]: 

(2.6) 

(2.7) 

where 10 is the intensity of incident monochromatic light, a is the angle between the 

detection direction r and the direction of polarisation detection of the incident beam, a 

is the particle radius, nmed is the refractive index of the mediun1 neighbouring the 

particle, m is the relative refractive index of the bulk particle material, Ao is the 

wavelength in vacuum. Equations 2.6 and 2.7 demonstrate that the scattered intensity is 

proportional to the sixth power of the particle radius and the fourth power of the Ao. The 

light scattering colour and intensity of spherical gold nanoparticles can be tuned by 

changing their size. 

Zhu and co-workers [41] have reported the shape-dependent resonance light 

scattering properties of gold nanorods. They found that the resonance scattering peaks 

of gold nanorods at an aspect ratio of 2.5 (transverse plasmon absorption at 520 nm and 

longitudinal plasmon absorption at 650 nm) take place at 400 and 640 n111. They 

believed that the scattering peaks are related to the transverse and longitudinal surface 

plasmon resonances, respectively. When the aspect ratio of gold nanorods is increased, 

the scattering maXilTIUm of the transverse band shifts to a shorter wavelength. However, 

the scattering due to the longitudinal resonance shows a red shift with increasing aspect 

ratio. 
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From previous information, it is therefore well established that the size and shape 

of gold nanoparticles directly influence the peak intensity of surface plasmon absorption 

and light scattering band. In addition, the total extinction efficiency is equivalent to the 

sum of the scattering and absorption efficiencies. 

2.2 Gold nanoparticles in biomedical applications 

Gold nanoparticles have achieved a standing as one of the materials most widely used in 

many fields of nanotechnology [15 , 42, 43]. For example, the use of gold nanoparticles 

in biological applications, or as electrodes, has developed since the 1970s [3, 44-48]. In 

recent years, there has been growing interest in using gold nanoparticles in biomedical 

applications because gold nanoparticles offer simply tuned physical properties, unique 

optical properties, high surface areas, convenient surface chemistry and can be easily 

functionalised with biomolecules. In addition they display low toxicity, which makes 

them highly suitable candidates for use in biomedical applications. 

2.2.1 Targeting approaches for gold nanoparticles 

A drawback of using drug-based therapies (especially when administered orally or 

intravenously) is that in many instances the cOlnpound does not localise to only the 

target site but beconles widely dispersed in the body. Treatments based on nanoparticles 

can support accumulation of the therapeutic agent either by passive targeting, where the 

body concentrates inert nanoparticles by some physical means such as filtration, or by 

active targeting. With the active targeting, the surface of gold particles must be 

modified so that they can attach specifically to desired targets [13]. 

Passive targeting in the case of drug delivery refers to the use of passive natural 

distribution of drug carrier in vivo. This process is based on mechanical entrapnlent of 

the carrier by size and shape or uptake by cells of the reticuloendothelial system (RES) 

[49J. Incidental passive targeting also arises as a result of enhanced permeability and 

retention (EPR) around tumours [50J, which is attributed to two factors; 1) the 

"dislocated pathology of angiogenic tumour vasculature with its discontinuous 

endothelium which leads to hyperpermeability of circulating macromolecules" and 2) 

"the lack of effective tumour lymphatic drainage which leads to macromolecular 

accumulation" [49]. Passive and active targeting illustrations are shown in Figure 2.10. 
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Nanoparticles can be designed or tailor made to suit specific purposes. For 

example, the particles can be designed to be big enough for retention in the liver and 

spleen but small enough so that they can pass through the other organs. This type of 

passive targeting has been used in the radiotherapeutic treatment of liver cancers, where 

the sinus endotheliull1 of that organ has openings of 150 nm in diameter, while at the 

same time, the spleen filters out particles larger than 250 nm [13]. Similarly, tumour 

vasculature is more permeable than the vasculature of normal tissue [51] allowing for 

this approach to be exploited to concentrate nanoparticles. O'Neal et al. [52] reported 

that nanoshells with a diameter of 130 nm passed through the wall of vessels and were 

deposited in the surrounding tumorous tissue, where they were concentrated. This 

phenomenon tenned extravasation also provides another passive method to concentrate 

particles of up to 300 nm diameter in SOllle tumours or inflamed tissues [13]. 

(a) (b) 

v y uy 

Normal vasculature Tumour vasculature Normal cell Cancer cell 

Figure 2.10: Passive and active targeting of nanoparticles. (a) Passive targeting using 

the enhanced permeability and retention (EPR) effect, which exploits the increased 

permeability of the tumour vasculature (extravasation) to concentrate therapeutic agents. 

(b) Active targeting of a carcinoma by antibody-functionalized nanoparticles. Once 

concentrated at the target site, the therapeutic payload is released in response to light of 

a specific wavelength. (Redrawn with permission frOITI McNeil [53]). 

However, dependence on size-specific filtration for the retention of nanoparticles 

has obvious 1inlitations. Active targeting, which depends on the selective localisation of 

a ligand on the nanoparticles at a cell-specific receptor on the target cell [49] , provides a 

ll10re sophisticated approach by Inodifying the surface of the nanoparticle with the 

addition of an antibody or a ligand for the desired target. Nevertheless, this approach 

also has limitations due to non-specific binding and the potential activation of the 
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normal host immune response on the way to the target. The possibility of an interaction 

between nanoparticles and the immune systen1 can be reduced by using stealth 

technologies which involve coating the nanoparticle with a self-assembled layer of a 

thiolated PEG (poly-ethyleneglycol) [49, 54] or liposome to make the surface of these 

particles inert with regard to protein adsorption. However, if a particle is so well coated, 

so that it becomes invisible to the immune system, it will also possibly lose its ability to 

bind to specific receptors. When the gold nanoparticles are concentrated at the specific 

desired site, they are activated through the absorption of radiation of an appropriate 

wavelength. This action could deliver one of two therapeutic payloads as either the 

localised generation of heat, or the localised release of a chemical. Additionally, the 

attached gold nanoparticles can be used to simultaneously track or image the targeted 

cells [3, 54]. 

Attachment of the targeting molecule to the gold nanoparticle is an important 

consideration in these technologies. The interaction accountable for adsorption of 

macron101ecules to gold surfaces can involve either physical or chemical process 

depending on the nature of forces [55]. The fonnation of a suitable composite system on 

a planar or curved nanoparticle surface must pass through three steps: (1) transportation 

of macrolnolecules to the surface, (2) attachment of macron101ecules to the surface and 

(3) distribution of macromolecules on the surface [7] . 

In general, antibodies have been used as a means to target a specific tun10Ur. For 

example, anti-epidern1al gro\vth factor receptor (EGFR) antibodies have been employed 

to target over expressed EGFR on oral cancer cells [7 , 55, 56] and cervical cancer cells 

[56, 57]. The binding of antibodies to gold nanospheres was first reported in the 1950s 

for the staining of cellular con1ponents using electron microscopy [1]. In the preparation 

of functionalised gold nanoparticles, generally, the surface of the nanoparticles is pre-

coated with a layer of stabilising or passivating ligands such as alkanethiols, citrate and 

cetyltrimethylan1monium (CTAB). For instance, citrate-capped spherical gold 

nanoparticles have a negative charge on their surfaces that is suitable for the binding of 

many antibodies or proteins. Two possible hypotheses for the interaction between 

antibodies and gold nanoparticles are: (1) electrostatic binding and (2) chen1isorption. 

Distribution and deforn1ation of the protein also play an important role in the binding 

reaction of gold-antibody conjugates [7]. According to the hypothesis of electrostatic 

binding, the interaction between charged surface residues of protein, which is pH 

dependent, and the oppositely charged passivating ligands on the gold surfaces, causes 
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binding between the gold and the protein. According to the chemisorption hypothesis, 

the protein adsorbs via functional groups derived from lysine, cysteine or other amino 

acid side chains, resulting in the displacement of the passivating layer on the gold 

nanoparticle [7]. 

2.2.2 Hyperthermal therapy by gold nanoparticles 

Application of heat for controlling or killing specific diseased cells is a well-known 

concept for the treatn1ent of cancer and other conditions. Generally, a non-invasive 

method to destroy tumour cells by heat is referred to as hyperthermia [58]. 

Hyperthermia using a variety of heating sources, for example, radio frequency, lamps, 

ultrasound and laser, is used to moderate heating in a specific target area [10, 59-61]. 

This process, however, suffers from the problem of an inability to limit the heat 

generated to a specific area of target tissue [10]. Photodynamic therapy is another 

emerging n1ethod in the treatment of tumours by use of laser light in combination with 

photoabsorbing dyes or a photosensitising drug. Unfortunately, in most cases the 

residual dyes or drug molecules stay in the body for a long time and can Inigrate and 

localise to normal tissue such as the skin, causing side effects in patients [8 , 9]. In recent 

years, the development of nanotechnology has offered a plethora of nanostructures with 

their unique optical properties, which are valuable in biology and biomedical 

applications [5 , 62-64] . For photothermal therapy, gold nanoparticles are potentially 

useful for acting as an effective photothennal coupling agent [65]. Gold nanopartic1es 

are strong absorbers, being four to six orders of magnitude greater than conventional 

dyes and have the advantage of not being affected by photobleaching [52, 66] . After the 

light energy is absorbed by the gold nanopartic1es, they convert the absorbed light to 

localised heat, which has the ability to destroy target cells. The strong absorption 

property of gold nanoparticles provides an effective partner for use with laser therapy. 

As previously mentioned in 2.1.2, gold nanoparticles strongly absorb light due to 

the coherent oscillations of the metal conduction band electrons in strong resonance 

frequencies of light, this incidence being known as surface plasmon resonance (SPR) 

[19, 24, 25]. Link and Elsayed have studied the photothermal properties of gold 

nanoparticles using femtosecond transient absorption spectroscopy. They have shown 

that the photoexcitation of metal nanostructures produces the formation of a heated 

electron gas, and that its temperature consequently goes down quickly within around 1 
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ps, by exchanging energy with the nanoparticle lattice followed by phonon-phonon 

interactions with the surrounding medium at around 100 ps. This interaction leads to a 

complete reduction of the absorbed photon energy at the fIrst step [26]. The energy 

conversion and dissipation of this process combined with light radiation and the SPR 

absorption of nanoparticles, allows for direct heating of the local environment. The 

photothermal conversion process provides a great effIciency due to the strong SPR-

enhanced absorption of gold nanoparticles [65]. Furthermore, nanoparticles can provide 

hot electron temperatures of a few thousand kelvin following excitation with a low 

power laser and the lattice temperature on the order of a few tens of degrees [19]. The 

combination of gold nanoparticles and laser can create localised heating or cavitation 

effects, which leads to irreversible cell damage through denaturation and coagulation of 

protein together with membrane destruction, resulting in killing of the target cells. 

Therefore, the effIcient heat energy of light absorption by gold nanoparticles is 

promising for use in plasmonic photothermal therapy of cancers, as well as other 

diseases [12, 65]. 

There are several reports describing the potential of using n10re con1plex shapes of 

gold nanoparticles in plasmonic therapy. The fIrst report on the use of gold 

nanoparticles in hyperthermal therapy was published in 2003 [66, 67]. In this work, 

silica-gold nanoshells with a strong absorption in near infrared light were incubated 

with human breast epithelial carcinoma SKBR3 cells followed by laser irradiation. 

After laser irradiation at the specific absorption wavelength of the silica-gold nanoshells 

in vitro, cells incubated with silica-gold nanoshells were dead as seen in the circular 

region in Figure 2.11. 
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Laser only Nanoshells + Laser 

Figure 2.11: A comparison of carcinoma cells with and without silica-gold nanoshells 

following laser exposure and staining with a viability dye, calcein acetoxymethylester 

(calcein An1). Carcinoma cells without silica-gold nanoshells (the left-hand side) were 

still alive. Conversely, carcinoma cells with silica-gold nanoshells showed significant 

cell death as seen by the dark circular zone, which corresponds to the area exposed to 

the laser. (Reproduced i1-om Hirsch et al. [66]). 

Halas and co-workers have also employed this approach to target breast carcinon1a 

cells using the lnethod of bioconjugation of silica-gold nanoshells with specific 

antibodies (HER2) and non-specific antibodies (lgG) [54]. These functionalised gold 

nanoshells provide a selective targeting approach that can be applied in molecular 

imaging and photothermal therapy. A study by O'Neal and colleagues [52] 

demonstrated that near infrared irradiation led to an increase in the temperature of the 

target regions of between 40 to 50°C and selectively killed the carcinon1a cel1s. The 

survival rate of Inice treated with nanoshells and laser was excellent compared with two 

controls, one of which had no injection of nanoshells and no laser treatment, and the 

other of which was injected with nanoshells without laser treatn1ent. 

Pitsillides et af. [68] selectively destroyed CD8+ lymphocytes in a mixed CD8+ 

and CD8-lYll1phocyte culture using ordinary colloidal gold nanospheres. Gold 

nanoparticles were conjugated to a CD8+ specific antibody, and then used to label 

CD8+ lyn1phocytes. Highly selective apoptosis of the CD8+ lYll1phocytes following 

exposure to a 523 nm laser was demonstrated in this study. In addition, systematic 

variations in this study disclosed conditions that selectively permeabilised the cell 

membranes of the target cells, achieved by laser exposure of up to two minutes, coupled 

with only a modest lethality. This could provide a therapeutic mode to access 

intracellular targets. 
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Another study using colloidal gold nanoparticles as therapeutic agents was carried 

out by Zharov et al. [69]. This group demonstrated the usefulness of the gold 

nanoparticles for studying the threshold and dynamics of thermal events around 

particles integrated into K562 cancer cells . The cells were incubated with unconjugated 

gold nanoparticles and exposed with a Nd-Y AG laser at 532 nm. They found that, at a 

high laser energy of around 5 - 10 J/cm2
, only one laser pulse was adequate to dan1age a 

cell containing several 20 nm gold nanoparticles. Conversely, at least 10 - 50 pulses 

were required to damage cells at a low energy of 0.2 J/cm2
. Bubble formation around 

particles was also observed after laser irradiation, which may have influenced the 

destruction of the cells. McEwan and Madden, who have studied bubble formation by 

using transient grating (four-wave method) spectroscopy, have also demonstrated the 

existence of bubble formation around colloidal gold after laser exposure. They found 

that the high order nonlinear optical response correlated with transient bubble formation 

was detectable in the suspension of 20 and 40 nm colloidal gold [70]. 

The selective laser killing of bacteria using light-absorbing spherical gold 

nanoparticles conjugated with specific antibodies has also been studied. Gram-positive 

bacterium Staphylococcus aureus was labelled with 10, 20, and 40 niTI spherical gold 

nanoparticles. Labelled bacteria were irradiated with focused laser pulses at 

wavelengths between 420 - 570 nm and at different low laser fluences frOIT1 0.1 - 5 

J/cm2
. Dan1age of bacteria labelled with gold nanoparticles was observed following 

laser irradiation. It seen1ed that at least 100 pulses of low laser fluence were required to 

destroy bacteria [71]. 

There is also a quite different effect due to gold nanoparticles. This is that the 

absorption of x-ray radiation at the interface between materials of high and low atomic 

nun1ber is highly enhanced, which leads to a localised generation of heat. For example, 

the injection of 1.9 niTI gold nanoparticles into murine tumours followed by x-ray 

irradiation delTIonstrated a novel way to destroy the tumours [72] . 

Currently, many shapes of gold can be synthesised such as nanorods, nanoshells, 

nanospheres and nanocages. There are a number of review papers providing information 

regarding the potential use of these more complex shapes of gold nanoparticles in 

plasmonic photothermal therapy [65, 73]. However, as mentioned earlier, gold nanorods 

offer excellent properties and are well suited for photothermal therapy. Although 

spherical gold nanoparticles provide good plasmon resonance properties, there are some 

limitations in using gold nanospheres such as low heating efficiency [74] and the fact 
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that they absorb light In the visible bandwidth range corresponding to high light 

absorption in tissue. 

These limitations can be overcome by using gold nanorods. Since the second 

plasn10n resonance of gold nanorods is in the near-infrared (NIR), this is useful in 

photothermal therapy because the light absorption of some body tissues is lower in the 

upper visible and near infrared [52, 75]. Haemoglobin and water are the major absorbers 

of visible and infrared light correspondingly. However, they have the lowest absorption 

coefficient in the range of NIR light between wavelengths of 650 and 900 nm (Figure 

2.12) [75]. Hence, the tissues are less absorptive when exposed to these wavelengths 

and therefore would not be subject to unintended damaging effects by exposure to such 

light. 
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Figure 2.12: The NIR window and light absorption of haen10globin and water. 

(Reproduced from Weissleder [75]) . 

The longitudinal plasmon resonance of gold nanorods has a narrower bandwith 

than the resonance of any other known shape of nanopartic1es [76] and the nanorods are 

furthern10re highly efficient in converting light into heat energy. This heat energy 

provides the highest thern1al gradients surrounded in media with a low thermal 
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conductivity [77]. Additionally, gold nanorods prove to be more efficient than spheres 

or nanoshells at absorbing light when compared at the same vo lume of particles [9]. 

Gold nanorods have recently been used for photothermal therapy by 

functionalisation with specific tumour-targeting molecules [78]. Tong and co-workers 

[79] conjugated folate ligands with oligoethyleneglycol onto gold nanorods by in situ 

dithiocarbamate (DTC) formation. The folate conjugated gold nanorods were selectively 

bound to KB cancer cells (a tumour cell line derived from oral epithelium), which led to 

photothermal damage on cell membranes following laser irradiation. Another study 

fron1 the same group showed that membrane blebbing is an effect of Ca2
+ influx into 

cells during photothermolysis, which occurred when folate conjugated nanorods 

attached onto cells and then exposed to near infrared light fron1 a laser. Other recent 

studies of the treatment of cancer cells by different biofunctionalised gold nanorods 

using photothermal therapy described the use of gold nanorods capped with PSS 

(polystyrenesulfonate) to image and destroy cancer cells [80]. 

2.2.3 Drug and gene delivery by gold nanoparticles 

The interaction of laser light with gold nanoparticles containing or bound to a mo lecular 

payload can also be applied for drug delivery. When the particle is at the target tissue, 

the payload is released by the induction of plasmonic heating. Gold nanoparticles are 

suitably small, which allows them to be capable of delivering a payload of either 

therapeutic agent or heat, directly into the cytoplasm or nucleus of the target cells or 

tissues [7, 49, 81]. The first description of drug released by plasmonic heating of active 

particles was reported in 2000 [81 , 82] followed by a related US patent [83]. The work 

exploited a polymer-gel containing gold-on-gold-sulphide core shell particles. This type 

of nanoshell was orginally discovered by Zhou in 1994 [84]. However, the novelly of 

this later work was its merging with polymer composites, with the intention of 

controlled drug release. 

Recently, the plasmonic photo-activation of hollow polymer-capsules containing 

model drugs has been demonstrated. Skirtach and co-workers illustrated a scheme in 

terms of which silver nanoparticles were incorporated into hollow polyelectrolyte 

capsules. The heat generated from illumination with a laser caused the rupture of the 

capsules and, as a result, the content of the capsules was released [85]. Caruso and 

colleagues [86, 87] also used gold nanopartic1es in a similar mam1er to release lysozyme 
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to destroy the bacterium Micrococcus Iysodeikticus as shown in Figure 2.13. In a further 

modification, the capsules were coated with a lipid bi-Iayer that had antibodies attached 

to it [86]. 
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Figure 2.13: Controlled delivery of a chemical payload. (a) The conjugation of 

antibody and polymer capsule binds to the bacterial target .lvficrococcus lysodeikticus, 

and (b) application of laser light causes the gold nanoparticles in the shell of the capsule 

to heat up, (c) bursting the container and releasing the therapeutic agent in a localised 

area. (1) The optical extinction spectra are shown for isolated gold nanoparticles, (2) a 

poly-electrolyte shell containing a single layer of aggregated gold particles, and (3) a 

shell containing three layers of gold particles. (Reproduced from Radt et al. [86]). 

The combination of photodynamic therapy along with traditional gene therapy is a 

novel approach that may prove useful as a technique for efficient delivery of genes into 

cells [88]. A recent study investigating the feasibility of this approach has yielded 

positive results. For example, Takahashi and co-workers [89J have investigated the use 

of modified gold nanorods for releasing plasmid DNA. They used phosphatidylcholine-

modified gold nanorods conjugated with plasmid DNA and exposed these complexes to 

a laser light in the near-infrared wavelength at different powers. Agarose gel 

electrophoresis of these DNA-gold nanorod complexes was then perfonned. In the non-

irradiated san1ple (laser intensity = 0) all of the plasn1id DNA ren1ained in the well. 

The electrophoretic n1igration of supercoiled DNA through an agarose gel was observed 
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following irradiation of the gold nanorod-DNA complex with high-energy pulsed-laser 

light at laser intensities of 160, 180, and 200 mJ/pulse (Figure 2.14). A n10rphological 

change in the gold particles from rod-shaped to sphere-shaped following laser exposure 

was also found. This potentially may effect the freeing of DNA fron1 gold nanorod-

DNA complexes. 

Similar work in controlling gene expression into HeLa cells by gold nanorods was 

performed by Chen and colleagues [90]. These studies indicated that the release of 

plasmid DNA can be controlled by the combination of gold nanorods and near-infrared 

light. This could be useful for gene therapy to avoid damage of transfecting DNA from 

the photochen1ical process. 

Figure 2.14: Gel electrophoretic patterns of gold nanorod-DNA con1plexes with and 

without laser irradiation. The laser intensities used for irradiation were 100, 120, ] 40, 

160, 180, and 200 InJ/pulse. The first lane is a reference lane showing agarose gel 

electrophoresis of plasmid DNA. The second lane represents gold nanorod DNA 

complexes without a laser. (Reproduced from Takahashi et al.[89]). These data show 

that plasn10nic gold laser irradiation of nanospheres and go ld nanorods exhibit some 

promise for selective photothermal therapy and both drug and gene delivery. 
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2.3 Macrophage cells and Toxoplasma gondii as model 

cellular targets 

2.3.1 Macrophage cells 

Macrophage cells are leukocytes (white blood cells) found in all tissues of the body 

[91]. The name "macrophage" was first used by Metchnikoff to describe a large cell 

having the ability to take up microorganisms [92]. These cells were later allocated to the 

reticulo-endothelial system (RES) by Asschoff in 1924 [93]. When the division of cells 

in the reticulo-endothelial systenl develops from bone marrow precursors, the term RES 

is replaced by the term mononuclear phagocytic system (MPS). The cells in the MPS 

include bone marrow progenitor cells, pronl0nocytes, peripheral blood monocytes, and 

tissue macrophages [94]. 

Macrophages have an inlportant role in humoral and cell-mediated immune 

response. They are a central factor of the innate immune system, recognising, engulfing, 

and almihilating numerous pathogenic microorganisnls such as bacteria, protozoa, 

fungi, and hehninths. Additionally, they can recognise syngeneic cancer cells, virus-

infected cells, and nornlal cells undertaking apoptosis (prograrmned cell death) [93 , 95]. 

Macrophages can also degrade proteins and process the antigens to be a helper of T-

cells recognising the foreign substance [96, 97]. In homeostasis such as the lTIetabolism 

of cholesterol, macrophages also play an important role in this metabolism [98]. 

Macrophages have a variety of functions, and are an inlportant link between natural and 

acquired immunity. This principally occurs via the numerous cytokines that 

lTIacrophages synthesise and secrete, which in turn act to control immune processes. 

In recent years, macrophage cells have emerged as key biological and inlaging 

targets for diseases, particularly in atherosclerosis [99]. Atherosclerosis is a disease 

where fatty plaques build up inside arteries. Arteries then became blocked following 

atherosclerotic plaques or thrombus formation, which can lead to myocardial infarction 

and stroke [100]. Atherosclerotic plaques occur fronl the accumulation of harmful 

lipoproteins in the vessel wall of arteries. These accumulated lipoproteins are 

phagocytosed by macrophages. Following phagocytosis, the macrophages are converted 

into foanl cells and an early atherosclerotic plaque is formed. Therefore, macrophages 

can be appropriate targets for therapy of this disease because they are vital to the 

initiation and progression of atherosclerosis [99, 101]. To treat this disease a novel 
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nanoagent has been developed by McCarthy and co-workers [102]. They have used a 

n1acrophage-targeted magnetic nanoparticle in conjunction with photodynamic therapy 

to kill and monitor atherosclerotic/macrophage-targeted cells. Their study has shown 

that n1agnetic nanoparticles conjugated with photosensitisers provided a highly efficient 

way to kill both murine macrophages (Raw 264.7) and human macrophages (U937). 

