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ABSTRACT 

There is a growing demand for the development of innovative nano-drug delivery 

systems that can both target and improve cancer therapies more effectively than 

conventional chemotherapy. Novel Au-ZnTe nanoparticles was designed to support 

biocompatibility features that can be utilised for drug delivery and bio-imaging 

applications. Au, ZnTe and Au-ZnTe nanoparticles were synthesized and analysed for 

optical, morphological, crystalline and surface chemistry characterisation. Subsequent 

to materials characterisation, Au-ZnTe nanoparticles was evaluated for its potential 

toxicity using in vitro and in vivo systems. The nanoparticle was surface modified 

through conjugation with 5-FU and human epidermal growth factor antibody to 

facilitate targeted anti-cancer drug delivery, followed by the in vitro drug efficacy 

application. The Au-ZnTe nanoparticles displayed core-shell morphology with an 

average particle size of 7 ± 3.74 nm. The absorption wavelength of Au-ZnTe 

nanoparticles was dominated by the optical properties of gold and photoluminescence 

analysis showed that ZnTe dominated the emission properties of Au-ZnTe 

nanoparticles. Crystalline analysis displayed peaks attributed to both parental 

materials.  

The biosafety and cytotoxicity of these nanoparticles was established using normal 

human colon, mammary epithelial and cancer cells of breast, prostate and colon origin. 

Moreover, under certain conditions the particles expressed cytokines in low 

concentrations and induced an insignificant (20%) cytotoxic response when exposed 

to human peripheral blood mononuclear cells.  Additionally systemic circulation of Au-

ZnTe particles displayed no adverse effects in the blood, liver and kidney functions of 

female Sprague Dawley rats. TEM, FTIR, Zeta potential and optical measurements 

were performed to confirm the surface conjugation and interaction of 5-FU and EGF 
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to Au-ZnTe nanoparticles. The in vitro anti-cancer therapeutic efficacy study was 

performed using the MTT cytotoxicity assay on breast cancer cells. The cytotoxicity 

studies have shown that all components in the 5-FU-EGF-Au-ZnTe nanoparticle 

formulation work synergistically to attack MCF7 cancer cells displaying 24.74 % 

increased efficacy than 5-FU at equivalent concentrations. Furthermore receptor-

ligand mediated uptake of nano-drug formulations was demonstrated using 5-FU-Au-

ZnTe. Several attempts were made to induce and develop a tumour model using 

Sprague Dawley rats and BALB/c mice. The presence of an external tumour mass 

was unsuccessful and therefore limited the ability to demonstrate the in vivo 

therapeutic efficacy of 5-FU-EGf-Au-ZnTe nanoparticles. These findings however lay 

a foundation for future work involving the synthesis and application of biocompatible 

nanoparticles that can support and improve current medical technologies. This study 

has generated valuable new knowledge that will help scientists within the field of 

biotechnology, nanomedicine, biochemistry and materials chemistry, to develop and 

optimize strategies for more efficient therapeutic application of nanomaterials. 
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Background 

The application of biocompatible nanomaterials to improve therapeutic efficacy and 

reduce the harmful side-effects of existing cytotoxic drugs, is an active area of 

research in the field of cancer therapeutics and diagnostics. This multidisciplinary 

research project is aimed at developing a novel, water soluble Au-ZnTe core-shell 

nanomaterial, intended for targeted anti-cancer drug delivery through surface 

conjugation with human epidermal growth factor and 5 fluorouracil. The structure of 

the thesis is outlined within the following chapters; 

 

Chapter 1: Introduction and literature review, provides a detailed 

background, motivation, aims and objectives for this study 

Chapter 2:  The synthesis and characterisation of biocompatible ZnTe 

nanoparticles 

Chapter 3:  The synthesis and characterisation of biocompatible Au-ZnTe 

core-shell nanoparticles 

Chapter 4:  The Biosafety, bio-interaction and toxicity evaluation of Au-ZnTe 

core-shell nanoparticles 

Chapter 5:  Synthesis, characterisation and in vitro bio-application of surface 

modified Au-ZnTe with 5-FU and EGF 

Chapter 6:  In vivo xenograft application for mammary tumour induction in 

mice and rat animal models 

Chapter 7:  Discussion and conclusion, links contributions from each chapter 

to the main aim of the project, summarising the important findings, 

limitations, challenges and provides recommendations and 

suggestions for future studies  
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CHAPTER ONE- Introduction and literature review 
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1.1 Cancer statistics 

International and national cancer registries take high priority in monitoring cancer 

incidence, mortality and survival rate every year. This epidemiological data assists 

medical practitioners and researchers to establish vital links between risk factors and 

specific cancer types [1]. The collective efforts of epidemiologists, medical doctors and 

scientists are used to improve treatment strategies and disease management [2]. 

Cancer remains a major health crisis worldwide. Undeniable epidemiology statistics 

reveal that the incidence and prevalence of cancer cases are increasing exponentially 

every year. It is currently the second leading cause of deaths in the United States. A 

sum of 1,658,370 new cancer cases and 589,430 cancer deaths are projected to occur 

in the US during 2015 [3].  

In South Africa, the latest national cancer registry 2005-2008 release, shows that one 

in every four South Africans will be affected by cancer through diagnosis of family, 

friends or self [4, 5]. Additionally the South African survival rate is six in every ten 

cancer patients. Breast and prostate cancers are rated the top cancers diagnosed in 

South African females and males respectively. It is estimated that in 2008, 1.4 million 

new cases of breast cancer were reported and 458 000 breast cancer related deaths 

were reported worldwide [6]. The Cancer Association of South Africa highlights the 

causes of breast cancers to include inherited oncogenes such as BRCA1 and BRCA2, 

hormones and unhealthy diets [7]. 

1.2  Understanding cancer cell biology 

In order to thoroughly understand how a normal cell develops into a cancer cell 

knowledge on the biochemical regulation of cell growth must be established. The 

human body is composed of trillions of cells. These cells are highly specialised units 
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that associate to form functional organs. Normal physiological processes enable the 

cells to grow and divide as it is required. As the cells age or become damaged they 

are eliminated by programmed cell death, a process known as apoptosis and that cell 

is replaced by a new cell through a carefully regulated cell growth cycle to generate 

new cellular components and daughter cells [8].  

Cancer is a collective disease that evolves from multiple genetic alterations which 

result in the uncontrolled growth and metastasis of abnormal or mutated cells [9]. 

There are more than 100 types of cancers that develop within various organs in the 

body. Carcinomas are the most common type of cancer which are epithelial in origin. 

Epithelial cells line the interior and exterior surfaces and cavities of the body.  

Adenocarcinoma is a cancer that develops in epithelial cells of the breast, colon, and 

prostate tissues. Other forms of cancers include soft tissue sarcomas, lymphoma, 

multiple myeloma, melanoma, blood forming tissue leukaemia and central nervous 

system related tumours [10].  

The earliest account of cancer was discovered in Egypt, 3000 BC, through the study 

of fossilized bone tumours and human mummies [11].  The quest to understand and 

develop knowledge on cancer stemmed from intense investigations and successive 

pathological analysis over the 16-19th centuries. During the 1970’s oncogenes and 

tumour suppressor genes were discovered [11, 12]. Oncogenes was correlated to 

cancer through its ability to causes cells to grow in an uncontrolled fashion. Tumour 

suppressor genes were classified as normal genes that control cell division, cell death 

and DNA repair. The understanding of various oncogenes and tumour suppressor 

genes have increased rapidly, scientists are now able to use these genes as 

diagnostic screening tools in early discovery of patients who are at higher risk of 

developing cancers through inherited genomes.  
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1.3 The hallmarks in cancer development 

The genetics of cancer is classified by various classes of genes. Proto-oncogenes is 

a class of genes encoded for protein biomolecules that catalyse cellular division or 

inhibit normal cell death [13]. Oncogenes is a class of mutated genes (proto-

oncogenes) which encode for proteins responsible in cell division or inhibit normal cell 

death. Tumour suppressor genes is a class of genes which encode for protein 

biomolecules that prevent cell division or initiate apoptosis. Understanding the 

mechanistic pathways involved in cancer development is a key factor in developing 

innovative and improved anti-cancer/anti-tumour therapies. Physiological and 

biochemical analysis of all types of human and animal cancer biopsies, animal tumour 

models and cultured cells has provided evidence that cancer cells share various 

mechanistic traits that make them different from normal human cells. These 

characteristics are commonly referred to as the seven hallmarks of cancer; 

1.3.1 Self-sufficiency in growth signals 

Cancer cells develop autocrine signalling strategies by producing self-growth 

signals that result in positive feedback signalling toward the activation of cellular 

growth and differentiation of damaged cells. Truncated versions of epidermal 

growth factors (EGF) are produced to enable rapid binding to epidermal growth 

factor receptor sites which initiate activation of the cell cycle [14, 15]. 

Additionally the expression of cell surface receptor sites within the cellular 

membrane domains of cancer cells are upregulated to support activation of 

growth activity without stimulation from mitogenic factors within the biological 

microenvironment. The cancer cell is able to utilize the surrounding tissue 

environment, extracellular matrix ligand components, fibroblasts and epithelial 

cells to support its autocrine signalling features. 
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1.3.2 Insensitivity of anti-growth signals 

Normal cells have prescribed regulatory mechanisms such as anti-growth 

signals that are used to control cell division and maintain homeostasis. 

Immobilised inhibitors and soluble growth inhibitors actively bind to 

transmembrane receptor sites activating a cascade of reactions that halt the 

cell cycle into the inactive G0 phase [16]. Anti-growth signals activate the 

retinoblastoma protein (pRb) pathway through hypophosporylation of pRb, 

which results in altering the transcription of genes that are essential for active 

G1 and S phases of mitosis. Cancer cells however are able to escape anti-

growth signals by disrupting the retinoblastoma protein (pRb) pathway and 

develop insensitivity to anti-growth factors by preventing phosphate mediated 

activation of pRb, resulting in cellular division of cancer cells [14]. Furthermore 

cancer cells are able to reduce expression of cell adhesion molecules that 

communicate anti-growth signals whilst simultaneously inducing pro-growth 

signals that support the active phases of mitosis [15]. 

1.3.3 Escaping apoptosis mechanisms 

The rate of cell death or apoptosis is a distinct feature in the progression of 

cancer cells. Transmembrane receptor mediated sensors and effector 

molecules are key components in regulating the apoptosis pathway. Sensors 

monitor homeostatic conditions within the intra and extracellular environment 

to determine when a cell should undergo apoptosis. Once the sensor detects 

abnormalities it is able to signal effector molecules known as caspases that 

induce cell death by disrupting the cellular membrane and destroying the 

nuclear and cytoplasmic domains [17]. Identifying over expression of 

oncogenes or damaged DNA segments trigger the cells apoptotic mechanisms, 
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enabling the death of cancer cells is a significant homeostatic mechanism in 

the tissue environment. Cancer cells are able to resist apoptosis through 

various strategies, such as mutations in the p53 and PTEN tumour suppressor 

genes and activation of PI3 kinase-AKT kinase pathways or extracellular IGF 

survival factors [15-17].   

1.3.4 Unlimited replicative potential leading to tumour progression 

Normal cells are restricted to a limited number of cell divisions before they 

become senescent, enter a crisis mode and die [16]. This type of cell death is 

associated with the reduction of chromosomal lengths following successive 

cellular divisions. Cancer cells are able to multiply in an uncontrolled and 

unlimited manner to form a mass of tumour cells by upregulating the expression 

of telomerase enzymes which facilitate the addition of hexanucleotide repeat 

segments onto the ends of the telomeric DNA, thereby preventing the 

shortening of the chromosomes and rendering cancer cells unlimited 

replications commonly referred to immortalisation of cells [14, 15].  

1.3.5 Sustained angiogenesis 

Cells within tissues are located within 100 µm blood capillary vessel, this feature 

ensures the supply of oxygen and vital nutrients which is essential for cellular 

functions. During the growth and development of normal tissue the close locality 

of a blood supply for cellular functions is strictly regulated through synchronised 

growth of vasculature [15, 18]. A cancer cell or developing tumour mass is able 

to activate the angiogenesis process by disrupting the gene transcription factors 

that encode for the homeostatic balance between angiogenic inhibitors and 

inducers. The production of tumour vasculature ensures the survival and 

facilitates metastasis of aggressive tumour cells [14]. 
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1.3.6 Tissue invasion and metastasis 

During the progression of a malignant tumour, active cells are able to enter the 

vasculature and migrate to other organs, where it adheres and starts 

establishing secondary tumour sites, a process termed metastasis [14, 19]. This 

process of “cancer spreading” can rapidly invade neighbouring organs and 

tissues through controlled upregulation of mutated versions of cell adhesion 

molecules such as E-cadherin [15].  

1.3.7 Control over genome instability 

The characteristics of cancer cells or malignant tumour masses are maintained 

through subsequential gene mutations and malfunctions of various regulatory 

pathways within the cell cycle. Tumour promoting inflammatory conditions, 

reprogramming energy metabolism to accommodate for the excessive 

requirements of tumour growth and evasion of immune attacks [18]. The tumour 

microenvironment plays a key feature in understanding malignant tumour 

growth and spreading of mutated cells and tumour resistance. Cancer cells 

develop over-ruling mechanisms to evade carefully regulated homeostatic 

pathways inherent in normal cells [15]. 

1.4 Breast Cancer  

The human mammary (breast) organs are composed of ducts and lobules that are 

surrounded by multiple layers of fibrous and adipose tissue, in addition to a complexity 

of lymph nodes (Figure 1.1). The lobules are composed of secretory units called 

alveoli which produce milk during lactation. The cells that line the lobules are epithelial 

in origin [20, 21]. In some cases cancer growths develop in the adipose cells within 

the fibrous tissue of the breast however breast cancer is commonly cause by 
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mutations within the epithelial cells that line the lobules of the breast tissue hence the 

term breast carcinoma. 

Figure 1.1 Breast tissue anatomy (A) Anatomy of normal breast tissue, illustrating the lymph 
nodes, lobules and ducts. (B) Anatomy of breast tissue illustrating a cancer growth. Modified 
fromwebpage:http://img.wemd.com/dtmcms/live/wedmd/consumerassets/site_images/article
s/imagearticle_collections/anatomy_pages/493x335_breast.jpg;http://www.healthnadvise.co
m/wp-content/uploads/2013/09/breast-cancer.jpg, 2015. 

 

This type of cancer is due to mutations in the genes that encode for human epidermal 

growth factor receptor 2 (HER2), also known as receptor tyrosine kinase ERBB2 or 

ERBB2 [22]. The protein ligand known as epidermal growth factor (EGF) is able to 

bind to the extracellular region of HER2 and thereby activate a series of cell cycle 

events through receptor mediated signal transduction. In a normal cell there are two 

copies of the HER2 gene that originate from the two homologous chromosomes. DNA 

mutations may lead to amplification in the number of genes that encode for HER2 

within the genome. These mutations leads to over-expression of HER2 on the cellular 

membrane. When the HER2 is over-expressed it allows for excessive EGF binding, 

which actives a cascade of reactions that stimulate multiple cell divisions through pro-

growth signals which can lead to excessive cell proliferation causing breast carcinoma 

http://img.wemd.com/dtmcms/live/wedmd/consumer
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[23]. There are two common pathways that are activated when EGF binds to HER2 

known as the MAPK/ERK and PI3 Kinase pathways. 

1.5 The MAPK/ERK pathway 

During the binding of EGF to HER2, a conformational change takes place which allows 

for HER2 receptor dimerization with an adjacent activated HER2. The HER2 structure 

has an internal tyrosine kinase domain, which is able to catalyse the phosphorylation 

of tyrosine residues activating the enzyme tyrosine kinase [24]. Growth factor receptor 

binding protein 2 (GRB2) than binds to the phosphorylated form of tyrosine residues 

located on the intracellular region of HER2. Another protein known as SOS is able to 

bind to the tyrosine kinase-GRB2 complex [25]. The activation of the SOS protein is 

able to catalyse the conversion of a monomeric G protein known as RAS protein from 

its off-state (RAS is bound to guanine diphosphate, GDP) to its on-state (RAS is bound 

to guanine triphosphate, GTP). The on-state RAS protein is then able to activate a 

serine/threonine protein known as RAF through subsequent ATP phosphorylation. 

This reaction is followed by the phosphorylation of MEK kinase, also known as mitogen 

activated protein kinase-kinase or MAPKK or MAP2K. The active MEK kinase is then 

able to activate the next kinase known as MAP kinase, which is also known as mitogen 

activated protein kinase, microtubule associated protein kinase, MAPK or ERK 

(extracellular signal regulated kinase). The activated MAP kinase is then able to add 

phosphate groups onto transcription factors known as MYC or ELK-1 [26]. Activated 

ELK-1 transcription factor can bind to the promotor region on the genome and alter 

the affinity of that particular promotor region for RNA polymerase, which can increase 

or decrease the transcription of a specific gene known as C-FOS. C-FOS is able to 

bind to another protein called C-JUN to form a FOS-JUN heterodimer transcription 
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factor that is responsible for moving the cell from interphase (inactive) to an active G1 

phase of the cell cycle [27].  

1.6 The cell cycle 

The cell cycle is the process in which one cell divides into two identical daughter cells. 

The cell cycle can be divided into five phases i.e Interphase, Growth 1 phase, 

Synthesis phase, Growth 2 phase and the mitotic phase. During the interphase (I-

phase) the cell is not in the growth phase/ not dividing. The cell receives ligand-

receptor mediated (EGF-HER2) signals that stimulate increased transcription factors 

MYC and FOS-JUN heterodimers that trigger the expression of proteins taking the cell 

into an active G1 phase [28].  

 

Figure 1.2 Mitotic phase of the cell cycle. Displays the various phases involved in cellular 
division to produce two identical daughter cells 

 

During the G1 phase the various proteins involved in organelle functioning and 

structure are reproduced. The cell then enters into the S phase where the DNA is 

replicated. The second growth phase G2 involves more expression of functional 

proteins and production of machinery that will be used in the mitotic phase. The M 
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phase is split into two parts i.e. mitosis, which involves the division of the nucleus to 

produce two identical nuclei containing one copy of all 46 chromosomes, followed by 

the second part known as cytokinesis which involves the division of the cell to form 

two daughter cells (Figure 1.2) shows a breakdown of the mitotic phase during the 

active cell cycle [8, 16]. 