Furthermore, macrophages also act as the host cell of pathogenic organisn1s such 

as Toxoplasma gondii, Mycobacterium tuberculosis, Listeria monocytogenes [13]. As 

mentioned previously, macrophages have natural abilities to attack and ingest foreign 

materials in the body. Therefore, they are a logical choice for being a model in the study 

of photothermal therapeutic applications with gold nanoparticles. 

2.3.2 Biology of Toxoplasma gondii and its tachyzoites 

Toxoplasma gondii (T. gondii) is an intracellular protozoan parasite that has a 

worldwide distribution in humans and animals [103]. This parasite belongs to the 

phylum Apicomplexa, class Sporozoasida, and subclass Coccidiasina. The parasite has 

infectious stages linked in a complex life cycle. These are the tachyzoites (in groups or 

clones), the bradyozoites (in tissue cysts), and sporozoites (in oocysts). The tachyzoite 

stage of T. gondii is the rnost rapidly dividing stage and it multiplies inside host cells. 

Tachyzoites were fIrst described by Frenkel [104]. The root of this word is from 

the Greek "tachos" which means speed. The tachyzoite stage rapidly n1ultiplies in any 

cell of an intermediate host and in nonintestinal epithelial cells of the definitive host. 

The aggregations of numerous tachyzoites are called clones, tem1inal colonies, or 

groups. The shape of tachyzoite is often crescent, approximately at around 2 by 6 /-lm 

(Figure 2.15). The ultrastructures of tachyzoites consist of various organelles and 

inclusion bodies together with a pellicle (outer covering), apical rings, polar rings, 

conoid, rhoptries, micronen1es, micropores, mitochondria, subpellicular microtubules, 

endoplasmic reticulum, go lgi complex, ribosomes, rough and smooth endoplasmic 

reticulun1, micropore nucleus, dense granules, amylopectin granules (sometimes may be 

absent), a go]gi adjunct or apicoplast, and nucleus (Figure 2.16). Normally, the nucleus 

is situated towards the central area of the cell and holds clusters of chron1atin and a 

nucleolus at the centre [105]. 
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Figure 2.15: The crescent shape of T. gondii tachyzoites (present work) . 
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Figure 2.16: Schematic drawing of the ultrastructures of a T. gondii tachyzoite. 

(Reproduced fronl Dubey et al. [105]). 

Tachyzoites can move by gliding, flexing, undulating, and rotating; however, they do 

not possess any of the structures commonly used by other organisms for motility such 

as cilia, flagella, or pseudopodia. There are some mysteries regarding the function of 

conoid, rhoptries, micropores and micronemes; nevertheless, they are possibly involved 

with host cell penetration and creation of an intracellular environment appropriate for 
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growth and developn1ent of the parasite. The conoid can act as the parasite probes the 

host cell plasmalemma directly before penetration into the host cell [106]. Rhoptries are 

also associated with host cell penetration by secreting their contents from a secretory 

function throughout the plasmalemma above the conoid to exterior [107]. Therefore, 

tachyzoites can enter host cells by actively penetrating via the host cell plasmalemma or 

via phagocytosis. However, active penetration of the host cells by T. gondii tachyzoites 

is different fron1 endocytic uptake [108]. The tachyzoite becomes ovoid and is 

surrounded by a parasitophorous vacuole (PY) after entering the host cell. Tachyzoites 

multiply themselves within the host cell by repeated endodyogeny, which is a 

specialized form of reproduction. Tachyzoites are arranged randomly in vivo owing to 

asynchronous cycles of endodyogeny. However, rosettes are occasionally formed due to 

synchronous division [108]. 

Sometimes, tachyzoites within a vacuole may divide synchronously [109]. 

Infrequently, tachyzoites of certain strains divide by binary fission [110, Ill]. There is 

a variable lag period prior to multiplication of tachyzoites, after they invade the host 

cells [112]. The growth and invasion rate of tachyzoites depend on the strain of T. 

gondii and the type of host cell [112,113]. However, there are no obvious differences in 

structure between different isolates of T. gondii [105]. 

2.3.3 The transmission and infection of Toxoplasma gondii 

Human infection rates of T. gondii vary from 10 - 90% in different countries depending 

on factors such as prevalence in animals and dietary habits [103]. Although infection 

with T. gondii results in a benign chronic infection in immunocolnpetent individuals, 

serious disease (toxoplasmosis) can occur if infection is acquired through congenital 

infection or by in1munosuppressed individuals such as AIDS patients or organ 

transplant recipients [114]. Also in pregnant women, the infection can result in 

transplacental transn1ission of T. gondii and congenital toxoplasn10sis. This can lead to 

a wide rage of clinical symptoms ranging from no sign of syn1ptoms, abortion, foetal 

death, hydrocephalus, microcephaly, retinochoroiditis including seizures and mental 

retardation [115]. 

There are three infectious stages in the life cycle of T. gondii: tachyzoites, 

bradyzoites and sporozoites. All three infectious stages are shown in the complex life 

cycle of T. gondii (Figure 2.17). The tachyzoite stage is an acute stage of T. gondii 
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infection, which invades and rapidly replicates within host cells and is responsible for 

the congenital infection known as, toxoplasmosis. Tachyzoites have the ability to invade 

all organs or all nucleated cell types of warm-blooded vertebrate hosts, particularly, the 

muscles (including heart), liver, spleen, lymph nodes and central nervous system (CNS) 

[ 116]. 

Bradyzoites 

Endodyogeny 
in tbe 

intermediate host 

Sporogony in the 
environment 

• Sporozoite 

\ 
ct!) 

f J /! Tachyzoites 

f~! 

Figure 2.17: The life cycle of T. gondii, the illustration below the horizontal bar is the 

development of T. gondii in an intermediate host. The illustration above the horizontal 

bar is the development of T. gondii in a definitive host. The three infectious stages have 

been shaded. (Reproduced from Tenter et al. [117]). 

The transmission of T. gondii by each infectious stage to humans can occur by 

horizontal and vertical transmission (Figure 2.18). In this thesis, I especially focus on 

the tachyzoite stage. Tachyzoites generally play the key role in vertical transmissions. 

For example, the transmission of T. gondii tachyzoites may happen vertically by passing 

of tachyzoites via the placenta to the foetus during pregnancy. Sin1ilarly, it can occur via 

the translnission of tachyzoites in the milk of some mammals to their offspring [117]. It 
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has also been reported that organ transplants such as heart, kidney, liver, and bone 

marrow can be infected by T. gondii. This infection may involve tachyzoites or tissue 

cysts [114, 117, 118]. 

Horizontal transmission of T. gondii tachyzoites, however, may also occur by oral 

ingestion or injection of tachyzoites contained in blood products, unpasteurised milk, 

meat or viscera of animals [117]. Nevertheless, it is normally believed that horizontal 

transmissions of T. gondii tachyzoites are not vital epidemiologically because 

tachyzoites are very sensitive to surrounding conditions and rapidly die outside the host 

[117]. Although there is a low risk of infection via horizontal transmission, it is very 

important to consume well-cooked food to avoid infection by T. gondii tachyzoites. 

--. Horizontal transmission via oocysts 
--... Horizontal transmission via tissue cysts 
--... Vertical transmission via tachyzoites 

Figure 2.18: The major pathways of transmission for T. gondii. (Reproduced from 

Tenter et al. [1 17]) . 
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When tachyzoites invade the nucleated cell types of warmblooded vertebrate hosts, 

such as the cerebrospinal fluid (CNS), eye, skeletal, heart muscle, and placenta, they 

form a parasitophorous vacuole in the cytoplasm. They then replicate themselves until 

the host cell lyses. After death of the host cell, the newly liberated tachyzoites spread 

via the bloodstream, invade neighbouring cells and start replicating themselves again 

[117, 119]. This cycle of T. gondii tachyzoites causes a strong inflan1matory response, 

tissue destruction, and clinical manifestations of disease [119]. 

2.3.4 Diagnosis of Toxoplasma gondii 

Diagnosis of T. gondii infection can be directly obtained by serological n1ethods, 

indirect diagnosis of T. gondii tachyzoites can be obtained by detection of IgG 

antibodies of T. gondii tachyzoites using the Giemsa staining [120], immunofluorescent 

antibody test [121], ELISA [122], IgG avidity test [123], and agglutination test [124]. 

These are commonly used in imlTIUnOCompetent patients. Direct methods of diagnosis 

are perforn1ed using polymerase chain reaction (PCR), hybridisation, isolation, and 

histology. The direct diagnosis of samples from CNS, blood, and urine could also help 

to detect a congenital infection [125, 126]. 

Basically, the presence of specific IgG antibodies of T. gondii shows that infection 

has occurred. However, the IgG detection cannot identify how long previously the 

infection had occurred. The detection of IgM antibodies, that are specific to T. gondii, 

has been used to determine the time of infection. There is generally a negative result for 

IgM and a positive result for IgG test if the infection occulTed at least six rnonths 

previously. There is a false-positive reaction of IgM sometimes because of the 

persistence of IgM antibodies up to 18 lTIonths following infection. This diagnosis can 

be confirmed by a Toxoplasma reference laboratory [116, 127]. 

When the infection of T. gondii is found in a pregnant woman, it is important to 

determine whether the foetus is also infected or not. The amniotic fluid is suitably 

analysed by a PCR test for earlier confirmation of foetal infection [128, 129]. There is a 

high probability of foetal damage, especially if this infection has occurred before the 

sixteenth week of pregnancy [116]. 

Another technique, that uses antigen T. gondii (TgAg) coated 10 nn1 gold 

nanoparticles to detect anti- T. gondii immunoglobulins in both serum and blood 

san1ples from rabbits, has been demonstrated. The imn1unoagglutination of TgAg 
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coated gold nanoparticles has been observed VIa TEM imaging of the solution 

containing the antibodies of T. gondii. The change of a frequency from a piezoelectric 

device can also be used to demonstrate specific agglutination of TgAg gold 

nanoparticles with TgAb. This provides a promising approach for anti-T. gondii 

antibodies detection in clinical diagnosis [4]. 

2.3.5 Drugs against Toxoplasma gondii 

Usually, immunocompetent adults and children with toxoplasmic lymphadenitis are not 

treated until symptonls appear as severe or persistent. Treatment, if applied, is normally 

administered for four to six weeks using a drug combination therapy. Most typically 

used drugs are pyrimethamine, sulfadiazine, and folinic acid. For women with suspected 

acute T. gondii infection during gestation, the recommended treatment is spiramycin for 

the fIrst and early second trinlester. Pyrinlethamine/sulfadiazine are used in the late 

second and third trinlester [119, 130], which reduce the possibility of infection in the 

newborn [131]. However, the use of pyrimethamine for treatment of T. gondii infection 

causes suppression of bone man-ow as well as neutropenia [132]. Even if folinic acid is 

used for treatment to reduce bone marrow suppression, careful nl0nitoring for 

haematotoxicity is very important. 

The combination of pyrimethamine and sulfadiazine to treat toxoplasmosis also 

has other negative side effects including allergies, kidney stones, hepatic or renal 

conlplications [132]. Therefore, the development of new drugs to inhibit T. gondii and 

decrease detrimental side effects including allergies is urgently required for T. gondii 

treatInent in patients. Tanytikse] and co-workers [133] studied the efficiency of 

azithromycin and roxithromycin for treating T. gondii in vitro. They found that 

azithromycin and roxithromycin might support the host cellular immune defense for 

treating toxoplasmosis. In addition, the study of the use of highly active triazine 

compounds in a mouse model against T. gondii showed promising results [132]. 

However, nlore studies are needed to investigate possible side effects that nlay arise in 

patients following treatment with these drugs. 

In this thesis, the application of gold nanospheres and nanorods for a photothermal 

therapy is demonstrated in detail using two model cell types: macrophage cells Raw 

264.7 and parasitic protozoan T. gondii tachyzoites RH strain. In addition, the thesis 

also investigates the infectivity of T. gondii tachyzoites into host cells as well as, in a 
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general sense, the bioconjugation of gold nanospheres and gold nanorods with 

antibodies. 
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Chapter 3 

General Experimental Methods 

3.1 Synthesis of gold nanoparticles 

All glassware used for the synthesis of gold nanoparticles was cleaned in aqua regia (3 

parts of concentrated HCI plus one part of concentrated HN03) and then rinsed with 

Milli-Q water, followed by drying in an oven at 50°C. This is because ilnpure ions 

would destabilise the gold colloids. 

3.1.1 Synthesis of gold nanospheres 

The 20 nm gold nanospheres were prepared by following the standard citrate-reduction 

tnethod. A 100 n1l solution of HAuC4.3H20 (gold III chloride trihydrate) solution (2 

mg/n1l, as produced by my colleague Dr Xiaoda Xu [134]) was used as a starting 

solution. This solution was transferred to a 250 m} conical flask, heated, and stirred 

vigorously to give a homogeneous concentration and temperature. The temperature of 

solution was measured using a clean thermometer. When the solution reached 90°C, A 

10 ml solution of 38.8 mM sodium citrate (0.1141 g trisodium citrate; Fluka Chemika 

Cat. No. R01449, in 10 ml Milli-Q water) was quickly added. The colour of the 

solution immediately changed fron1 yellow to blue and developed shortly afterwards to 

deep burgundy, characteristic of gold nanosphere solutions. The deep burgundy 

indicates the formation of reasonably n10nodispersed spherical particles (Figure 3.1). 

After the colour change, the solution was heated for a further 15 minutes to completely 

reduce the gold chloride, and then removed fron1 the hot plate and stirred for a further 

15 minutes. The gold so 1 was characterised by n1easuring the absorbance spectrum (UV-

VIS 1240 spectrophotometer, Shimadzu) and imaged under scanning electron 

microscope (SEM; more information on the SEM is given in section 3.5.2) and, finally, 
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stored at 4 °C. Figure 3.2 outlines the synthesis method found to gIve spherical 

gold nanoparticles of approximately 20 nm in diameter. 

Figure 3.1: Gold colloidal suspension, showing characteristic burgundy colour. 
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100 ml HAuC4.3H20 
(2 mg/ml) 

Heat and stir vigorously 
until 90°C 

Quickly add 10 ml of 
38.8 mM sodium citrate 

.. .. 

Change of 
solution colour 

Heat for another 15 n1in, 
then ren10ve heat and 
stir for further 15 min 

Figure 3.2: The synthesis of ~20 nm spherical gold nanoparticles using the citrate 

reduction method. 

The formation of gold colloids occurs in this n1ethod because the citrate reduces 

the gold (III) in the solution oftetrachloroauric acid (HAuC4) to Auo. The half chen1ical 

reaction is 

Au3+ (aqueous) + 3e- ~ Au (solid) (3.1) 

and the electrons are supplied by oxidation of the citrate. During the reduction, four 

different anions (gold (Ill) chloride (AUC4-), citrate, chloride, and hydroxide) are 

presented in the reaction medium [135]. These anions give an overall negative charge to 

the particles and stabilise the dispersion in an aqueous suspension by preventing 

aggregation due to electrostatic repulsion. Evidence that these anions concentrate at the 

gold aqueous interface to stabilise the gold co lloid has been obtained frOlTI divergent 
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chemical techniques; however, the mechanism of the reaction of these ions with gold is 

still unclear [135] and here only a rather simplistic explanation is given. 

Before adding the reducing agent, gold ions (AUC4-) exist in the solution. The 

addition of sodium citrate, the reductant, results in the fornlation of gold atoms in the 

solution. The concentration of gold atoms increases in the solution until supersaturation. 

As the Au concentration increases, nucleation is initiated at which point gold atoms 

gather into clusters to form seeds or nuclei. Aggregation occurs during the process of 

nucleation, demonstrated by the purple-bluish colour of the solution. Gold cores of 11 

atoms arranged as an icosahedral shape form at nucleation sites [136, 137]. Further 

deposition of metallic Au takes place on the nuclei causing particle growth [138]. The 

process continues until all gold atoms are removed from the solution. The formation of 

the colloid causes the suspension to become a burgundy colour. The preparation of 

spherical nanoparticles of different sizes is achieved by using different ratios of gold 

precursor and reducing agent [1]. Generally, larger particles are produced from a higher 

ratio, because higher concentration of gold precursor allows increasing the growth of 

the colloid around fewer nucleation centres owing to the lower relative concentration of 

the reducing agent. Conversely, increasing the content of the reducing agent results in a 

snlaller diameter of gold particles. The gold colloid is stabilised against aggregation by 

electrostatic repulsive forces from the negative charge caused by adsorption of excess 

citrate anions at the surface of the gold particles. 

3.1.2 Synthesis of gold nanorods 

All the gold nanorods used in these experiments were produced by my colleague, Dr 

Xiaoda Xu. Briefly, the gold nanorods were prepared by a modification of the seed-

mediated growth method [139] using tetrachloroauric acid made by dissolution of 

99.99% Au [134]. A seed solution of spherical gold was prepared by mixing 0.1 nllof 

0.02 M KBH4 with 10 ml of an aqueous solution containing 0.5 lllM HAuC4 and 0.2 M 

CTAB. The solution was stirred for 30 nlinutes, after which time it was ready for 

addition to a growth solution at room temperature. A growth solution was prepared by 

adding 0.1 ml of 0.10 M L-ascorbic acid into 10 ml aqueous solution containing 0.2 M 

CT AB, 0.5 mM HAuC4, and 0.1 ml of 10 mM AgN03. Thereafter, the solution was 

nlixed gently. The seed solution was added to the growth solution, resulting in the 
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formation of gold nanorods, which took place over several tens of minutes during which 

the colour of the growth solution gradually changed from purple to blue. 

The as-received gold nanorods were unpurified and still in their growth solution, 

which contained a high concentration of surfactants and some unreacted gold. 

Therefore, the solution of gold nanorods was centrifuged for 10 minutes at a low speed 

(2000 rpm; 300 g) for use in the experiments in Chapter 6 or 3700 rpm (900 g) and 5 

minutes for the experiments in Chapter 7 in order to remove large spherical particles 

and excess dissolved salts. The resulting solution was characterised as per the gold 

nanospheres described previously. 

3.2 Conjugation of gold nanoparticles to antibodies and 

proteins 

All colloidal gold suspenslOns are sensitive to electrolytes because any electrolytes 

present constrict the ionic double layer and reduce electrostatic repulsion. This tends to 

produce particle aggregation. This aggregation can be observed by a colour change from 

red to blue, followed soon after by sedimentation of go ld. The present research will 

apply gold-protein conjugates within a cell culture environment, which contains many 

electrolytes in both buffer and media. Therefore, it was necessary to determine the 

suitable amount of adsorbed protein which would stabilise these gold nanoparticles in 

tissue culture mediun1 and buffer. To do this, a gradient concentration/conjugation 

experiment was perfonned. The proteins used in the experiments were bovine serun1 

albumin (BSA, Sigma, Cat. No. A 7888) and comlnercially available immunoglobulin 

proteins (antibodies). 

3.2.1 Conjugation of gold nanospheres to protein (BSA or antibodies) 

The conjugation of go ld nanospheres with proteins (BSA or antibodies) was carried out 

using a modified vers ion of a previously published method [1, 138]. The pH of the 

so lution of gold nanospheres (20 nm) was adjusted by using 0.5M KOH to give a pH 

value above the isoelectric point (pI) of the conjugating protein (pH paper was used for 

measuring). The pH for conjugation used in all experin1ents in this thesis was 7.5. A 

titration method was used to determine the optimal concentration between 

gold/antibody or gold/BSA. The mixture of gold and protein was incubated for 10 - 15 
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minutes. Thereafter, the lowest amount of BSA or antibody that stabilised the gold 

nanoparticles (that is, no visible aggregation of the gold in solution) was identified by 

adding 10% NaCl followed by storage in the refrigerator from 1 hour to overnight for 

testing the stability. The minimum suitable concentration of BSA or antibody was taken 

as being that in the sample that did not show a colour change from burgundy to blue. 

The optimal ratios of proteins and gold nanosphere sols used in each chapter are 

summarised in Table 3.l. After incubation of the optimal ratio of protein-gold 

concentration for 10 - 15 minutes at room temperature, the lnixture was centrifuged 

followed by washing twice with phosphate buffered saline (PBS; no Ca2+ or Mg2+). The 

sample was then centrifuged in order to concentrate the gold and remove unbound 

antibody located in the supernatant. The speed, time and temperature of centrifugation 

for each experiment are also summarized in Table 3.1. The conjugated pellet was then 

re-suspended in PBS plus 1 % BSA and stored at 4°C. The optical density of the 

working solution was adjusted at the maximum absorption wavelength of gold solution 

before use in each experiment. This was perforn1ed so that the concentration of gold 

used in the reconstituted sols was in all cases the same. The details are presented in 

Chapter 4, section 4.2.2 and Chapter 5 in section 5.2.2. The experiments in Chapters 4 

and 5 used the sanle ratio of gold nanospheres and BSA for conjugation. 
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Table 3.1: The mixtures of gold nanospheres and protein used for conjugation in the 

experiments of Chapters 4 and 5. 

Experiment Volume (J.1I) Speed, time, and 

temperature of the 

centrifuge (Himac-

CRIST, Hitachi) 

BSA PBS buffer Colloidal 

(lmg/ml) gold (20 nm) 13000 rpm, 25 min at 4°C 

Chapter 4 24 16 100 

CDllb PBS buffer Colloidal 

(0.3mg/ml) gold (20 nm) 13000 rpm, 25 min at 4°C 

24 16 100 

Anti 30 kDa PBS buffer Colloidal 

Chapter 5 T.gondii gold (20 nm) 12000 rpm, 10 min at 10°C 

12 8 80 

3.2.2 Conj ugation of gold nanorods to BSA and antibodies 

The original gold nanorod solution fronl Dr Xiaoda Xu was centrifuged at low speed 

(2000 rpm; 300 g) for 10 minutes to remove any bigger spherical shapes from the 

desired nanorods. Following this, the gold nanorods were washed twice with Milli-Q 

water, and centrifuged at a speed of 8000 rpm (4300 g) for 15 minutes. The pellet of 

washed gold nanorods was diluted with Milli-Q water to the optical density of2.0 at the 

nlaximum wavelength 

of the second peak of gold nanorods and adjusted to pH 7.5 by 0.5M KOH before 

incubation with BSA or antibodies. The method used to conjugate the gold nanorod 

with BSA and antibodies was also based on the sanle protocol used for the conjugation 

with gold nanospheres [1 , 138] as explained in section 3.2.1. Gold nanorods were 

incubated with BSA or antibodies for 15 - 20 minutes (or even up to 1 hour). Once 

again, this method is believed to exploit an electrostatic rather than covalent interaction 

between protein and gold [140, 141]. The amount of antibody or BSA used was enough 

to stabilise and prevent aggregation of gold nanorods. Following the incubation, 

unbound protein in the supernatant was removed by centrifugation and washing in PBS. 

The alTIounts of protein and gold used in conjugation and other conditions of each 

experinlent are summarised in Table 3.2. The pellet of nanorod-protein conjugates was 
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then resuspended in PBS plus 1 % BSA. The optical densities of the conjugated working 

solution used in experiments are described in Chapter 6, section 6.2.1 and Chapter 7, 

section 7.2.1. 

Table 3.2: The mixtures of gold nanorods and protein used for conjugation in the 

experiments of Chapters 6 and 7. 

Experiment Volume (J.1I) Speed, time and 

temperature of the 

centrifuge (Himac-

CR1ST, Hitachi) 

BSA PBS buffer Colloidal 

(lmg/ml) gold (20 nm) 13000 rpm, 25 min at 4°C 

Chapter 6 24 16 100 

CDllb PBS buffer Colloidal 

(0.3mg/ml) gold (20 nm) 13000 rpm, 25 min at 4°C 

24 16 100 

BSA PBS buffer Colloidal 

(lmg/ml) gold (20 nm) 8000 rpm, 15 min at 10°C 

Chapter 7 25 16 100 

Anti 30 kDa PBS buffer Colloidal 

T. gondii gold (20 nm) 8000 rpm, 15 min at 10°C 

12 8 100 

3.3 Cell culture 

3.3.1 Basic preparation for cell culture 

All cell cultures were performed in a Class II laminar flow cell culture cabinet (Biology 

safety cabinet) in which any aerosols generated in the cabinet were filtered out before 

they were released into the sUlTounding environment. Sterilisation was conducted by 

turning on the UV light for 15 - 20 minutes before culturing cells. During the 

preparation of the laminar flow hood under UV light, all tissue culture media were 

incubated in a water bath at 37°C to warm up the tnedia to the optimum ten1perature for 

cells. The UV light was then turned off after the above exposure time and cell culture 

was started. The surface of the hood was cleaned with 70% ethanol before and after 

each use. 
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3.3.2 Thawing and freezing mammalian cell lines 

The frozen cells in cryogenic tubes were taken out from a liquid nitrogen tank at -80°C 

and rapidly warmed up in a water bath (37°C) to thaw the frozen cells. After thawing, 

the external part of the cryogenic tubes was cleaned with 700/0 ethanol and placed in the 

laminar flow tissue culture cabinet. All materials used for tissue culture were also 

sterilised and cleaned before placing them in the cabinet. The tube with frozen cells was 

slowly filled with 0.5 ml of a specific mediunl plus 10% fetal bovine serum (FBS) for 

each cell line and pipetted up and down gently. Next, the cell so lution was transferred 

into a 15 ml tube followed by adding 10 ml of medium plus 100/0 FBS. After lightly 

mixing, this tube was centrifuged (centrifuge 5702R, Eppendorf) at a speed of 1500 rpm 

(400 g) for 3.5 minutes and the supernatant was removed. The cell pellet was 

resuspended with mediunl plus 10% FBS to give the desired concentration. The cell 

suspension was transferred to the tissue culture flask or tissue culture well and 

incubated in the incubator (C02 incubator MCO-17AI, Sanyo) at 37°C and 5% CO2 for 

24 or 48 hours. 