1.7 PI3 kinase pathway 

HER2 receptor dimerization with an adjacent activated HER2 is initiated through the 

binding of EGF on the extracellular domain of HER2. Activation of the HER2 structure 

catalyses the phosphorylation of tyrosine residues activating the enzyme tyrosine 

kinase which is then able to activate PI3 kinase also known as PI3K or 

phosphoinositide-3-kinase. The phospholipids present in the bilayer of the cellular 

membrane known as phosphatidylinositol -4, 5-bisphophate (PIP2) is converted to 

phosphatidylinositol -3, 4, 5-triphophate (PIP3) through the phosphorylated PI3 kinase 

enzyme [29]. Phosphoinositide dependent kinase 1 is then able to bind to the active 

PIP3, which is followed by the subsequent activation or phosphorylation of AKT kinase 

also known as Protein kinase B (PKB). AKT kinase is then able to activate MTOR, 

which is a complex of proteins known as the MTOR complex 1. The MTORC1 protein 

(Mechanistic target of rapamycin) complex 1 [30]. The MTORC1 is made up of various 

proteins that associate to form MTOR. AKT kinase interacts with the MTOR complex 

1 by phosphorylating the PRAS40 protein, resulting in the cleavage of PRAS40 from 

the MTORC1. AKT kinase then interacts with the tuberous sclerosis complex TSC2 

which upregulates Rheb-GTP. The activated form of Rheb-GTP triggers the MTORC1 

and it acts in the same manner as MYC transcription factor in stimulating the G1 phase 

of the cell cycle [25, 29]. 
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Illustrated below is the signal transduction pathway triggered by receptor mediated 

epidermal growth factors which stimulate the cell to undergo division. The cell 

membrane surface presents many receptors and protein channels that are used to 

facilitate thousands of cell cycle events such as oxygen, nutrient, ions and other 

biomolecule intake. As the EGF binds to the cellular receptor a chain of reactions 

known as signal transduction is set into motion (Figure 1.3) causing the cell to 

proliferate either through the PI3 kinase or MAPK/ERK pathways. 

 

Figure 1.3. Signal transduction pathway- a growth signal activates phosphorylation of 
tyrosine kinase. This receptor mediated activation cascade activates various kinases until AKT 
kinase transmits a signal to the nucleus triggering the mitosis cycle. 

 

In addition, although the growth factor is present within the physiological environment, 

cell division is a highly controlled process. Cells have internal controls that regulate 

the biochemical pathways that activate cell growth. Many regulatory proteins work 

simultaneously within a cell to determine whether the cell will undergo cell division or 
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not. PTEN is a protein that can stop the process of mitosis through the deactivation of 

phosphorylated PI3 kinase enzyme, PTEN is then able to disrupt a cascade of signal 

transduction reactions that lead to the phosphorylation of AKT kinase and prevents 

the enzyme from transmitting signals that cause the cells to enter the G1 phase of cell 

division, illustrated in Figure 1.4, PTEN control of cell division in a normal cell [31-33]. 

 

Figure 1.4 Controlled cell growth in normal cells- PTEN pathway is involved in deactivating 
the PI3 kinase by removing the phosphate group thereby preventing binding with the RAS 
protein and halting the cell cycle.  

Under normal conditions a growth factor is required to activate the PI3 kinase pathway, 

however mutations in these enzymes or proteins that encode for PI3 kinase, RAS 

protein, AKT kinase and PTEN protein can result in spontaneous activation of mitosis 

and lead to uncontrolled growth of mutated cells which result in the formation of cancer 

cells [33]. Additionally in a cancer cell, a mutagen such as harmful carcinogenic 

chemicals, exposure to UV light, excessive free radical damage, viruses, poor nutrition 
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or unhealthy lifestyles of tobacco smoking and alcohol consumption may lead to 

further mutations in cellular DNA. The cell containing the damaged DNA may undergo 

mitosis irrespective of activation through growth factors or the regular biochemical 

pathways to form a cancer cell [34].  

HER2 amplification in breast epithelial cells can result in activation of the MAPK/ERK 

or PI3 kinase MTOR pathways which cause excessive cellular proliferation of cells 

containing mutated genes. A popular monoclonal antibody known as Trastuzumab or 

Herceptin is able to bind to the extracellular domain of the HER2 and does not induce 

a conformational change or series of phosphorylation cascades and thereby blocks 

the EGF from binding to the HER2 [35]. Herceptin acts as a competitive antagonist 

against the receptor and stops the cell from dividing.  

1.8. Cancer diagnosis and therapeutics 

The incidence and prevalence of cancer cases worldwide is increasing exponentially 

every year [1, 3, 36, 37]. Statistics report that breast cancer is the most prevalent 

amongst females [21]. Cancer develops progressively and is diagnosed according to 

various stages. These stages are used to describe the severity of the cancer and is 

based on the size, morphology and physiological activity of the original tumour.  

Staging assists in prescribing the appropriate treatment regime for the cancer patient, 

additionally the information is used to provide health care workers, researchers and 

epidemiologists with valuable insight on cancer development, relevant trends and 

updated statistics [11].  The development and advancement of cancer is a complex 

disease, therefore the goal of the treatment is to eliminate the tumour and cure the 

patient in early stage cancer or like other chronic diseases to manage and control its 

progression [38, 39]. Cancer tumours can be treated through surgery which involves 
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the removal of the tumour or cancerous tissues in part or in its entirety. The second 

treatment regime is radiotherapy, which causes tumour destruction by exposure to 

harmful radioactive rays. Another common treatment regime is chemotherapy, which 

involves the administration of systemic cytotoxic drugs to destroy the cancer cells [11]. 

These therapies can be used in isolation or combination depending on the type and 

stage of cancer.   

Cancer patients are diagnosed and treated according to the stage of cancer they 

present. Stage 0: the early stage of cancer, an In situ neoplasm, also known as situ 

carcinoma, which refers to an area or collection of abnormal cells within its original 

location. Stage I: The cancer is localised in one part of the body known as a benign 

tumour which contains an oncogene. The cancer at this stage can be surgically 

removed Stage II: The progression of cancers within a localised area in the body. 

These type of cancers can be treated by chemotherapy, radiation or surgery. Stage 

III: Is followed by advanced growth of stage II cancers which affect the lymph nodes 

and can be classified and treated upon diagnosis. This stage of cancer can be treated 

by chemotherapy radiation or surgery. Stage IV: The cancer develops into a malignant 

tumour and metastasises to other areas within the body. This stage of cancer can be 

treated by chemotherapy radiation or surgery. Cancer can be treated and managed 

through various techniques such as radiation, removal of abnormal tissues or through 

the use of cytotoxic drugs known as chemotherapy. Other forms of treatment involve 

immunotherapy and targeted therapies involving lasers and light active techniques 

[38]. 
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1.9 Chemotherapy 

The use of cytotoxic drugs to kill cells, control cell proliferation and reduce tumour 

growth is a common treatment approach in cancer. Chemotherapy was first introduced 

in 1950’s to improve the survival rate and quality of life for millions of patients 

worldwide and has since evolved into an advanced field of pharmaceutics and drug 

development [40]. There are several classes of chemotherapeutic drugs, these drugs 

are grouped according to the mechanism by which they interact with the various 

phases of the cell cycle and stop cell growth or cause cell death [41]. Some of these 

classes of drugs include alkylating agents such as mechlorethamine, altretamine, 

platimun based drugs such as cisplatin [42]. Anthracyclines are anti-tumour antibiotics 

such doxyrubicin which works in all phases of the cell cycle [43]. Mitotic inhibitors are 

plant derived alkaloids that inhibit the M phase of the cell cycle, common mitotic 

inhibitors include paclitaxel, estramustine and taxanes [44].  

Target therapies involve the use of drugs such as imatinib or bortezomib which attack 

the mutated genes that cause cancer [45]. Antimetabolites drugs function within a cell 

by competitively inhibiting the enzymes which catalyse the production of nucleotides 

required during chromosomal replication. This class of drugs are structurally similar to 

folic acid, purines and pyrimidines [46, 47]. This feature enables antimetabolite drugs 

to act against cells that are actively replicating DNA and RNA during the S phase of 

the cell cycle [48]. These drugs include 6-mercaptopurine, capecitabine, hydroxyurea, 

methotrexate and 5-fluorouracil (5-FU) [49, 50]. 

1.10 Mechanism of action of 5 Fluorouracil 

5 Fluorouracil is an FDA approved, broad spectrum antimetabolite or anti-cancer drug 

that is used for the treatment of breast, prostate, colon, stomach, pancreas, head and 
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neck cancers [51]. FDA approval history for all formulations of fluorouracil was 

published during 1962 to 2012. 5-FU was first FDA approved under the trade name 

Adrucil® in 1962 as an injectable drug formulation containing fluorouracil as the active 

ingredient, by the applicant VALEANT, under the chemical type New molecular entity 

(NME), the marketing status for this drug is currently discontinued [52]. Several 

modified formulations where approved thereafter, in 2012 an injectable formulation of 

fluorouracil was FDA approved by the applicant MYLAN LABS LTD, with a current 

prescription marketing status [53].  

The pharmacokinetic information of 5-FU shows that this drug displays 28-100% 

bioavailability, about 8-12% of the drug is able to bind to protein, the drug has a half-

life of 16 minutes and is metabolised in the liver and excreted by the kidney [54]. 5-FU 

is administered as an injection into the vein intravenous (IV), or as a bolus infusion.  

The dosage is prescribed depending on the type of cancer, stage of cancer and the 

patient specific details such as weight, full blood counts, health status, medical history 

etc. 5-FU commonly cause undesired and adverse side effects such as nausea, 

suppressed appetite, diarrhoea, unusual bruising, blood in urine and stools, mouth 

ulcers, fatigue, neurological damage, depression and swelling of the hands and feet. 

A challenge in improving 5-FU therapeutic efficacy and reducing these harmful side 

effects is developing mechanisms to direct or target 5-FU to the site of action (tumour 

tissue) without affecting normal cells and increasing its uptake into the cancer cells 

[55]. 5-FU is classified as an antimetabolite cytotoxic drug that blocks RNA and DNA 

synthesis within actively growing cells [56]. 5-FU is able to perform this cytotoxic 

function because it is structurally similar to uracil, with the exception that it contains a 

fluorine atom located on the 5th carbon of the pyrimidine ring. 5-FU is a pyrimidine 

analogue which competitively inhibits the function of the enzyme thymidylate 
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synthetase [57]. Thymidylate synthetase is the only enzyme responsible for the 

production of thymine nucleotides, without the formation of thymine, DNA replication 

stops thereby killing the actively growing cell.  

During DNA synthesis Deoxyuridine monophosphate (dUMP) is converted into 

Deoxythymidine monophosphate (dTMP) nucleotide by thymidylate synthetase 

(Figure 1.5). When the cell is exposed to 5-FU, it is converted into 5-FdUMP, which 

irreversibly blocks the active site and inhibits the function of thymidylate synthetase 

[54]. Additionally the phosphorylated form of 5-FU, fluorouridine triphosphate (FUTP) 

is able to block RNA transcription (Figure 1.5) 

 

Figure 1.5 Mechanistic pathway of 5-fluorouracil. 5-FU binds to the substrate Deoxyuridine 
monophosphate (dUMP) to form deoxyfluorouridine monophosphate (FdUMP) and actively 
inhibits the enzyme thymidylate synthetase (TS). When TS is unable to produce 
Deoxythymidine monophosphate (dTMP), DNA synthesis is halted. Fluorouridine triphosphate 
(5-FUTP) actively blocks RNA transcription, both pathways lead to cell death. 
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1.11 Strategies to improve or enhance 5FU efficacy using nanotechnology 

A major drawback of chemotherapeutics such as 5-FU, is that these drugs circulate 

systemically within the body and have no mechanisms of targeting actively dividing 

cancer cells. In addition since a small percentage of the drug is bioavailable, larger 

doses of drug are required to compensate for the active targeting of cancer infected 

tissues [54, 55]. This means that the circulating drug is able to also act on normal cells 

which generally divide more rapidly such as the cells that are responsible for hair 

growth or the epithelial cells that line the gastrointestinal tract. As a result adverse 

side-effects are observed such as nausea, hair and weight loss, diarrhoea, weakened 

immunity and opportunistic infections, diseases and sometimes even death [58, 59]. 

Mechanisms to improve these therapies through cancer cell targeting and increased 

cellular uptake of the drug is an ongoing aspect of research. The main objective is to 

improve the pharmacokinetics of existing cytotoxic drugs, to impart new scientific and 

medical knowledge and to improve patient adherence to therapies that offer greater 

benefits such as reduced side effects[54, 60].  

Literature highlights the strategies employed to enhance and improve the application 

of 5-FU [54]. The first strategy involves the combination of various classes of 

chemotherapeutics that act synergistically within an anti-cancer cocktail that can be 

administered directly to the site of the tumour. The second strategy falls within the 

domain of nanotechnology, involving the assembly or encapsulation of 5-FU and other 

chemotherapeutics within biocompatible nanomaterials [61, 62]. Biocompatible 

nanoparticles can be surface modified through the addition of specific cellular ligands 

such as growth factors and a combination of chemotherapy drugs to result in improved 

efficacy of the drug [63-65]. Additionally the use of radioactive isotope nanoparticles 

can be used to treat tumours, similar to that of brachy therapy used to treat cancer 



20 
 

cells. Another strategy to improve chemotherapy involves the use of nanomaterials 

with unique optical properties that can be utilized in bio-imaging or localised 

photothermal therapies that can attack the growing tumour [66-68]. Over the years, 

researchers have demonstrated a huge demand for nano-based drugs that can 

improve cancer diagnostics and therapies. In 1995, the first food and drug 

administration (FDA) approved nano-drug called Doxil® was introduced, this drug was 

developed through doxorubicin loading within PEGylated nano-liposomes and has 

been on the market for the last 20 years [69]. FDA Approved paclitaxel albumin-

stabilized nanoparticle formulation under the name Abraxane® has been approved for 

treatment of breast, non-small cell lung and metastatic pancreatic cancers [70]. 

Furthermore there is an influx of several novel nano-anticancer drugs that are 

presently in clinical trials [71]. In order to appreciate how these nano-drugs improve 

conventional therapies an understanding of nanotechnology, the design and synthesis 

of anti-cancer nano-drugs needs to be described. 

1.12 History of nanotechnology 

The earliest discovery of nano-inspired materials dates back into the 4th century, 

during which iron workers and craftsmen were able to generate novel properties from 

existing resources through the use of heat and the combination of different materials. 

During this era, dichroic glass was used to make the famous Lycurgus cup which 

illustrates the optical properties of gold and silver colloidal suspensions, allowing the 

cup to change colour relative to the direction of light (Figure 1.6).  Thereafter, 

throughout the 9-17th century the use of copper, silver and other metallic nanoparticles 

was applied in the production of ceramics, creating a glowing, glittering effect that 

swept across Europe and other parts of the world [72]. The design, manipulation and 

application of gold chloride and other metal oxide nanomaterials became more 
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common throughout the centuries leading to stained glass windows that adorned 

European cathedrals [73]. In addition cementite nanowires and carbon nanotubes was 

used to produce high quality strong swords commonly known as Damascus- saber 

blades [74] (Figure 1.6).  

Nano-inspired structures have also existed largely within the natural domains of our 

animal kingdom [75]. The adhesion properties observed on the feet of a gecko which 

allow the reptile the ability to travel the walls of ceilings and windows with great ease 

are due to the microscopic hair-like nanostructures known as setae. The setae branch 

into thousands of smaller hairs with paddle-shaped ends that are in the size dimension 

of 200 nm [76]. The increased surface area of these structures utilizes the effect of 

van der Waals forces, the weak electrical pull between every molecule in the gecko 

and every molecule in the surface it sticks to. The collective force is so strong that a 

gecko can carry its entire body weight from a single toe [77]. Scientists have applied 

the understanding of these adhesion properties using the assembly of carbon 

nanotubes and other nanomaterials to replicate the gecko setae phenomenon to 

create adhesives, super-sticky tapes and even a wall-climbing gecko robot [78]. 

Another fascinating example is the colourful wings of a butterfly that demonstrate how 

nanostructures interact with light to create different colours. The scales on their wings 

are composed of various proportions of nanoscale chitin canals, folds, and craters that 

scatter light in different directions to produce a particular colour, even more interesting 

is the iridescent property of the wings that causes the colour to change relative to the 

angle of scattering light [79]. The understanding of the nanostructures observed in 

nature provide key links in developing reinforced structures, surface modified features, 

camouflage and robotic devices.   
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Figure 1.6 History of nanotechnology. The ancient applications of nanomaterials 
http://cdn.phys.org/newman/gfx/news/hires/2013/goblettricks.jpg;http://jameelcentre.ashmole
an.org/media/collection/w800/Collections/Single_Objects/EA/EA_P/EA_P_0000/EA_P_59-a-
L.jpg;http://m4.i.pbase.com/u35/moorlands/upload/23048634.TheMainWindow.jpg;https://jas
onstravelsdotcom.files.wordpress.com/2012/09/notre-dame-stained-glass-window-paris 
france.jpg;http://41.media.tumblr.com/f763fcbe589dac9af783784b6fee62a6/tumblr_nm7crnP
btO1th9k5co3_1280.jpg, 2015 
 

Remarkable discoveries during the passage of history, such as the understanding of 

optical interactions of ruby colloidal gold solutions, the development of the field 

emission microscope, semiconductor transistors, fabrication of monodispersed 

nanomaterials for industrial applications and the development of various analytical 

instruments or techniques has contributed largely to our understanding of nanoscience 

[80]. The diverse knowledge of engineering materials that display enhanced or novel 

properties has led to the modern era of nanotechnology. In 1959, Professor Richard 

P. Feynman, introduced the revolutionary concept of nanotechnology in his lecture 

titled, “There’s Plenty of Room at the Bottom”, which focused on the concept of 

molecular fabrication of matter on the nano level [81]. Nanotechnology has rapidly 

evolved into a multidisciplinary science that involves the design, synthesis and 

applications of new materials through the control of matter on the nanometre-length 

http://cdn.phys.org/newman/gfx/news/hires/2013/goblettricks.jpg
http://jameelcentre.ashmolean.org/media/collection/w800/Collections/Single_Objects/EA/EA_P/EA_P_0000/EA_P_59-a-L.jpg
http://jameelcentre.ashmolean.org/media/collection/w800/Collections/Single_Objects/EA/EA_P/EA_P_0000/EA_P_59-a-L.jpg
http://jameelcentre.ashmolean.org/media/collection/w800/Collections/Single_Objects/EA/EA_P/EA_P_0000/EA_P_59-a-L.jpg
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scale. Nanoparticles are defined as units of matter with at least one dimension 

between 1-100 nm [82]. Nanotechnology currently supports a myriad of industrial, 

computational, engineering, mechanics and biomedical applications [83]. Over the 

past few decades nanoparticles have gained much scientific interest as they are 

effectively a bridge between bulk materials and atomic or molecular structures [84]. 

1.13 Nanotechnology within the biological domain 

Nanomaterials display unique physicochemical characteristics such as increased 

surface area to volume ratios, increased reactivity, size, surface chemistry and 

quantum confinement properties that are not present in their bulk counterparts [85]. In 

addition they can also be synthesized to have controllable sizes ranging from a few 

nanometres up to tens of nanometres, which place them at dimensions that are 

smaller than or comparable to those of a cell (10 – 100 μm), a virus (20 – 450 nm), a 

protein (5 – 50 nm) or a gene (2 nm wide and 10– 100 nm long) [84] (Figure 1.7). It 

simply means that they can gain access and interact with biological entities of interest. 

This feature enables nanoparticles to be applied within a wide range of bio-

applications such as gene therapy, drug delivery and diagnostics. There are many 

different nano-structured materials, such as nanospheres, nanocubes, nanorods, 

nanowires, nanoflowers, nanosheets, nanotubes, quantum dots and core-shell 

nanoparticles which are categorized according to their optical, electrical, chemical and 

morphological features [86-88].  
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Figure 1.7 Comparison of various materials on the nano-metre length scale (1-100 nm), 
illustration of the many classes of nanomaterials. https://ocg.cancer.gov/sites 
/default/files/Nanotechtop1.jpg, 2015. 

 

1.14 Core-shell nanomaterials 

Over the many decades nanoparticles generated huge scientific interest because of 

the size dependent properties that are absent in their bulk equivalents [89]. These 

novel size dependent properties displayed the potential to support a myriad of 

applications within materials chemistry, engineering, biomedical, pharmaceutical and 

consumer products [81]. Despite the novel properties and applications of 

nanomaterials, in recent decades the demand and need for greater advancements 

within materials chemistry and technology has led to the synthesis of core-shell 

nanostructures. During the 1980s composite colloidal semiconductor nanoparticles 

where developed, resulting in superior functional and structural properties over their 

corresponding parent nanoparticles alone [90, 91]. This observation led to the 

development of heterogeneous nanomaterials such as multi-layered semiconductor 
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nanoparticles that was synthesised with the aim of enhancing already existing 

properties [92]. Core-shell nanoparticles are synthesized by combining two or more 

different types of nanomaterials [93]. The assembly of core-shell nanoparticles is 

characterised by a distinct core material that is surrounded by a layer of shell material 

[94]. Several types of core-shell nanomaterials exist, some are categorized as 

semiconductor/semiconductor, magnetic/ semiconductor and metal/ semiconductor 

heterostructures [95-97]. The inherent optical, quantum confinement and electrical 

properties of the parent nanomaterials can be improved by the design of 

heterostructured nanomaterials [93, 94]. Work reported by Verma and co-workers 

displayed enhanced magnetic properties of Fe3O4-PLGA core-shell nanoparticles that 

were surface modified through the addition of anti-cancer drug quercetin, for 

applications within aerosolized drug delivery for lung cancer [98]. Their study 

demonstrated the enhanced magnetic properties of the core-shell nanoparticles over 

conventional Fe3O4 nanoparticles and showed increased solubility of the drug when 

incorporated with the core-shell nanocarrier [98]. The synthesis of Pt-Cu core-shell 

nanoparticles through polyvinylpyrrolidone or oleylamine/oleic acid stabilizers was 

used to display improved stability and catalytic activity of nitric oxide reduction, the 

study further established that the reciprocal core-shell Cu-Pt core-shell displayed high 

catalytic activity. In another study, improved optical properties were demonstrated 

through the synthesis of sulphide based core-shell nanoparticles [99]. The optical 

properties of the MnS-ZnS and PbS-ZnS core-shell heterostructures displayed 

enhanced blue shifts and increased band gaps when compared to the ZnS 

nanoparticles alone [100]. Literature shows that core-shell nanoparticles can host a 

wide range of enhanced features such as changes in the band gap, surface chemistry, 

photoluminescence or optical, electrical and magnetism properties [94, 101-103]. The 
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intended application is the primary factor that determines the type of component 

materials utilised to construct the desired core-shell heterostructure [104-106]. 

Research trends show that the use of gold nanoparticles in the design of Au-based 

core-shell nanostructures is increasing. (Figure 1.8) illustrates the increase in 

research publications of core-shell nanostructures verses core-shells composed partly 

of gold nanoparticles over the last two decades [106-115].  

 

Figure 1.8 Core-Shell verses Gold (Au) composed Core-Shell nanoparticles. Research 
over the last twenty years indicate a growing niche for the synthesis and applications of core-
shell nanomaterials which contain gold as either the core or shell component. 

The synthesis, characterisation and applications of gold nanoparticles have been well 

documented throughout history. Gold nanoparticles are utilised in several applications 

because they highly stable, non-toxic, easily synthesized in a variety of shapes, sizes 

and surface chemistry [116-118]. Additionally gold nanoparticles display catalytic, 

electronic and optical features [119]. Upon stimulation by incident light, gold 

nanoparticles display unique surface plasmon resonance (SPR) properties that are 

characterised by the collective oscillation of valence electrons which results in 

enhanced light scattering and absorption features [120]. The optical properties can be 
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used as contrasts agents in biomedicine and bio-imaging applications as they do not 

exhibit photobleaching [121]. These unique optical features enable the rapid 

conversion of absorbed light into heat resulting in photothermal therapy [122]. The 

intrinsic properties of gold nanoparticles makes them promising components in the 

assembly and synthesis of core-shell nanostructures that are multifunctional and 

support various applications in catalysis, bio-labelling, drug delivery, electron transfer 

theories, bio-sensing and dye-sensitized solar cells [123].  

1.15 Synthesis of gold based core-shell nanoparticles 

There are two approaches for the synthesis of nanostructures including core-shell 

nanomaterials, commonly known as the bottom-up and top-down approach [124]. The 

bottom-up approach involves the growth of nanostructures through the assembly of 

building precursors such as atoms or molecules [125]. These building precursors can 

be created by using chemical synthesis, self-assembly, laser-induced assembly or 

colloidal aggregation growth techniques. The top-down approach involves the 

synthesis of nanostructures through the breakdown or reduction of bulk materials 

[126]. Common top-down processes include mechanical techniques, film deposition, 

laser-beam processing and lithographic techniques [127, 128]. In the case of core-

shell nanoparticles the synthesis usually involves two steps, the synthesis of a core 

followed by the growth of a shell. These growth techniques can be categorised on the 

availability of the core material during the synthesis procedure [129]. (I)  involves the 

initial growth of the core followed by the shell particles in situ within the same reaction 

solution. (II) Involves independent growth of the core or seeding materials followed by 

the addition of the shell material through the use of appropriate coating or surface 

modifications. In the first technique the core is synthesized using suitable shape 

directing reactants or surface capping agents, after the core is formed more reactants 
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are added to initiate shell growth in situ [94, 130, 131]. In the second technique the 

core particles are independently synthesized and purified followed by surface 

modification that facilitates the growth of the shell material [123]. An important aspect 

during the synthesis of the core-shell nanoparticles is to maintain uniform shape and 

control of shell thickness coating. These features determines the type of applications 

the core-shell heterostructure may be used in. Establishing proper control over shell 

thickness and coating is still a challenge [132]. Researchers observe various 

difficulties in this step such as incomplete or bare core material, aggregation of core 

material within the reaction solution, formation of alloy materials, formation of shell 

materials or secondary nanomaterials and precise control of the reaction rates [94]. 

The use of appropriate surfactants, temperature and pH are employed to change the 

surface properties of the core materials to make it more suitable for selective 

deposition and growth of shell particles [133, 134]. Literature cites several dedicated 

reviews that cover specific materials composed of Au-based core-shell nanoparticles 

are reported for SiO2/Au, Au/TiO2, Au/polymer, magnetic/Au and Au-Ag core-shells 

[135-138]. These reports illustrate the diversity of Au-based core-shell nanostructures 

in scientific research [123]. In an elaborate review by Chaudhuri and Paria, the 

synthesis, applications and the progress of research advancements of Au-based core-

shell nanoparticles was reported [123]. In summarising the findings of their report, the 

authors demonstrated that early research on Au-based core-shell nanoparticles 

focused primarily on optimising various synthesis routes, core to shell ratios and core 

to shell combinations. In optimising the materials chemistry domain scientists where 

able to correlate size tunable properties that have contributed to the many 

advancements within applications of Au-based core-shells. The synthesis routes are 

broadly classified into two methods i.e. wet and dry chemistry. Wet chemistry routes 
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are further classified as reduction of gold salt, electrochemical synthesis and thermal 

decomposition and photochemical method. Dry chemistry methods involves the 

condensation of metal from metal vapour under inert atmospheric conditions 

commonly known as the laser vaporization/ controlled condensation technique [139-

141]. 

 

Figure 1.9. Morphology of Au-based core-shell nanostructures. Core-shells display 
tuneable properties, they can be designed in a variety of shapes, sizes and core-to-shell ratios. 
(http://www.thno.org/v03p0167.htm,2015) 

 

Due to the many advances and improvements in synthesis techniques, it has become 

possible to produce core-shell nanoparticles in various shapes such as nano disks, 

nanorods, nanocubes, hexagonal and tubular shapes (Figure 1.9). The shape of the 

core-shell, also known as surface anisotropy effects, contributes to the properties of 

the heterostructured nanomaterials [94, 123, 141, 142]. It is well demonstrated that 

gold nanospheres display unique optical properties, however when the gold 

nanoparticle is in the shape of a nanorods, the surface plasmon resonance properties 

increase largely. The catalytic activity, electrical, optical and melting points of 

nanomaterials are shape-dependent [120].  

http://www.thno.org/v03p0167.htm,2015


30 
 

1.16  Core-shell nanoparticles composed of Au core 

Au-based core-shell heterostructures can be produced by the assembly of an external 

shell material. The shell layer can be grouped into three classes i.e. metallic shell 

(bimetallic), inorganic (oxides or metal chalcogenides) and organic or polymer shells 

[123]. The synthesis of bimetallic core-shell nanoparticles offer improved catalytic, 

electronic and optical properties. Au/Ag, Au/Pd and Au/Pt are the most popular 

bimetallic core-shell nanostructures [115, 143-145]. These core-shell structures are 

formed because of their close matching of the lattice constant, such that the metal 

shell atoms epitaxially nucleate and growth on the surface of the Au core or seed 

material [123, 146]. The shape, size and core to shell ratios are controlled and 

regulated by experimental parameters such as the size, shape and surface chemistry 

of the Au seeds, the reducing and shaped directing agents, reactant concentration, 

reaction media and temperature [147]. The shape and size of the core imparts a direct 

influence on the passivation of the shell layer. The synthesis of Au core-inorganic shell 

nanoparticles include TiO2 and SiO2. An advantage of silica coating provides an inert 

shell material without disturbing the optical properties of Au [103, 148, 149]. Usually 

silica coated Au-based core-shell nanoparticles are produced by modified Stöber/ sol-

gel reactions in the presence of thiol type polymer-capped Au nanoparticles [103]. The 

shell thickness in this case is controlled by the coating time, the reactant concentration 

and the use of catalysts. TiO2 is a catalytic material and when incorporated as a shell 

material surrounding a Au core, the core-shell is able to exhibit superior catalytic 

activity for various chemical reactions such as NOx reduction, CO oxidation and water-

gas shift chemical reactions [131, 150, 151]. Other metal oxides such as ZnO, ZrO2, 

Fe3O4, Fe2O3 and Cu2O were used to coat Au cores to enhance or improve size 

tuneable optical and catalytic properties. Additionally chalcogenide semiconductor- 
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coated Au core-shell nanostructures have been synthesized for photocatalytic 

applications [152-154]. This category includes other shell components such as CdSe, 

Cu2S, CdS and Ag2S [112, 155, 156]. The use of organic or polymer shells on Au cores 

offer improved biocompatibility and surface functionalisation properties such as ligand 

attachments for biomedical applications in drug delivery and bio-imaging [157-159]. 

Low density polymers are used to coat Au surfaces for superior dispersibility and 

reduced aggregation of particles [160, 161]. The growth of Au cores can be stimulated 

through activation or excitation of the surface plasmon resonance of gold nanospheres 

causing the growth of Au-CdS nanospheres [162]. Metal-semiconductor core-shell 

nanoparticles display enhanced optical, electrical and catalytic properties [133, 163]. 

These properties can be further manipulated for bio-applications through 

functionalisation of the core-shell surface with biocompatible surface layers [163, 164]. 

Temperature is the most common parameter in controlling the growth of core-shell 

nanoparticles [165, 166]. High temperatures are required for thermal decomposition 

reactions and low temperature methods are used for conversion during polymerisation 

reactions. Low-temperature methods are used to produce biologically capped, water 

soluble core-shell nanoparticles. The nucleation, growth and agglomeration or self-

assembly stages during the reaction are also influenced by pH, effect of reactant 

concentration, capping agents and other external forces like electric currents or sound 

energy [107, 167, 168]. Hydrophilic surfaces that support bio-conjugation in the 

development of biocompatible core-shell containing gold as the core supports a 

diverse range of applications (Table 1.1).   The multicomponent Au-Based core-shell 

nanoparticles have been tabulated to highlight the class of the heterostructure, 

combination of nanomaterials, synthesis method and application.
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Table 1.1 Au-based core-shell nanoparticles: Au core with bimetallic, inorganic and organic or polymer shells 

 Core-Shell 
component (class) 

Reaction method Properties/ 
Application 

Reference 

Bimetallic shell Au/Ag Aqueous chemical method Detection of 
adenosine 

[169] 

 Au/Ag Reduction method Catalytic [170] 

 Au/Ag Seeded growth Food chemistry, bio-
sensors in food 

products 

[171] 

 Au/Ag2S Reduction method Immunosensor [172] 

 Au/Pt One-step synthesis, green 
chemistry using Gallic acid as the 

reducing agent 

Catalytic [173] 

 Au/PtAu Intermediate-template directed 
method 

Catalytic [115] 

 Au/Pd Reduction method Catalytic [174] 

 Au/Co One-step seeded growth Catalytic [175] 

 Au/Ni Reduction method Optical, Catalytic [110] 
 

 Core-Shell 
component (class) 

Reaction method Properties/ 
Application 

Reference 

Inorganic shell (oxide 
or metal 
chalcogenides)  

Au/SiO2 Stöber processing Immunosensor [176] 

 Au/LDH (Layered 
double hydroxides) 

Seeded growth Anti-cancer drug 
therapy 

[177] 

 Au/SnO2 Seeded growth Electro-optical 
switches, redox 

catalysts 

[178] 

 Au/TiO2 Hydrothermal route Photocatalytic [179] 
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 Au/CdSe One-pot seeded growth Photovoltaic, 
nanoelectronic 

devices. 

[112] 

 Au/CdS Seeded growth Optics, electronics [180] 

 Au/Cu2S Wet chemistry route Optical 
Photocatalytic 

[154] 

 Au/GON (graphene 
oxide nanocolloids) 

One-pot synthesis, reduction Bio-imaging, 
photodynamic 

therapy 

[181] 

 Core-Shell 
component (class) 

Reaction method Properties/ 
Application 

Reference 

 Au/rGO-PEG 
(pegylated reduced 
graphene oxide) 

Au nanorods seed mediated 
synthesis, PEGylated GO was 

conjugated to Au 

Photothermal 
therapy 

[182] 

 Au/ZnO Seeded growth, Au reduction via 
sodium citrate 

Optical [168] 

 Au/ZnO Etching treatment Bio-sensors [152] 

 Au/ZnS Chemical precipitation method Photocatalytic [183] 

 Au/Fe3O4  Photocatalytic  

 Au/In2O3 Au@carbon template growth Gas sensing [184] 

 Au/Fe2O3 Seeded growth Catalytic [185] 

Organic/ polymer 
shell 

Au/poly(3-
dimethylammonium-

1-propyne 
hydrochloride) 

Chemical reduction, bio-conjugation 
of polymer 

Enzyme 
immobilisation for 

anti-cancer therapy 

[186] 

 



34 
 

1.17 Core-shell nanoparticles composed of Au shell 

Similarly Au-based core-shell heterostructures can be produced by the coating of gold 

nanoparticles over metal, inorganic and organic cores [123]. In this case the core 

component is categorised into three classes i.e. metallic core, inorganic core and 

organic or polymer core (Table 1.2). Ag, Fe, Co, Pd and Pt may be used as metallic 

cores in the synthesis of Au-based core-shell nanoparticles to support various optical, 

catalytic and magnetic applications [94]. Ag/Au core-shell nanoparticles display great 

importance in surface-enhanced Raman spectra (SERS) intensity or the shifting of the 

absorption peaks towards the near-infrared wavelength (NIR) region which facilitates 

optical imaging processing of biological specimens [187-189]. Similarly the use of 

super paramagnetic iron oxide, magnetic shell nanoparticles such as (Fe and Co) are 

used in cellular labelling, hyperthermia and drug delivery applications [190-194]. Au 

particles have high standard reduction potentials which allows for the easy synthesis 

of metallic core-Au shell nanoparticles through the galvanic replacement method [195-

197].  Coating metallic nanoparticle cores with Au shells enhances the stability and 

biocompatibility properties of the heterostructure nanomaterial [106, 153]. The use of 

gold as a shell, supports lower-toxicity and stabilises the core-shell for advanced 

surface modifications. In some cases the use of a gold shell is then able to support 

additional layer by layer growth of additional shell materials. The synthesis of inorganic 

material/ oxide cores and gold shells are challenging due to the difference in surface 

energies of the materials. However the combination of inorganic cores-Au shell yields 

core-shell nanostructures that display low toxicity, biocompatibility, low reactivity and 

favourable binding affinity to amine and thiol terminal groups, these features can be 

utilised within biomedical applications within cancer therapeutics and diagnostics [62, 

158, 198]. 
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Table 1.2 Au-based core-shell nanoparticles: Bimetallic, inorganic and organic or polymer core with Au shell 

 Core/Shell 
component (class) 

Reaction method Properties/ Application Reference 

Bimetallic shell Ag/Au Co-reduction method, antibody 
conjugated through self-assembly 

monolayer technique 

Electrochemical biosensor, 
rapid detection of E. Coli 

[199] 

 Ag/Au Reduction method by leaf extract 
of Catharanthus roseus 

Anti-microbial [200] 

 Pt/Au Reduction method Electro-catalyst [201] 

 Pt/Au    

 Pd/Au Langmuir-Blodgett method Hydrogen sensors [202] 

 Ni/Au Sodium citrate reduction method Magnetic [203] 

 Co/Au Inert gas condensation method Biomedical magnetotherapy [204] 

Inorganic shell (oxide 
or metal 

chalcogenides) 

SiO2/Au Stöber method Optical [205] 

 TiO2/Au Photocatalytic reduction method Catalytic [206] 

 ZnO/Au Hydrothermal route Bio-sensors [207] 

 Fe3O4/Au Co-precipitation method, alkyne-
functionalised folate molecules 

Targeted drug delivery [208] 

 Fe3O4/Au Reduction method, bio-conjugation 
with folic acid 

Anti-cancer drug delivery [209] 

 Fe2O3/Au Lectin conjugated reduction 
method 

Bio-imaging, tumour 
targeting 

 

[210] 
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1.18 Biomedical applications of Au-based core-shell nanoparticles 

Modern architectures, such as core-shell nanoparticles have greatly influenced many 

medical advancements within bio-imaging, bio-sensing, gene delivery, rapid detection 

of disease, anti-microbial agents and cancer therapeutics [211-213], some of these 

advances have been highlighted in (Table 1.3). These nano heterostructures are 

cleverly designed to possess multifunctional properties that are favourable over either 

of their parent materials alone (i.e. the core or shell component). 