For the freezing process of adherent cells, cells in log phase growth (sub-confluent) 

were washed with media without 10% FBS. All the adherent cells used in the 

experinlents were dislodged from the tissue culture fl.ask by using trypsin . Following the 

washing of cells, trypsin at 0.25% concentration plus 0.020/0 ethylenediarninetetraacetic 

acid (EDTA) in Hank's balanced salt solution (HBSS) was added to cover the surface of 

cell layer in the tissue culture flask and incubated in the incubator for 5 - 20 minutes. 

The cell dislodgen1ent was checked again under an optical nlicroscope to confirm that 

all cells had separated from the surface of the flask, seen as round cells floating and 

moving in the solution. Thereafter, a 5 ml solution of nledium containing 10% FBS was 

added into the flask and transferred to the 15 nl1 sterile plastic tube. The cell solution 

was centrifuged at 1500 rpm (400 g) for 3.5 Ininutes. The cell pellet was resuspended in 

n1edium plus 100/0 FBS. In the case of non-adherent cells, the cells were removed from 

the flask without using trypsin and the saIne process was followed as mentioned 

previously. A 0.2 ml solution of a nlixture of dimethyl sulfoxide (DMSO, Sign1a-

Aldrich) and FBS at a ratio 1: 1, was added to the cryogenic tubes. Then, 0.8 Inl of the 

cell suspension containing 1 x 105 cells/ml was transferred to the cryogenic tube and 

gently mixed with DMSO-FBS. The vials of cells were placed into isopropyl alcohol 

bath (IPA bath, Figure 3.3) for controlling the freezing rate and then the vial cells were 
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stored in a freezer at -80°C overnight. Following overnight freezing in a freezer, all vials 

of cells were stored in the liquid nitrogen tanle 

~ Q 1.2mL m m 2.0mL 

~.m.~ (C,": ~ ¢ 

250mL L=J 

Figure 3.3: Diagram illustrating the cell freezing process using IP A bath. 

3.3.3 Mammalian cell culture 

M-urine lnacrophage (Raw 264.7 cells) and Chinese halnster ovary (CHO-Kl, epithelial 

cells) were obtained from the University of New South Wales and the Institute for the 

Biotechnology of Infectious Diseases, University of Technology, Sydney (IBID-UTS). 

The frozen cells were stored in a liquid nitrogen tank. Raw 264.7 and CHO-Kl are 

adherent cells . They were cultured on flasks or on glass cover slips in Dulbecco' s 

nlodified Eagle ' s mediunliHam's nutrient mixture F-12 (DMEM-F12) including 2 mM 

glutamine supplemented with 10% FBS. Cells were seeded onto glass cover slips or 

flasks at the desired concentration for each experiment. A haenl0cytometer was used to 

determine the nunlber of cells in suspension. After seeding, cells were nlaintained in a 

humidified incubator at 37°C and 50/0 CO2 for 48 hours. Further details of cell 

preparation for specific experiments are provided in Chapter 4, section 4.2.3 and 

Chapter 6, section 6.2.2. To subculture adherent cells, a monolayer of cells in the tissue 

culture flask was washed with serunl- free medium or with phosphate buffer saline (PB S 

buffer). Trypsin was added to cover the monolayer of the cells in the flask as described 

in section 3.3.2. Thereafter, cells were seeded into fresh medium for use in the 

experiment. Cell subculture of non-adherent cells (Human leukemic monocyte 

lymphoma cell line: U937 fronl the University of New South Wales) was undertaken 

using the same nlethod (except that no monolayer of cells was washed into the flask and 
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no trypsin was used to take cells out from the flask). The U937 cells were cultured in 

Roswell Park Memorial Institute medium (RPMI-1640 medium) plus 10% FBS and 20/0 

1M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES). 

3.3.4 Parasite cell culture 

Toxoplasma gondii (RH strain) tachyzoites obtained from IBID-UTS were grown in 

African green monkey kidney cells (Vero cells; from IBID-UTS). Cells and tachyzoites 

were grown in RPMI-1640 medium containing 2% 1M HEPES buffer, 1 % penicillin-

streptomycin, and supplemented with 2% fetal bovine serum and then were maintained 

in a 5% CO2 humidified incubator at 37°C. Tachyzoites were harvested after 

spontaneous lysis of Vero cells (about 3 - 4 days after infection) by centrifugation 

(centrifuge 5702R, Eppendorf) at 1500 rpn1 (400 g) for 5 minutes to remove host cell 

debris. The supernatant portion was centrifuged again at 3700 rpm (2100 g) for 5 

minutes, and the resulting pellet re-suspended in RPMI -1640 supplemented with 20/0 

FBS. Tachyzoites were counted using a Neubauer haen1ocyton1eter and the 

concentration adjusted to 1 - 3 x 107 tachyzoites/ml. All chemicals and tnaterials used 

for cell cultures are listed in Table 3.3. 
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Table 3.3: Details of media and materials for cell culture. 

Materials Suppliers 
Media 
1. DMEM-F12: Dulbecco's Modification of JRH Biosciences, Cat. No. 51445 
Eagles's Medium (for Raw264.7 and CHO-Kl 
cells) 
2. RPMJ1640: with 2.05 mM L-glutamate (for JRH Biosciences, Cat. No. 51501 
Vero cells and T. gondii tachyzoites) 
3.FBS: Fetal bovine serum, alpha-immediate JRH Biosciences, Cat. No. 12176 
heat 

Buffers 
1. PBS: Phosphate buffer saline without Ca-+ 
and Mg2+ 

Oxoid Pty.Ltd., Cat. No. BROO14 

2. HEPES solution 1M: N-2- JRH Biosciences, Cat. No. 59205 
hydroxyethylpiperazine-N'-2-ethanesulfonic 
acid 

Enzyme&An tibiotics 
1. Trypsin: 0.25%Trypsin plus 0.02 EDT A in JRH Biosciences, Cat. No. 59428 
Hank's balanced salt solution (gamma 
irradiated) 
2. Penicillin-Streptomycin Solution: 10,000 Sigma Aldrich, Cat. No. P0781 
units/ml penicillin and 10 mg/ml streptomycin 
in 0.9% sodium chloride 

Tissue Culture Wares 
1. Tissue culture flask: Polystyrene Easy flask, Nunc, Cat. No. 156367 
Filter cap, 25cm2 

2. Tissue culture flask: Polystyrene Easy flask, 
Filter cap, 75cm2 

Nunc, Cat. No. 156499 

3. Multiwell tissue culture plate: Polystyrene 
with lid, sterile 
6 wells Nunc, Cat. No. 150239 
12 wells Nunc, Cat. No. 150200 
24 wells Nunc, Cat. No. 144530 
4. Adjustable-volume pipettes and pipette Eppendorf 
tips 
5. Sterile pipette: Polystyrene 
2 ml pipette Nunc, Cat. No. ] 59617 
5 ml pipette Nunc, Cat. No. 159625 
10 ml pipette Nunc, Cat. No. 159633 
25 ml pipette Nunc, Cat. No. 159614 
6. Cover slips: Glass circular cover slips, Deckglaser cover glasses, Living stone, 
diameter 12 mm Australia 
7. Micro tube: 1.5 ml Medos 
8. Sterile centrifuge tube: 
15 ml centrifuge tube Nunc, Cat. No. 366060 
50 ml centrifuge tube Nunc, Cat. No. 373687 
9. Sterile filter: Membrane filter 0.45 ~m for Eppendorf 
Easypi pette,h ydroph obi c, 
Polytetrafluoroethylene (PTFE) 
10. Pipetting aid: For graduated pipettes from Eppendorf Easypet 
0.1 ml to 100 ml 
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3.4 Protein analysis 

Two different protein analysis methods were used in the different experin1ents for 

determining the concentration of BSA and antibodies in the supernatant of the gold-

protein conjugation (the protein concentration within the conjugate could not be 

determined directly for reasons that I will explain later. Therefore, protein in the 

conjugates was determined by difference). 

3.4.1 BCA protein assay 

BCA protein assay is a method of colourimetric detection and quantitation of total 

protein in a sample based on bicinchoninic acid. This method relies on the formation of 

a Cu2+ protein complex under alkaline conditions, followed with reduction of Cu2+ to 

Cu 1 
+ by protein in an alkaline n1edium. This reaction is detected by the very sensitive 

colourimetric detection of the cuprous cation (CU I
) by bicinchoninic acid seen as a 

purple blue complex. The reaction of protein with alkaline copper is shown in Figure 

3.4. The water-soluble colour con1plex exhibits a strong absorbance using a 

spectrophoton1eter set at wavelength 562 nn1. The absorbance is linear with respect to 

protein concentration at a broad working range of protein concentration from 20 to 2000 

Jlg/ml. The protein, BSA, was used as a standard protein for creating a standard curve. 
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STEP 1. 
Protei n + CU·! OH~ .. CU·" 

STEP 2. 

-ooC 

-ooe 

Figure 3.4: Diagram illustrating how protein reacts with alkaline copper II to produce 

copper 1. Bicinchoninic acid (BCA) then reacts with the copper I, resulting in an intense 

purple colour detectable at around 560 nm. (Reproduced fi'om Pierce BCA commercial 

product [142]). 

The BCA working reagent was prepared by mixing 50 parts of BCA reagent A 

(Pierce, Cat. No. 23223) with one part of BCA reagent B (Pierce, Cat. No. 23224). 

Following this, the reagent was stored overnight in a sealed container at roon1 

temperature after which it was ready for using in protein analysis. A 25 J.ll solution of 

BSA standard or unknown samples (supernatant taken from conjugation in experin1ents 

such as in Chapter 4, which used CDll b, conjugated to gold particles) was added into 

the microplate wells. The san1e volume of diluent was used as the blank in the assay. A 

200 J.ll solution of BCA working reagent was then added into each well containing 

samples. Thereafter, the micro titre plate was agitated on the shaker for 1 minute and 

then placed in an incubator at 37°C for 30 n1inutes. After incubation, the microtitre plate 

was cooled to room temperature and then the absorbance was read at 562 nm 

absorbance using a plate reader (Synergy HT, Bio-Tek). The standard curve of BSA 

was used to determine the san1ple protein concentration. 

3.4.2 Bio-Rad protein assay 

Bio-Rad protein assay is another method for protein analysis based on the Bradford 

method. This method measures the re lation of concentration of protein from the co lour 

of the reaction between acidic dye and an unknown protein solution. The san1ple was 
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measured at the wavelength 595 nm with a microplate reader. The relative measurement 

of protein concentration was identified from a protein standard curve. This method was 

used to analyse the anti-T. gondii antibody, since this antibody is stored in glycerine, 

which interferes with the development of dye colour in the BCA protein assay. 

Therefore, the Bio-Rad Braford protein assay was used in this case to avoid interference 

from glycerine. One part of the dye reagent (BioRad, Cat. No. 500-0120) was diluted 

with four parts of Milli-Q water. The particulates in the dye solution were removed 

using a Whatman No.1 filter. BSA standard and samples (supernatant portion from the 

conjugation of gold particles with anti-T. gondii antibody) at a volume of 10 J.ll were 

added into the microtitre plate. Afterwards, a 200 J.ll solution of diluted dye reagent was 

added to each well of samples. The samples were mixed using a microplate mixer and 

incubated at room temperature for 5 minutes. The samples were measured at 595 nm 

absorbance using a plate reader. The standard curve of BSA was used to determine the 

protein concentration as mentioned in 3 A.1. 

3.5 Cellular imaging and microscopy 

3.5.1 Bright field and confocallnicroscopy 

Cells were studied using a bright-field microscope (Nikon MCO-17 AI) and the 

fluorescent mode of a confocal n1icroscope (Olympus lX71). Determination of cell 

viability was undertaken by staining cells with either of two cell permeability 

fluorescent dyes: propidium iodide and SYTOX green dye. Bright field microscopes 

were used for checking the growth of cells and controlling cell concentration. 

3.5.2 Electron microscopy 

For imaging of cell samples under the scanning electron n1icroscopy (LEO Zeiss Supra 

55 VP), the samples of cells were fixed with 40/0 paraformaldehyde in PBS for 25 

minutes at room telnperature, followed by four washes with PBS and then six washes 

with Milli-Q water. The cover slips were then dried and stored in a desiccator until 

imaged by a scanning electron microscopy. In the case of the samples of gold 

nanoparticles, the suspension of particles was dropped directly onto a carbon stub, dried 

under vacuum system, and imaged by scalming electron microscopy. 
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Transmission electron microscopy (TEM) imaging was perfornled for me by Dr 

Murray Killingsworth of the Sydney South West Pathology Service, Liverpool Hospital, 

Australia. I initially fixed the cell samples grown on a plastic cover slip with 2.50/0 

glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 4 hours, after which Dr 

Killingsworth applied some further treatments. Briefly, the process for the cells attached 

to cover slips used a standard method [143] with some extended times which included 

block staining with 2% oSlllium tetroxide for 4 hours. Subsequent steps included a rinse 

in 1 % sodiuln acetate, block staining with 2% uranyl acetate for 1 hour, dehydration 

through graded alcoho Is and acetone and infiltration with Spurr low viscosity resin that 

was then cured at 70°C. Transverse ultrathin sections 130 nm thick were cut from the 

cover slips with cells attached using an Ultra 45-diamond knife (Diatome, Switzerland) 

then stained with uranyl acetate and lead citrate. Digital images were acquired at 80 kV 

with a Soft Imaging System Mega View III CCD camera (Munster, Germany) attached 

to a FEI Morgagni 268D transmission electron microscope (Eindhoven, The 

Netherlands). Images were processed using Photoshop 4.0 Unsharp Mask filtering 

(Adobe Systems Incorporated, USA). 

TEM inlaging of those cells that had been prepared in suspensIOn was also 

perfonned. These cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer pH 7.4 for 4 hours. The cells in fluid at concentration around 1 x 107 

cells/ml were concentrated by spinning in a centrifuge (Heraeus, Megafuse 1.0) at 200 

rpm for 5 minutes. The concentrated cells in a vo IUlne around 200 - 500 ~Ll were 

processed using a standard Inethod [143, 144] to prepare a specimen block. Then, the 

specilnen block was cut for ultrathin sections 120 nnl thick that were subsequently 

stained with uranyl acetate and lead citrate. The balance of the TEM procedure was the 

same as that described above for the adherent cells. 

3.6 Cell viability 

In this project two types of dyes were used in different experiments for determination of 

cell viability due to shortage of product frOlll suppliers. The first was the SYTOX green 

dye kit (Invitrogen ll101ecular probes, Cat. No. L34951). This dye is a high affinity 

nucleic acid stain. The dye cannot cross the membranes of live cells; however, the 

nucleic acids of dead cells stained with SYTOX green dye fluoresce bright green after 

they are excited with an argon-ioll laser at a wavelength of 488 nm. A 5 /-ll solution of 
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10 JlM SYTOX green stain stock solution was diluted with 45 Jll of DMSO to be a 

working dye solution. This working solution can be stored in the freezer at the 

temperature below -20°C for a n10nth. A 0.5 Jll working solution was added to 5 Jllof 

cell sample and incubated for 5 n1inutes. Thereafter, the number of dead cells present 

was checked by looking for those that appeared fluorescent green under the fluorescent 

mode of the confocal microscope. Three cover slips of each treatment and five areas of 

each were analysed for checking cell viability. 

Propidium iodide is another dye that has been used in this research. This dye is 

also comn10nly used to determine cell viability. This dye is excluded from live cells but 

can penetrate the cell membrane of dead cells. The concentration of propidium iodide 

used in the experiment was 15 /-lg/n1l in a PBS buffer. A 30 Jll dye solution was added to 

a cover slip, incubated for 5 minutes and then the sample was observed under the 

fluorescent mode of a confocal microscope. The dead cells show bright orange after 

exciting with a HeNe laser at a wavelength of 633 nm. 

3. 7 Laser irradiation 

Two types of lasers, green and red, were required in this project depending on the shape 

(sphere or rodlike) of gold nanoparticles used. 

3.7.1 Green laser 

In Chapter 4, a 543.5 nn1 green HeNe laser (Melles Griot 05-LGR-151) was used to 

study the photothermal therapeutic application of gold nanospheres. The core size of the 

laser following focusing by a lens was deten11ined using the laser's ability to burn paper 

(laser burn paper, Lastex). The burnt spot was 0.1 mm in diameter. Due to the 

brightness of the laser spot, it actually appeared to be about 2 mm diameter to the eye, 

illustrating the value of using the special laser burn paper. The power of the laser 

measured by a power meter was around 2.5 mW. 

Exposure of cells to the laser was performed by using cells grown on glass cover 

slips. The back of the cover slip was marked to indicate the region where the laser was 

to be applied. The cover slip was placed into the petri dish, and PBS buffer solution was 

added to cover the entire surface of the cover slip. Thereafter, the cells on a cover slip 

were irradiated with a laser for 10 n1inutes. The cover slip was relTIoved fron1 the petri 
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dish and incubated for an hour at 37°C. After incubation, the viability of cells was 

checked by staining with dye. More information is given in Chapter 4, section 4.2.5. 

In Chapter 5, a 514 nm green argon unfocused laser (Innova70) was used to study 

photothennal therapy of T. gondii tachyzoites by gold nanospheres. The power of the 

laser used in the experiment was adjusted for different treatments. The details of the 

laser power used for irradiation are given in Chapter 5, section 5.2.4. A 100 1-11 volume 

of suspended tachyzoites under different treatments was contained in a glass bottle with 

constant stirring using a magnetic stirring bar. The glass bottle was set up over the 

magnetic stirrer at the position of the laser spot and was exposed for 10 minutes. 

Following the laser irradiation, the solution of T. gondii tachyzoites was stained with 

dye for checking of cell viability. More information is given in Chapter 5, section 5.2.4. 

3.7.2 Red laser 

In Chapter 6, gold nanorods were used for all experiments. The second peak of gold 

nanorods has a longitudinal plasmon absorption at a wavelength around 650 to 700 nm. 

Therefore, we used a red laser from our facility at a wavelength of 650 nm for this 

experiment. A 5 tuW continuous wave diode laser (Roithner Lasertechnik, Vielu1a, 

Austria) was used to expose samples of cells grown on cover slips as described 

previously in section 3.7. 1. However, in this case the laser fluences ranged from 0 to 

29.7 l /cnl by systematic variation of the spot size. Following the laser treatment, cells 

were incubated for one hour at 37°C and their viability determined by staining with dye. 

More information is given in Chapter 6, section 6.2.3. 

In Chapter 7, a 100 m W red laser (650 nm, Oatley Electronics, Australia) was used 

to study the destruction of T. gondii tachyzoites using gold nanorods. The power of the 

laser was varied between 0 and 12192 J/cm2 by spot size alteration. A 3 1-11 droplet of 

suspended tachyzoites of different treatments was added in the hole of the slide that had 

its dian1eter within the laser spot. Then, the cell solution was irradiated with the laser for 

4 n1inutes. The number of dead tachyzoites was determined after staining with dye. 

More inforn1ation is provided in Chapter 7, section 7.2.2. 
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Chapter 4 

Selective Targeting of Murine 

Macrophage Cells Using Antibody-

Functionalised Gold N anospheres 

4.1 Introduction 

Gold nanoparticles have been used in n1any new diagnostic biological applications [43, 

47, 48]. Particularly, the conjugation of gold nanopartic1es with biomolecules such as 

antibodies and other proteins results in a composite particle that selectively attaches to 

various kinds of biological material. Although exploitation of this for staining 

microscopy specimens is well-known, gold-protein conjugates have a much broader 

application in cell biology [2]. For example as colourimetric probes for analysing DNA 

[45], protein microarrays [145], detection of glucose transporter-1 (GLUT -1) in diabetic 

rats [146], pregnancy testing in humans [147], detection 0 f conformational changes in 

proteins [148], diverse biosensors [4, 149-151], and enhancement of the light scattering 

of targeted cell types in microscopy [54]. Recently, there has been interest in targeting 

gold nanopartic1es to live cells for disease therapy. Gold nanopartic1es exhibit a strong 

plasmon resonance with light, which can be exploited in principle for an in vivo 

photothern1al therapy. For several years this technique has been under investigation by 

others to treat cancer cells. In this chapter of the thesis, I initially concentrate on gold-

protein conjugates developed around gold nanospheres. The conjugate can be actively 

targeted to a desired cell type because it is functionalised with a suitable antibody. Here 

I used an antibody specific to a murine n1acrophage cell (Raw 264.7). I provide an in 

vitro demonstration of how the n1acrophage cells can be selectively killed by using the 
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nanoparticle conjugates in conjunction with a low power laser. Macrophage cells are 

closely linked to key events in many autoimmune diseases and n1ay also be a host cell 

of some pathogenic cells (more information in Chapter 2, section 2.3.1). Therefore, a 

method to selectively target and destroy them would be useful. This work has been 

published in Gold Bulletin , 2007, 40(2) : 121 - 129. 
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4.2 Experimental procedures 

The overall experimental nlethodology is summarised in Figure 4.1. Gold nanospheres 

of a nominal 20 nm diameter were conjugated to rat anti-mouse CD11 b-Mac1 

monoclonal antibody, an antibody specific to the murine macrophage cells that I have 

used as a model target. The cell cultures were then exposed to the gold-antibody 

conjugates, which bound to the outer membranes of the target cells. A scanning electron 

microscope with electron backscatter mode was used to investigate the binding of the 

gold-antibody conjugates to murine macrophage cells. The binding of the nanoparticles 

was confirmed by attaching a fluorescent-tagged secondary antibody to the conjugate 

followed with observation of the labelled cells under the fluorescent mode of a confocal 

optical microscope. Photothermal destruction of the targeted cells was accomplished by 

irradiating with a laser at a wavelength that induced plasmonic heating in the gold 

nanoparticles. I also investigated the behaviour of "unconjugated" gold nanoparticles 

(citrate-stabilised particles without attached antibody) and confrrmed that they also 

bound to sonle extent to live cells, a point already recorded in the literature [152, 153], 

even though they have a lower degree of attachment than if conjugated with a specific 

antibody [71 , 154]. On the other hand, we found that conjugates of gold with BSA 

demonstrated greatly reduced levels of non-specific binding to the cells. Therefore, 

gold-BSA conjugates were prepared as one of the controls. In addition, the lower cost of 

BSA provided an opportunity to investigate the conjugation process in more detail than 

was practical with the CD 11 b-Mac 1 antibody. The experimental procedures are 

provided in the following sub-sections. 

56 



gold particles 

CHAPTER 4. SELECTIVE 
TARGETING OF MURINE MACROPHAGE 

CELLS USING ANTIBODY-FUNCTIONALISED GOLD NANOSPHERES 

antibody-gold Attachment 
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Figure 4. 1: Schenlatic illustration of methods by which gold nanoparticles were 

attached to target cells and characterised. 

4.2.1 Preparation of gold spheres 

The preparation of the 20 nnl gold nanospheres followed the standard citrate-reduction 

method according to the procedures described in detail in Chapter 3, section 3.1.1. 

Images of the gold nanoparticles were obtained using a high resolution SEM and the 

absorption spectra of the spherical gold nanoparticles were Ineasured by a 

spectrophotonleter. More infonnation on sample preparation for SEM and spectrum 

nleasurenlent was given in Chapter 3, sections 3.1.1 and 3.5.2. 

4.2.2 Conjugation of gold spheres and antibody 

The approach used to conjugate the gold nanoparticles with antibody was based on 

previously published nlethods as described in Chapter 3, section 3.2.1. Two kinds of 

conjugate were prepared, one with BSA and a second with rat anti-nlouse 1110noclonal 

antibody (CDl1b-Macl , Chelnical International, Cat. No . CBLI3l3), designated after 

this as "CDII b". In both cases the conjugation was carried out after first adjusting the 

pH of the gold solution to 7.5 using a few drops of 0.5 M KOH and then continuing 

with the process as explained in Chapter 3. The antibody- or BSA-conjugated gold 

pellet was then re-suspended in PBS plus 1 % BSA. The absorbance of the working 

solution was adjusted to 0.6 at 530 nnl by dilut ion. Protein analyses of the supernatant 

were conducted by the bicinchoninic acid method (BCA protein assay, details provided 

in Chapter 3, section 3.4.1) to roughly calculate the ratio ofBSA or antibody nl01ecules 
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to the gold nanoparticles. Unfortunately, protein analysis of the actual gold pellet 

conjugated with protein could not be reliably carried out with the BCA method due to 

interference from the colour of the colloid. 