During the last twenty years of nanotechnology research, much attention was paid to 

the design and synthesis mechanisms in combining nanomaterials that function as a 

single entity to produce novel properties [123]. Scientists sought out to understand 

how two different nanomaterials interact to form a core and shell nanostructure and 

the role of core to shell ratios in relation to the functional properties it exhibits. Large 

contributions within the fields of materials chemistry has shown that the experimental 

conditions such as pH, reaction time, temperature, atmospheric conditions, solvents, 

reducing, stabilising and structure directing agents facilitates precision and controlled 

core-to-shell growth [93, 94]. The intended application usually directs the types of 

materials that may be compatible to form a core-shell heterostructured nanomaterial 

for specific bio-applications. Other factors include lattice matching, reduction potential 

and band gap properties of the contributing parental materials [214]. In addition to the 

favourable size, these core-shell nanoparticles must be biocompatible, water soluble 

and have surface properties that are able to conjugate or absorb cellular receptors, 

ligands, peptides, drugs and other biomolecules [164, 215].  

These properties can be utilised in a wide range of applications such as stem cells, 

neurological, diabetes and cardiovascular disorders [216-218]. Recent developments 
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within bio-applications of core-shell nanoparticles show that these nanomaterials are 

“new-age smart” architectures that can improve medical technology and diagnostics 

drastically.  Of particular interest to this project are Au-based core-shell nanostructures 

for bio-applications such as photothermal therapy, bio-imaging, drug delivery and 

cancer therapeutics. A common strategy of core-shell nanostructures containing gold 

is the design of gold cores surrounded by a versatile shell material or a gold shell that 

encapsulates a core material to can improve optical, magnetic or surface chemistry 

features. Improving these features provides a platform to advance bio-imaging, 

photothermal and targeted drug delivery for cancer therapeutics [153, 158, 219].  

The design and application of gold-based core-shell heterostructures is important in 

localised photothermal destruction of tumours [122, 220]. Combinations of metallic 

gold and magnetic nanoparticles are able to exhibit a property known as photothermal 

ablation therapy which involves the release of localised heat between 42-46 ºC 

resulting in irreversible cellular necrosis [221]. The hyperthermia mechanisms by 

which multicomponent core-shell nanoparticles function is based on the conversion of 

laser energy into thermal energy. Core-shell nanoparticles that display strong, tunable 

NIR (650-1064 nm) absorption, biocompatible surface features and low toxicity are 

favoured for photothermal ablation therapy [222]. Current research shows that most 

photothermal nanomaterials contain gold nanostructures either in the form of hollow, 

caged or care-shell nanomaterials [181].  

Additionally Au-based core-shell nanoparticles offer duel functions that can be 

exploited for their bio-imaging potential when combined with bimetallic or magnetic 

iron oxide nanoparticles [223]. Work reported by Chen et al, illustrated the synthesis 

and application mesoporous silica enclosed by gold nanorods that form a core-shell 

with advanced optical and photothermal properties [224]. The study further showed 
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improved thermal stability of the gold nanorods and demonstrated cellular uptake and 

tumour destruction through a unique 2-step sequential intra-particle energy transfer 

upon two-photon excitation. A combination Au and Ag core-shell nanoparticles 

conjugated to thiol-capped aptamer molecules were synthesized by the reduction of 

citrate ions and utilized for in vitro photothermal therapy using lung adenocarcinoma 

(A549) cells [225, 226]. The use of Au-Fe3O4 core-shell nanoparticles are extensively 

researched for in vivo photothermal and bio-imaging of tumours [153, 158, 227]. Other 

reports describe the use of additional chemotherapy drugs and target ligands to 

enhance the photothermal properties of Au-Fe3O4 core-shell combinations [208]. An 

extensive report by Melancon and co-workers described the mechanisms by which 

different classes of Au-nanoparticles can be used for photothermal and bio-imaging 

applications [228, 229]. This report highlights the advances within cancer diagnosis 

and therapy through the use of multifunctional core-shell nanoparticles [230]. It is 

worth noting that a class of silica core/gold shell nanoparticle has reached clinical trial 

status under the trade name AuroLase [231]. In another report, multifunctional core-

shell nanocapsules were synthesized via loading perfluorooctylbromide (PFOB) and 

superparamagnetic iron oxide nanoparticles (SPIOs) into poly(lactic acid) (PLA) 

nanocapsules, followed by the formation of PEGylated gold nanoshell on the surface 

[232] (Figure 1.10). The multicomponent core-shell was able to provide ultrasound, 

magnetic resonance imaging and photothermal ablation therapy using a human 

xenograft tumour model. The study showed that the unique optical features of both 

core and shell components was used to provide multiply features thereby increasing 

therapeutic efficacy within the nude mice models. The study further demonstrated by 

controlling the thickness of the gold shell and the diameter of the core, the plasmon 

resonance and the resulting optical absorption of gold nanoshells can be tuned to the 
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NIR region, where the absorption of human tissues is minimal and penetration is 

optimal [232]. 

 

Figure 1.10 Duel bio-imaging and photothermal ablation therapy of tumour tissue. 
Superparamagnetic iron oxide- Au nanoshell, for cancer therapeutics. 
(http://www.thno.org/v04p0012.htm, 2015) 

The design and application of gold-silver bimetallic core-shell nanoparticles is 

important in improving anti-bacterial, anti-microbial and bio-imaging applications [233, 

234]. In addition to their unique optical features they can be surface modified to direct 

applications in food chemistry, bio-sensors and drug delivery [235]. In general gold 

nanoparticles provide biocompatible, non-toxic vehicles for targeted anti-cancer drug 

delivery applications [120]. These features can be further improved through 

combination of multiple nanomaterials, chemotherapy drugs and cell specific ligands. 

Important factors in developing Au-based core-shell nanoparticles for targeted drug 

delivery include the stability of the drug modified nanomaterial, the ability to exhibit 

http://www.thno.org/v04p0012.htm
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sustained, controlled or regulated release of the drug at the target site and improved 

therapeutic efficacy over conventional drugs [236]. By understanding the underlying 

mechanisms that present specifically within cancer cells researchers demonstrated 

the biocompatibility and targeted drug delivery of Fe-Au core-shell nanoparticles 

conjugated to doxorubicin for in vitro anti-cancer studies [237].  

Cancer cells display amplified expression of growth and folate receptors to support its 

uncontrolled growth, scientists use complementary cellular ligands to drive the delivery 

core-shells directed to the cancer cells [229, 238-240]. This targeting mechanism is 

enhanced when injected directly into the tumour site. In a recent reports scientists 

were able to demonstrate the use of folate ligands and chemotherapy drugs 

conjugated to iron oxide and gold core-shell nanoparticles, the study demonstrated 

the enhanced anti-cancer properties of core-shells functionalised with folate or various 

cellular receptors [240]. In an independent study Au-SiO2 core-shell nanoparticles 

were fabricated, the core-shell was surface conjugated to methotrexate (MTX) anti-

cancer drug and shown to have superior efficacy over MTX alone [177]. Similarly the 

assembly of Au-SiO2 core-shell nanoparticles were designed for multiple applications 

within cancer therapeutics [241]. Mesoporous silica coated-gold nanorods were used 

to demonstrate photothermal and chemotherapy therapy in human cell lines. The 

study also demonstrated localised tumour therapy and illustrated the laser activated 

properties of core-shell nanoparticles that display optical features within the NIR region 

(Figure 1.11) [241]. 



41 
 

 

 
Figure 1.11 Au-SiO2 core-shell nanoparticles for anti-cancer drug delivery. Improved 
efficacy of Dox chemotherapy drugs through the design of biocompatible, multifunctional Au-
SiO2 core-shell nanoparticles. 
(http://english.nanoctr.cas.cn/pw/201405/t20140529_121529.html, 2015) 

 

The ability of Au-based core-shell nanoparticles to be applied within targeted drug 

delivery is on ongoing area of research that is largely advancing to downstream clinical 

trials and pharmaceutical applications. The main goal of developing biocompatible Au-

based core-shell nanomaterials is to demonstrate its in vivo applications and so that 

new improved nano drugs can be approved. Although literature illustrates a huge 

output of various core-shell nanoparticles, very limited attention is paid to the bio-

safety and toxicity of these nanomaterials (Table 1.3). Establishing the bio-interaction 

of core-shell nanoparticles within cellular, animal and environmental systems is a 

crucial factor in the successful applications and advancement of nanotechnology 

[242]. 

 

http://english.nanoctr.cas.cn/pw/201405/t20140529_121529.html
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1.19 Biosafety and nanotoxicology of Au-based core-shell nanoparticles 

Due to increased synthesis and applications of core-shell nanoparticles, toxicology 

and safety of these nanomaterials are a critical aspect within nanotechnology 

applications. Toxicology is generally defined as the study of the adverse effects of 

chemical, physical or biological agents on living organisms, the ecosystem and our 

living environment. It is based on the 16th century principle that any substance can be 

toxic if depending on its quantity [243]. Strict regulations are in place to prevent toxic 

materials from entering consumer and medical products [244].  Most countries have 

enacted laws and regulations to control the marketing and applications of drugs, 

vaccines, food additives, pesticides, industrial chemicals, and other substances of 

potential toxicological risk. Such regulations determine whether the benefits of a 

particular substance in this case nanomaterials outweigh its risks to human health and 

the environment. Dose metrics are key components in a nanotoxicology assessment 

which is based on the measurement of dose against a physical metric of particle mass, 

total surface area of particles or particle numbers for a well characterised nanomaterial 

to enable quantitative and qualitative interpretation of data [245]. In essence contact 

exposure during the production of nanomaterials at the work environment or exposure 

routes such as inhalation, ingestion, digestion, dermal exposure or administered 

injection in the case of therapeutic applications allow nanoparticles into a biological 

system [246]. It travels from the exposure site, circulates systemically through the 

blood circulatory and lymph system until it is able to interact with organs, tissues, cells 

and sub-cellular organelles or biomolecules [246].  Exposure to nanoparticles of any 

kind may lead to mild or severe toxic responses. It is important to conduct a toxicology 

assessment of the proposed nanoparticles that are intended for bio-applications. 

Investigating the toxic responses and biochemical interactions between nanoparticles 
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and biological entities of interest will provide valuable information on therapeutic 

dosages for future application, in some cases it may even provide evidence that a 

nanoparticle is too toxic to be considered for bioapplications and in other instances it 

may provide motivation to further investigate the application potential of certain 

nanoparticles [246, 247]. Nanotoxicity responses are evaluated by the following 

parameters 

I. Physical and chemical changes in cellular morphology- The physical 

features of a cell may be disrupted or denatured during toxic exposures. 

The characteristic features of the cell membrane, cytosol, internal 

membrane bound organelles and the nucleus each have vital roles in the 

cell cycles, should one organelle incur damage or stress it will impact on 

the entire cellular system and may even lead to apoptosis (programmed 

cell death). 

II. Innate immunity- Indicates a first line of defence to foreign materials that 

interact with the biological system, these include responses such as 

pain, fever, platelet aggregation and inflammation. Molecular markers 

such as pro-inflammatory cytokines, white blood cells or heat shock 

proteins are secreted at elevated levels to maintain homeostasis after 

an initial toxicity response. 

III. Integrated organs and in vivo animal systems- indicates a holistic view 

of the biochemical interactions with nanoparticles, mechanistic pathway 

interactions, hormone or enzyme release, tissue and organ analysis and 

clinical observations. 

The morphology and physiology of a living cell can provide primary information on the 

toxicity of nanomaterials [248]. A eukaryotic mammalian cell is a basic unit of life. Cells 
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grow to form tissue, which differentiate to form functional organs that conform to 

produce a multifunctional living organism (Figure 1.12). Cells typically consist of a 

cytoplasmic membrane and a cytoplasmic fluid matrix that houses membrane bound 

cellular organelles. During toxic exposures from foreign agents that enter the biological 

system many cellular organelles may undergo stress, DNA damage, chemical and 

physic changes [249]. Each organelle plays unique roles that synergistically contribute 

to homeostasis and cellular processes. Scientists believe that nucleic acids are 

responsible for the creation and evolution of life. This is simply because they are the 

only biomolecules that carry the astonishing potential for self-duplication. The blueprint 

for an organism is encoded in deoxyribonucleic acid (DNA). These nucleic acids are 

found within a nucleus of a cell, they serve as the repositories and transmitters of 

genetic information for every cell [187]. During toxic exposures DNA may undergo 

mutations that lead to the growth of cancerous cells [16].  

The mitochondria is a membrane enclosed organelle that is bean shaped and usually 

between 0.5 -1 µm in size. This organelle is called the power house of the cell and is 

responsible for the breakdown and supply of energy known as adenosine triphosphate 

(ATP). Mitochondria are further involved in cellular signalling, cellular differentiation 

and cell death. Any stress placed on this organelle would have detrimental effects on 

the cellular processes and other organelles [250]. Cytoplasmic membranes are 

protective and structural features that separate the internal cellular environment from 

the external environment. The cell membrane consists of a phospholipid bilayer that 

is selectively permeable to ions and organic molecules [251]. The cellular membrane 

plays a key role in the interaction and entry of nanoparticles, therapeutic drugs and 

other chemicals. During the production and application of core-shell nanoparticles, 

different exposure routes inevitably lead the nanoparticles into the blood circulatory 
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system where they will be transported to the organs, tissues and cells [246]. Once the 

nanoparticles enter the cell, they are capable of interacting with the cell membrane, 

cytoplasmic environment, mitochondria, cellular organelles and even the nucleus and 

DNA molecules. It is therefore extremely necessary to evaluate the interaction 

between the core/shell nanoparticles and biological entities. 

 

 

Figure 1.12 Shows an illustration of the morphology of a eukaryotic cell and its functional 
organelles (http://waynesword.palomar.edu/images/animal.gif/2013) 

The blood circulatory system serves as a transport and communication mechanism 

between organs, tissues and cells. It is composed of white blood cells, red blood cells 

and platelets. The blood system is responsible for transporting nutrients such as amino 

acids, oxygen, carbon dioxide, hormones, electrolytes and even administered drugs 

or nanoparticles throughout the living system. The blood system is vital in stabilizing 

body temperature, pH and maintaining homeostasis [252]. Administered 

nanomaterials interact directly with blood cells before reaching their target tissues, 

cells or organelles [253]. Nanotoxicology research is quite diverse, establishing the 
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bio-safety of core-shell nanoparticles can be performed using cell culture techniques 

which provides an in vitro perspective of how the nanomaterial is interacting with the 

living cell under control experimental conditions [248]. These cytotoxicity studies can 

be performed on a variety of human cells from different origin such as normal or 

cancer, liver, kidney, neural, dermal or pancreas cells. Essentially the cell types are 

different, they possess different morphological features and organ functions however 

the baseline cell cycle functions are similar. The advantage of in vitro cytotoxicity 

studies is that the interaction is rapid and can be observed within a few hours to days 

after exposure to the nanomaterials [249]. Researchers use various microscopy 

imaging techniques to investigate how the nanoparticles interact with the cell 

membrane and other sub-cellular organelles. Cellular uptake of core-shell 

nanoparticles is a key aspect in targeted drug delivery and bio-imaging of cancer cells 

or tumour tissues. Additionally mechanistic interactions can be investigated using in 

vitro cell culture techniques [254]. Molecular and biochemical tools can be used to 

track the up or down regulation of proteins, DNA damage, cell signalling and enzyme 

cascades that result from exposure and bio-interaction with nanomaterials [248]. 

Additional bio-safety information is studied through the use of animal models. Animal 

research is a highly regulated platform that is controlled ethical guidelines, animal 

welfare and human safety protocols. In vivo animal models provide critical bio-

interaction mechanisms that are not visible in cell culture experiments [255]. During in 

vivo experiments, the animals are treated with nanomaterials. Scientists are then able 

to evaluate bio-distribution, degradation, homeostasis mechanism, organ interaction 

and elimination of core-shell nanomaterials [253, 256]. 



47 
 

Table 1.3. Biosafety and nanotoxicity studies of Au-based core-shell nanoparticles 

Core/shell Material properties Method of toxicity/ bio-
interaction  evaluation 

Bio-application 
 
 

Reference 

Fe3O4/Au 10 nm in size, plasmon 
resonance peak 530-540 nm 

Real time assay- interaction with 
blood serum, tumour suppressor 
gene  

Nanobiosensors for 
DNA methylation 
 
 

[257] 

Fe3O4/Au H-PhA (PhA heparin 
conjugated to Au shell.  
Plasmon resonance 
absorption at 521 nm 

Cellular uptake and in vitro MTT 
cytotoxicity assay using A549 cells 
 
Tumour xenograft using A549 in 
nude mice and in vivo imaging  
 

Photodynamic cancer 
therapy, bio-imaging 
 

[258] 

Fe3O4/Au 
 

Thiol-PEG-carboxyl stabilised 
particles 56,6 ±8,0 nm, 
conjugated with anti-CD105 
antibody. 
 

Bio-interaction, staining and 
imaging of HUVEC cells, MRI 
imaging of breast induced tumours 
in nude mice 

MRI imaging of tumour 
angiogenesis 
 

[164] 

Au/ polymer 
(PSMA) 
Poly(styrene-
alt-maleic acid) 
 

22 nm core size, absorption of 
aromatic drugs such as 
doxorubicin 

MTT cytotoxicity assay using HeLa 
cervical cancer cells 

Photodynamic and 
drug therapy 

[259] 

Au/CuS 4.15 µM of Au/CuS was used 
in the growth medium 

Anti-microbial activity to Bacillus 
Anthracis cells. Efflux DNA and 
SEM analysis confirmed cell 
membrane damage 
 

Photothermal 
therapeutics and anti-
microbial 

[220] 

Au/Ag Modified with methoxy-PEG-
SH, water soluble,  
 

MTT assay on A549 cells, Broth 
dilution assay for anti-bacterial 
evaluation, Au/Ag injection in rats 
and mice 

Bio-imaging, anti-
bacterial 

[234] 
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Core/shell Material properties Method of toxicity/ bio-
interaction  evaluation 

Bio-application 
 
 

Reference 

Fe/Au Au-conjugated to PSMA 
methotrexate 
6,4± 09 nm particle size 

WST-8 cytotoxicity assay on 
Hep-G2 cells 

Magnetic 
hyperthermia 
Anti-cancer 
therapeutics 

[114] 

Fe/Au PEG coated Fe/Au  
24± 5 nm particle size 

In vitro live/dead cell viability 
assay using glial and stem cells 
 

Medical imaging, 
drug delivery 

[260] 

Au/ZnMoS4 PEGylated, water 
dispersible 

In vitro intracellular copper 
detoxifying agent using Hep-G2 
cells 

Therapeutics  [261] 

Au/SiO2 Particle size 36 nm, 
absorption peak at 533 nm 

In vitro detection of glucose and 
uric acid at different 
concentrations 

Biosensors [262] 

Au2Se/Au Particle size between 450- 
600 nm embedded within 
bovine serum albumin 

CellTiter-Glo® 
Luminescent Cell Viability Assay 
using Eca-109 cancer cells 
 

Cancer 
phototherapy 

[263] 

ZnO/Au Folate conjugated particles, 
[113] 

MTT cytotoxicity assay using 
HeLa and A549 cells 

Tumour targeting 
drug delivery 
 

[113] 

Au/Ag Nanorods core/shell 
particle size 53 ±7 nm in 
length and 18 ± 2 nm in 
diameter 

Membrane permeability 
rhodamine 123 dye was used to 
evaluate mitochondrial damage 
apoptosis evaluation by  FITC-
Annexin V kit using mouse 
fibroblast cells 

Anti-microbial [264] 

Au/CdS Particle size 22 nm, 
stabilised using sodium 
citrate 

Human urine and serum samples 
was used to establish bio-
sensing of Dopamine 

Biosensors [265] 
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1.20 Statement of research problem 

Cancer is a disease characterised by the uncontrolled proliferation and metastasis of 

abnormal cells. The prevalence of cancer is increasing exponentially, more than 100 

000 South Africans are diagnosed each year. Chemotherapy is a commonly accepted 

treatment approach which involves the use of cytotoxic drugs that kill both normal and 

cancer cells. This treatment outcome results in adverse side effects such as hair and 

weight loss, diarrhoea, vomiting, weak immunity and sometimes even death.   

Researchers are faced with a challenge of developing novel and viable drug delivery 

systems that can target cancer cells and deliver multiple functions within the domain 

of cancer diagnostics and therapeutics. The synthesis of core/shell nanoparticles have 

the potential to support this application if designed appropriately through the optimum 

use of chemical synthesis techniques, reaction conditions such as temperature, pH 

and capping reactant. This research involves the synthesis, characterisation and 

bioapplications of a novel Au-ZnTe core/shell nanoparticle. 

1.21 Rationale for developing Au-ZnTe core-shell nanoparticles in bio-

applications 

In surveying the literature available on the synthesis of Au-based core-shell 

nanoparticles it is evident that a combination of gold and zinc tellurium has not been 

previously reported by any other research team. The proposed combination and 

synthesis of a gold core and zinc telluride shell is therefore a novel heterostructure. 

Au nanoparticles generally display immense potential for cancer diagnosis and 

therapy. These nanoparticles exhibit Surface plasmon resonance (SPR) which results 

in enhanced light scattering and absorption properties. These unique optical properties 

of Au nanoparticles enable the rapid conversion of absorbed light into heat resulting 
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in localized photothermal therapy and destruction of cancer cells. Au nanoparticles are 

highly stable, nontoxic, easily synthesized in a variety of sizes and biocompatibility 

and support a wide range of surface bio-conjugation for drug delivery applications. In 

addition Au nanoparticles can be used as contrasts agents in bio-imaging applications 

as they do not exhibit photobleaching. On the other hand ZnTe nanoparticles also 

display immense potential in medical applications. ZnTe quantum dots are an 

attractive II–VI semiconducting material with a direct band gap (bulk) of 2.26 eV. These 

nanoparticles are commonly utilized for their unique optical and electrical properties in 

light emitting diodes, solar cells and photodetector applications. They are reported as 

less toxic when compared to other cadmium based chalcogenides. The use of Au and 

ZnTe components in a heterostructure is expected to result in enhanced optical 

properties that is blue shifted from the parent nanomaterials. Increasing the optical 

properties is an important aspect in bio-imaging and photothermal properties.  

1.22 Aims and objectives of this study 

The research focus of this study is to develop a biocompatible Au-based core-shell 

nanoparticle that can be used to enhance the therapeutic efficacy of existing cancer 

chemotherapeutics by increasing the cellular uptake of the conventional drug and 

further directing its drug load specifically to active cancer cells, providing a platform of 

nano-drugs that deliver a therapeutic without causing harmful side-effects. A project 

of this magnitude requires numerous aims and objectives to fulfil this research focus, 

however within the scope of this project, the aims and objectives are limited to the 

following; the synthesis and characterisation of Au, ZnTe and Au-ZnTe core-shell 

nanoparticles, biosafety and toxicology evaluation of Au-ZnTe core-shell 

nanoparticles, synthesis and characterisation of surface modified anti-cancer Au-ZnTe 



51 
 

core-shell nanoparticles using 5-FU and human EGF, in vivo application of anti-cancer 

Au-ZnTe core-shell nanoparticles using 5-FU and human EGF, using animal models 

In order for these aims to be accomplished, the following objectives were met 

a. The synthesis and characterisation of Au, ZnTe and Au-ZnTe core-shell 

nanoparticles 

 The synthesis of the parent materials ZnTe and Au and Au-ZnTe core-

shell nanoparticles were established using modifications and 

adaptations from previously reported methods.  

 The properties of the synthesised nanomaterials were characterised for 

its morphology, crystalline and optical properties using UV, PL, TEM, 

HRTEM, AFM, XRD, XPS, elemental mapping and surface charge 

analysis. 

b. Biosafety and toxicology evaluation of Au-ZnTe core-shell nanoparticles 

 The bio-interaction, toxicity and safety of Au-ZnTe nanoparticles was 

evaluated using normal human colon, mammary epithelial and cancer 

cells from breast, prostate and colon origin. 

 An in vitro immune simulation using blood peripheral mononuclear cells 

(PBMCs) was used to evaluate the bio-interaction and cytotoxicity of Au-

ZnTe core-shell nanoparticles on human immune cells, additionally the 

expression of inflammatory markers, cytokine expression was 

measured. 

 The biocompatibility, cellular membrane interaction and cellular uptake 

was established through resin-embedding, sectioning and microscope 

image techniques. 
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 The use of in vivo rat models for systemic circulation and toxicity effects 

of Au-ZnTe core-shell nanoparticles was investigated to determine acute 

toxicity responses and impact of excretory liver and kidney organs. 

 The full blood counts and histopathology of liver and kidney organs was 

evaluated. 

c. Synthesis and characterisation of surface modified anti-cancer Au-ZnTe 

core-shell nanoparticles using 5-FU and human EGF 

 Au-ZnTe core-shell nanoparticles was used for bio-conjugation/ surface 

modification of human epidermal growth factor and anti-cancer drug 5 

fluorouracil. 

 The surface modified Au-ZnTe nanoparticle was characterised using 

UV, PL, TEM, FTIR and zeta potential analysis. 

 The efficacy of the surface modified Au-ZnTe core-shell nanoparticle 

was investigated using in vitro cell culture comparative cytotoxicity 

studies.  

d. In vivo application of anti-cancer Au-ZnTe core-shell nanoparticles using 

5-FU and human EGF, in animal models 

 Human xenograft techniques were used to induce mammary tumours in 

Sprague-Dawley female rats using MCF7 breast cancer cells.  

 Human xenograft techniques were used to induce mammary tumours in 

Balb/c female mice using MCF7 breast cancer cells 

 After tumour growth was established in terms of size, shape and clinical 

observations the surface modified drug was prepared and used for 

localised tumour therapy. 
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2.1 Introduction 

Semiconductor nanoparticles are assembled through the combination of 

cations from elements in group 12 and anions from elements in group 16 of the 

periodic table. Semiconductor nanoparticles display a unique array of optical 

and electrical properties that can be exploited for multiple applications in 

pigments, dyes, night vision aids, high quality light-emitting diodes (LEDs’), and 

various bio-applications such as bio-imaging, biosensors and disease 

diagnosis tools (Figure 2.1). Semiconductor nanoparticles display size 

dependent changes in optical, electrical and band gap properties that are 

different to their bulk materials. The optical properties of semiconducting 

nanoparticles can be tuned by controlling the size of the particle. The size of 

the nanomaterial corresponds to specific wavelengths which determines the 

colour fluorescence property of the quantum dot or semiconductor nanoparticle. 

The electrons within a semiconductor nanoparticle has pre-defined energies 

allocated to each orbital known as orbital energy.  Electrons occupy each orbital 

in a specific manner from the lowest energy level and the energy within each 

level is controlled according to Pauli’s Exclusion Principle and the solution of 

Schrödinger’s equations.  The band gap in bulk semiconducting materials are 

stable however the band gap of semiconductor nanoparticles can vary relative 

to size. It is well demonstrated that as the nanoparticle decreases in size the 

band gap increases (Figure 2.2). The band gap is the region between the 

valence and conduction bands with no energy levels. The valence band is the 

most occupied in terms of energy because the electrons occupy each orbital 

from the lowest energy level. The conduction band comprises of electrons from 

the upper region of the bandgap. 
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Figure 2.1 Applications of semiconductor nanoparticles. Their 
extraordinary optical and electrical properties are utilized for applications in 
pigment and dye technology, LEDs and bio-imaging diagnostic tools. (Figure 
modified from https://dborck.files.wordpress.com/2015/03/1000017182-1.jpg 
http://onlinelibrary.wiley.com/store/10.1002/adfm.201102930/asset/image_m/
mcontent.jpg?v=1&s=2df65f806428e599778f38c3531c2aa6086375d2http://m
edia.mehrnews.com/d/2015/09/21/3/1840466.jpg, 2015). 
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Figure 2.2 Band gap properties relative to nanoparticle size. The band gap 
and energy of nanoparticles increases as the particle size decreases.   

The electrons in the valence band are required to have enough energy to move 

across the band gap region into the conduction band region. After the electrons 

are excited, they subsequently revert back to the valence band position, also 

termed returning to rest state followed by a subsequent emission of radiation at 

specific wavelengths. During excitation and movement of electrons from the 

valence to conduction bands, an absence of electron or energy is formed within 

the valence band, known as a hole. Together the electron pair (electron in the 

conduction band and hole in the valence band) is termed an exciton. Excitons 

are characterised by a specific separation distances between the 

corresponding hole and electron, this distance is known as the exciton Bohr 

radius. The electronic structure is responsible for most of the applications of 
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semiconductor nanoparticles (Figure 2.1 and Figure 2.2). Other factors that 

can be manipulated to deliver specific applications of semiconductor 

nanoparticles include the use of surface ligands, size, surface charge and 

solubility.

The synthesis of functionalized semiconductor nanoparticles has attracted 

interest in the fields of nanoscience and medicine [1-3]. Scientists are constantly 

searching for alternative materials that may be utilized in bio-imaging and 

labelling applications. A key component in designing such nanomaterials 

incorporates water solubility, functionalization, relatively low toxicity and 

materials that are not susceptible to photobleaching. Literature describes many 

advances in applications of biocompatible semiconductor nanoparticles, these 

include live cell labelling, nanosensors for glucose and immunochromatographic 

assays.    

Semiconducting materials may be engineered at sizes that are smaller than or 

similar to those of a cell, peptides, enzymes and other subcellular organelles [4, 

5]. In addition their surface features may be altered to facilitate its interaction 

and entry into the biological entity of choice resulting in a variety of applications 

across plant biology and the biomedical sciences [6-9].  A challenge in 

synthesizing semiconducting nanomaterials for bio-applications is the 

accumulation of component ions that result in toxicity. A well-known example is 

cadmium based semiconductor nanoparticles, studies show that cadmium 

toxicity is due to bio-accumulation [10, 11]. Mechanisms to improve the 

biosafety of cadmium based nanoparticles include the use of coating layers that 

are non-toxic and biocompatible [12-14].  ZnTe is an interesting II-VI 

semiconducting nanomaterial that is less toxic when compared to cadmium 
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based chalcogenides[9]. ZnTe has been synthesized via physical routes such 

as mechanical alloying [15, 16] and pulsed laser ablation [17]. It is a challenge 

to prepare ZnTe nanostructures with controllable size and shape because of the 

lack of suitable precursors for controlling the thermodynamics and kinetics of 

the nanocrystal nucleation stage. ZnTe in the form of nanodots [18-21], 

nanoflowers [21] nanowires and nanorods [21-24] have been reported using 

various colloidal and high temperature routes. In many cases the growth of the 

anisotropic structures is attributed to the oriented attachment growth 

mechanism [25-29]. An aqueous route for the synthesis of fluorescent 

ZnTe/dendrimer nanocomposites was reported by Ghosh and co-workers, their 

study investigated antimicrobial properties of the ZnTe nanocomposites and 

revealed their potential in therapeutic applications [30]. Water-dispersible 1D 

Te@ZnTe core–shell nanoparticles have also been reported whereby by the 

ZnTe nanoparticles were used as precursors.  The 1D nanoparticles have a 

crystalline Te core and an amorphous ZnTe shell [31]. The design of 

biocompatible ZnTe nanoparticles is accomplished through the optimal use of 

pH, temperature and appropriate coating materials. Thiolglycerol capped ZnTe 

nanoparticles was prepared under the pH range 7.1-10.0, this study showed 

that the choice of ligands influences the stability of the ZnTe nanoparticles [32].  

In another study the synthesis of ZnTe nanowires using the vapor–liquid–solid 

method was reported. This studied showed a direct correlation between 

temperature effects and changes in morphology.  The temperature dependent 

growth patterns produced highly ordered structures of ZnTe nanorods, wires 

and ribbons. The effect of pH, capping materials and temperature has been 

shown to produce ZnTe nanomaterials with varying morphologies [15, 22, 25]. 
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The morphology of ZnTe nanomaterials is associated to its fluorescence 

properties [33]. The use of long-alkyl-chain fatty acid as the capping ligand in 

the preparation of ZnTe nanorods, exhibited stable blue fluorescence with high 

quality quantum yield that may be used in blue light-emitting diodes [34]. This 

study reports a solution based, low thermal route for the synthesis of 

biocompatible ZnTe nanoparticles. The aim was to synthesize and characterise 

biocompatible ZnTe nanoparticles that could be subsequently utilised for its 

fluorescence properties. The synthesis method used in this work was adapted 

from the route previously reported for the synthesis of cysteine capped CdSe 

nanoparticles [12]. The as-prepared cysteine capped ZnTe nanoparticles was 

evaluated to establish optical, crystalline and morphology features.  Additionally 

the fluorescence properties and cytotoxicity of cysteine capped ZnTe 

nanoparticles are demonstrated. 

2.2 Experimental details 

2.2.1 Materials 

Zinc chloride, L-cysteine ethyl ester hydrochloride, tellurium powder, sodium 

borohydride, deionised water (HPLC grade) and acetone were obtained from 

Sigma Aldrich. All the chemicals were of analytical grade and used as 

purchased. 

2.2.2 Synthesis of cysteine capped ZnTe nanoparticles 

Tellurium powder (0.32 mmol) was mixed with 20 ml of deionized water in a 

three necked round bottom flask at room temperature. Sodium borohydride 

(0.81 mmol) was added to the reaction mixture under inert conditions (Equation 

1). After 4 hours 20 ml of 3.2 x 10 -4 M ZnCl2 (zinc salt) and L-cysteine ethyl 

ester hydrochloride (capping agent) was added to the reaction mixture in molar 
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ratios of 1:10 (Equation 2). The reaction mixture was then heated at 60 °C for 3 

hours under nitrogen gas. The pH of the reaction was adjusted to 4, 7 and 11 

within the first 30 minutes of adding the zinc salt. An aliquot of the reaction 

mixture was removed and purified for characterisation at 1, 2 and 3 hours to 

determine the effect of reaction time on nanoparticle growth and morphology. 

The ZnTe nanoparticles were precipitated using acetone. This product was 

centrifuged to give the pellet that was then dried under vacuum and weighed 

out to give a dark brown material that was readily dispersed in water. 

 

2.2.3 Characterisation of nanoparticles 

2.2.3.1 Ultra-violet-visible spectroscopy analysis 

A Perkin-Elmer Lamda 20 UV-vis spectrophotometer was used to carry out 

optical measurements in the 200-1100 nm wavelength range at room 

temperature. Samples of cysteine capped ZnTe nanoparticles were placed in 

quartz cuvettes (1 cm path length) and the absorbance was recorded.  

2.2.3.2 Photoluminescence spectroscopy analysis 

Photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 

luminescence spectrometer with xenon lamp over range of 200-800 nm. The 

samples were placed in quartz cuvettes (1 cm path length) and the excitation 

peaks were analysed and recorded.  
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2.2.3.3 Morphological characterisation (TEM, HRTEM and SEM) 

TEM imaging of ZnTe nanoparticles was performed using a Philips CM120 

BIOTWIN TEM operated at 120kV. A JOEL JEM 3010 URP high resolution 

transmission electron microscope (HRTEM) operated at 300 kV was used for 

high resolution analysis of a small aliquot of the ZnTe samples. Images were 

recorded using a 1024 x 1024 CCD camera. SEM measurements were done 

using a Zeiss Ultra Plus FEG SEM at 10 kV and EDX at 20 kV. 

2.2.3.4 X-ray diffraction analysis 

XRD measurements of the ZnTe nanoparticles were performed using a Bruker 

aXS D8 advanced diffractometer with Cu-Kα radiation (λ= 1.5406 Å) operated 

at 40 kV and 40 mA. TEM imaging of the cellular uptake of nanoparticles was 

performed using a Philips CM120 BIOTWIN TEM operated at an accelerating 

voltage of 120 kV with the sample cooled to 80K.  