4.2.3 Cell preparation and labelling 

Murine macrophage cells (Raw 264.7) and Chinese hamster ovary cells (CHO-K1) were 

cultured on glass coverslips in DMEM-F12 including 2 mM glutamine supplemented 

with 100/0 FBS. Cells were seeded onto glass coverslips at 1 x 105 cells/ml and 

maintained in a humidified incubator at 37°C and 5% CO2 for 48 hours. Labelling of the 

cells was accomplished by incubating them with gold-antibody conjugates in PBS plus 

1 % BSA for 1 hour at 37°C and under 5% CO2, followed by washing four times with 

PBS plus 1 % BSA to remove unbound gold-antibody conjugates. Negative controls 

included the incubation of gold-BSA conjugates with the n1acrophage cells, and the 

incubation of gold-CD11 b conjugates with the CHO-K1 cells. More information of cell 

culture has been presented in Chapter 3, section 3.3. 

4.2.4 Microscopy 

Cells labelled with gold spheres (as outlined above) were fixed with 40/0 

parafonnaldehyde in PBS for 25 minutes at room ten1perature. For optical microscopy 

the cells were then incubated with a secondary FITC (fluorescein isothiocyanate) 

antibody (goat anti-rat IgG-FITC, Sign1a-Aldrich, Cat. No. F6258) designated hereafter 

as "2°abFITC" at a dilution of 1 :30 for 1 hour at 3 7° C. Cells were washed four times 

with PBS to remove unbound secondary FITe and viewed under a confocal n1icroscope. 

The purpose of the secondary antibody, which is fluorescent, was to provide a clear 

visualisation of the location of all active CD 11 b antibodies. To observe endocytosis of 

gold nanoparticles by the macrophage cells, an experiment was conducted as above but 

without prior fixation of the cells followed by addition of gold-CD11 b conjugates. 

For scanning electron microscopy, the cells were fixed as described previously, 

then washed four times with PBS and six times with Milli-Q water. The cover slips 

were then dried and stored in a desiccator until in1aged. To study gold-antibody 

conjugates inside n1acrophage cells, the macrophage cells were incubated with gold-
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CD 11 b conjugates for 1 hour and 2 hours followed by imaging under a transmission 

election microscope (TEM). More inforn1ation of sample preparation and n1icroscopy 

has been provided in Chapter 3, section 3.5.2. 

4.2.5 Irradiation by laser 

The mature murine macrophage cells were incubated with conjugated and unconjugated 

gold nanoparticles. Following this, the cells were irradiated for 10 minutes by a 543 .5 

nm green HeN e laser. More information has been given in Chapter 3, section 3.7.1. 

Thereafter, the cells were incubated for an hour at 37° C and their viability checked by 

using SYTOX green nucleic acid stain. More details of the staining dye have been 

provided in Chapter 3, section 3.6. Macrophages were also incubated with gold-BSA 

conjugates as the negative control. 

4.3 Results and discussion 

4.3.1 Gold-protein conjugates 

The citrate-stabilised gold nanoparticles and their optical extinction spectrun1 are 

illustrated in Figures 4.2 and 4.3. The particles have a diameter of ~20 nm (Figure 4.2) 

and are well dispersed while in colloidal suspension as seen from the optical spectra 

which showed an absorption peak at 526 nm. (Figure 4.3) . Conjugation of the particles 

with the BSA was straightforward, and a clear-cut transition from stable to unstable 

conditions achieved at a BSA/ Au mass ratio of close to 0.1 (Figure 4.4). However, 

protein analyses of the supernatant fluid showed that only 10% of added BSA bound to 

gold nanoparticles and roughly 900/0 presented in the supernatant under these apparently 

optin1un1 condit ions. This excess protein was ren10ved by the centrifugation and wash 

cycle, after which the pellet was resuspended. 
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Figure 4.2: Image of unconjugated gold nanospheres taken uSIng an electron 

mIcroscope. 
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Figure 4.3: Absorption spectra of colloidal suspenSIOns of citrate-stabilised gold 

nanospheres on which the conjugation was based showing plasmon peak ~526 nn1 and 

the red shifting effect of conjugation fron1 526 nm to 531 and 539 with proteins CD11 b 

and BSA respectively. 
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Figure 4.4: Concentration gradient ofBSA/gold nanoparticle mixtures. The three tubes 

on the left contain insufficient BSA to stabilise the colloid when concentrated NaCI 

solution is added. The optimum concentration of BSA is that of the fourth tube. The 

fifth and sixth tubes contain excess BSA that must be removed by centrifugation and 

washing. 

The surface loading of BSA onto citrate-stabjlised gold nanoparticles has been 

measured by Brewer et al. [141] and by De Roe et al. [155] who established that 

complete coverage is associated with between 3.7 x 1 oj 2 and 6.2 x 10 12 molecules per 

cm2
. The molecular weight ofBSA is 66 x 103 daltons; therefore, a complete monolayer 

coverage on a monodisperse population of 20 nm diameter gold nanospheres would 

give a BSA:Au mass ratio of between 0.06 and 0.10. As mentioned, my measurement 

was approximately 0.10 which conesponds to about 74 BSA molecules associated with 

each nanopal1icle as a partial bi-Iayer. (Figure 4.5b; since an individual BSA molecule 

has a mass of about 1.096 x 10-J6 mg and an individual gold nanosphere of 20 nn1 

diameter a Inass of 8.08 x 10-14 mg). The size of a BSA molecule has been given as 5 x 

5 x 5 nm [156] from which it can be estin1ated that around 40 to 50 BSA molecules 

would be required to form a n10nolayer on the gold nanoparticle (Figure 4.5a). 

However, Brewer et al. [141] reported the size of a BSA molecule as 5.5 x 5.5 x 9 nm 

which in this case would cause 20 - 30 BSA molecules to be required for a monolayer 

on the surface of one gold nanoparticle. Either way, the figures are in reasonable 
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agreement with our experimental results, given that some free BSA is still likely to be 

present in the pellet, that the protein analyses had limited accuracy and finally, that the 

gold particles were not actually monodisperse. The details of the calculation are shown 

in Appendices A.I.1 and A.I.2. 

It may be worth commenting on an apparent inconsistency, also noted by others in 

the literature [141]. The isoelectric point of BSA is 4.6, which would mean that it is 

negatively charged at a pH of greater magnitude. Secondly, it is well-established that 

proteins prefer to bind to a surface of opposite charge, for example nearly 100% BSA, 

which is negatively charged at pH 7, adsorbs on the positively charged surface of 

colloidal aluminium oxide hydroxide (AlOOH) [156]. Citrate-stabilised Au 

nanoparticles are also negatively charged (-40 to -50 m V depending on pH [141, 157]), 

so there is still the question of how it is possible that the protein can bind to the gold at 

neutral values of pH. Brewer et al. [141] suggested that it was actually surface lysine 

groups in the BSA that bound to the Au, overcoming the overall unfavourable charge 

distribution on the protein. This point has a direct bearing on the conjugation process 

and probably deserves more attention in the future. 
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a. 

b. 

Figure 4.5: The illustration of 20 nm spherical gold nanopartic1es coated with (a) a 

monolayer and (b) a bi-layer ofBSA at the size of 5 x 5 x 5 nnl. 

A less clear-cut transition was obtained when conjugating with the CDII b 

antibody cOlnpared with gold-BSA conjugates. In this case, the molecular weight of 

CD 11 b antibody (about 170 kDa) is larger than BSA (66 kDa) resulting in far fewer of 

the nlore bulky CDII b molecules being attached to each gold nanoparticle. The 

optimum concentration of CD 11 b was approximately 0.3 mg/ml. Calculations indicated 

that, on average, of the order of four or five CD 11 b nl0lecules were attached to each 

gold nanopartic1e. The plasnl0n resonance of the particles was slightly red-shifted after 

conjugation with either BSA or CD 11 b (see Figure 4.3), with the shifting in the 
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plasmon peak due to the change in the local refractive index after binding of protein 

layers around the gold nanoparticles [158]. This relates to the Mie theory which predicts 

that the light extinction maxin1um and extinction cross-section of noble metal 

nanoparticles depends on the refractive index of the surrounding medium [18]. 

Additionally, some proportion of the red shift after conjugation may possibly occur 

from the aggregation of gold nanoparticles after conjugation. 

4.3.2 Attachment of gold to target cells 

Samples of macrophage cells, either labelled or non-labelled with goid-CDII b 

conjugates, were imaged using SEM. The distribution of gold nanoparticles on the 

surface of macrophage cells labelled with gold-CD 11 b conjugates cells was clearly seen 

as bright spots by a scatming electron microscopy in the backscatter n10de. In contrast, 

there were no or few bright spots on macrophage cells that were not incubated with 

gold-CD 11 b conjugates or were incubated with unconjugated gold nanoparticles, 

respectively (Figure 4.6 a, b, and c). These results showed that gold-antibody conjugates 

are bound efficiently to target cells. 
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Figure 4.6: Image of murine macrophage cells taken using SEM at different conditions. 

(a) The control sample of murine n1acrophage cells without gold-CD! 1 b conjugates, 

(b) murine macrophage cells incubated with unconjugated gold nanoparticles, and ( c) 

n1urine Inacrophage cells incubated with gold-CD 1 1 b conjugates with the gold 

nanoparticles seen as bright spots. 
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4.3.3 Selective attachment to live cells 

When gold-CD 11 b conjugates were incubated with specific and non-specific cells, it 

was found that the gold-CD 11 b conjugates bound to the nlurine nlacrophage cells 

(specific cells) but not to the CHO-Kl cells (non-specific cells). These results 

demonstrated that the CD 11 b antibody conjugated to gold nanospheres bound 

selectively to its target murine macrophage cells but not to other cell types. Further 

detail was obtained when the cells were examined in the fluorescent mode of a confocal 

optical microscope. A secondary anti-mouse FITC conjugate was used to visualise the 

gold-CD l1 b stained cells. In this experinlent, fluorescent staining was observed around 

the periphery of murine nlacrophage cells (Figure 4. 7e) that had been incubated with the 

gold-CD 11 b antibody conjugates. As expected, no fluorescence staining was found in 

the samples lacking secondary FITC antibody (Figure 4.7a). Sinlilarly, CHO-K1 cells 

stained with the goid-CDII b followed by the secondary FITC conjugate showed no 

fluorescent staining (Figure 4.7d). This indicates that the gold-CDll b conjugate had no 

affinity for these cells. Likewise, the incubation of the macrophage cells with the 

secondary FITC antibody alone also did not cause any fluorescent staining (Figure 

4.7c). This confirms that it was not a case of the secondary antibody simply attaching to 

the macrophage cells. 

To confirm the normal staining pattern of CD 11 b, murine nlacrophage cells were 

stained with CD 11 b antibody followed by exposure to the secondary antibody. These 

Inurine macrophage cells demonstrated the same strong staining of the cell periphery 

(Figure 4.7f) as was seen for the gold-CDllb conjugates (Figure 4.7e). In the last 

treatment, murine macrophage cells were exposed to gold-BSA conjugates and then 

incubated with the secondary antibody. No fluorescent staining was found around the 

surface of murine macrophage cells (Figure 4. 7b). This implies that no staining took 

place at the cell surface, because in this case the surface of gold nanoparticles was 

coated with non-specific protein BSA. 

In another experiment, the nlurine nlacrophage cells were incubated with gold-

Cdl1 b conjugates for a period of one hour. After staining with 2°abFITC antibodies, 

punctuate green fluorescent staining was observed both on the surface and inside the 
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cells (Figure 4.8). This means that an hour of incubation is sufficient to allow the 

process of endocytosis (a process in which cells engulf a substance from outside to 

inside a cell). Usually, macrophage cells can take up foreign material by endocytosis 

which the material is encapsulated in a lysosome within the cytoplasn1. Therefore, the 

appearance of dye inside the cell shows the possibility of the uptake of gold 

nanoparticles by the endocytotic pathway, which has also been suggested by another 

study [153]. Moreover, in this experiment we also prepared a sample of macrophage 

cells incubated with gold-Cdl1 b conjugates at a longer tin1e of incubation (2 hours) and 

imaged under transmission electron microscope (TEM), where we found that an even 

higher number of gold nanoparticles had been taken up into the endocytic vesicles of 

Inacrophage cell than after 1 hour of incubation (Figure 4.9a and b). These results also 

confu-m that 20 nn1 gold nanospheres can be taken fron1 outside to inside macrophage 

cells following a suitable incubation tin1e. 

Figure 4.7: Fluorescent (left) and transmitted light (right) in1ages of various samples of 

live cells. (a) Murine macrophage (Raw 264.7) cells incubated with gold and CDIIb, 

(b) murine macrophage cells incubated only with gold/BSA conjugates followed by 

exposure to 2°abFITC, (c) n1urine macrophage cells incubated with 2°abFITC only, (d) 

CHO-Kl cells incubated with gold/CDll b conjugates followed by exposure to 

2°abFITC, (e) n1urine macrophage cells plus Au/CD 11 b conjugates followed by 

exposure to 2°abFITC, (f) murine n1acrophage cells incubated with CD 11 b followed by 

exposure to 2°abFITC. 
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Figure 4.8: Murine n1acrophage cells that have been incubated with goid-CDII band 

2°abFITC particles for one hour. The gold particles appear to have been taken up into 

the cells by endocytosis, and a proportion of them are visible as granular green 

concentrations within the cell. These concentrations presumably correspond to the 

lysoson1es that are encapsulating the particles which are still fluorescent (for examples, 

Shukla et al. [153]). 
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Figure 4.9: TEM images of murine nlacrophage cells incubated with gold-CDll b 

conjugates for (a) 1 hour and (b) 2 hours showing 20 nm gold nanospheres have been 

taken up into endocytic vesicles (images prepared by Dr Murray Killingsworth, 

Liverpool Hospital, Sydney, Australia) . 
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4.3.4 Laser irradiation of cells 

The effect of irradiating the murine macrophage cells with and without gold 

nanoparticles under different treatments is shown in Table 4.1 and Figure 4.10. After 

staining with SYTOX green dye, a small number of cell deaths was observed in the 

samples not exposed to laser irradiation in each treatment. A very sn1all number of cell 

deaths was also demonstrated in samples that had not been incubated with gold-Cdll b 

conjugates fo llowed by laser irradiation at the same laser fluencies and the same 

exposure time. In contrast, the death rate for cells that had been treated with go ld-

CD 11 b conjugates followed by laser irradiation was found to increase to at least 25%. 

This result showed that photothermal heating of the gold nanoparticles strongly affects 

cell viability of target cells. In fact , the percentage of dead cells is likely to have been 

higher than what is reported here, given that the laser has a Gaussian distribution of 

intensity and the area counted under the microscope (2 mm diameter) exceeded the zone 

of n1axilTIUm laser intensity (~0.1 lTIll1 dian1eter). 
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Table 4.1: Cell death rates with and without gold-CD 11 b conjugate particles and laser 
irradiation. 

Treatment C CL CG CGL CG BSA CGBSAL CGAb CGAbL 

Percentage of dead 0.46 0.11 0.76 1.35 0.23 0.61 0.80 25.42 
cells 

Standard deviation ± 0.46 ± 0.61 ± 0.82 ± 0.95 ± 0.33 ± 0.58 ± 0.54 ±6.26 (%) 

Total number of 
co unted cells (n) 6544 5406 6198 4669 3047 980 3506 2030 

Key 

C = Only macrophages 

CL = Macrophages exposed with a laser 

CG = Macrophages attached with unconjugated gold nanoparticles 

CGL= Macrophages attached with unconjugated gold nanoparticles and exposed with a 

laser 

CGBSA = Macrophages attached with gold-BSA conjugates 

CGBSAL = Macrophages attached with gold-BSA conjugates and exposed with a laser 

CGAb = Macrophages attached with gold-CDII b antibody conjugates 

CGAbL = Macrophages attached with gold-CD 11 b antibody conjugates and exposed 

with a laser 
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Figure 4.10: Effect of laser irradiation on munne macrophage cells with different 

treatments of gold nanospheres. The dead cells are green under the fluorescent mode of 

the confocal n1icroscope after staining with SYTOX green dye. Top row, no laser 

irradiation, bottom row following laser irradiation with 543.5 nITI for 10 minutes with a 

laser output power of ~2.5 n1W. (a & e) Cells only, no gold nanoparticles, (b & f) cells 

incubated with unconjugated gold nanoparticles, (c & g) cells incubated with gold-BSA 

conjugates, (d & h) cells incubated with gold-CD 11 b antibody conjugates. 

It is clear that gold-Cdl1 b conjugate particles binding to a live n1acrophage cell 

line cause the selective photothermal destruction of the target cell after laser irradiation. 

There are two significant therapeutic possibilities in this case. In the first concept, the 

gold-antibody conjugates are bound to, or taken up by, the target cell. Subsequently, 

the laser irradiation at a suitable wavelength and exposing tin1e (543.5 nm for ] 0 

n1inutes for this experiment) is applied to the relevant area of the target. The gold 

nanoparticles then absorb the light frOITI the laser and create the heat energy to destroy 

the target. The use of spherical gold nanoparticles in photothern1al destruction has 

already been demonstrated in passively targeting cancer cells [52, 72] and son1e 

supporting reports invo lving active targeting of cancer cells [54, 68, 80]. Although most 

target organisms are eukaryotic cells, there are also a few reports of other target 

organisms such as bacteria [71]. 
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In the present experiment, I have used a continuous wave radiation from a green 

HeNe laser at a wavelength 543.5 nm with a laser output power value of --2.5 n1W, 

applied for 10 minutes. The gold nanoparticles strongly absorbed light from the laser 

due to the overlapping of the surface plasmon absorption band, which was centred at 

526 nm. This light absorption by the gold nanoparticles is then converted into heat by 

electron-phonon and phonon-phonon processes resulting in the destruction of targeted 

cells [19]. It is important to note that a fluence of at least 1 J/cm2 must be delivered to 

induce cell damage [159]. In either case the desired outcome is death of the target cell 

by hyperthermia. The survival of individual cells after laser irradiation will exhibit some 

statistical variation. This indicates that individual cells n1ight have different numbers of 

gold nanoparticles attached on their surface or even accumulated inside the cell. 

However, there was no significant hyperthermal death after laser irradiation in murine 

macrophage cells that were not labelled with gold-antibody conjugates. This is due to 

the low absorption of light by natural endogenous cytochromes [71] , so that the cells do 

not heat up. 

The energy threshold required to kill a target cell is also in1portant. This depends 

on the power density arising from the laser light, the number of gold particles on the 

surface of the cell and the individual property of the specific cell type. In the current 

experin1ents, a low power density laser was used resulting in about 25% cell death. Use 

of a higher power density could result in an increased number of dead cells. At a higher 

power density, it seems likely that the number of gold particles required to be attached 

to a cell would be less, in order for the cell to be killed by photothermal heating. 

Similarly, exposure time to the laser would be less. For example, EI-Sayed et af. [9] 

used spherical gold-anti-EGFR conjugates attached to human oral SquatllOUS cell 

carcinoma (HOC) malignant cells, followed by laser irradiation at different laser power 

densities ranging from 13 to 32 W/cm2 (3120 to 7680 J/cm2
) for 4 minutes. When cells 

were exposed at the lowest power of 13 W/cm2 (3120 J/cm2
), a very sn1all nun1ber of 

dead cells was observed. However, when the laser power was increased to 19 and 32 

W/cm2 (4560 to 7680 J/cm2
), cell death was observed to increase respectively. This 

confirms that, although gold nanoparticles are attached to the surface of target cells, the 

power of the laser is an important factor for photothermal destruction of cells. 
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The second concept is more subtle. In this instance, the desired effect is that the 

gold-organic conjugate enters the target cell, either through a temporarily permeabilised 

cell n1embrane, or by the naturally occurring process of endocytosis. The payload of this 

case is not necessarily hyperthermia, but could also be an organic component 

conjugated to the gold nanoparticle, for example, tumour necrosis factor (TNF) or even 

genetic material. Either way, a gold nanoparticle conjugate provides a convenient 

vehicle for delivery, and low power plasmonic heating of the gold nanoparticle might 

also provide the means either to pem1eabilise the men1brane and/or to liberate a 

n101ecular payload [3, 68, 89, 90, 157, 160]. Murine macrophage cells can act as host 

cells for some pathogenic microorganisms [13] and ten1porary permeabilization of their 

rnembranes to permit the access of some drug molecules could be useful for some 

applications. 

The sample of murine macrophage cells incubated with unconjugated gold showed 

very low levels of cell death « 1 %) following laser irradiation, indicating that there was 

little non-specific binding of the gold particles to the cells. This is in agreement with the 

SEM images, which show only a few unconjugated gold particles on the surface of 

n1urine n1acrophage cells (Figure 4.6b). A comparable result was achieved in cells 

incubated with gold-BSA conjugates, showing only a very smal1 number of dead cells 

(around 0.6%) following laser exposure. These results further confinn that cells exposed 

to laser irradiation without gold labelling were not susceptible to the energy of the laser. 

These results for n1urine macrophages attached with gold-CD 11 b antibody conjugates 

and exposed to a laser are clearly demonstrate the principle of specific cell targeting and 

targeted cell death. 

4.4 Conclusions 

Spherical gold nanoparticles have been functionalised with an antibody against a 

specific n1urine macrophage cell, and the resultant conjugated particles show selective 

binding to their live target. Selective destruction of the target cell line is then possible 

by applying laser irradiation with a laser tuned to the plasmon resonant frequency of the 

gold nanoparticles. The ready availability of these particles and wider knowledge of 

their properties should facilitate the development of actively targeted photothermal 

therapeutic treatments. 
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Chapter 5 

Selective Targeting of Toxoplasma 

Gondii Tachyzoites Using Antibody-

Functionalised Gold N anospheres and 

Inhibition of Parasite Binding to Host 

Cells 

5.1 Introduction 

The initial experiment showing selective killing of macrophage cells (Raw 264.7) using 

gold nanospheres with a laser was achieved as shown in Chapter 4. This also confirn1ed 

that spherical gold nanoparticles show promise for photothermal therapy through their 

ability to absorb light from a laser, heat up and destroy specific targeted cells. To date, 

most interest in using gold nanoparticles in this way has been in the area of cancer 

treatment. However, in this chapter I show that the idea can be extended to target 

parasitic protozoans. I have used tachyzoites, the acute infectious form of the obligate 

parasite Toxoplasma gondii (T gondii) (which causes the disease toxoplasmosis) as a 

model systen1 to examine whether gold nanoparticles can be used in conjunction with 

photothermal therapy to destroy this parasitic protozoan. Background information on T. 

gondii has previously been described in Chapter 2, sections 2.3.2 - 2.3.5. 

In the present chapter spherical go ld nanoparticles were conjugated with anti-

Toxoplasma gondii 30 kDa antibody (designed after this as "anti-T. gondii") and 
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targeted to the extracellular tachyzoite which is an infectious fom1 of T. gondii. The 

exposure to laser irradiation of the targeted extracellular T. gondii tachyzoites labelled 

with bioconjugated spherical gold nanoparticles resulted in an increased number of dead 

tachyzoites. In addition, I also determined the ability of the tachyzoite to re-infect the 

host cells. It was found that the infectious activity of T. gondii tachyzoites significantly 

decreased after labelling with gold-anti-T. gondii antibody conjugates compared with 

non-labelled tachyzoites. This provides a novel possibility for the treatment of parasitic 

protozoans. This work has been accepted to publish in Small. 
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5.2 Experimental procedures 

Production of 20 nm gold nanospheres was carried out using the method previously 

described (see Chapter 3, section 3.1.1). The production method for preparation of 

gold-antibody conjugates was explained in Chapter 3, section 3.2. In this experiment, 

0.06 mg/ml of anti-T. gondii antibody (anti-Toxoplasma gondii 30 kDa, Argene, Cat. 

No. 11132) was sufficient to stabilise and prevent aggregation of gold nanoparticles. 

Following incubation of the gold particles with the antibody, unbound antibody was 

removed by centrifugation in a Himac centrifuge (microtube for refrigerated centrifuge 

CRIST, Hitachi) at 12000 rpm for 10 minutes, followed with two washes in PBS plus 

1 % BSA. The concentration of the working solution of gold-antibody conjugate was 

adjusted by dilution to the desired absorbance at the wavelength of peak extinction of 

the gold nanospheres at 526 nm. 