2.2.3.5 Surface charge analysis 

The Zeta potential of cysteine capped ZnTe was determined by a Zetasizer, 

Nanoseries, Malvern Instrument. Samples were filtered several times through a 

0.22 mm Millipore membrane filter prior to recording surface charge 

measurements.   

2.2.3.6 Fluorescence of ZnTe nanoparticles in the presence of DNA plasmid 

pGEMT easy 

An aliquot of 2 µl of DNA plasmid was treated with 50 µg/ml of cysteine capped 

ZnTe nanoparticles and placed on a heating block at 37˚C. Fluorescence 

images were recorded using a Nikon Eclipse 80i fluorescence and phase-

contrast microscope. The aqueous sample of ZnTe nanoparticles was placed 

on a slide and viewed under a 365-395 nm filter set. 
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2.2.3.7 Cytotoxicity of ZnTe nanoparticles using MTT assay 

All the cell culture reagents were supplied by Invitrogen. Adhesion cell line, 

Human mammary adenocarcinoma (MCF7) cells were grown using EMEM 

culture media containing 10% fetal bovine serum and 1-2% penstrep fungizone. 

Cells that grew as monolayers were passaged, trypsinized and harvested for 

experimentation before reaching 100 % confluency. Cells were seeded at cell 

density of 5000 cells per well, into a 96-well plate. Following adherence to the 

plate, the growth medium was replaced with fresh medium (100 µL per well) and 

ZnTe nanoparticles (20, 40, 60, 80 and 100 µg/ml). After 48 hours the control 

wells were treated with culture medium only. Wells containing culture medium 

without cells were used as blanks. All experiments were performed with six 

replicates. After the 48 hour incubation, the culture medium and compounds 

were removed and replaced with fresh medium (100 µL) and 100 µL of MTT 

solution (5 mg/mL in PBS) in each well. After 4 hour incubation, the media and 

MTT solution was removed and 100 µL of DMSO was added to each well to 

solubilize the MTT formazan. The optical density (OD) of each well was 

measured on a microplate spectrophotometer (Mindray MR-96A) at a 

wavelength of 540 nm [35].  
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2.3 Results 

2.3.1 Optical properties of ZnTe Nanoparticles 

Cysteine capped ZnTe nanoparticles were synthesized using a one pot route 

method under inert experimental conditions. During the reduction step a dark 

purple colour was observed after 4 hours. This solution turned dark brownish to 

black in colour after the addition of zinc chloride and L-cysteine ethyl ester 

hydrochloride (Figure 2.3 A). This method was carried out at acidic, neutral and 

alkaline pH. The growth of the nanoparticles was investigated at 1, 2 and 3 hour 

time intervals.  The material from this reaction was purified and quantified for 

characterisation analysis. The absorption properties of the cysteine capped 

ZnTe nanoparticles was measured for each sample. The cysteine capped ZnTe 

nanoparticles synthesized at pH 4 showed an absorption peak at 269 nm 

(Figure 2.3 B). The optical band gap of the ZnTe nanoparticles can be 

estimated from the UV-spectra by extrapolating the linear portion of the curve 

into X-axis. The blue shift observed from both the absorption edges and peaks 

can be related to the quantum confinement effect (QCE). For the ZnTe samples 

synthesized at acidic reaction conditions, there is evidence of quantum 

confinement. The absorption band edge of the ZnTe synthesized at pH 4, 2hrs 

is observed at 295 nm (4.2 eV), which is higher than the bulk value of 548 nm 

(2.26 eV) [36] as shown in (Figure 2.3 B and D).  The absorption properties of 

ZnTe nanoparticles under varying pH conditions over different time intervals are 

shown in (Figure 2.4 A-C). The optical properties of ZnTe nanoparticles showed 

stability at six months after synthesis (Figure 2.4 D). The corresponding 

photoluminescence spectrum shows narrow emission in the 365-420 nm range 

(Figure 2.3 C).  
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Figure 2.3 Optical properties of cysteine passivated ZnTe nanoparticles 
ZnTe nanoparticles at pH 4, 2 hours. A. Solution of ZnTe nanoparticles.  B. 
shows an absorption peak at 269 nm. C. displays the emission spectrum in the 
365-415nm range. D. displays the extrapolation of the band edge for the sample 
at pH 4, 2hours. 
 
 

 
 
Figure 2.4 Optical properties of ZnTe at different pH conditions. A. Optical 
properties at pH 4. B. Optical properties at pH 7. C. Optical properties at pH 11 
D. Stability of ZnTe after six months, optical analysis. 
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2.3.2 Morphological characterisation of ZnTe nanoparticles 

The ZnTe nanoparticles were characterized using TEM, HRTEM and SEM 

techniques. Figure 2.5 shows TEM micrographs of ZnTe nanoparticles at 

different pH and time intervals. The ZnTe nanoparticles synthesized at pH 7, 1-

3 hour intervals appeared aggregated and undefined in shaped and size (Figure 

2.5, D-F). The ZnTe nanoparticles synthesized at pH 11, 1-3 hour intervals 

appeared close to spherical in shape and of irregular size (Figure 2.5,  G-I). The 

ZnTe nanoparticles synthesized at pH 4, 1-3 hour intervals showed interesting 

features in their growth patterns, size and shape (Figure 2.5, A-C) and therefore 

was subjected to in-depth analysis in this study. The size and growth of ZnTe 

nanoparticles was controlled by time intervals, we restricted the growth of ZnTe 

nanomaterials to 3 hours because we observed relatively larger nanorods with 

an average size of 250 nm in length at 24 hours (Figure 2.6).  

ZnTe nanoparticles from pH 4, 1 hour interval showed spherical nanoparticles 

that appeared closely agglomerated. ZnTe nanoparticles from pH 4, 2 hour 

interval showed a combination of nanospheres and nanorods. The ZnTe 

nanoparticles at pH 4, 1 hour time interval consisted of large spheres in the 40-

50 nm size range. As the reaction proceeded to the 2 hour time interval the 

sample began to display a transition phase in which nanospheres develop into 

nanorods that are between 60-80 nm in length and 20-25 nm in diameter 

(Figure 2.5 B and Figure 2.7 A-C). After 3 hours the transformation of the 

spheres into rods is completed as highlighted within the red ring (Figure 2.5 C 

and Figure 2.8 A-C). 
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Figure 2.5 TEM characterisation of ZnTe nanoparticles synthesized at varying 
pH and time intervals. A. pH 4,1 hour interval. B. pH 4, 2 hour interval. C. pH 4, 
3 hour interval. D. pH 7, 1 hour interval. E. pH 7, 2 hour interval. F. pH 7, 3 hour 
interval. G. pH 11, 1 hour interval. H. pH 11, 2 hour interval. I. pH 11, 3 hour 
interval. 
 

Figure 2.6. TEM micrographs of cysteine capped ZnTe nanoparticles, show 
nanoparticle growth at pH 4, 24 hour interval. 
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Figure 2.7 ZnTe nanoparticles using TEM analysis for pH 4, 2 hour interval (A-
C). 
 

 

Figure 2.8 TEM characterisation of ZnTe nanoparticles, A-C demonstrates the 
oriented attachment mechanisms of growth resulting in the formation of uniform 
nanorods, pH 4, 2 hour. 
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The growth patterns observed in the TEM images in (Figure 2.7, A-C and 

Figure 2.8, A-C) clearly demonstrate oriented attached of nanospheres in the 

transition phase leading to the formation of well defined, uniform nanorods. 

Figure 2.9 A, shows spherical ZnTe nanoparticles (pH 4, 2 hours), that are in 

the process of alignment and coalescence. In Figure 2.9 .B-D the fusion of the 

particles is more evident. The clearly defined lattice fringes in varying directions 

are observed with the spacing of 0.36 and 0.39 nm in (Figure 2.9, B-C) is 

assigned to the (111) plane of cubic ZnTe, respectively. The SAED pattern 

observed for the ZnTe nanorods (Figure 2.9, F) corresponds to the cubic crystal 

phase.  

 

Figure 2.9 A, B, C and D. demonstrates the oriented attachment mechanisms 
of growth. B and C indicates clear lattice fringes. E. Displays the orientation of 
lattice fringes observed in the nanorods. F. Shows the SAED pattern for the 
nanorods observed in E. 
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The SEM EDX and elemental mapping was utilized to provide more information 

on the surface morphology and elemental ratios of ZnTe nanoparticles. The 

SEM micrograph shown in Figure 2.10, A confirmed the transition phase for the 

ZnTe nanoparticles synthesized at pH 4, 2hr, showing the presence of spherical 

and rod shaped particles. The EDX pattern shown in Figure 2.10, B, confirmed 

the presence of Te and Zn components. Figure 2.10, C, shows the elemental 

mapping of Zn and Te displaying their respective ratios. 

 

Figure 2.10 A. SEM micrograph displaying the surface morphology of ZnTe 
nanospheres and nanorods. B. EDX spectrum showing the presence of Te and 
Zn. C. Elemental mapping of Te and Zn in the cysteine capped ZnTe 
nanomaterial. 
 

ZnTe nanoparticles can exist in both cubic zinc blende and wurtzite phases.11-

17 The miller indices attributed to peaks (200), (220), (311) and (400) identified 

in Figure 2.11, correspond to the cubic phase of ZnTe (ICDD number: 

015:0746, see appendix B for supplementary data sheet). XRD diffraction peaks 

from unreacted Te, Zn, or other ZnTe phases are observed in the pattern. 
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Figure 2.11 XRD pattern for cysteine capped ZnTe nanoparticles, showing a 
cubic phase. 
 

2.3.3 Surface charge of ZnTe nanoparticles 

The Zeta potential is used to measure the surface charge of nanoparticles. In 

addition it may be used to determine how efficiently the capping agent has 

passivated the nanoparticle surface and confirm the size of the nanoparticles.  

The surface charge may be altered by the attachment of bioconjugates. 

Monitoring the surface charge allows control in electrostatic and hydrophobic 

interactions within biological systems resulting in intracellular targeting and drug 

carrier applications. The surface charge properties of cysteine capped ZnTe 

was evaluated and displayed a negative charge of -11.7 mV.  
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2.3.4 Fluorescence properties of ZnTe nanoparticles 

The fluorescence properties and optical stability were studied using 

fluorescence and phase-contrast microscopes.  Figure 2.12, A. shows the ZnTe 

nanoparticle emitting in the blue region under the influence of UV 2A 330-380 

nm filter.  The blue light corresponds to the absorption wavelength displayed in 

the UV spectroscopy results. Figure 2.12, B. shows the ZnTe nanoparticles 

fluorescing between the 365-395 filter.  

 
Figure 2.12 Fluorescence of cysteine capped ZnTe nanoparticles. Fig. 8. A. UV 
2A filter in the presence of DNA plasmid pGEMT Easy. B. 365-395 filter set in 
the presence of DNA plasmid pGEMT Easy. 
 

2.3.5 Cytotoxicity evaluation of ZnTe nanoparticles 

Following the successful synthesis and characterisation of ZnTe nanoparticles 

an in vitro cell culture system was used to determine its biological safety. 

Cytotoxicity evaluations were performed on MCF7 cells (Figure 2.13, B) using 

the MTT cell viability assay. The MTT assay is based on the biochemical 

reduction of MTT dye by viable cells by testing their enzymatic dehydrogenase 

activity. The results showed that cysteine capped ZnTe nanoparticles induced 
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no toxic effects on the growth or viability of MCF7 cells. The percentage cell 

viability was between 85 to 95 % (Figure 2.13, A) for concentrations ranging 

from 20 -100 µg/ml. A one-way ANOVA, with a non-parametric Kruskal-Wallis 

test showed no significant differences (p >0.05) between the ZnTe treated and 

control cells.  

 

 
Figure 2.13 Cytotoxicity of ZnTe nanoparticles using MTT assay. A. The 
percentage cell viability relative to exposure to ZnTe nanoparticles at different 
concentrations is graphically represented. B. Untreated control, MCF7 cancer 
cells. C. Resin embedded MCF7 cells treated with ZnTe nanoparticles. 
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2.4 Discussion 
 
The synthesis and functionalisation of ZnTe nanoparticles for bio-applications 

such as bio-imaging can be a useful tool in nanomedicine. The optical properties 

can be tuned by varying the size and shape of the ZnTe nanoparticles. The 

absorption peak observed in Figure 2.3, B is attributed to the Zn-ligand complex 

as reported previously for cysteine capped CdTe [20, 37].  The 

photoluminescence emission in Figure 2.3, C are in accordance with previous 

reports which show emission in the 400-600 nm range [38, 39].  

The size of a nanoparticle is an important parameter for biological applications, 

generally smaller nanoparticles display advantages such as higher 

biocompatibility or efficacy within in vivo systems. Smaller nanoparticles are 

easily functionalised and are able to evade immune scavenging cells such as 

monocytes and neutrophils [40, 41]. Larger sized nanoparticles are considered 

unfavourable for biological applications [2, 3].  The growth patterns observed for 

ZnTe nanoparticles displayed a transition phase from spherical into rod shaped 

nanoparticles (Figure 2.7). This transition phase is similar to the morphology 

reported by Zhang et al, who described the growth of nanolumps or dots into 

nanowires[26]. The formation of the ZnTe nanoparticles relative to reaction 

temperature, pH and time is typical of the oriented attachment (OA) growth 

mechanism which involves the controlled morphosynthesis of nanoparticles 

under the influence of crystal growth factors [27]. OA allows the nanocrystals to 

develop by the alignment and coalescence of neighbouring nanospheres by 

eliminating the capping agent boundaries [28]. It is common for OA to lead to 

the formation and growth of anisotropic nanostructures such as nanorods [29]. 

A higher surface energy of the zinc-blende can lead to the termination of the 
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(111) faces resulting in strong dipolar interactions between the particles 

facilitating OA growth [27-30]. The use of surface passivating agents such as 

amines or thiols are commonly used to control and stabilize the particle growth 

at the order of nanometers to achieve quantum confinement effects [42].  

In addition to the functionalization and stability that cysteine provides to ZnTe 

nanoparticles during the growth phase, it also functions as an agent for 

solubilisation in water, and finally for the possible conjugation with biomolecules 

to the free amine groups [12]. The correlation between the growth kinetics and 

properties of the nanomaterials is related to the type of passivating agent 

employed during synthesis. In this report, functionalizing ZnTe with cysteine will 

allow for the attachment of various drugs or biological agents. The capping 

agent not only stabilises the nanoparticle and influences its shape and size but 

also determines the surface charge of the ZnTe nanoparticles. Work reported 

by Ghosh et al. showed that ZnTe nanoparticles capped with carboxyl, hydroxyl 

and succinamic acid displayed negative surface charges [30]. The negative 

charge displayed in cysteine capped ZnTe nanoparticles will accommodate the 

functionalization of this nanomaterial for further applications in cell targeting and 

bio-imaging. Preliminary fluorescence and phase-contrast microscope 

evaluations indicate the bio-imaging potential of ZnTe nanoparticles (Figure 

2.12). These findings provide a rationale for establishing more robust studies 

that can clearly demonstrate the use of ZnTe nanomaterials in bio-imaging 

applications across cell lines and whole animal studies. To date the literature 

has successfully demonstrated the use of various other quantum dots in bio-

imaging of bacterial, plant and human cells.[6-8]. The cytotoxicity studies display 

the biocompatibility of ZnTe nanoparticles (Figure 2.13). These initial cellular 
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responses therefore suggest the biosafety of cysteine capped ZnTe 

nanoparticles.   

2.5 Conclusions 

Cysteine capped ZnTe nanoparticles were synthesized at different pH using a 

simple solution based route. The ZnTe nanoparticles obtained at pH 4 showed 

interesting morphological features whereby a transition phase was identified in 

which nanospheres of 40-50 nm in size range developed into nanorods that 

were between 60-80 nm in length and 20-25 nm in diameter. This transformation 

was attributed to the oriented growth attachment mechanism. The particles 

synthesized at these optimum reaction conditions also showed quantum 

confinement and narrow band-edge emission. The cysteine capped ZnTe 

nanoparticles displayed a negative surface charge suggesting that the particles 

would be conducive to functionalization for further applications in cell targeting 

and bio-imaging. Initial fluorescence studies of the ZnTe nanoparticles within 

DNA plasmid shows emission in the blue region. Preliminary in vitro cytotoxicity 

studies showed that ZnTe nanoparticles do not induce adverse or harmful 

effects to human MCF7 cells. In addition to the synthesis and characterisation 

of water soluble ZnTe nanoparticles, its biosafety and bio-imaging potential has 

been demonstrated. ZnTe nanoparticles has the potential to be utilised 

independently in various in vitro and in vivo drug delivery and imaging 

applications. Furthermore ZnTe nanoparticles can be used in the assembly of 

multicomponent heterostructured or core-shell nanoparticles for enhanced 

biological applications.  
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CHAPTER THREE: The Synthesis and characterisation of biocompatible Au-

ZnTe core/shell nanoparticles 
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3.1 Introduction 

The National Cancer Registry (NCR) and international cancer research 

institutes provide statistics that show an increase in the prevalence of cancer 

patients worldwide.  The Fight against cancer has evolved into a 

multidisciplinary approach involving clinicians, chemists, biomedical engineers 

and materials scientists [1]. Chemotherapy is a commonly used treatment for 

cancer. It involves the use of various cytotoxic drugs that frequently affect both 

cancer and healthy cells. This treatment regime often results in adverse side 

effects such as hair and weight loss, nausea, diarrhoea, cancer cachexia, 

opportunistic infections and sometimes even death [2]. The challenge that 

researchers are faced with is the design of chemotherapeutic drugs that are not 

only cancer specific but also exhibit higher therapeutic efficacy. Advanced 

nanosystems such as core/shell nanoparticles have the potential to support this 

application if designed appropriately. The synthesis of heterostructured 

nanoparticles has received much attention recently due to their potential in 

catalysis, electronics and biomedical sciences [3-5].  