5.2.1 Preparation of Toxoplasma gondii tachyzoites and cells 

T. gondii (RH strain) cells were grown in Vero cells as described in Chapter 3 section 

3.3.4. Vero cells and hUlnan leukemic monocyte lyn1phoma cells (U937 line) were 

cultured in RPMI-1640 n1edium containing 2% of 1 M HEPES buffer, 1 % penicillin-

streptomycin, and supplemented with 5% and 10% FBS, respectively. CHO-Kl were 

cultured in DMEM-F12 plus 2 mM glutamine supplemented with 10% FBS. All cells 

were maintained in a humidified incubator at 37°C and 50/0 CO2. 
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5.2.2 Labelling of tachyzoites and mammalian cells with conj ugated 

gold nanospheres 

T. gondii tachyzoites and human monocyte U937 cells were incubated with conjugated 

gold nanospheres at two different gold concentrations as 6.2 x 1010 to 10.6 X 1010 

nanoparticles per solution (NPs/solution) in PBS plus 1 % BSA for 30 minutes at 37°C 

and 50/0 CO2. This cOlTesponds to an optical density of 1.4 and 2.5 at 526 nm, 

respectively. After incubation, tachyzoites and cells were washed twice with PBS plus 

1 % BSA by centrifugation (Minispin plus centrifuge, Eppendorf) for 5 minutes at 3700 

rpm (900 g) (for tachyzoites) or 1500 rpm (200 g) (for U937) to remove unbound gold-

antibody conjugates. 

5.2.3 Confocal microscopy and transmission electron microscopy 

T. gondii tachyzoites and human monocyte U937 cells with attached antibody-

nanoshere conjugates were incubated with a secondary FITC (fluorescein 

isothiocyanate) antibody (goat anti-mouse, IgG FITC, Sigma-Aldrich, Cat. No. F0257; 

designed hereafter as 2°abFITC) at a dilution of 1 :80 for 30 minutes at 37°C. Following 

this, tachyzoites and hun1an monocyte U937 cells were washed twice by centrifugation 

with PBS plus 1 % BSA to remove unbound secondary FITC antibodies. Samples were 

observed under the fluorescent lTIode of a confocal lTIicroscope. Negative and positive 

control samp1es of T. gondii tachyzoites stained with 2°abFITC only and T. gondii 

tachyzoites incubated with anti-T. gondii followed with 2°abFITC were exalTIined 

respectively. 

The solutions oftachyzoites with and without gold-antibody conjugates were fixed 

with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 4 hours. Then, 

the samples were delivered to Dr MUlTay Killingsworth at Liverpool Hospital. Next, 

ultrathin sections were cut to have a thickness of 120 nm. More information of sample 

preparation for TEM has been provided in Chapter 3, section 3.5.2. 
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5.2.4 Laser irradiation 

T. gondii tachyzoites in a glass vial of 1 00 ~l internal volume were irradiated with an 

unfocused laser (514 nm, Innova70 argon laser) at different laser energies from 100 -

350 mW for 10 minutes. The laser dose was reported in this experiment as J/cm3
. The 

preparation of the samples for irradiation was described in Chapter 3, section 3.7.1. The 

power density was controlled by varying the laser output power. Thereafter, the 

viability of the tachyzoites was determined using SYTOX nucleic acid green dye 

staining. The controls included using unconjugated gold nanospheres and gold-BSA 

conjugates with tachyzoites to determine the proportion of non-specific killing. 

5.2.5 Infection of host cells with Toxoplasma gondii tachyzoites 

CHO-Kl cells were used as a host cell for studying the infectivity of the T. gondii 

tachyzoites. CHO-Kl cells were grown on glass cover slips for 48 hours and infected at 

a tachyzoite to host cell ratio of 5: 1. CHO-Kl cells and T. gondii tachyzoites were 

incubated for 1 hour. The cells were then washed ten times with serum free DMEM-FI2 

followed by an additional two washes with PBS to ren10ve non-attached tachyzoites. 

After washing, cells were fixed with 4% paraformaldehyde in PBS for 25 Ininutes and 

washed t\vice with PBS followed with cold acetone fixing for 1 minute and washed with 

PBS again. The cells on cover slips were then incubated with PBS plus 1 % BSA for 15 

minutes and washed twice with PBS followed by incubation with anti-T. gondii 30 kDa 

antibody (0.5 mg/ml) at a dilution of 1:40 for 30 minutes. Cells were washed four times 

with PBS and then incubated again with goat anti-mouse IgG 2°abFITC (1 mg/ml) at a 

dilution of 1 :80 for 30 minutes. Cells were washed five times before counting the 

number of CHO-Kl cells to which tachyzoites were attached in the fluorescent mode of 

confocal microscopy. A similar procedure was used to prepare a sample to investigate 

the effect that gold-antibody conjugates attached to the tachyzoites would have on the 

ability oftachyzoites to infect host cells. The so lution oftachyzoites, labelled with gold-

antibody conjugates at the same ratio as that described above, was then used to infect 

CHO-Kl cells. 
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5.2.6 Statistics 

Fifteen fields from three triplicate runs of each treatment were counted under a 

magnification of at least 500X for cell viability. No less than 100 cells in each field 

were counted for every experimental condition. The Tukey Kramer test was used for 

comparison of infectious activity and cell death rates in each group (see Appendix A. 3 

and A.4, respectively). 

5.3 Results and discussion 

5.3.1 Conjugation of gold nanoparticles with anti-Toxoplasma gondii 

(30 kDa) antibody 

An inlage of20 nnl gold nanospheres prepared by the standard citrate-reduction method 

is shown in Figure 5.1. The optical extinction spectrunl showed an maximum absorption 

peak at 526 nm (Figure 5.2). Gold nanospheres were then conjugated to a 30 kDa anti-

T. gondii antibody (anti-T. gondii) . Following conjugation, the plasn10n resonance of 

the particles was found to be slightly red-shifted, nl0st likely due to the increase of the 

local dielectric constant of the gold nanoparticles that were coated with antibody (Figure 

5.2). A sitnilar discussion of this red-shifting effect and gold protein binding is 

described in Chapter 4, section 4.3.1. The types of binding interactions occurring 

between the protein and the gold nanoparticles are likely to involve electrostatic 

interactions and n1ay also involve salt bridges between the negative charges on the 

surface of the gold particles and the positive charge group from the protein [161]. 

Another point is that, normally, the isoelectric point (pI) of IgG antibody is around pH 7 

[162J . Unfortunately, an accurate value of the pI for anti-T. gondii was not known. 

Therefore, the antibody could have an overall weak net negative charge at pH 7.4 [162J 

implying that it would have to have been adsorbed onto a negatively charged gold 

surface either by so-called non-covalent interaction or by displacen1ent of the capping 

ligand fo llowed by direct attachment to the underlying gold surface. 
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Figure 5.1: Scanning electron microscopy ilnage of20 nn1 gold nanoparticles. 
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Figure 5.2: Absorption spectra of conjugated and unconjugated gold nanoparticles. 
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5.3.2 Attachment of gold-anti Toxoplasma gondii 30 kDa to target 

tachyzoites 

Extracellular tachyzoites of T. gondii (RH strain) were labelled with different types of 

spherical gold nanoparticle conjugates. After 30 minutes incubation, the tachyzoites 

were imaged in a transmission electron microscope after appropriate san1ple preparation 

(Figure 5.3). No gold nanoparticles were observed in the control sample of non-labelled 

T. gondii tachyzoites (Figure 5.3a). Very few gold particles were found in T. gondii 

tachyzoites incubated with unconjugated gold nanoparticles (Figure 5.3b), a result that 

was similar result to the case of the murine macrophage cells that were incubated with 

unconjugated gold, described in Chapter 4, section 4.3.2. Basically, ordinary gold 

nanoparticles can bind to, or enter, cells to some extent [140]. For example, Raub et al. 

[163] found that 16 nm unconjugated gold particles stained cells quite intensely. 

Additionally, they found that ~ 70 nm unconjugated gold nanoparticles can adhere to 

tissue co llagen, with this adherence n10st likely occurring via noncovalent charge 

interactions and Van der Waals forces. Chithrani et al. [152] also found that spherical 

gold nanopartic1es would be taken up into cells, and studies by Halas's group have 

revealed that the surface of gold nanoshells exerted a sufficient affinity for proteins to 

support the binding of the shells to cancer cells [66]. 

In Chapter 4, I showed and discussed the results of gold nanospheres taken up 

inside macrophage cells (Chapter 4, section 4.3.3) . However, in this experiment many 

gold nanoparticles were seen obviously only on the surface of T. gondii tachyzoites 

after incubation with gold-·anti-T. gondii conjugates (Figure 5.3c). There are a few 

possible reasons why the gold nanoparticles were not inside the T. gondii tachyzoites in 

contrast to the case with macrophage cells. The first possibility is that we used a surface 

antibody, one that reacts with specific antigen on the surface of T. gondii tachyzoites. 

As a result, after 30 minutes incubation many gold nanoparticles were attached to only 

the surface of cells. Another ilnportant point is that, by nature, the macrophage cell is a 

phagocytic cell, which has a different function from T. gondii tachyzoites. In this case, 

the ingestion of gold nanoparticles by macrophage cells can occur via the endocytotic 

pathway as mentioned in Chapter 4, section 4.3.3. 
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Figure 5.3: ltnages of T. gondii tachyzoites after different treatments, taken using 

transmission electron nlicroscope. (a) The control sample, T. gondii tachyzoites without 

gold nanopartic1es, (b) T. gondii tachyzoites incubated with unconjugated 20 nm gold 

nanospheres. (c) T. gondii tachyzoites labelled with gold-anti-T. gondii 30 kDa 

conjugates (images have been taken by Dr Murray Killingsworth, Liverpool Hospital, 

Sydney, Australia). 
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The number of gold nanospheres per cell in the san1ple of T. gondii tachyzoites 

incubated with gold-anti-T. gondii conjugates was estimated by counting the number of 

go ld nanoparticles (NPs) from four TEM in1ages (mean = ~82 particles per cell) and 

multiplying by the nun1ber of slices per tachyzoite. The estimated number of slices is 

calculated by dividing the size of the cell (~5 }lm) by the slice thickness of the TEM 

samples (120 nm) and was approximately 42. Therefore, there were approximately 3400 

gold nanoparticles per cell. This number is quite close to a calculated result of 3090 

gold nanospheres obtained from optical measurements from a standard curve of gold at 

different concentrations (see Appendix A.2). 

5.3.3 Selective attachment of gold-anti Toxoplasma gondii 30 kDa to 

target tachyzoites 

Another confrrmation that the gold was attached to the cells was obtained by fluorescent 

confocal microscopy. Following the incubation of T. gondii tachyzoites with different 

forms of gold nanoparticles, cells were then stained with a secondary antibody, goat 

anti-mouse labelled with fluorescein isothiocyanate (FITC), to confirm the presence of 

gold conjugates on the surface of cells. The fluorescent confocal microscopy in1age 

showed fluorescent staining around the surface of the tachyzoites that had been labelled 

with gold-anti T. gondii conjugates (Figure 5.4a). This result implied that gold 

nanosphere-antibody conjugates had bound to tachyzoites. A positive control obtained 

by labelling anti-T. gondii antibody to tachyzoites followed with goat anti-mouse FITC 

antibody showed a similar pattern of fluorescence (Figure 5.4b). No fluorescent staining 

was observed in a negative control sample of tachyzoites stained with gold 

nanosphere/BSA conjugates (Figure 5.4c) indicating that the binding of functionalised 

gold nanospheres with non-specific protein did not result in binding to target cells 

(tachyzoites). As expected, the sample oftachyzoites stained with only secondary FITC 

antibodies (Figure 5.4d) or with non-conjugated gold nanospheres (Figure 5.4e) did not 

show any fluorescent staining. Additionally, to demonstrate selective targeting of the 

gold nanospheres-anti-T. gondii conjugates, U937 cells, were incubated with the gold 

conjugate (Fig. 5.4f). These should not have displayed any specific affinity towards the 

anti-T. gondii antibody. The result showed no fluorescent staining around the surface of 

U937 cells, indicating that gold nanosphere-anti-T. gondii conjugates were not adsorbed 
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by nonspecific cells. The results confirm that we had achieved selective targeting of the 

protozoan T. gondii tachyzoites using bioconjugation of gold nanoparticles. 

F'igure 5.4: Fluorescent (left) and transmission (right) images of specific cell T. gondii 

tachyzoites and non-specific cells (U937). The results confirm that the gold 

nanospheres-anti T. gondii conjugates were only being attached to targeted cells (T. 

gondii). (a) T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates followed 

by incubation with goat anti-n10use IgG secondary-FITC antibody (2°abFITC). (b) T. 

gondii tachyzoites incubated with anti-T. gondii antibody (anti-T. gondii) , then 

incubated with 2°abFITC. (c) T. gondii tachyzoites incubated with gold-BSA conjugates 

exposed to 2°abFITC. (d) T. gondii tachyzoites exposed to 2°abFITC only. ( e) 1'. gondii 

tachyzoites incubated with non-conjugated gold nanospheres following with 2°abFITC 

and (f) Non-specific cells U937 incubated with gold-anti-T. gondii conjugates followed 

by exposure with 2°abFITC. 
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5.3.4 Laser irradiation of Toxoplasma gondii tachyzoites 

5.3.4.1 Effect of laser irradiation of Toxoplasma gondii tachyzoites at different 

concentrations of gold nanoparticles 

After the achievement of specific labelling of gold-antibody conjugates to T gondii 

tachyzoites I then investigated the effect of photothermal therapy delivered by laser 

irradiation of the gold nanospheres . Two concentrations (~6.2 x 1010 and 10.6 x 10 10 

NPs/dose, respectively) of gold-anti-T gondii conjugates were incubated with T gondii 

tachyzoites for 30 minutes. The labelled tachyzoites were then irradiated for 10 minutes 

using a 514 nm unfocused laser. A laser dosage of 600 J/cm3 was applied. Non-labelled 

tachyzoites and tachyzoites incubated in the presence of unconjugated gold 

nanopartic1es were also exposed to laser light under the same conditions. After laser 

irradiation, tachyzoites in each treatment were stained with SYTOX green dye to 

observe cell viability under the fluorescent mode of a confocal n1icroscopy. Figure 5.5 

shows the percentage of dead tachyzoites in each condition. The percentage of dead 

cells in non-labelled tachyzoites after laser exposure was 15.0 ± 5.9% which was similar 

to the percentage of dead cells in the sample of non-irradiated tachyzoites (13.3 ± 2.8%, 

the reasons for this highly baseline mortality are given later). These results indicated 

that laser irradiation alone had no adverse affect on the tachyzoites. 

Conversely, tachyzoites labelled with gold nanosphere-anti-T. gondii antibody 

conjugates at around 10.6 x 1010 NPs/dose were found to have an increase in percentage 

of tachyzoites death from 15 ± 5.9% to 26.0 ± 4.20/0. However, there was no significant 

increase in the killing of tachyzoites (16.6 ± 3.2% death) at the lower concentration (6.2 

x 1010 NPs/dose) of gold nanosphere-anti-T gondii antibody conjugates. These results 

in1plied that there was an attachment of gold nanospheres conjugated anti-T gondii 

antibody to the surface of tachyzoites. However, it seems that at the low concentration 

there were too few gold-anti-T. gondii conjugates to bind on the surface of T. gondii 

tachyzoites as a result of a low number of dead tachyzoites. Therefore, this also 

indicates that at the same concentration of targeted cells and laser power, the percentage 

of cell destruction is dependent on the concentration of gold nanoparticles. Similar 

results have been reported by Pitsillides and colleagues [68]. They attached 20 1ID1 gold 

nanopartic1es conjugated with anti-mouse IgG antibody at different concentrations to 
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cells stained with anti-human CD45 mouse IgG antibody. Following laser irradiation, 

lethality to cells and probe uptake by viable cells were increased when the concentration 

of gold particles per cell had been increased. In this experiment, I found that the 

number of dead cells increased around l.5 times when the concentration of gold 

nanoparticles increased about 1.7 tin1es . 

Incubation of tachyzoites with two concentrations of unconjugated gold 

nanospheres at 6.2 x 1010 and 10.6 x 1010 NPs/dose caused the percentage of dead 

tachyzoites to be 1l.8 ± 2.7 % and 18.9 ± 3.5% following laser irradiation respectively. 

It seems that laser irradiation on the tachyzoites incubated with the higher number of 

unconjugated gold nanospheres also affects tachyzoite viability. Tachyzoites are motile, 

and so the higher number of gold nanoparticles may result in an increased probability of 

interaction between the gold nanospheres and the tachyzoites by an adsorption process 

between the gold and other surface proteins of the tachyzoites. Cellular uptake of gold 

nanoparticles also has been discussed before in section 5.3.2. Additionally, there was an 

observed increase in the aggregation of gold nanoparticles at the higher concentration, 

by both conjugated and non-conjugated gold nanoparticles following incubation with 

cells and laser irradiation. The aggregated alignment of gold nanoparticles may also 

increase the photothennal destruction of the gold nanopaliicles decorated T. gondii 

tachyzoites because it would increase the optical density. 
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Figure 5.5: The cell death rate of T. gondii tachyzoites exposed to a green laser at 

wavelength 514 run, 600 J/cm3
. Tachyzoite samples were incubated with different 

concentrations of gold nanoparticles with and without conjugation to anti-T. gondii 

antibody. * Significantly different from T. gondii tachyzoites only and no laser 

irradiation (C) at P < 0.05. 

Key: 

C = T. gondii tachyzoites only and no laser irradiation 

CL = T. gondii tachyzoites only and irradiated with laser 

GL-Low = T. gondii tachyzoites incubated with unconjugated gold (6.2 x 10 10 

NPs/solution) and irradiated with laser 

GL-High = T. gondii tachyzoites incubated with unconjugated gold (10.6 x 10 10 

NPs/solution) and irradiated with laser 

GabL-Low = T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates (6.2 x 

10 10 NPs/solution) and irradiated with laser 

GabL-High= T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates (10.6 x 

10 10 NPs/solution) and irradiated with laser 
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5.3.4.2 Effect of different power laser densities on killing of Toxoplasma gondii 

tachyzoites 

It is evident from the different numbers of dead tachyzoites with either different 

concentrations of gold-antibody conjugates or unconjugated gold nanospheres bound to 

tachyzoites that both the concentration of gold and the power density of the laser are 

important factors that affect the killing of tachyzoites. Therefore, the effect of the laser 

power density following irradiation of the tachyzoites with and without bioconjugated 

gold nanospheres was subsequently investigated in greater detail. There was no 

photothermal destruction of tachyzoites observed in the absence of bioconjugated gold 

nanospheres; the number of dead tachyzoites did not differ even when the power of a 

laser was increased froin 900 to 2100 J/cm3 (Figure 5.6). In contrast, tachyzoites 

incubated with anti-T. gondii antibody conjugated gold nanospheres showed 

percentages of dead tachyzoites around 24.0 ± 4.60/0 and 43.4 ± 8.7% at laser power 

energies of 1560 and 2100 J/cm3 respectively, compared with only 19.2 ± 4.1 % dead 

tachyzoites at a laser power energy of 900 J/cm3
. These results showed that the death 

rate of labelled tachyzoites increased at laser energy of 1560 J/cm3 or above, whilst no 

significant increase in the cell death of labelled tachyzoites was observed at laser 

energies of 600 J/cm3 (Figure 5.5) and 900 J/cm3 (Figure 5.6). 
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Figure 5.6: Comparison of the death rate of T gondii tachyzoites labelled and non-

labelled with gold-anti-T gondii conjugates at laser energies of 900 J/cm3
, 1560 J/cm3

, 

and 2100 J/cn13 respectively. 

5.3.4.3 Non-selective killing of Toxoplaslna gondii tachyzoites 

I further continued to study the effects of photothermal destruction by non-selective 

binding to tachyzoite cells due to the presence of active gold surface nanospheres. Gold 

nanospheres were coated with a non-specific protein (BSA), then were incubated with 

tachyzoites at the same conditions as for previous experin1ents. In this case, following 

exposure to a laser energy of 1800 J/cn13
, tachyzoites labelled with gold-BSA 

conjugates were found to have a percentage cell death of 13.5 ± 3.6%. This was very 

similar to control san1ples (non-labelled tachyzoites with and without a laser; 13.4 ± 

4.1 % and 14.9 ± 3.70/0 death respectively, Figure. 5.7). The apparently ineffective 

killing of tachyzoites by BSA-coated gold nanospheres exposed to laser irradiation is 

probably due to the active surface of the gold nanospheres being coated by BSA, which 

prevented any binding of then1 to other proteinaceous material on the surface of the 

tachyzoites. This result is consistent with the previous study of tTIurine n1acrophage cells 

and gold nanospheres, described in Chapter 4. 

The average initial percentage of dead extracellular tachyzoites after harvesting 

fron1 a lysed tTIonolayer of host cells was found to be 15% for all experiments presented 
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in this thesis. This number of dead tachyzoites is comparable with other reports of in 

vitro culturing of T. gondii using Vero host cells [164]. Part of the reason for the 

baseline number of dead tachyzoites is the difficulty of synchronising the precise timing 

between lysis of infected host cells by the infecting tachyzoites and the subsequent use 

of the released tachyzoites to infect fresh host cell mono layers. This also causes a 

variation in the infection ratio between tachyzoites and host cells [165]. 
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Figure 5.7: Death rate of T. gondii tachyzoites with and without exposure to the laser 

under different conditions. The power of the laser was 1800 J/cm3 and the concentration 

of gold nanoparticles per tachyzoite was 6.2 x 1010 NPs/dose). 

* Significantly different from T. gondii tachyzoites only without laser irradiation (C). 

** Significantly different fi:on1 T. gondii tachyzoites incubated with gold-anti-T. gondii 

conjugates and irradiated with laser (GabL) at P < 0.05 . 
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Key: 

C = T. gondii tachyzoites only without laser irradiation 

Gab = T. gondii tachyzoites incubated with gold-anti- T. gondii conjugates without laser 

irradiation 

CL = T. gondii tachyzoites only and irradiated with laser 

GL = T. gondii tachyzoites incubated with unconjugated gold and irradiated with laser 

GBSAL = T. gondii tachyzoites incubated with gold-BSA conjugates and irradiated 

with laser 

GabL = T. gondii tachyzoites incubated with gold-anti- T. gondii conjugates and 

irradiated with laser 

From Figure 5.7 the irradiation of tachyzoites incubated with unconjugated gold 

particles (concentration 6.2 x 10 10 NPs/dose) with the laser at 1800 J/cm3 showed a 

similar number of dead tachyzoites to the control samples. This suggests that there were 

a few or no unconjugated gold particles attached to the surface of tachyzoites at this 

concentration, therefore resulting in the low nUlnber of dead tachyzoites, which was also 

seen in the previous results (see Figure 5.5) . There was also no difference between the 

number of dead tachyzoites labelled with gold-anti-T. gondii conjugates and then 

exposed to either a laser energy of 1560 J/cm3 (24.0 ± 4.6%) or 1800 J/cm3 (24.4 ± 

2.30/0). From the TEM image, it can be seen that the gold nanoparticles do not 

hon10geneously bind around the tachyzoite surface, but instead seem to be located at 

one pole of the cell surface. This localisation pattern n1ay impact on the number of dead 

tachyzoites at the two laser energies. 

5.3.5 Infectious activity of Toxoplasma gondii into host cells after 

binding with gold nanoparticles 

I also investigated the effect of gold-antibody conjugates on the invasion of T. gondii 

into host cells (in this case CHO-K1 cells). Attachment of T. gondii tachyzoites to the 

host n1embrane is the first step of the invasion process [166] , after which the tachyzoites 

penetrate into the host cells. In this experiment, tachyzoites were pre-incubated with 
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gold-antibody conjugates for 30 minutes and then incubated with CHO-Kl cells for 1 

hour at 37°C in a 50/0 CO2 incubator. The monolayers of CHO-Kl cells were then 

washed thoroughly to remove non-attached tachyzoites. The percentage of CHO-Kl 

cells infected with T. gondii tachyzoites in each treatment was then determined and is 

shown in Figure 5.8. 
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Figure 5.8: The effect of gold-anti-T. gondii conjugates on invasion of host cells (CHO-

Kl cells) by T. gondii tachyzoites for 1 hour in each treatment. * Significant inhibition 

of tachyzoites T. gondii invasion compared with non-labelled tachyzoites and 

tachyzoites labelled with unconjugated gold nanospheres at P < 0.05 . 

Key: 

T = CHO-Kl infected with T. gondii tachyzoites only 

TG = CHO-Kl infected with T. gondii tachyzoites pre-incubated with unconjugated 

gold nanospheres 

Tab = CHO-Kl infected with T. gondii tachyzoites pre-incubated with anti-T. gondii 

antibody 

TGab = CHO-Kl infected with T. gondii tachyzoites pre-incubated with gold-anti-T. 

gondii conjugates 
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The number of host cells infected by tachyzoites was determined after 1 hour of 

incubation. The percentage of infected CHO-K1 cells by non-labelled tachyzoites was 

38.2 ± 6.1 %. The percentage in the sample of CHO-K1 cells incubated with tachyzoites 

that had been pre-incubated with unconjugated gold was 40.7 ± 12.6%. It seenlS that the 

infectious activity of tachyzoites incubated with unconjugated gold is slightly higher 

than non-labelled tachyzoites. There are two possibilities to explain this result. The first 

possibility is when unconjugated gold nanoparticles are attached to tachyzoites, they 

may enhance nonphagocytic host cell (CHO-K1) ability to intemalise the gold labelled 

tachyzoites [167]. The other possibility is that the free sites of the unconjugated gold 

nanoparticles not attached to the tachyzoites may adhere to the surface of CHO-K1 cells 

and act to increase the tachyzoite's ability to infect host cells. Either of these two 

scenarios would help to increase the infectious activity of tachyzoites into CHO-Kl 

cells. 

However, pre-incubation of tachyzoites with gold-anti-T. gondii conjugate was 

found to significantly impact on the infectivity rate of the tachyzoites to the CHO-Kl 

cells, with the percentage of infected cells dropping to 19.1 ± 3.4%. This was found to 

be significantly different fronl those cells infected with either non-labelled tachyzoites 

or tachyzoites labelled with unconjugated gold (P < 0.05, Tukey's test). The percentage 

of CHO-K1 cells infected by tachyzoites incubated with ant i-T. gondii antibody at a 

concentration of2 x 1013 antibody molecules/dose was 24.8 ± 2.1 %. This confirmed that 

the anti-T. gondii antibody alone can inhibit the ability of the T. gondii tachyzoites to 

infect the host cells, which is already known [168, 169]. The percentage of CHO-K1 

cells infected by tachyzoites labelled with gold-anti- T. gondii conjugates was slightly 

lower than the number of cells infected by tachyzoites pre-incubated with the anti- T. 

gondii antibody alone. However, this was not deemed significantly different. 

Protein analysis indicated that the number of anti-T. gondii antibodies In the 

conjugates was equivalent to about 1.4 x 10 13 antibody molecules/dose. After incubating 

the tachyzoites with gold-anti-T. gondii conjugates I observed that the tachyzoites were 

often stuck to one another, however there was no clumping in other treatments (Figure 

5.9). Therefore, it seems possible that the clumping of tachyzoites or even gold 

nanoparticles would decrease the ability oftachyzoites to infect CHO-K1 cells. 
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Figure 5.9: The distribution of tachyzoites after incubation with different solutions for 

30 minutes. (a) Tachyzoites incubated with PBS buffer, (b) tachyzoites incubated with 

PBS plus 1 % BSA, and tachyzoites incubated with gold-antibody conjugates. ( c) The 

tachyzoites incubated with gold-antibody conjugates show significant clumping of cells 

when compared with the other treatments. 

Figure 5.10: Clumping oftachyzoites following their labelling with gold-anti-T. gondii 

as viewed under a light microscope. 
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5.4 Conclusions 

From the results of experiments, I have demonstrated the potential of using spherical 

gold nanoparticles in photothermal therapy. In this chapter and the preceding one, I 

have shown that gold nanoparticles can not only be attached to mammalian cells or 

bacteria, but they may also be attached to parasitic organisms. Gold nanoparticles can 

be used in photothermal therapy to kill the tachyzoites of the parasitic pathogen T. 

gondii, and can also have an inhibitory effect on the infectivity T. gondii tachyzoites 

into host cells. Their use could potentially reduce the problem of severe side effects 

from using antibiotics as antitoxoplasmic agents [170]. Unfortunately, the intracellular 

form of these parasites was not specifically targeted by the scheme discussed on this 

chapter, because they are not visible to the immune system. while in their host cells. 

Nevertheless, these techniques provide exciting new possibilities for application of gold 

nanoparticles in treatInents against other pathogenic parasites. 
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Chapter 6 

Selective Targeting of Murine 

Macrophage Cells Using Antibody-

Functionalised Gold N anorod 

6.1 Introduction 

Monoclonal antibodies are used in the treatn1ent of diseases, especially in targeting 

cytotoxic drugs and radionucleotides to many diseased cells in the human body. 

However, there still remain son1e problems related to the immunogenicity of 

monoclonal antibodies and their targeting specificity. Many researchers have tried to 

overcome such problems by using a light activated method such as photodynan1ic 

therapy (PDT) . In this method, the killing of the targeted cells (usually cancer cells) is 

based on the activation of dyes by light. When dye-loaded cells are treated with a laser, 

the dye interacts with oxygen leading to single state oxygen production, which is highly 

toxic to targeted cells. However, residual dye molecules can Inigrate to other normal 

tissues such as the skin and eyes, resulting in sensitivity to daylight [8, 9]. As I have 

mentioned before, gold nanoparticles can be coated with biomolecules such as 

antibodies for use in specific applications [7, 11]. The plasmon resonance properties of 

gold nanoparticles also causes them to have a photon capture cross-section which is four 

to five orders of magnitude higher than photothermal dyes [26, 54]. This property also 

nlakes them suitable for use as contrast agents in biological inlaging. For example, gold 

colloids were used to detect cancerous cells by analysis of surface plasmon resonance 
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scattering and absorption of gold-antibody conjugates [80, 171]. In recent times there 

have been a number of studies that have used a variety of shapes of gold nanoparticles 

for photothermal therapy, with gold nanorods in particular emerging as interesting 

candidates for photothermal therapeutic applications [78-80, 172]. The properties of 

gold nanorods that contribute to their suitability for use in photothermal therapy are 

elaborated in Chapter 2, section 2.2.2. 

Previously, in Chapters 4 and 5, the usefulness of spherical gold nanoparticles was 

demonstrated for the destruction of target cells (murine macrophages cells and T. gondii 

tachyzoites). In this chapter, I demonstrate the selective killing of the same mammalian 

cells (murine macrophage cells, Raw 264.7) by using gold nanorods together with 

exposure to suitable wavelengths and intensities of light. I used a low-power continuous 

wave, a solid-state diode laser, as a source of light. The hypothesis in this work was that 

the murine n1acrophage cells could be selectively targeted and destroyed following the 

attachment of functionalised gold nanorods conjugated with a n10noclonal antibody 

(CDl} b) . The generation of heat by the gold nanoparticles, which was calculated for 

this work by Professor M. B. Cortie at UTS, is also discussed. The work described in 

this chapter has been published in the Journal of Nanoparticle Research, 2007, 

9(6): 1109 - 1124. 
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6.2 Experimental procedures 

Gold nanorods were produced by Dr Xiaoda Xu froln the Institute for Nanoscale 

Technology, University of Technology, Sydney. The method was briefly explained in 

Chapter 3, section 3.1.2. Any coarse, sphere-shaped particles were removed by 

centrifugation at 2000 rpIn (300 g) for 10 minutes (Minispin plus, Eppendorf). Free 

CT AB was then removed fi'om the gold nanorods by washing twice with Milli-Q water. 

The optical characterisation of gold nanorod solutions was carried out with a UV VIS 

1240 Shimadzu spectrophotometer. The rods were also imaged by a scanning electron 

mIcroscope. 

6.2.1 Conjugation of gold nanorods and antibody 

The gold-antibody conjugation method was modified from Hayat and Slot [1, 138]. 

Gold nanorods were incubated with CDll b at pH 7.5 for one hour. Sufficient antibody 

was used to stabilise and prevent aggregation of the gold nanoparticles (see Chapter 3, 

Table 3.2). Following one hour of incubation, unbound antibody in the supernatant was 

ren10ved by centrifugation at 13000 rpm (a Himac centrifuge, CRI5T, Hitachi), +4°C, 

for 25 Ininutes, followed by washing in PBS. The antibody conjugated gold pellet was 

then re-suspended in PBS plus 1 % BSA as the working solution. The conjugation of 

gold nanorods with BSA was carried out as described in Chapter 3, section 3.2.2. The 

absorbance of the working solution was adjusted to 0.9 at 685 nm. 

6.2.2 Cell preparation and cell labelling with gold nanoparticles 

Murine macrophage cells or CHO-Kl cells were seeded onto glass cover slips at a 

concentration of 1 x 105 cells/ml and cultured on the glass cover slips in DMEM-F 12 

containing 2 mM glutamine supplen1ented with 10% FBS. Cells were maintained in an 

incubator at 37°C, 5% CO2. More information on cell culture has been provided in 

Chapter 3, section 3.3. Following cell culture for 48 hours, murine macrophage cells or 

CHO-K1 cells were incubated with bioconjugated gold nanorods for 1 hour at 37°C and 

5% CO2• Thereafter, cells on cover slips were washed four times with PBS plus 10/0 

BSA to renl0ve unbound gold-antibody conjugates. 
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Cells labelled with gold nanoparticles as outlined above were fixed with 40/0 

paraformaldehyde in PBS for 25 tninutes at room temperature. The cells were then 

incubated with a secondary FITC (fluorescein isothiocyanate) antibody (goat anti-rat 

IgG-FITC; Sigma-Aldrich) at a dilution of 1 :30 for 1 hour at 37° C. Cells were washed 

four times with PBS to remove unbound secondary FITC antibody and viewed under 

the fluorescence mode of a confocal microscope to confirm the attachn1ent of gold-

antibody conjugates on cells. Further confirmation of this attachment was carried out 

using SEM and TEM as described in Chapters 4 and 5. 

6.2.3 Laser cell irradiation 

Murine macrophage cells with or without bioconjugated gold nanorods on glass cover 

slips covered with 50 J.1l of PBS buffer were irradiated by a 5 m W diode laser (650 nm 

wavelength) at different laser fluences of from 0 to 29.7 J/ cn12 for 10 minutes. More 

details of the laser used have been provided in Chapter 3, section 3.7.2. Non-specific 

cells (CHO-K1) incubated with rod-antibody conjugates and murine macrophage cells 

incubated with gold-BSA conjugates were also irradiated with a laser as control 

samples. After the laser treatment, all cells were incubated for one hour at 37°C and 

their viabi lity detern1ined by propidium iodide staining. 

6.2.4 Thermal effect on cell death 

The effect of thermal stress on murine macrophage cells was evaluated in a series of 

isothermal exposures in PBS at different temperatures from 45 to 60°C. Murine 

macrophage cells grown on cover slips were taken from the culture medium and dipped 

into PBS at various temperatures and times. They were then taken out and stained with 

propidiun1 iodide to determine their cell viability. The cells were also investigated by 

following the same procedure in a PBS solution held at a temperature ~35°C for control 

purposes. The Tukey Kramer test was used for con1parison cell death rates in each 

group (see Appendix AA). 
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6.3 Results and discussion 

6.3.1 Gold nanorod characterisation 

Scanning electron n1icrographs of the gold nanorods demonstrate their approxin1ate size 

as 23.0 ± 6.0 nm wide and 45.6 ± 9.2 nm long (Figure 6.1). The absorbance spectra of 

the gold nanorods contained two plasmon resonances. A transverse plasmon mode was 

resonant at ~520 nm, which is in the mid-range of visible light while a longitudinal 

plasmon mode was resonant at longer wavelengths ~670 nm (Figure 6.2). Conjugation 

of rods with antibody caused the second peak to red shift from 666 nm to 708 nm and 

broaden. Conversely, the absorption peak of the fIrst peak of gold nanorods was only 

slightly changed after conjugation with antibody compared with the second peak. A 

study by Pan and co-workers [173] has found that BSA molecules preferred to bind at 

the ends of nanorod, presumably by a chelation effect rather than by electrostatic 

attraction. This attachment of antibodies at the ends of the rod will have a greater 

influence on the longitudinal plasn10n resonance than on the transverse plasmon 

resonance (Figure 6.3). In Chapter 4 and 5 the cause of this red shift for gold 

nanosphere-antibody conjugates was given as due to an increased local refractive index 

of the medium after conjugation with antibody. In case of gold nanorods, part of the red 

shift is also likely to be due to some end-on-end linkage of gold nanorods [174]. 

Nevertheless, the binding mechanism between gold nanorods and antibody is still 

unclear. Another study found that zeta potentials of gold nanorod solution decreased 

from + 55 m V to + 7.5 m V after centrifugation to remove excess unbound CT AB and 

redispersion in water [175]. Possibly, both electrostatic and hydrophobic physisorption 

could be involved in the interaction between gold rods and antibody at 

different concentrations and pHs during the conjugation process. Damage of body tissue 

is increased by the absorption of light by water located in the tissue itself. The 

absorption of light by body tissues is dependent on the wavelength of the incident light, 

and beco111es s111aller in the so-called tissue window in the upper visible and near-

infrared as described in Chapter 2, section 2.2.2. Therefore, the longitudinal plasmon 

resonance of gold nanorods makes them more useful compared to gold nanospheres in 
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photothermal photothermal bion1edical applications, at least with regards to minin1ising 

damage to healthy tissue. 

Figure 6.1: Scanning electron microscope image of un conjugated gold nanorods. 
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Figure 6.2: The absorbance spectra of conjugated and unconjugated gold nanorods. 

The absorption peak at ~520 nn1 is referred to as the transverse plasmon resonance and 

the peak at ~670 - 708 nm is identified as the longitudinal plasmon resonance. 
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Figure 6.3: Schematic diagran1 demonstrating protein molecules possibly attached at 

the ends of gold nanorod. 

6.3.2 Binding of gold nanorod-antibody conj ugates to cells 

In order to demonstrate that the gold nanorods were coated with functional CD 11 b 

antibody, the murine n1acrophage cells were incubated with CD 11 b conjugated gold 

nanorods followed by a secondary goat anti-rat IgG-FITC antibody (this was done in 

order to visualise the gold nanorods by staining in a similar way to that already 

described in Chapter 4 and 5). The green fluorescent staining was observed 

predominantly around the periphery of the cells, implying that gold nanorods localised 

to the surface of the cells (Figure 6.4a). This staining pattern was identical to that 

observed in control cells, which were stained with CD 11 b antibody followed by 

secondary goat anti-rat FITC antibody only, thus, confrrming that the gold nanorods had 

been functionalised with the CDl1 b antibody molecules. Negative control staining was 

carried out (Figure 6.4b) whereby murine macrophage cells were incubated with 

unconjugated gold nanorods, followed by the secondary goat anti-rat IgG-FITC 

antibody. In these cells, no fluorescent staining was apparent. The same result was 

obtained when cells alone were imaged. Comparison of the results of Figure 6.4a and 

6.4b confrrms that gold nanorods can be functionalised by a biological molecule (in this 

case CD 11 b antibody) enabling them to bind specifically to a biological target, in this 

case being murine macrophage cells. 
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Figure 6.4: Fluorescent (left) and transmittance (right) image of (a) murine macrophage 

cells stained with CD 11 b antibody-conjugated gold nanorods and secondary goat anti-

rat IgG-FITC antibody. The bright green colour in the fluorescent image in1plies a 

distribution of antibody-conjugated gold nanorods on the cell surfaces; (b) control 

sample, left fluorescent and right transn1ittance mode, showing no staining of murine 

macrophage cells by the unconjugated gold nanorods and secondary goat anti-rat IgG-

FITC antibody. 

The samples were also viewed under scanning electron nlicroscopy (Figure 6.5). 

The bright spots in the image of Figure 6.5b are gold nanorods on the surface of murine 

macrophage cells. Gold particles appear as bright spots in the backscatter mode of the 

scanning electron microscope because of their high atomic weight. These results 

confrrm again that gold nanorods can be functionaIised with a specific antibody to 

selectively attach to the surface of lTIurine macrophage cells. In comparison, in1ages of 

lTIurine macrophage cells without gold-antibody conjugates do not show bright spots as 

seen in Figure 6.5a. A cross-section of murine macrophage cells was prepared and 
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imaged for me by Dr Murray Killingsworth using transmission electron microscopy. 

This inlage shows that the rods have also been taken up into large endocytic vescicles 

inside the cell as seen in Figure 6.6. 

Figure 6.5: Scanning electron microscope images of (a) control sample of murine 

Inacrophage cells and (b) murine macrophage cells stained with antibody-conjugated 

gold particles, seen as bright white spots. 
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500nm 

.Figure 6.6: Transmission electron microscope cross-section through cell showing (a) 

rod being engulfed by a pseudopod prior to phagocytosis and (b) rod particles in 

endocytic vesicles (images courtesy of Dr Murray Killingsworth). 

6.3.3 Induction of cell death by laser irradiation of cells 

Since we had successfully functionalised the gold nanorods with antibodies against 

murine n1acrophage cells, we then atten1pted to induce cell death by laser irradiation of 

the cells that had been labelled with gold nanorods. Cells were thus incubated with gold 

nanorod-CD 11 b antibody conjugates, and then exposed to a laser diode of 650 nm 

wavelength at different fluencies ranging between 0 to 29.7 J/cm2
. Cell death was 

detenl1ined by propidiun1 iodide staining of the cells and viewed under the confocal 

microscope. Figure 6.7 shows the samples of murine n1acrophage cells with and without 
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nanorod-antibody conjugates after laser irradiation. The dead cells were an orange 

colour after staining with propidium iodide and imaged under the fluorescent mode of 

the confocal microscopy. 

Figure 6.7: Image of murine n1acrophage cells stained with propidium iodide to 

indicate cell death following laser irradiation. Non-labelled murine n1acrophage cell s 

(left) and n1urine macrophage cells labelled with gold nanorod-antibody conjugates after 

laser irradiation (right). 

The laser irradiation had no effect on the murine n1acrophage cells alone, even at 

increasing powers of the laser as shown in Figure 6.8. The fact that the direct in-adiation 

of the laser on the san1ples without gold particles did not destroy murine macrophage 

cells is due to the low light absorption by natural endogenous cytochron1es [71 , 176] of 

these cells at the wavelength used. In contrast, cells labelled with gold nanorod-CD 11 b 

antibody conjugates and then irradiated with the laser were increasingly killed as the 

laser fluence was increased. The percentage of cell death increased from 10 ± 4.9% at 

the lowest laser fluencies (4.2 J/cm2
) to 81.3 ± 15 .00/0 at the highest laser fluencies (29.7 

J/cm2
) . These resu lts indicate that gold nanorods can absorb laser light of a suitable 

wavelength, convert it to heat, and then release heat energy to the surrounding medium 

[19]. 

The go ld nanorods used in this experin1ent were synthesised by using CT AB as a 

soft template. The CT AB surfactant solutions are known to be cytotoxic [89, 177]. 

However, the toxicity occurs from the free CT AB in the so lution not from gold bound 

CT AB [63, 177]. In the current set of experiments, free CT AB had been removed prior 
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to the conjugation of the gold nanorods with CD 11 b antibodies by washing with Milli-Q 

water. A comparison of control non-labelled or gold-CD 11 b conjugate labelled cells 

without laser irradiation demonstrated equal numbers of viable cells at 2.2 ± 1.3% and 

1.5 ± 0.6% death rates , respectively which confrrn1s that the gold bound CTAB was not 

inducing cell death. These results support the contention that gold nanorods covered 

with CT AB are not toxic to murine macrophage cells. 
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Figure 6.8: COlTIparison between the cell death rates of murine macrophage cells that 

had been labelled with gold nanorod-antibody conjugates and non-labelled murine 

macrophage cells (a laser diode with A = 650 nm was used). 

6.3.4 Non-specific binding of unconjugated gold nanorods 

This experiment also investigated the effect of non-specific binding of gold nanorods on 

cells. Cells were incubated with unconjugated gold nanorods for 1 hour, followed by 

exposure to the laser at a fluence of 29.7 J/cm2
. Experimental conditions were the same 

as those used for the antibody functionalised gold nanorods. In this case the percentage 

of dead cells was around 53 ± 3.80/0 (Figure 6.9). This indicates that unconjugated gold 

nanorods are capable of binding to proteins on the surface of lTIurine n1acrophage cells, 

although at a lower affinity compared to antibody-gold nanorod conjugates. This latter 
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point is made evident by the lower death rate of cells labelled with unconjugated gold 

nanorods compared to cells labelled with antibody-rod conjugates. 

It is known that CT AB preferentially binds to the longitudinal surface of the gold 

nanorods rather than to the end sites [178, 179]. The binding of nanorods to the protein 

of the cell membrane may occur on the CT AB-coated flanks of the rods or at the 

exposed end [180]. The fIrst case would arise because most mammalian cells, including 

n1acrophage cells, present a negative charge on their surface [181 , 182]; therefore, the 

positive charge on the surface of gold nanorod would probably bind to a cell surface via 

electrostatic interactions. On the other hand, the second type of binding could arise 

because the naked end surfaces of unconjugated gold nanorods are the sites that would 

bind to disulfide groups of proteins located on the surface of cells. A high number of 

CT AB-gold nanorods per cells in media without serum has been reported by Hauck and 

co-workers [183]. Generally, it seems that unconjugated gold nanoparticles in various 

shapes can bind to cells as discussed in Chapter 5, section 5.3.2. Nevertheless, in the 

current experiments, the percentage of dead cells in san1ples labelled with gold-antibody 

conjugates is higher than in samples labelled with unconjugated gold nanorods. This 

obviously occurs because the specific antigens present on the n1urine macrophage cell 

surface have a higher affinity for the specific antibody conjugated gold nanorods than 

for unconjugated gold nanorods and as a result, lllore of these particles attach onto the 

cells. Consequently, the cells receive more heat energy fi:om light absorption by gold 

particles and exhibit a higher mortality. 

The non-selective binding of go ld nanorods to cells can agaIn be shown by 

conjugating the rods with BSA. In this case, the percentage of cell death in murine 

macrophage cells incubated with gold-BSA conjugates is very close to that in the 

control non-labelled cells, that is, low. This result shows that surfaces of gold nanorods 

were also coated by BSA, the san1e phenomenon that occurred in spherical gold 

nanoparticles, as described in Chapters 4 and 5. The coating of BSA therefore seelllS to 

block any binding of the particles to proteins on the surface of cells. 
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Figure 6.9: Cell death of murine n1acrophage cells incubated with unconjugated gold 

nanorods, conjugated gold nanorods, and gold-BSA conjugates at 29.7 J/cm2 (a laser 

diode: A = 650 nm, 10 minutes exposure). The cell death rates of three treatments are 

significantly different at P < 0.05 . 

6.3.5 Non-specific binding of antibody-conjugated gold nanorods 

Murine macrophage cells and CHO-Kl cel1s were incubated with gold nanorod-CDllb 

conjugates or with unconjugated gold nanorods. The cells were then ilTadiated with a 

650 nm laser diode at 6.8 J/cm2
. This fluence was chosen based on previous 

experiments as at this point it seems to be the threshold power for initiating the killing 

of cells. Figure 6.10 shows the results of cell death after treatment with the laser after 

different incubation conditions. It is clear that the percentage of dead murine 

n1acrophage cells is higher than for the non-specific cells (CHO-Kl cells). The 

percentage of dead CHO-K1 cells was only 0.60/0 which is similar to the result obtained 

fron1 direct treatment by the laser on CHOKI cells alone (0.4% dead cells). In contrast, 

the percentage of dead murine macrophage cells was 14.7 ± 7.80/0. As was shown earlier 

with the murine macrophage cells, incubation of CHO-Kl cells with unconjugated gold 

nanorods also resulted in an increased number of dead cells from 0.4 to 7.5 ± 4.9% due 

to the non-specific binding as previously discussed in section 6.3.4. However, it is 
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apparent that when gold nanorods were conjugated with specific murine macrophage 

antibody, they did not bind to CHO-Kl cells. This is probably due to the active sites of 

gold nanorods being coated with antibody, resulting in them being prevented fron1 

attaching to the surface of non-target cells. A similar phenomeon occurred in gold 

nanospheres and has been described in previous chapters. Electrostatic affinity is also a 

vital factor of the interaction between go ld and proteins [140]. Therefore, the difference 

in the death rates between CHO-Kl cells (at 7.5%) and murine macrophage cells (at 

13.1 %) could have been due to the different types of surface proteins expressed by each 

cell line. 
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Figure 6.10: The percentage of cell death of targeted and non-targeted cells by 

unconjugated gold and gold-antibody conjugates of rod-shaped particles at 6.8 J/cn12 (a 

laser diode: A = 650nm). * Significantly different fron1 only CHO-Kl cells and CHO-Kl 

cells incubated with unconjugated gold particles and ** significantly from only 

macrophage cells at P < 0.05. 
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6.3.6 Cell death in isothermal experiment 

Isothern1al stress experin1ents were conducted to assess the response of munne 

macrophage cells exposed to thermal stress maintained for several n1inutes. Figure 6.11 

shows that only ~ 1 % of the cells died in PBS at room temperature for 20 minutes, 

whereas approximately 2 or 3% died within 20 minutes at 45°C. The percentage of cell 

deaths increased at the higher temperature and cells rapidly died at 60°C. The study of 

cell death maintained in PBS buffer at different temperatures and times demonstrates 

that cell damage started in earnest at 55°C after 10 minutes exposure time. Therefore, it 

could be assumed that the localised temperature required for the destruction of murine 

macrophage cells by bioconjugated gold nanorods would be in the vicinity of 55°C. In 

general, the damage of adjacent cellular tissue could be due to either of two effects . The 

firs t effect is due to the localised increases of temperature from the surrounding 

mediulTI. These lead to dan1age of adjacent cell membranes, protein denaturation and 

heat stress. Actually loss of viability is reported to begin as low as 42°C [1 84]. The 

second effect occurs when laser irradiation is suffic iently intense to cause explosive 

generation and cavitation of steanl bubbles and fragmentation of nanoparticles . These 

phenomena produce mechanical and acoustic dalnage to cell membranes [68, 71 , 160] . 