Additionally the design and application of gold based core-shell nanoparticles 

remain at the forefront of cancer therapeutics and diagnostic applications such 

as photothermal ablation treatment of tumours [6, 7], localized bio-imaging of 

tumour or cancer tissues [8] and targeted drug delivery to specific cancer cells 

[9, 10]. The combination of two different types of material that function as a 

single entity can confer particular advantages such as enhanced optical, 

electrical or structural properties. A challenge in designing such materials arises 

from determining the structure of a two-component system and in identifying 

compatible core/shell component elements. The controlled synthesis of 
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bimetallic heterosystems such as Pd/Pt or Ag/Au core/shell systems is possible 

because of the relatively close match between the crystal lattices of their 

component parts. In contrast, core/shell metal-semiconductor systems are more 

difficult to synthesize due to their differing crystal structures and to the large 

crystal lattice mismatches [11, 12]. There have been few reports of metal–

semiconductor core/shell nanostructures [13-16]. Wang and co-workers 

described a general method for the preparation of Au nanocrystals of different 

shapes and sizes as starting material for the synthesis of water-dispersible Au–

metal sulfide core/shell structures [17].  Salant et al. conducted elaborate work 

on the growth of gold tips on anisotropic CdSe particles which was used to 

establish a relationship between the growth pattern and morphology that 

develops from a stabilized core [18-20]. The synthesis of gold shelled 

heterostructures with the core composed of a magnetic nanomaterial such as 

iron oxide is common [21-23]. The gold shell reduces the toxicity of the iron 

oxide and also enhances the biocompatibility properties.[24] When gold is used 

as the core component it exhibits certain advantages; playing a direct role in the 

size tunability and morphology of the core/shell or heterostructured 

nanoparticle. The advantages of using gold as a core or shell component 

depends also on its chemical interaction with other materials [25-28].  

Recent studies show improvements in targeted drug delivery using gold based 

core/shell nanoparticles as the delivery vehicle. These studies illustrate the 

versatility of gold nanoparticles as either a core or shell component [29-35]. The 

surface plasmon resonance features displayed by gold nanomaterials results in 

enhanced light scattering and absorption properties. These unique optical 

properties enable the rapid conversion of absorbed light into heat, resulting in 
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photothermal energy which may be applied in the treatment and destruction of 

cancer or tumour tissues. In addition gold nanoparticles are highly stable, non-

toxic and easily synthesized in a variety of sizes and surface modifications [36]. 

In general metal/semiconductor hybrid nanostructures are very interesting as 

they possess strong interactions between the metal plasmon and the 

semiconductor exciton i.e. electron/hole pair [37-40]. In this study we have 

chosen ZnTe which has a direct band gap of 2.26 eV and attractive optical 

properties as the secondary component of our heterostructured material [41-

44]. The presence of ZnTe, is an attractive semiconducting nanomaterial that 

will facilitate bio-imaging of cells, tissues and even track the location of the 

core/shell within biological systems without having to use additional dyes and 

fluorescence tagging molecules. We have recently shown that ZnTe 

nanoparticles displayed fluorescence properties that are useful in 

bioapplications [45]. The presence of cysteine has the potential to support 

conjugation of biomolecules and chemotherapeutic drugs which may enable this 

system to be applied in targeted drug delivery and bio-imaging applications 

within the domain of oncology therapeutics and diagnostics. We report the 

synthesis of cysteine-capped Au-ZnTe core/shell nanoparticles using a simple 

solution-based route. Figure 3.1 shows the core/shell nanoparticle design and 

illustrates its potential applications. The amino functional groups on cysteine 

have the potential to support conjugation of cellular ligands and a combination 

of chemotherapeutic drugs to produce a bio-modified version of Au-ZnTe 
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core/shell nanoparticles. To the best of our knowledge, this is the first report of 

a Au-ZnTe core/shell nanoparticle system. 

 
 
Figure 3.1 Synthesis concept for Au-ZnTe core/shell nanoparticles. The 
shell component is surface modified with L-cysteine ethyl ester hydrochloride 
for water solubility and biocompatibility features. Amino groups from the capping 
agent may be used to attach cell specific ligands and chemotherapeutic drugs 
for application in targeted drug delivery and bio-imaging. 
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3.2 Experimental 

3.2.1 Materials 

Gold (III) chloride was obtained from Sigma Aldrich. All the chemicals were of 

analytical grade and used as purchased. 

3.2.2 Synthesis of gold nanoparticles 

The gold nanoparticles were prepared via the Turkevich route.[46] A solution of 

5.0 x103M gold chloride (HAuCl4) and a solution of 5.69 x10-2M sodium citrate 

was prepared. Aliquots of 2 ml of gold chloride and 10 ml of sodium citrate was 

added to 500 ml of boiling distilled water and the reaction proceeded for 10 

minutes until a dark red solution was observed.   

3.2.3 Synthesis of Au-ZnTe core/shell nanoparticles 

In a typical room temperature reaction, tellurium powder (0.041 g, 0.32 mmol) 

was mixed with sterile distilled water (15.0 ml) in a three-necked round bottom 

flask. A 15.0 ml aqueous solution of sodium borohydride (0.031 g, 0.79 mmol) 

was carefully added to the tellurium solution under inert conditions. After 2 h of 

reduction, 20.0 ml aqueous solution of ZnCl2 (0.0436 g, 0.32 mmol) and 40.0 ml 

aqueous solution of L-cysteine ethyl ester hydrochloride (0.1188 g, 0.32 mmol) 

was simultaneously added to the dark purple tellurium ion solution. The solution 

was stirred for 30 minutes followed by pH adjustment. The reaction was allowed 

to proceed at pH 7, for 3 hours at 60˚C. An aliquot of 40 ml of gold nanoparticle 

solution was added to the cysteine capped ZnTe solution and the reaction was 

allowed to proceed for 4 hours. The reaction mixture was filtered and centrifuged 

to give a dark greenish black material that was readily dispersed in sterile 

distilled water.  
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3.2.4 Characterisation of nanoparticles 

3.2.4.1 Ultra-violet-visible spectroscopy  

A Perkin-Elmer Lamda 20 UV-vis spectrophotometer was used to carry out 

optical measurements in the 200-1100 nm wavelength range at room 

temperature. Samples were placed in quartz cuvettes (1 cm path length) and 

the absorbance was recorded.  

3.2.4.2 Photoluminescence spectroscopy  

Photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 

luminescence spectrometer with xenon lamp over range of 200-800 nm. The 

samples were placed in quartz cuvettes (1 cm path length) and the excitation 

peaks were analysed and recorded.  

3.2.4.3 Morphology and elemental mapping  

Samples for S/TEM imaging and spectroscopic analysis were prepared by drop 

casting an aliquot solution of Au-ZnTe nanoparticle material onto a TEM support 

grid (consisting of a holey carbon amorphous film supported on a copper mesh) 

and then allowing the solvent to evaporate at room temperature. Preliminary 

TEM imaging of the Au, ZnTe and the Au-ZnTe nanoparticles was performed 

using a Philips CM120 BIOTWIN TEM operated at 120kV. A JEOL JEM 3010 

URP high resolution transmission electron microscope (HRTEM) operated at 

300 kV was used for high resolution imaging of the Au-ZnTe samples. High 

angle annular dark field (HAADF) imaging was performed in Titan G2 80-200 

ChemiSTEMTM scanning transmission electron microscope (STEM) operated at 

200 kV with a convergence angle of 18mrad and a HAADF inner angle of 54 

mrad. X-ray energy dispersive spectroscopy (XEDS) was performed using the 
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Titan’s Super-X X-ray detector system which has a solid collection angle of 0.7 

srad.  

3.2.4.4 X-ray diffraction  

XRD measurements of the Au-ZnTe samples were performed using a Bruker 

aXS D8 advanced diffractometer with Cu-Kα radiation (λ= 1.5406 Å) operated 

at 40 kV and 40 mA. TEM imaging of the cellular uptake of nanoparticles was 

performed using a Philips CM120 BIOTWIN TEM operated at an accelerating 

voltage of 120 kV with the sample cooled to 80K.  

3.2.4.5 Tissue culture media and cell line 

Dulbecco’s modified eagle medium (DMEM), Dulbecco’s Phosphate buffered 

saline (PBS), Trypsin, 100x pen-strep Fungizone (PSF) and fetal calf serum 

(FCS). All the cell tissue culture reagents were supplied by Invitrogen. Human 

pancreas adenocarcinoma cell line PL45, was purchase from American Type 

Culture Collection (ATCC) and used in the experiments. This adhesion cell line 

was grown in DMEM medium containing 10% FBS and 1-2% PSF at a cell 

density of 5000. Cells that grew as monolayers were passaged, trypsinized and 

harvested for experimentation before reaching 100 % confluency. 

3.2.4.6 WST-1 cell viability assay 

Cell viability was evaluated by WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-

2H-5-tetrazolio]-1,3-benzene disulfonate) assay (Roche diagnostics, 

Mannheim, Germany) according to the manufacturer’s instructions. 

Nanoparticle treated and control cells were seeded in a 96 well plate at a cell 

density of 105 per well in 100 µl of appropriate culture media. Cells were cultured 

in a CO2 at 37°C for 48 hours. Reconstituted WST-1 reagent was added to each 

treatment well and incubated for 2 hours at 37°C. The plate was shaken for 30 
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seconds and the absorbance was measured at 450 nm using a Multiskan FC 

microplate reader. All experiments were repeated in triplicates and the results 

were represented as mean ±SD. 

3.2.4.7 Cellular uptake of Au-ZnTe core/shell nanoparticles 

PL45 cell lines were treated with Au-ZnTe core/shell nanoparticles for 48 hours 

at the following concentrations, 3.125, 6.25, 12.5, 25 and 50 ug/ml. The treated 

cells were then fixed with 2.5 % glutaraldehyde for 24 hours, followed by a 

phosphate buffer wash. A postfix of 0.5 % Osmium tetroxide was added to the 

cells and incubated for 1 hour at room temperature followed by a phosphate 

buffer wash. The cells were then dehydrated with 30, 50, 75 and 100 % acetone. 

Resin and acetone were added to the sample in equal volumes followed by 4 

hour incubation at room temperature. Cells were placed in moulds and whole 

resin, followed by an overnight incubation at 70 °C. Resin sample blocks were 

sectioned into ultrathin cross sections using a microtome, stained and viewed 

with a transmission electron microscope. 

3.2.4.8 Bio-imaging analysis of Au-ZnTe nanoparticles 

Fluorescence images were recorded using a Carl Zeiss Axio Imager 2 

fluorescence and phase-contrast microscope. The cross-section of PL45 cell 

sample was placed on a slide and viewed under a Dapi and Alexa filter set. 
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3.3 Results 

3.3.1 Optical properties of Au-ZnTe Nanoparticles 

Au-ZnTe core/shell nanoparticles were synthesized using a novel one pot 

method under an inert atmospheric conditions. A dark purple colour was 

observed after 2 hours, indicating the reduction of tellurium powder. The solution 

turned dark brownish to black in colour after the addition of zinc chloride and L-

cysteine ethyl ester hydrochloride. The material from this reaction was purified 

for characterisation analysis.  

 

The absorption properties of the parent and the core/shell material were 

measured. The gold nanoparticles exhibited their characteristic surface 

plasmon resonance (SPR) absorbance at approximately 515 nm, whilst ZnTe 

displayed an absorption peak at 269 nm (Figure 3.2 A, B) respectively.  The 

absorption spectra of the Au-ZnTe nanoparticles showed an absorption peak at 

538 nm (Figure 3.2 C), a small red shift in relation to the absorption of the gold. 

The absorbance of Au-ZnTe is dominated by the absorption properties of gold. 

The photoluminescence spectra of the Au-ZnTe core/shell nanoparticles 

showed sharp, Gaussian shaped emission peaks (Figure 3.3). Excitation at 

different wavelengths (300, 310 and 320 nm) produced a constant peak at 402 

nm in the PL spectra (Figure 3.3 A, B and C).  
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Figure 3.2 A. Cysteine capped ZnTe nanoparticles exhibit an absorbance peak at 269 
nm, a brownish material is observed. B. Gold nanoparticles show an absorbance peak 
at 519 nm, a red colloidal solution is observed. C. Au-ZnTe core/shell nanoparticles 
exhibit an absorbance peak at 538 nm, a dark purple material is observed. 
 

 
Figure 3.3. Photoluminescence spectra of Au-ZnTe core/shell nanoparticles at 
various excitations are represented in A, B and C, the peak observed displays 
constant emission maxima at 402 nm, D. Au nanoparticles displays no emission 
peak for excitation at 300 nm 
 

 

 



96 
 

3.3.2 Morphological characterisation of Au-ZnTe nanoparticles 

TEM images of Au-ZnTe showed spherical particles with diameters in the 2-10 

nm range (Figure 3.4 A). The average size of the particles are 7 nm, SD ± 3.74 

nm (Figure 3.4 B). High resolution transmission electron microscope (HRTEM) 

imaging of the agglomerated clusters revealed the particles to be roughly 

spherical with dark cores and lower contrast outer shells consistent with an Au-

ZnTe core-shell morphology. This proposed structure is further supported by the 

presence of 0.34nm lattice spacings in the outer shell region (Figure 3.4 C), 

which is close to the 111 planes of cubic ZnTe (0.34 nm). AFM analysis of Au-

ZnTe core/shells showed uniform morphology of the particle surface (Figure 3.4 

D). The shell component is relatively inhomogeneous.  The spatial distributions of the 

elements, seen in the spectrum images and lines scans, are consistent with that 

expected for a core-shell structure. The spectrum image is a 2D projection of a 3-

dimensional structure so some Zn and Te counts are expected to coincide with Au rich 

areas, corresponding to regions of shell above and below the core.  

The presence of some alloying at the interfaces cannot be ruled out but we are 

confident that the EDX supports segregation of the two phases. Gold was found to be 

localised in the core with the gold distribution shown in red in (Figure 3.5 C and D) 

whilst Zn and Te were observed to be principally associated with the particle surface. 

Line scan data extracted from the EDX spectrum images (Figure 3.5 B) suggests a 

shell thickness of ~1-4 nm. Semi quantitative analysis of the atomic percentage of Au, 

Zn and Te in the nanoparticles yielded a value of 45.4, 19.1 and 35.5 respectively. 
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Figure 3.4. Morphological characterisation of Au-ZnTe. A-B. Particle 
morphology and size distribution using TEM C. Crystalline properties using 
HRTEM, D. Particle surface morphology using AFM. 
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Figure 3.5. Elemental analysis of core-shell structure using HAADF-STEM and 
EDS spectrum imaging. A-D. Displays evidence for core-shell structure B- Line 
scans taken at positions indicated in C and D are shown.  
 

3.3.3 Crystalline analysis of Au-ZnTe nanoparticles 

The powder X-ray diffraction pattern of Au, ZnTe and Au-ZnTe nanoparticles is 

shown in (Figure 3.6). The pattern reveals some of the expected characteristic 

peaks for Au, ZnTe and Au-ZnTe. The (111), (200), and (311) planes of cubic 

gold (ICDD: 00-004-0784) are visible in the Au-ZnTe diffraction pattern. 

Characteristic (200), (311) and (511) planes of cubic zinc telluride phase (ICDD: 

01-079-0004) are also present. The diffraction pattern showed additional peaks 

attributed to ZnO, and elemental tellurium.  
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    Figure 3.6. XRD pattern of Au-ZnTe, ZnTe and Au nanoparticles 

 
Furthermore, the chemical composition of the Au-ZnTe nanocrystals was 

confirmed by the XPS spectra of the Zn-3d, Te-4d, and Au-4f electrons (Figure 

3.7). The binding energies of Zn-3d, Te-4d, and Au-4f electrons in the Au-ZnTe 

nanocrystals are observed at Au4f5 (86.6 eV); Au4f7 (83.7 eV); Zn2p1 (1045 

eV); Zn2p3 (1018 eV); Te3d3 (576 eV) and Te3d5 (573 eV). The binding energy 

of Te can be described by the two peaks, which, respectively, are assigned to 

the uncharged Te (573.6 eV) from the shell bound material and positively 

charged Te (576.5 eV) that is presence in excess. 
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Figure 3.7 XPS absorbance of Au-ZnTe nanoparticles. A. XPS spectrum of 
Au-ZnTe core shell nanoparticles, general elemental scan. B. Binding energy 
spectrum of Au. C. Binding energy spectrum of Zn. D. Binding energy spectrum 
of Te. 
 
 
3.3.4 Preliminary cytotoxicity evaluation of Au-ZnTe nanoparticles 

The biocompatibility and cytotoxicity of the core/shell system was investigated 

using human pancreas adenocarcinoma PL45 cell line that was co-cultured with 

Au-ZnTe core/shell nanoparticles. PL45 cells showed no dose-dependent 

inhibition on cell proliferation after 72 hours of exposure to Au-ZnTe core/shell 

nanoparticles at the following concentrations 3.125, 6.25, 12.5, 25 and 50 µg/ml 

(Figure 3.8 A). A comparison of cellular morphology after exposure to Au-ZnTe 
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core/shell nanoparticles is displayed in (Figure 3.8 B, C and D). No significant 

morphology variations were observed in the pancreas cancer cell line. 

 
Figure 3.8 A. Displays the relative growth of PL45 cells after treatment with Au-
ZnTe core/shell nanoparticles. B. Displays the untreated control PL45 cells. C. 
displays PL45 cells growing at 60 % confluency under the influence of 25 µg/ml. 
D. displays PL45 growing at 80 % confluency under the influence of 50 µg/ml. 
 
3.3.5 Cellular uptake and bio-interaction of Au-ZnTe nanoparticles 

The interaction of Au-ZnTe core/shell nanoparticles and PL45 was investigated 

using embedding, ultra-thin microtome sectioning and TEM imaging. Cellular 

uptake and isolation of the core/shell nanoparticles through membrane 

interactions was confirmed. The cysteine surface layer may have been 

responsible for the membrane interactions with the core/shell nanoparticles 

(Figure 3.9 A-F). 
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Figure 3.9 A-B, Cross-section through resin embedded PL45 cells, showing 
cellular membrane interaction with Au-ZnTe core/ shell nanoparticles. C, D, E 
and F, displays two adherent PL45 cells showing both membrane interactions 
with core/shell nanoparticles and Isolation of Au-ZnTe core/shell nanoparticles 
within a vacuole in the cells cytoplasm. C-Cytoplasm, CM-cytoplasmic 
membrane and M- mitochondria. 
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3.3.6 Bio-imaging potential of Au-ZnTe core-shell nanoparticles 

To test the bio-imaging functionality of Au-ZnTe nanoparticles the fluorescence 

properties of Au-ZnTe core/shell nanoparticles within the PL45 cell lines were 

studied using fluorescence and phase-contrast light microscopes. The results 

shown in (Figure 3.10) illustrate imaging by Au-ZnTe core/shell nanoparticles. 

(Figure 3.10 A) shows the cross section of resin embedded PL45 cells treated 

with Au-ZnTe core/shell nanoparticles under a bright field imaging mode. 