However, in this case, numerical modelling of the thermal phenomena [185] 

indicated that a fluence of ~30 J/cn12w could cause an increase in temperature of ~ 10°C. 

This is insufficient to generate cavitation but apparently sufficient to induce cell death. 

Therefore, it can be concluded that the destruct ive effect in this study was exerted by 

nleans of a heat stress on cells rather than nlechanical perforation of their n1embranes. 
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Figure 6.11: Isothermal survivability data for n1urine macrophage cells in PBS solution 

n1aintained at telnperature between 45 and 60°C. 

6.4 Conclusions 

This experiment has shown that the rod-shaped gold nanoparticles conjugated with 

specific antibody (CDII b) will bind selectively to a target cell (murine macrophages, 

Raw 264.7) but will not bind to a non-target cell (Chinese hamster ovary, CHO-Kl). 

The high optical extinction cross-section of gold nanorods at the longitudinal plasmon 

resonance would offer a useful new basis for photothem1al therapy using antibody-

mediated targeting of gold nanorods. I have demonstrated that laser irradiation of cells 

labelled with rod-antibody conjugates produced a high n10rtality, while irradiation of 

target cell alone at the san1e power or even at laser fluences of29.7 J/cnl did not induce 

significant cell death. Incubation of cells with gold nanorods in the absence of laser 

irradiation did not produce mortality. Unconjugated gold nanorods can also bind to 

target and non-target cell lines used in the experiment. However, the binding was 

significantly less compared to gold nanorods conjugated with the specifically matching 

antibody. Gold nanorods conjugated with an antibody against the target cells did not 

bind to the non-target cells, and nanorods conjugated with non-specific protein (BSA) 
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did not bind significantly to either cell line used. The results of these experiments are 

consistent with the mechanism of functionalised gold nanorods binding selectively to a 

target mammalian cell and then absorbing light from a laser, which is then converted to 

localised thern1al energy. This energy then causes death of the target cell by heat stress. 
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Chapter 7 

Selective Targeting of Toxoplasma 

Gondii Tachyzoites Using Antibody-

Functionalised Gold N anorods and 

Inhibition of Parasite Binding to Host 

Cells 

7.1 Introduction 

Conjugates of gold nanopartic1es and antibodies have useful functionalities and can be 

applied in photothermal therapy as shown in Chapter 4 to Chapter 6. In Chapter 6, it 

was demonstrated that gold nanorods can be conjugated with specific antibodies and be 

used to efficiently target and destroy murine ll1acrophage cells . The current chapter 

deals with applying gold nanorods to selectively target and destroy parasitic protozoans. 

Gold nanorods were conjugated with an anti-Toxoplasma gondii 30kDa antibody, and 

used to target the extracellular tachyzoite, which is an infectious forn1 of an obligate 

parasite Toxoplasma gondii. Exposure to continuous laser irradiation was then used to 

kill the target protozoans. This concept provides a new paradigm for the treatInent of 

parasitic protozoans using gold nanorods. This work has been published in Nano 

Letters, 2007, 7(12): 3808 - 3812. 
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7.2 Experimental procedures 

The gold nanorods were again synthesised by Dr Xiaoda Xu. Any large spherical 

particles that formed were removed by gentle centrifugation at 3700 rpm (900 g) for 5 

minutes (Minispin Plus, Eppendorf). The remainder of the colloid was centrifuged and 

washed twice at 8000 rpm (4300 g) for 15 minutes with Milli-Q water to remove CT AB 

not bound to the nanorods, being careful to not disturb the pellet during the CT AB 

removal process. After washing, the gold pellet was redispersed again in Milli-Q water. 

The pH of the solution was adjusted to 7.5 (more information has been provided in 

Chapter 3, section 3.2.2). A small drop of gold nanorod solution (at ~30 /-11) was dried 

on a clean carbon stub and stored in a desiccator for imaging using a scanning electron 

microscope. After washing, the gold nanorods were ready for use with cells and for 

conjugation with antibody. 

7.2.1 Conjugation of gold nanorods with anti T. gondii antibody 

Anti- T. gondii antibody (anti-Toxoplasma gondii 30 kDa antibody) raised against the 

major antigen on the surface of T. gondii tachyzoite (RH strain) was then conjugated to 

the gold nanorods to ensure selective attachment to free tachyzoites. The ratio of gold 

and antibody used for conjugation is shown in Chapter 3, Table 3.2. The an10unt of 

antibody used was sufficient to stabilise and prevent aggregation of gold nanoparticles. 

After 10 minutes incubation, unbound antibody was removed by centrifugation at 8000 

rpm (4300 g) for 15 minutes, followed with washing in PBS plus 1 % BSA. The gold 

nanorods were also conjugated with BSA as a control treatment in this experimental 

chapter. The working solution of gold conjugates were adjusted by dilution to an 

absorbance of 1.0 at the wavelength of peak extinction of the conjugated nanorods (675 

nm). 
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7.2.2 Cell preparation and labelling with gold nanorods 

Tachyzoites were prepared by growing T. gondii (RH strain) in Vero cells as explained 

in Chapter 3, sections 3.3.3 and 3.3.4. Vero cells and U937 cells were cultured in 

RPMI-1640 mediunl containing 20/0 of 1M HEPES buffer, 1 % of penicillin-

streptonlycin solution, and supplenlented with 5% and 100/0 FBS, respectively. The 

nanorod-antibody conjugates were then attached to the tachyzoites by incubation in 

vitro for 30 minutes at 37°C and 50/0 CO2. After incubation, tachyzoites were washed 

twice with PBS + 1 % BSA by centrifugation (Minispin plus centrifuge, Eppendorf) for 

5 minutes at 3700 rpm (900 g) or at 1500 rpm (200 g) for non-specific cells (U937) 

followed by further attachnlent of secondary antibodies as described in Chapter 5, 

section 5.2.3 and washed twice with PBS buffer to confirnl the presence of the gold 

conjugate. The schematic illustration of T. gondii tachyzoite cells labelled with rod-anti-

T. gondii antibody conjugates is shown in Figure 7.1. 

Stained with 20 -FITC 
antibody 

gold particles 
antibody-gold Attachment 

conjugate to Tachyzoites 

image on 
confocal microscopy 

Figure 7.1: Schematic illustration of Inethod by which gold nanorods were attached to 

target protozoan and characterised. 

The next step after cell labelling with bioconjugated gold nanorods is cell 

destruction by laser irradiation. Tachyzoites were incubated with anti-T. gondii-gold 

nanorod conjugates, then a 3 ~l droplet of tachyzoites with anti-T. gondii-gold nanorod 

conjugates in the well was irradiated with a laser light from a 100 m W continuous wave 

diode laser (650 nnl) at power densities ranging between 0 and ~12200 J/cm2 for 4 

minutes. This exposure time itself did not affect cell viability in each treatment. The 

power density was controlled by varying the laser spot size. The controls included using 

unconjugated gold nanorods with tachyzoites to deternline the proportion of non-
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specific killing, and U937 cells with conjugated rods, to determine the proportion of 

non-targeted cells that would be destroyed. The number of dead tachyzoites was 

determined by examination under the fluorescent mode of a confocal microscope after 

staining with SYTOX nucleic acid green dye. Fifteen fields from three triplicate runs of 

each treatment were counted under a magnification of at least 500X for cell viability. 

No less than 100 cells in each field were counted for every experimental condition. 

The study of infectious activity was conducted following the same procedure 

outlined in Chapter 5, section 5.2 .5 but in this case, gold nanorods were used in the 

experiment. The Tukey Kramer test was used for comparison of infectious activity and 

cell death rates in each group (see Appendix A. 3 and AA, respectively) . 

7.3 Results and discussion 

7.3.1 Characterisation of gold nanorods and their conjugation 

A scalm ing electron micrograph of the gold nanorods shows their average size of39 .5 ± 

0.5 11m in length and 20.0 ± 0.1 nm in width (Figure 7.2a). Gold nanorods contained two 

plasmon resonances, as reported in Chapter 6. A transverse plasmon resonance at 522 

nm and a longitudinal plasmon resonance at 674 nm were evident in the optical 

extinction spectra (Figure 7.2b). After conjugation, the longitudinal plasmon peak of the 

nanorods moved from 674 nm to 692 nm and broadened (Figure 7.2b). This red shift 

may have been caused by an increase in local refractive index due to the antibody as 

discussed before in previous chapters, and by some linking up of rods into end-to-end 

chains. The extinction peak is well positioned within the so-called "tissue window", a 

region as described in Chapter 2, section 2.2.2. Note that less broadening of the 

longitudinal plasmon resonance occurred than in Figure 6.2. This implies that some 

differences exist between the binding of anti- T. gondii antibody compared to CD 11 b 

antibody. 
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Figure 7.2: Characterisation of gold nanorods. (a) Unconjugated gold nanorods imaged 

in a scanning electron microscope. (b) The absorbance spectra of conjugated and 

unconjugated gold nanorods. The absorption peak of the transverse plasmon resonance 

is around 520 nm and is not significantly changed by conjugation. However, the 

longitudinal plasnlon resonance is red-shifted fronl 675 run to 692 nm by conjugation. 

The nlechanism of the attachment of antibody to the gold nanorods is believed to be 

electrostatic in nature as discussed in Chapter 6, section 6.3.1. Another possibility is that 

some negatively charged part of the antibody molecule is being attracted to the 

positively charged CTAB sheath of the gold nanorod at the pH of conjugation (pH 7.5) . 

The conformation of the antibody molecule is likely to be dependent on pH. However, 

the variation in pH is not believed to have any effect on the surface charge of gold 

nanorods themselves [186]. In any case, it seems that the mechanism of the attachment 

of antibody to the gold nanorods is unclear, as previously mentioned. 

7.3.2 Labelling of gold nanorod-anti-T. gondii to tachyzoites 

After attachlnent of nanorod-anti-T gondii conjugates and staining with secondary 

antibody to confirm the presence of the gold conjugate, green fluorescent staining from 

FITC on the secondary antibody was observed at the surface of the tachyzoites, 

indicating that the gold nanorods were functionalised with anti-T gondii antibody 

(Figure 7.3a) and had selectively attached to the surface of the tachyzoites. A positive 

control was obtained by exposing the tachyzoites to the anti-Tgondii antibody and then 

to the secondary goat anti-mouse IgG-FITC antibody. This showed a sinlilar pattern of 
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fluorescence (Figure 7.3b). Negative control staining was carried out using BSAJgoid 

nanorod conjugates. In these cells, the fluorescent image was dark due to a lack of 

fluorescent staining (Figure 7 .3c) indicating that functionalising the gold nanorods with 

a non-specific protein had the result that they could not bind to the targeted cells 

(tachyzoites). Incubation of tachyzoites with secondary FITC antibodies alone also did 

not show any fluorescent staining (Figure 7.3d). An additional control experiment to 

demonstrate selective targeting was undertaken by incubating anti-T. gondii-gold 

nanorod conjugates with a non-specific target, the human monocytic cell line, U93 7. 

As expected, no fluorescent staining was observed on the surface of these U937 cells 

(Figure 7 .3e) . 
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.Figure 7.3: Fluorescent (left) and transnlitted light (right) inlages of T. gondii 

tachyzoites and U937 cells. The results confrrm that the gold nanorods-anti T. gondii 

conjugates were only being attached to targeted cells (T. gondii) . (a) T. gondii 

tachyzoites incubated with anti-T. gondii-gold conjugates followed by exposure to 

secondary goat anti-mouse IgG- FITC antibody (2°abFITC) . (b) T. gondii tachyzoites 

incubated with anti-T. gondii antibody (anti-T. gondii) , followed by exposure to 

2°abFITC. (c) T. gondii tachyzoites incubated with BSA-gold conjugates following with 

2°abFITC. (d) T gondii tachyzoites incubated with 2°abFITC only. (e) U937 cells 

incubated with anti-T. gondii-gold conjugates and followed by exposure to 2°abFITC. 
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7.3.3 Effect of laser irradiation on T. gondii tachyzoites 

Having successfully achieved the selective attachment of gold nanorods to the 

tachyzoites, I then examined the extent to which they could be destroyed by laser 

irradiation. The number of dead tachyzoites was determined by examination under the 

fluorescent mode of a confocal microscope, after staining with SYTOX nucleic acid 

green dye. The natural endogenous cytochromes of cells normally have such a low 

absorption of light at this wavelength that application of laser irradiation alone does not 

destroy them [176]. In contrast, tachyzoites which had antibody-nanorod conjugates 

specifically bound to them were found to be strongly affected by laser irradiation. The 

percentage of cell death (Figure 7.4) rose from 18.8 ± 7.6% at the lowest power density 

(~- 170 J/cm2) to 82.9 ± 4.2~'O at the highest power density (~12200 J/cln2). In contrast, a 

control san1ple of untreated gold-antibody conjugate tachyzoites that had been irradiated 

contained an average of 14.7 ± 3.7% dead tachyzoites, irrespective of the laser power 

applied (Figure 7.4). This was comparable to the sample of control tachyzoites that had 

not been irradiated at all (which contained 15.0 ± 3.90/0 dead tachyzoites). These results 

are consistent with a mechanism in which the plasn10n resonance of the gold nanorods 

causes localised heating in the vicinity of the membrane of the targeted cell, which in 

turn induces hyperthermia leading to destruction of the cell [78, 80, 185] . The high 

concentration of CTAB used in gold nanorod synthesis is known to be cytotoxic [177], 

although the toxicity of nanorod colloids is most probably due to free CT AB in the 

solution rather than from CT AB-coated gold nanoparticles themselves [177]. In this 

work, free CT AB was removed by extensive washing; therefore eliminating any free 

CT AB which could prove toxic to cells used in the experiment. The number of dead 

tachyzoites in the control sample and that in which anti-T. gondii-gold nanorod 

conjugates had been attached to the cells was 15.0 ± 3.9% and 15.5 ± 3.4% respectively. 

These results also indicate that it was neither the gold rods alone nor the CT AB on the 

gold nanorods that caused the cell death a similar result was reported in Chapter 6. 
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Figure 7.4: The cell death rates of T. gondii tachyzoites that had been labelled with 

gold nanorod-antibody conjugates compared to that of non-labelled T. gondii 

tachyzoites (The laser diode used had A = 650 nn1 and a power of 100 m W). 

A study of the effect of temperature on the viability of T. gondii tachyzoites shows 

that they are killed at a temperature of 60°C or higher (Figure 7.5) . After the heating 

process, viability was determined using SYTOX nucleic acid green dye. The results 

showed that there was no effect on tachyzoite viability after heating for 10 minutes at 

temperatures below 60°C. However, the death rate increased significantly to around 

99.9 ± 0.20/0 following incubation of T. gondii tachyzoites for 10 minutes at 60°C 

(Figure 7.5). Therefore, a telnperature of 60°C is sufficient for killing tachyzoites by 

application of heat. Additionally, others have published data indicating successful 

killing of tachyzo ites of T. gondii following incubation at 56°C for 50 n1inutes [187]. 

These results imply that a temperature of at least 60°C would need to have been 

generated from the interaction between the laser light and go ld nanorods in order to kill 

the tachyzoites. The concentration of gold nanorod-ant ibody conjugates was adjusted to 

an optical density value of 1.0 at the wavelength of peak extinction (675 nm). This had 
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been found to be a sufficient concentration to destroy T. gondii tachyzoites at the 

highest power density of ~ 12200 J/cm2. 
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Figure 7.5: Effect of temperature on the viability of T. gondii tachyzoites . 

A further series of control experiments were run at a laser power density of ~ 12200 

J/cn12. Non-specific binding of gold nanorods was investigated by using unconjugated 

gold nanorods incubated with the tachyzoites for 30 minutes. In this case the percentage 

of cell death after laser irradiation was 30.2 ± 10.0%, which was slightly higher than the 

25.4 ± 5.1% death rate in tachyzoites that had not been exposed to the laser (Figure 7.6). 

It should be noted that the initial viability of the tachyzoites for this particular set of 

experinlents was -800/0 (Figure 7.6), compared to -850/0 (Figure 7.4) for the tachyzoites 

exposed to the various laser power densities. We found that 15 ± 50/0 of extracellular 

tachyzoites recovered fi'om a lysed monolayer of host cells were non-viable in every 

experinlent perforI11ed as explained in Chapter 5, section 5.3.4.3. Tachyzoites were also 

incubated with nanorods that had been conjugated with BSA, followed by exposure to 

laser or no laser irradiation. The percentage of dead tachyzoites from these two groups 

was found to be very similar, at around 20 ± 50/0. These results suggest that 
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unconjugated gold nanorods have a tendency to adhere to the tachyzoites, but BSA 

conjugated nanorods do not. Non-specific binding and uptake of unconjugated gold 

nanorods by other cells has also been reported recently and is evidently a general 

property of un conjugated gold nanoparticles [152, 185, 188]. 

An additional indication of the specificity of the photothern1al effect was obtained 

by incubating U937 cells with anti-T. gondii-gold nanorod conjugates. In this case the 

number of dead U937 cells was not different from non-irradiated cells (5.9 ± 1.570/0 and 

6.0 ± 2.7% for irradiated and non-irradiated cells respectively), even at the highest 

power density. In contrast, tachyzoites incubated with anti- T. gondii-gold nanorod 

conjugates had a death rate of 82.2 ± 9.0% after laser irradiation at the same power 

(Figure 7.6). This is also encouraging, as use of these conjugates in vivo would be 

required to have minimal binding to host cells. 
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Figure 7.6: Effect of laser irradiation on T. gondii tachyzoites and U937 cells under 

various conditions. The power density of the laser was ~ 12200 J/cm2
. (Error bars 

correspond to standard deviation froin the mean.). * Significantly different in the 

number of cell death fron1 other treatments and * * significantly different fron1 T. gondii 

tachyzoites incubated with gold-antibody conjugates after laser irradiation at P < 0.5. 

Key: 

C = T. gondii tachyzoites only 

RBSA = T. gondii tachyzoites incubated with gold-BSA conjugates 

R = T. gondii tachyzoites incubated with unconjugated gold 

Rab = T. gondii tachyzoites incubated with gold-antibody conjugates 

U937 = U937 cells incubated with gold-antibody conjugates 

In this case antibody n1eans anti-T. gondii surface antigen. 

7.3.4 Effect of functionalised gold nanorods on infectious activity of T. 

gondii tachyzoites 

In this chapter, the infectivity of T. gondii tachyzoites into host cells was studied. After 

incubation of rod-anti-T. gondii conjugates with T. gondii tachyzoites for 30 minutes, 

the tachyzoites labelled with functionalised gold nanorods were then incubated with 
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host cells (CHO-K1) for one hour. Any non-infective tachyzoites were removed by 

washing the mono layers of CHO-K1 cells. The number of infected cells was counted 

under the fluorescence mode of a confocal microscopy. Figure 7.7 shows the percentage 

of CHO-K1 cells infected with T. gondii tachyzoites at different treatments. 

The number of CHO-K1 cells infected by tachyzoites labelled with rod-anti- T. 

gondii conjugates was only 24.9 ± 3.4% whereas, the percentage of CHO-K1 cells 

infected by non-labelled tachyzoites and tachyzoites pre-incubated with unconjugated 

gold nanorods were 41.6 ± 5.1 % and 49.0 ± 5.80/0 correspondingly. The results showed 

that pre-incubation of tachyzoites with antibody-functionalised gold nanorods 

considerably in1pacted on the infectious activity of T. gondii tachyzoites into CHO-K 1 

cells. At around 25%, the infection rate of the tachyzoites that had been incubated with 

the antibody functionalised gold nanorods was found to be significantly different from 

the case when the tachyzoites had been either not labelled at all, or labelled with 

unconjugated gold (P < 0.05, Tukey's test). However, the infectivity of tachyzoites 

labelled with unconjugated gold nanorods was found to be the same as that due to free 

tachyzoites at 950/0 confidence, Tukey's test. However, there was visual evidence that 

the free sites on the unconjugated gold nanorods attached to the tachyzoites adhered to 

the surface of the CHO-K1 cells, just as was observed in case of un conjugated spherical 

gold nanoparticles. Moreover, CT AB-coated gold nanorods were internalized by cells 

via a non-specific uptake mechanism [152, 188J which may also help to increase the 

infectious activity of tachyzoites into CHO-K1 cells. Actually, the use of rod-shaped 

nanoparticles is supposed to reduce the possibility of non-specific interactions with host 

cells c01l1pared to spherical shape nanoparticles. The studies by Chithrani have 

demonstrated that the uptake of rod-shaped gold nanoparticles into Hela cells is lower 

than that of spherical gold nanoparticles, a factor which is probably due to the 

difference in their surface chemistries [152]. 

127 



CHAPTER 7. SELECTIVE 
TARGETING OF TOXOPLASMA GONDII 

TACHYZOITES USING ANTIBODY-FUNCTIONALISED GOLD 
NANORODS AND INHIBITION OF PARASITE BINDING TO HOST CELLS 

100 

80 · 
~ 0 

"C 
Q) · - 60 (.) 
Q) 
't- r c:: 

r 

· Q) 
40 U -t/) * 

0 
::t: T 

20 · 

o 
Toxo+gold-ab Only Toxo Toxo+gold 

Treatment 

Figure 7.7: The percentage of CHO-K1 cells infected with T. gondii tachyzoites at 

different treatments for 1 hour. * Significant inhibition of infection compared with non-

labelled tachyzoites and tachyzoites labelled with unconjugated gold nanospheres at P < 

0.05. 

Key: 

Toxo + gold-ab = CHO-K1 infected with T. gondii tachyzoites pre-incubated w ith rod-

anti- T. gondii conjugates 

Only toxo = CHO-K1 infected with T. gondii tachyzoites only 

Toxo + gold = CHO-Kl infected with T. gondii tachyzoites pre-incubted with 

unconjugated gold nanorods 

7.4 Conclusions 

We have shown how the idea of using plasn10nic heating in nanoparticles to target 

tumour cells can be extended to kill the extracellular tachyzoites of a pathogenic 

parasite. In addition, an inhibitory effect on the infectivity T. gondii tachyzoites into 

host cells was achieved after binding tachyzoites with rod-anti- T. gondii conjugates. 

Although the tachyzoite stage of the T. gondii lTIodel studied can already be treated by 

drugs such as sulfonalTIide and pyrilTIethan1ine, the side effects and level of therapy 
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from these drugs need to be considered [189, 190]. The availability ofa new treatment 

paradigm such as I have described is potentially useful and can be extended to address 

many other species of pathogenic organisms. However, careful attention will need to be 

paid to reduce the uptake of unbound gold nanorods by non-specific cells in vivo. 
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Chapter 8 

Conclusions 

The main objective of this work was to study the possibility of using gold nanoparticles 

in photothemlal therapeutic applications in vitro. I have shown how gold nanoparticles 

of either spherical or rod shape can be functionalised with specific antibodies to 

selectively bind to target cells such as those used in these experinlents, namely 

macrophage cells and Toxoplasma gondii tachyzoites. Conjugation of a non-specific 

protein to the gold nanoparticles was found to suppress the binding of the gold 

nanoparticles to the target cells. Conversely, specifically functionalised gold 

nanoparticle-antibody conjugates were found not to bind to non-specific target cells 

(such as CHO-K1 and U937 in these experiments). On the other hand, unconjugaed 

gold nanoparticles bound, non-selectively, to all the cell types used. 

The mechanisnl of binding of gold nanoparticles and antibodies (CdIl b, anti-T. 

gondii 30kDa or bovine serum albunlin) to each other still remains unclear. Electrostatic 

interactions could be certainly involved in the binding mechanism for spherical and rod-

shaped gold nanoparticles, but hydrophobic physisorption may also influence the 

binding interaction between gold and antibodies or protein Inolecules. Binding caused a 

red shift in the plasmon resonance peaks in the optical extinction spectra of the spherical 

and rod-shaped gold nanoparticles following conjugation with proteins (antibodies or 

BSA). 

Application of the functionalised gold nanoparticles (either spherical or rod-

shaped) in conjunction with laser irradiation caused selective destruction of the target 

cells both manunalian (murine macrophage cells, Raw 264.7) and protozoan (T. gondii 

tachyzoites). The gold particles can absorb light froin a laser and convert it to localised 

thermal energy and, if they are attached to a cell, they will cause its death by heat stress. 

In addition, binding functionalised gold nanoparticles to parasitic protozoan T. gondii 

tachyzoites was found to reduce their ability to infect host cells. 
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CHAPTER 8. CONCLUSIONS 

The accessibility of gold nanoparticles and their useful properties makes them 

highly adaptable for use in targeted photothermal therapeutic treatments. Spherical gold 

nanoparticles offer an advantage over other materials due to their easy and rapid 

synthesis and n10re straightforward bioconjugation when compared to gold nanorods. 

These properties make gold nanospheres especially attractive in biological and 

biomedical applications. The use of citrate gold nanoparticles in the human body seems 

especially promising since there seems to be no observation of a toxic reaction. 

However, even though rod-shaped gold nanoparticles are more difficult to produce 

compared to spherical gold nanoparticles, they seem to be emerging as the more useful 

candidates for exploitation, especially in thermal therapy. This is because the second 

peak of the absorbance spectrum of gold nanorods can be tuned to absorb light in the 

near-infrared wavelength range. These are the wavelengths of light in which the body is 

relatively transparent, which gives rise to the term "the tissue window". Gold nanorods 

also have a higher efficiency of light absorption at their longitudinal plasmon resonance 

c0111pared to other shaped go ld nanoparticles. There are pros and cons regarding the use 

of gold nanorods and gold nanospheres, but the tunibility of the optical properties of 

gold nanorods will favour their use in the long run. 

Neither type of gold nanoparticles was cytotoxic to n1acrophage cells and parasites 

on their own. On the other hand, some reports in the literature have claimed that gold 

nanoparticles elicit secretion of pro inflammatory cytokines such as tumour necrosis 

factor-alpha and interleukin 1·-beta, which may play an important role to regulating 

macrophage cells in clinical therapies [153 , 191]. Obviously, n1uch work still remains to 

be done before this approach can be developed for clinical trials. Also, further work 

needs to be carried out to test the applicability of the gold nanoparticles for killing target 

cells in vivo. Issues such as toxicity, distribution and accun1ulation of the gold 

nanoparticles in body tissues, and penetration of the laser light into body tissues are just 

some of the outstanding investigations required to be undertaken in order to ensure the 

effectiveness of using gold nanoparticles in photothern1al therapy. 
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APPENDIX A 

Calculations and Standard Graphs 

A.I Calculation of number of BSA molecules on the 

surface of the 20 nm gold nanospheres 
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Figure A.I: Calibration graph of bovine serum albumin (BSA, 0 - 1 ll1ghnl) using BCA 

protein assay. 
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APPENDIX A. CALCULATIONS AND STANDARD GRAPHS 

A.l.l Rough calculation for molecules of BSA in gold-BSA conjugates 

The concentration of protein in the supernatant was calculated from the standardised 

graph of BSA absorbance versus concentration, which showed the protein (BSA) 

concentration at 0.167 mg/m!. The total volunle of supernatant is 130 ML, therefore the 

content of BSA in the supernatant is 0.022 mg. The total mass of BSA used in the 

conjugation is 0.024 mg; therefore the mass BSA in the pellet is around 0.024-0.022 mg 

= 0.002 mg. 

Molecular weight ofBSA = 66 kDa; 1 Da = 1.6605402x10-27 kg 

One BSA molecule = 66 x 103 Da x 1.6605 x 10-27 kg = 1.096 x 10-22 kg = 1.096 x 10-16 

mg. Therefore, the 0.002 mg BSA in the pellet corresponds to approximately 

1.825x1013 molecules. 

A.l.2 Rough calculation of number of gold nanoparticles in gold-BSA 

conjugates 

Concentration of gold = 0.2 mg/rol, the volume of gold used in the experiment is 100 

/-lL; therefore the mass of gold is 0.02 mg. 

Density of gold = 19.3 x 103 kg/n13 = 19.3 x 109 mg/m3 

Diameter of gold = 20 nm = 20 x 10-9 m 

Volume of gold particle = 4/3rr(d/2i = 4/3rr((20x] 0-9)/2)3 = 4.189 X 10-23 m3 

Therefore, weight of gold 1 molecule = 4.189 x 10-24 n13 x 19.3 x 109 Ing/m3 

= 8.085 x 10-14 mg 

Therefore, 0.02 nlg of gold has particles = 0.02 x (8.085 x 10-14) = 2.47 x lOll particles 

Ratio of BSA per gold: 

Ratio ofBSA per gold = (1.825 x 10 13)/(2.47 x lOll) = 73.89, estinlate BSA:gold = 74:1 

In case of the single layer: 

Gold surface area = rrd2 = 1256.637 nln2 = 1.256x10-11 cln2 

Rezwana and co-workers [156] demonstrated that dimension ofBSA = 5.5 x 5.5 x 5.5 

nm; therefore, BSA projected area = 30.25 nm2 = 3.025 x 10-13 cm2 

a single layer = (1.256 x 10-11 cm2)/( 3.025 x 10-13 cnl) = 41.52 '" 42 BSA molecules 

per one gold nanoparticle. 
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A.2 Calculation of the number of spherical gold 

nanoparticles per cell from absorption spectrum 
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Figure A.2: Standardised graph of absorption versus nU111ber of go ld nanoparticles, for 

different concentrations of spherical go ld nanoparticles per 100 /-lL. 

The optical density at 526 nnl was 1.4 in the experiments in Chapter 5. Therefore, the 

estimated number of gold nanopatiicles was 6.17 x 1010 particles per 100 /-lL, as per 

Figure A2. The number of tachyzoites used in this experinlent was 2 x 107 cells, thus 

there were roughly 3000 to 3100 gold nanoparticles per cell. 
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A.3 Statistics for infection study 

The statistical analysis progran1, Anova, was used to analyse whether there was a 

significant difference in the average deviation for each treatment of infectivity in 

Chapters 5 and 7. The percentage of tachyzoites infecting host cells with and without 

spherical gold nanoparticles is shown in Table A.l. 

Table A.I: The percentage of T. gondii tachyzoites infecting host cells with and without 

attachment of spherical gold nanoparticles. 

Group Treatments Percentage of infection (%) 

1. T gondii tachyzo ites 46.53 31.56 37.23 33.83 42.02 

(Toxo) 

2. T gondii tachyzo ites 24.13 17.25 15.31 20.42 18.53 

with gold-anti-T. gondii 

conjugates (TGSab) 

3. T gondii tachyzoites 59.30 30.53 36.5 1 29.64 47.34 

with unconjugated gold 

nanoparticles(TGS) 
-- - --

4. T. gondii tachyzoites 26.31 23 .92 21.47 26.07 26.03 

with anti- T. gondii 

antibody (Tab) 

The analysis of variance for infectivity of T. gondii tachyzoites at different treatments is 

shown in Table A.2. 
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Table A.2: Analys is of variance for infection percentage of T. gondii tachyzoites at 

different treatments with 0.05 significant level (a = 0.05). 

Groups Count Sum Average Variance 
1. Toxo 5 191.17 38.234 37.026 
2. TGSab 5 95 .64 19.128 11 .288 
3. TGS 5 203 .32 40.664 158.338 
4. Tab 5 123.80 24.760 4.315 

Source of SS df MS F P-Value F critical 
Variation 

Between groups 1626.186 3 542.062 10.278 0.000517 3.239 
Within Groups 843.867 16 52.741 
Total 2470.053 19 

Comparisons between groups were performed by the Tukey-Kramer procedure using 

PHStat for Excel 97 [192]. The results after comparisons are shown in Table A.3. 

Table A.3: PHStat Tukey-Kramer analysis for infectious activity of T. gondii 

tachyzoites with and without labelling of spherical gold nanoparticles (at level of 

significance 0.05, numerator d.f. value of 4, denominator d.f. value of 16, n1ean square 

within (MSW) value of 52.742, and Q statistic value of 4.05). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 19.106 3.248 13 .154 Means are 
different 

Group 1 to Group 3 2.43 3.248 13.154 Means are not 
different 

Group 1 to Group 4 13.474 3.248 13.154 Means are 
different 

Group 2 to Group 3 21.536 3.248 13 .154 Means are 
different 

Group 2 to Group 4 5.632 3.248 13.154 Means are not 
different 

Group 3 to Group 4 15.904 3.248 13.154 Means are 
different 

Anova analysis of the percentage of tachyzoites infecting host cells with and without 

rod-shaped gold nanoparticles is shown in Table A.4. 
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Table A.4: The percentage of T. gondii tachyzoites infecting host cells with and without 

labelling of rod-shaped gold nanoparticles. 

Group Treatments Percentage of infection (0/0) 

1. T. gondii tachyzoites 22.03 24.16 21.47 28.99 28.02 

with rod-anti- T. gondii 

conjugates (TGRab) 

2. T. gondii tachyzoites 36.26 40.72 37.25 45.96 47.75 

(Toxo) 

3. T. gondii tachyzoites 50.45 55.64 51.82 40.38 46.63 

with unconjugated gold 

nanoparticles (TGR) 
--

The analysis of variance for infectivity of T. gondii tachyzoites for the different 

treatments is shown in Table A.5. 

Table A.5: Analysis of variance for infection percentage of T. gondii tachyzoites at 

different treatments with 0.05 significant level (a = 0.05). 

Groups Count Sum Average Variance 
1. TGRab 5 124.67 24.934 11.751 
2. Toxo 5 207.94 41.588 26.261 

1---------- --
3. TGR 5 244.92 48.984 33.516 

Source of SS df MS F P-Value F critical 
Variation 

Between groups 1517.432 2 758.716 31.821 1.59E-05 3.885 
Within Groups 286.115 12 23.843 
Total 1803.546 14 

The comparisons between groups were performed by Tukey-Kramer procedure using 

PHS tat for Excel 97 as described previously. The results after cOlnparisons are shown in 

Table A.6. 
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Table A.6: PHStat Tukey-Kramer analysis of the infectious activity of T. gondii 

tachyzoites with and without labelling of rod-shaped gold nanoparticles (at level of 

significant 0.05, numerator d.f. value of 3, denominator d.f. value of 12, mean square 

within (MSW) value of23.843 , and Q statistic value of3.77). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 16.654 2.184 8.233 Means are 
different 

Group 1 to Group 3 24.050 2.184 8.233 Means are 
different 

Group 2 to Group 3 7.396 2.184 8.233 Means are not 
different 
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A.4 Statistics for cell death rate study 

The statistical analysis program, Anova, was used to analyse whether there was a 

significant difference in the average deviation for each treatment of cell death rate in 

Chapters 5, 6 and 7. The comparisons between group were performed by Tukey-Kramer 

procedure using PHS tat for Excel 97 as previous described. 

Table A.7: PHStat Tukey-Kramer analysis cell death rates of T. gondii tachyzoites after 

exposing to a green laser at wavelength 514 nm, 600 J/cm3 (Chapter 5-Figure 5.5; at 

level of significance 0.05 , numerator d.f. value of 6, denominator d.f. value of 76, mean 

square within (MSW) value of 13.450, and Q statistic value of 4.15). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 1.612 1.045 4.338 Means are not 
different 

Group 1 to Group 3 1.569 0.990 4.101 Means are not 
different 

Group 1 to Group 4 5.577 0.903 3.749 Means are 
different 

Group 1 to Group 5 3.247 0.949 3.939 Means are not 
different 

Group 1 to Group 6 12.681 0.968 4.019 Means are not 
different 

Group 2 to Group 3 3.180 1.110 4.608 Means are not 
different 

Group 2 to Group 4 3.965 1.033 4.289 Means are not 
different 

Group 2 to Group 5 1.635 1.074 4.456 Means are not 
different 

Group 2 to Group 6 11 .069 1.091 4.527 Means are 
different 

Group 3 to Group 4 7.145 0.978 4.058 Means are 
different 

Group 3 to Group 5 4.816 1.020 4.234 Means are 
different 

Group 3 to Group 6 14.250 1.038 4.308 Means are 
different 

Group 4 to Group 5 2.330 0.936 3.884 Means are not 
different 

Group 4 to Group 6 7.104 0.955 3.965 Means are 
different 

Group 5 to Group 6 9.434 0.999 4.145 Means are 
different 
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Group 1 = T. gondii tachyzoites only and no laser irradiation 

Group 2 = T. gondii tachyzoites only and irradiated with laser 

Group 3 = T. gondii tachyzoites incubated with unconjugated gold (6.2 x lOla 

NPs/solution) and irradiated with laser 

Group 4 = T. gondii tachyzoites incubated with unconjugated gold (10.6 x lOla 

NPs/solution) and irradiated with laser 

Group 5 = T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates (6.2 x 

10 10 NPs/solution) and irradiated with laser 

Group 6 = T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates (10.6 x 

1010 NPs/solution) and irradiated with laser 
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Table A.8: PHStat Tukey-Kramer analysis cell death rates of T. gondii tachyzoites with 

and without exposure to laser under different conditions. The power of laser was 1800 

J/cm3
. The concentration of gold nanoparticles per tachyzoites was 6.2 x 10 10 NPs/does. 

(Chapter 5-Figure 5.7; at level of significance 0.05, numerator d.f. value of 6, 

denominator d.f. value of 155, mean square within (MSW) value of 13.985, and Q 
statistic value of 4.1 0). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 2.102 0.811 3.324 Means are not 
different 

Group 1 to Group 3 1.469 0.714 2.928 Means are not 
different 

Group 1 to Group 4 0.198 0.714 2.928 Means are not 
different 

Group 1 to Group 5 0.077 0.733 3.007 Means are not 
different 

Group 1 to Group 6 10.986 0.693 2.843 Means are 
different 

Group 2 to Group 3 0.633 0.793 3.253 Means are no t 
different 

Group 2 to Group 4 1.904 0.793 3.253 Means are not 
different ----

Group 2 to Group 5 2.024 0.811 3.324 Means are not 
different 

Group 2 to Group 6 8.884 0.775 3.177 Means are 
different ----------r-- -------

Group 3 to Group 4 1.271 0.694 2.847 Means are not 
different 

Group 3 to Group 5 1.391 0.714 2.928 Means are not 
different 

Group 3 to Group 6 9.518 0.673 2.760 Means are 
different 

Group 4 to Group 5 0.120 0.714 2.928 Means are not 
different 

Group 4 to Group 6 10.789 0.673 2.760 Means are 
different 

Group 5 to Group 6 10.909 0.693 2.843 Means are 
different 
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Group 1 = T. gondii tachyzoites only without laser irradiation 

Group 2 = T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates without 

laser irradiation 

Group 3 = T. gondii tachyzoites only and irradiated with laser 

Group 4 = T. gondii tachyzoites incubated with unconjugated gold and irradiated with 

laser 

Group 5 = T. gondii tachyzoites incubated with gold-BSA conjugates and irradiated 

with laser 

Group 6 = T. gondii tachyzoites incubated with gold-anti-T. gondii conjugates and 

irradiated with laser 

Table A.9: PHStat Tukey-Kramer analysis cell death rates of murine macrophage cells 

incubated with different forms of gold nanoparticles and exposed to a laser at 29.7 

J/cm2
. (Chapter 6-Figure 6.9; at level of significance 0.05, numerator d.f value of 3, 

denominator d.f value of 17, mean square within (MSW) value of 122.311, and Q 

statistic value of3.63). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 28.420 4.283 15.548 Means are 
different 

Group 1 to Group 3 52.276 4.946 17.954 Means are 
different 

Group 2 to Group 3 80.696 4 .283 15 .548 Means are 
different 

Group 1 = Murine macrophage incubated with unconjugated gold nanorods 

Group 2 = Murine macrophage incubated with conjugated gold nanorods 

Group 3 = Murine macrophage incubated with gold-BSA conjugates 
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Table A.tO: PHStat Tukey-Kramer analysis cell death rates of CHO-K1 and murine 

macrophage cells by unconjugated gold nanorods and gold nanorod-antibody conjugates 

at a laser energy of 6.8 J/cm2
. (Chapter 6-Figure 6.10; at level of significance 0.05, 

numerator d.f value of 3, denominator d.f value of 22, mean square within (MSW) 

value of 4.840, and Q statistic value of 3.55 for CHO-K1 cells and numerator d.f value 

of3 , denominator d.f value of25 , n1ean square within (MSW) value of43.181 , and Q 

statistic value of3.52 for murine macrophage cells). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

CHO-K1 
Group 1 to Group 2 0.210 0.696 2.470 Means are not 

different 
Group 1 to Group 3 7.130 0.852 3.025 Means are 

different 
Group 2 to Group 3 6.920 0.852 3.025 Means are 

different 
Murine n1acrophage 
Group 1 to Group 2 13.137 2.030 7.146 Means are 

different 
Group 1 to Group 3 11.510 2.290 8.060 Means are 

different 
--

Group 2 to Group 3 1.627 2.247 7.908 Means are not 
different 

CHO-Kl : 

Group 1 = only cells 

Group 2 = Gold-antibody conjugates 

Group 3 = Unconjugated gold nanorods 

Murine macrophage cells: 

Group 1 = Only cells 

Group 2 = Gold-antibody conjugates 

Group 3 = Unconjugated gold nanorods 
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Table A.II: PHStat Tukey-Kran1er analysis cell death rates of T. gondii tachyzoites and 

U937 cells under various conditions at the power density of 12192 J/cm2
. (Chapter 7-

Figure 7.6; at level of significance 0.05 , numerator d.f value of 10, denominator d.f 

value of 101, mean square within (MSW) value of 28.371, and Q statistic value of 

4.59) . 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Range 

Group 1 to Group 2 0.838 1.495 6.862 Means are not 
different 

Group 1 to Group 3 0.761 1.543 7.082 Means are not 
different 

Group 1 to Group 4 1.395 1.518 6.965 Means are not 
different 

Group 1 to Group 5 5.959 1.572 7.216 Means are not 
different 

Group 1 to Group 6 10.796 1.693 7.770 Means are 
different 

Group 1 to Group 7 3.488 1.572 7.216 Means are not 
different 

Group 1 to Group 8 62.848 1.821 8.358 Means are 
different 

Group 1 to Group 9 13.494 1.693 7.770 Means are 
different 

Group 1 to Group 10 13.357 1.693 7.770 Means are 
different 

Group 2 to Group 3 0.077 1.427 6.551 Means are not 
different 

Group 2 to Group 4 0.557 1.400 6.424 Means are not 
different 

Group 2 to Group 5 5.1 21 1.459 6.695 Means are not 
different 

Group 2 to Group 6 9.958 1.588 7.289 Means are 
different 

Group 2 to Group 7 2.650 1.459 6.695 Means are not 
different 

Group 2 to Group 8 62.009 1.724 7.913 Means are 
different 

Group 2 to Group 9 14.332 1.588 7.289 Means are 
different 

Group 2 to Group 10 14.195 1.588 7.289 Means are 
different 

Group 3 to Group 4 0.634 1.451 6.659 Means are not 
different 
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Table A.11 (continue): PHStat Tukey-Kran1er analysis cell death rates of T. gondii 

tachyzoites and U937 cells under various conditions at the power density of 12192 

J/cn12. (Chapter 7-Figure 7.6 ; at level of significance 0.05, numerator d.f. value of 10, 

denominator d.f. value of 101, mean square within (MSW) value of 28.371, and Q 

statistic value of 4.59). 

Comparison Absolute Standard Error Critical Results 
Difference of Difference Ran2e 

Group 3 to Group 5 5.198 1.508 6.921 Means are not 
different 

Group 3 to Group 6 10.035 1.633 7.496 Means are 
different 

Group 3 to Group 7 2.727 1.508 6.921 Means are not 
different 

Group 3 to Group 8 62.087 1.766 8.105 Means are 
different 

Group 3 to Group 9 14.255 1.633 7.496 Means are 
different 

Group 3 to Group 10 14.1 18 1.633 7.496 Means are 
different 

Group 4 to Group 5 4.564 1.482 6.801 Means are not 
different 

Group 4 to Group 6 9.401 1.609 7.386 Means are 
different 

Group 4 to Group 7 2.093 1.482 6.801 Means are not 
different 

Group 4 to Group 8 61.453 1.743 8.003 Means are 
different 

Group 4 to Group 9 14.889 ] .609 7.386 Means are 
different 

Group 4 to Group 10 14.752 1.609 7.386 Means are 
different 

Group 5 to Group 6 4.838 1.661 7.623 Means are not 
different 

Group 5 to Group 7 2.471 1.538 7.058 Means are not 
different 

Group 5 to Group 8 56.889 l.791 8.222 Means are 
different -- ----_._------

Group 5 to Group 9 19.453 1.661 7.623 Means are 
different 

Group 5 to Group 10 19.316 l.661 7.623 Means are 
different 

Group 6 to Group 7 7.308 1.661 7.623 Means are not 
different 
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Group 1 = T. gondii tachyzoites only without laser irradiation 

Group 2 = T. gondii tachyzoites only with laser irradiation 

Group 3 = T. gondii tachyzoites incubated with gold-BSA conjugates without laser 

irradiation 

Group 4 = T. gondii tachyzoites incubated with gold-BSA conjugates with laser 

irradiation 

Group 5 = T. gondii tachyzoites incubated with unconjugated gold without laser 

irradiation 

Group 6 = T. gondii tachyzoites incubated with unconjugated gold with laser irradiation 

Group 7 = T. gondii tachyzoites incubated with gold-antibody conjugates without laser 

irradiation 

Group 8 = T. gondii tachyzoites incubated with gold-antibody conjugates with laser 

irradiation 

Group 9 = U937 cells incubated with gold-antibody conjugates without laser irradiation 

Group 10 = U937 cells incubated with gold-antibody conjugates with laser irradiation 
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A.5 Standard graph of BSA absorbance using Bio-Rad 

protein assay 
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Figure A.3 : Standard graph of bovine serum albun1in (BSA, 0 - 0.5 mg/ml) absorbance 

for analysis of protein concentration in the supernatant of gold nanosphere/antibody 

conjugates. 

147 



0.80 

0.70 

E 0.60 t: 
I/) 
en 0.50 I/) 
..... co 
cu 0.40 0 
t: co 
.0 0.30 -~ 

0 
t/) 
.0 0.20 ~ 

0.10 

0.00 
0 

APPENDIX A. CALCULATIONS AND STANDARD GRAPHS 

y = 12.778x + 0.0542 
R2 = 0.9595 
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• 

0.04 0.05 

Figure A.4: Standard graph of bovine serum albun1in (BSA, 0-0.5 mg/n1l) absorbance 

for analysis of protein concentration in the supernatant of rod-shaped gold/antibody 

conjugates. 
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Pissuwan, D., Valenzuela, S.M., Miller, C.H. , Killingsworth, M.C. , and Cortie, M.B., 

2008. Destruction and control of Toxoplasma gondii tachyzoites using gold 

nanosphere/antibody conjugates. Accepted January 2009, Small. 

Pissuwan, D. , Valenzuela, S.M., Cortie, M.B., 2008. Prospects for gold nanorod 

particles in diagnostic and therapeutic applications. Biotechnology and Genetic 

Engineering Reviews. 25:93-112. 

Pissuwan, D. , Valenzuela, S.M. , Miller, C.H., Cortie, M.B. , 2007. A golden bullet? 

Selective targeting of Toxoplasma gondii tachyzoites using antibody-functionalized 
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plasmonically heated gold nanoparticles. Trends in Biotechnology. 24(2): 62-67. 
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NanoTechGold News, pA. 

Pissuwan, D. , Valenzuela, S.M. , Cortie, M.B., 2006. Gold nanoparticles for 

photothermal therapeutics. Materials Australia. 39(4): 20. 
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Disciplinary Postgraduate Student Conference, August 17, University of Technology 

Sydney, Australia. 

Pissuwan, D. , Valenzuela. S. M. , Cortie, M.B., 2005. Gold antibody conjugates for 

therapeutic applications. ECRJPostgraduate Student Symposium on Nanotechnology, 

Decen1ber 8-9, Brisbane, Australia. 

B.4 Poster presentations 

Pissuwan, D., Valenzuela. S.M. , Killingsworth M. C., Cortie M.B., 2008. Hyperthermal 

therapeutic applications by gold nanoparticles. Faculty Research Day, University of 

Technology Sydney, Australia (First prize from poster competition). 
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Pissuwan, D. , Valenzuela. S.M. , Cortie M.B ., 2006. Gold nanorod-antibody conjugates 

for therapeutic applications. Gold 2006, Limerick, Ireland. 

B.5 Invited semi.nars 
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gold nanorods, March 17, 2008, Bioteclmology undergraduate student class, Faculty of 
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