(Figure 3.10 B), shows the same slide under a Dapi fluorescent filter set. The 

blue light emissions correspond to the absorption wavelength between 365- 415 

nm and is due to emission from ZnTe. Figure 3.10 C and D, display various 

sections on the sample slide that fluoresce due to the presence of the 

semiconductor under the Dapi and Alexa 388 filter sets. In addition the 

measurement of the Zeta potential was used to determine the surface charge of the 

parent precursors, Au-ZnTe core/shell and cysteine. In addition it was used to 

determine how efficiently the capping agent has passivated the outermost surface of 

the Au-ZnTe core/shell nanoparticles. The Au and ZnTe parent precursors displayed 

negative charges of -65.1 mV and -11.7 mV respectively. Interestingly the Au-ZnTe 

core/shell nanoparticles displayed a positive close to neutral charge of 0.0519 mV. 

Cysteine displayed a positive charge of 3.95 mV. The results confirmed that the 

capping agent influenced the surface charge of Au-ZnTe and that the core/shell 

nanoparticles are efficiently passivated by an outer capping layer of cysteine. The 

surface charge of the core/shell nanoparticles will accommodate the functionalization 

of this nanomaterial for further applications in cell targeting and therapeutics. 
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Figure 3.10 A. Displays a cross-section through pancreas cancer cell PL45 
under bright field microscopy. B. shows a cross-section through pancreas 
cancer cell PL45 under fluorescence microscopy Dapi filter set. C. showing the 
fluorescence properties of Au-ZnTe core/ shell nanoparticles on different areas 
of the sample slides. D. Displays multi-fluorescence overlays of PL45 cells 
treated with Au-ZnTe core/shell nanoparticles under fluorescence Zeiss filter 
sets Dapi and Alexa 388. 
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3.4 Discussion 
 
Au-ZnTe core/shell nanoparticles were successfully prepared using a novel one 

pot route. The average yield of Au-ZnTe nanoparticles filtered per reaction is 

between 800-1000 µg. Optical characterisation of Au-ZnTe core-shell 

nanoparticles confirmed that the core-shell nanoparticles displayed an optical 

absorbance peak characteristic of gold nanoparticles. The cysteine capped 

ZnTe nanoparticles showed an absorption peak at 269 nm (Figure 3.2 A) which 

is attributed to the Zn-ligand complex as observed previously for cysteine 

capped CdTe [36, 41]. Previous reports on ZnTe nanoparticles show emission 

in the 400-600 nm range depending on its size, shape and surface 

modifications.[41-45, 47-49]. In the case of materials where the gold core is 

surrounded by a semiconductor shell the emission from the shell material is 

quenched due to electron transfer to the metal core [50]. It is therefore 

conceivable that the emission in (Figure 3.3) is due to bare ZnTe nanoparticles 

or alloyed Au-ZnTe present in the sample.  

The morphology of the Au-ZnTe nanoparticles were uniform and spherically 

shaped. In addition the use of cysteine as a capping material contributed to a 

self-assembly pattern of arrangement that is largely due to the formation of 

disulfide bonds between cysteine molecules. The self-assembled arrangement 

of the Au-ZnTe nanoparticles on the carbon grid is similar to that reported for 

Au-CdSe core-shell nanoparticles [34]. HAADF-STEM and EDX spectrum 

imaging can be used to confirm the structure and ratio of the heterostructured 

core/shell nanomaterials [11]. As shown in Figure 3.5, the elemental maps 

extracted from the EDX spectrum images data support the formation of Au-ZnTe 

nanoparticles within core/shell structure. The shell component is relatively 
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inhomogeneous.  The spatial distributions of the elements, seen in the spectrum 

images and lines scans, are consistent with that expected for a core-shell 

structure. The spectrum image is a 2D projection of a 3-dimensional structure 

so some Zn and Te counts are expected to coincide with Au rich areas, 

corresponding to regions of shell above and below the core. The presence of 

some alloying at the interfaces can’t be ruled out but we are confident that the 

EDX supports segregation of the two phases.  

Gold was found to be localised in the core with the gold distribution shown in 

red in (Figure 3.5) whilst Zn and Te were observed to be principally associated 

with the particle surface. Line scan data extracted from the EDX spectrum 

images (Figure 3.5 B) suggests a shell thickness of ~1-4 nm. Semi quantitative 

analysis of the atomic percentage of Au, Zn and Te in the nanoparticles yielded 

a value of 45.4, 19.1 and 35.5 respectively. The mapping also confirms that 

elemental Te and bare ZnTe are present. This would explain the emission 

spectra in Figure 3.3 which is attributed to the ZnTe nanoparticles.  

The crystalline properties of Au-ZnTe core-shell nanoparticles displayed 

characteristic crystalline features from both Au and ZnTe crystals. Additionally 

the formation of ZnS as a secondary nanomaterial was considered as reported 

previously for cysteine capped CdTe whereby the sulfur from the cysteine is 

hydrolysed and reacts with cadmium to form an additional CdS shell [34, 47]. 

We did not find evidence from the XRD data for any ZnS formation. There are a 

number of methods that have been reported for the fabrication and design of 

various heterostructures and core/shell nanomaterials. The displacement 

method, redox-transmetalation, seeding- reduction, direct metal-salt reduction 

and the vapour deposition processes have been highlighted by Song and co-
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workers [51] The formation of heterostructured materials by the fusion of the two 

components through the direct reaction or mixing is also a distinct possibility 

[52]. 

In this work, the formation of the Au-ZnTe is largely attributed to the use of citrate 

capped Au nanoparticles as the seeding material. The formation of shape and 

size controlled gold is determined by the concentration of citrate. Higher 

concentrations of citrate yield smaller particles whereas lower concentrations of 

citrate yield larger agglomerated particles. The citrate anions absorb onto the 

gold nanoparticles at specific facets or planes via carboxylate groups. Work 

reported by Park and Shumaker-Perry demonstrates the interaction of citrate 

anions on the Au nanoparticle surface [53]. The Au (111) lane is the most likely 

facet for citrate binding activity, due to the low surface energy. The absorbed 

citrate interacts with an adjacent absorbed species and a dangling free species 

of citrate through hydrogen bonds between the terminal carboxylic acid groups 

[53]. During the first phase of the reaction stabilised citrate capped gold 

nanoparticles was synthesized using an optimum citrate concentration. When 

the gold solution is added to the ZnTe solution, some Au planes are available 

to bind to the ZnTe thereby inducing a fusion-mediated growth of Au-ZnTe core-

shell and alloy heterostructures. However more knowledge on the growth 

mechanism is required since there is limited literature on solution based growth 

of heterostructures. Carbone and Cozzoli reported that careful regulation of 

thermodynamics parameters and growth dynamics in solution under varying 

solvents, ligands and capping groups play a direct role in the growth 

mechanisms of heterostructured nanocrystals [54]. The control of 
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thermodynamic and kinetic parameters is important to obtain a heterostructure 

with the desired composition and structure.  

The biocompatibility, bio-interaction and preliminary cytotoxicity was 

investigated using human pancreas adenocarcinoma PL45 cell line and co-

cultured with Au-ZnTe core/shell nanoparticles. The cellular toxicity was studied 

using the WST-1 assay which is based on the cleavage of water soluble 

tetrazolium salt to a formazan dye by succinate-tetrazolium reductase, this 

reaction occurs in the mitochondrial respiratory chain and is active only in viable 

cells [55-58]. The results confirmed that Au-ZnTe nanoparticles do interact with 

the cells and are not cytotoxic under the experiment concentrations. In addition 

the Au-ZnTe nanoparticles displayed cell membrane interaction and cellular 

uptake. Similar observations were reported in other nanoparticle toxicology 

studies, however the mechanism by which the nanomaterial enters the cellular 

membranes is still under investigation [59-64]. The surface charge of 

nanomaterials is an important factor that may be altered by the attachment of 

bioconjugates. Monitoring the surface charge allows control in electrostatic and 

hydrophobic interactions within biological systems resulting in intracellular 

targeting and drug carrier applications [59, 60]. The surface charge and surface 

chemistry properties of the nanoparticle enables its cellular entry, interaction 

and applications. Many reports have demonstrated the use of various quantum 

dots, nanoparticles with core/shell structures and other nanomaterials in bio-

imaging of bacterial, plant and human cells [65]. The preliminary bio-imaging 

potential of Au-ZnTe nanoparticles have been confirmed using fluorescent 

microscopy techniques.  
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The focus of this study was optimising the synthetic procedures and to understand the 

properties of Au-ZnTe core/shell nanoparticles.  Modification of the core shell surface 

with cysteine allowed the particles to be water soluble as well as biocompatible. The 

amino functional groups of cysteine can be utilized for the attachment of biological 

receptors, tags or ligands. The chain-like arrangement observed for Au-ZnTe 

core/shell nanoparticles is characteristic of cysteine capped gold nanoparticles.  In 

their study, Horovitz and co-workers investigated the assembly of gold nanoparticles 

which were induced by cysteine, an amino acid possessing an additional thiol 

functional group besides the alpha-amine [62]. The cysteine assembly effect was 

explained by considering the zwitterion-type electrostatic interactions between the 

charged amine and acid groups of cysteine molecules, bound to the gold nanoparticles 

by their –SH groups. They also did not rule out the interaction between cysteine and 

citrate bound to gold nanoparticles. In this work the cysteine is bound to the ZnTe shell 

with electrostatic interactions as well as with the citrate covered gold forming a network 

or assembly of particles. Previous reports on Au particles covered with metal shells 

showed that this surface plasmon absorption peak can be tuned by changing the 

thickness of the shell. Lu et al, demonstrated that the plasmon absorption of gold 

gradually shifts until a peak characteristic of the shell material emerges [66]. The 

optical properties displayed by Au-ZnTe core shell nanoparticles provide evidence that 

the ZnTe shell is fluorescent. The emission from the Au-ZnTe nanoparticles could be 

useful in biomedical applications such as tumour imaging. The efficient emission 

properties can be harnessed in order to track the movement of the Au-ZnTe drug 

coated particles within cells or for monitoring tumour size after drug treatments. These 

preliminary cytotoxicity and biocompatibility results indicate that these Au-ZnTe 

core/shell nanoparticles are biocompatible. These results provide a platform for further 
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studies to investigate the mechanistic interactions between the cellular membranes 

and core/shell nanoparticles and also to venture into the research of surface 

attachment of complimentary drugs and cellular ligands. The findings from this work 

demand a critical need to further understand the bio-interaction and biosafety of Au-

ZnTe nanoparticles before they may be exploited in bio-applications such as targeted 

drug delivery and bio-imaging of cancer or tumour tissues. 

3.5 Conclusions 

The work presented in this chapter demonstrates an optimized synthesis route 

to produce water soluble Au-ZnTe core/shell nanoparticles. The research 

concept was to design a novel biocompatible heterostructure by combining 

beneficial properties from both parental nanomaterials to function as a single 

entity. The synthesized material displayed enhanced optical and stability 

features. The morphological analysis displayed uniform distribution of particle 

size and shape. In addition the elemental mapping data supports the core-shell 

structure composed of gold cores surrounded by a shell material comprised of 

ZnTe. The presence of some alloys and bare ZnTe nanomaterials were also 

present in the sample. These findings indicate the need for developing methods 

that refine and separate the prepared material on the nanoscale. 

 

Preliminary studies using PL45 cancer cells showed the biocompatibility, bio-

safety and bio-interaction of Au-ZnTe nanoparticles. More especially the use of 

cysteine as the surface layer enabled cellular uptake of Au-ZnTe nanoparticles. 

The mechanism by which the membrane interacts with the cysteine 

functionalised Au-ZnTe nanoparticles can be further evaluated in future studies. 

Although the initial results show that Au-ZnTe are biocompatible and not toxic a 
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more in-depth account of nanotoxicology needs to be established using 

comparative assessments from various cell types and in vivo animal models. A 

thorough toxicity and biosafety evaluation will support the future use of Au-ZnTe 

in targeted drug delivery and bio-imaging applications. 
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4.1 Introduction 

An important factor in understanding the properties of nanomaterials is knowledge of its 

potential toxicity, biosafety and biocompatible properties. It is estimated that 

nanomaterials on the global scale are produced in large quantities. Due to toxicity, safety, 

risk assessments and hazard regulations only a small percentage of these nanomaterials 

end up in downstream healthcare applications such as clinical trials, pharmaceutics and 

nanomedicine [1-6].  It therefore is critical to establish the biosafety data of core-shell 

nanomaterials across all platforms of research [7].  

The parameters used to synthesize core-shell nanoparticles for biological applications 

involve precise optimisation of materials compatibility, temperature, pH, biocompatible 

surfactants and water solubility [8].  Work reported by Sun et al., [9] describes a general 

high temperature method for the synthesis of water-dispersible gold metallic core 

surrounded by different transitional metal sulfide semiconductors (ZnS, CdS, AgS, NiS, 

and CuS). The gold-metal sulfide core-shell nanoparticles displayed enhanced optical 

and morphology properties that could be utilized in plasmonics, and optic applications [9]. 

In an independent report, Lim and co-workers described the embedding of DNA within 

Au/Ag core-shell nanoparticles designed specifically for applications in biorecognition and 

optical stability studies [10]. Other research trends describe gold coated iron oxide 

nanoparticles that are used as enhanced contrast agents in magnetic resonance imaging 

[11]. This study displayed the effect of combining two compatible types of nanomaterials 

that function as a single unit to enhance features such as size tunability, magnetism, 

optical and surface binding properties.  In another study Fe/Au core-shell nanoparticles 

were surface modified with anti-cancer drugs and used to enhance drug release in cancer 
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cells [12]. These findings demonstrate the versatility of gold based core-shell 

nanomaterials in various bioapplications [8-12]. Scientists are currently focused on 

understanding the properties and surface chemistry features of the core-shell 

nanomaterials as much as demonstrating their potential applications [13].  Of particular 

interest to our research area are gold based metallic/semiconductor core-shell 

nanomaterials [14, 15]. Work done by Cui et al., illustrated the importance of the surface 

chemistry of nanomaterials and the role it plays in bio-interactions with cells and other 

biological components [16]. In addition literature reports that cytotoxicity of nanomaterials 

are attributed to a combination of varying factors such as morphology, composition and 

cell type [17-20]. A report by Liu et al., investigated the in vivo toxicity of PEGylated 

FePt@Fe2O3 core-shell magnetic nanoparticles using various human cell lines and in vivo 

mouse models [21]. Their results displayed the importance of correlating various in vitro 

and in vivo techniques and experimental approaches to establish biosafety and toxicity 

on a broader platform. Biocompatibility studies of Au-Ag bimetallic alloy and core-shell 

nanoparticles were demonstrated using the survival rates of microorganism Daphnia 

magna [22]. This work demonstrated the various in vitro approaches that may be used to 

determine the biosafety limits of heterostructured nanomaterials. Their study further 

highlighted the importance of toxicity studies across biological and environmental 

systems.  

A biosafety study aims to evaluate the effects of nanoparticles on biological units and 

their functions, in addition it is used to establish safe concentration/ dose ranges that may 

be used in bioapplications such as drug delivery, bio-imaging, diagnostics and 

therapeutics [23]. The toxic effects and bio-interactions of nanoparticles can be studied 
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across the molecular, cellular, organ and integrated organs or whole animal systems [24]. 

Although initial reports on Au-ZnTe core-shell nanoparticles established its cytotoxicity 

and cellular uptake within human pancreas cancer cells, a more in-depth understanding 

of the potential interaction of these core-shells within several in vitro cellular and in vivo 

animal models is required, in which homeostasis, thousands of cell cycle events, and 

organ responses are simultaneously ongoing.  In a thorough biosafety evaluation in vitro 

experiments are limited to cell cycle events and isolated cell culture experiments which 

lead to comparative studies across various cell and tissue types. In vitro studies provide 

vital links in understanding how nanomaterials interact with cellular organelles and 

biomolecules providing important information on mechanisms of cell death and pathway 

interactions [24]. Nanoparticles may enter biological systems through inhalation, dermal 

and ingestion routes. These exposure routes inevitably lead to bio-interactions with DNA, 

cells, tissues, organs and the blood circulatory system. The main objective of this study 

was to establish the biosafety profile of the core-shell nanoparticles. In this chapter we 

evaluate the biocompatibility and biosafety effects of Au-ZnTe core-shell nanoparticles 

on human carcinoma and normal epithelial cell lines from different organs, its interaction 

with human peripheral blood mononuclear immune cells and identify the clinical effects 

of its acute exposure within Sprague-Dawley rats. 
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Figure 4.1 Exposure routes of Au-ZnTe nanoparticles. Illustration of Au-ZnTe core-shell 
nanoparticles that enter biological systems through the IP injection route. A pathway of 
biochemical interactions across different cell types, organs and integrated animal system 
are inevitable. 
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4.2 Materials and Methods 

4.2.1 Ethics Statement   

 This research was approved by the University of KwaZulu Natal (UKZN) Animal 

Ethics Committee. All animal research was conducted at the Biomedical Resource 

Unit, UKZN. Animal Ethics number: 085/14/Animal. The Animal ethics and animal 

welfare, laboratory animal science and 3R’s:  

 Replacement: Involves the selection of alternate non-animal methods to 

accomplish the same scientific aims of the study. 

 Reduction: Minimum number of animals that can provide information that is 

statistically and scientifically valid. 

 Refinement: Focuses on ensuring the animal welfare through well designed 

experimental protocols that reduce discomfort, pain and suffering. 

Guidelines for reporting in vivo animal experiments was strictly adhered to.  In accordance 

with the guidelines for animal ethics approval, it was compulsory to design and implement 

humane endpoint forms that are used to closely monitor the pain, activity and distress 

that the animals experience on a daily basis. Access to veterinary care was ensured and 

available constantly by resident staff of the Biomedical Resource Unit (BRU) of UKZN. 

Veterinary surgeon- Dr. S D Singh (BVSc, MS, CVE, LAS), Veterinary technologist- Dr. L 

A Bester (M. Vet Tech, PhD), Laboratory animal technician-Mr. D Mompe (LAT). 

Additionally ethics approval was obtained from the University of Zululand for this project. 

See appendix B for ethics approval documents and humane endpoint form. 
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4.2.2 Synthesis and characterisation of Au-ZnTe core-shell nanoparticles 

The synthesis and characterisation of Au-ZnTe was performed according to the 

prescribed methods described in chapter 3, section 3.2.  

4.2.3 Cell culture 

Modified eagle medium (MEM), Ham's F-12K (Kaighn's) Medium, McCoy’s 5a medium 

Dulbecco’s Phosphate buffered saline (PBS), Trypsin, 100x pen-strep Fungizone (PSF) 

and fetal calf serum (FCS). All the cell tissue culture reagents were supplied by Invitrogen. 

Human normal mammary breast epithelial (MCF12A), normal colon (CCD 841 CoN) and 

breast (MCT-7), prostate (PC3), colon colorectal (HT29) adenocarcinoma cell lines were 

purchased from American Type Culture Collection (ATCC) and used in the experiments. 

These adhesion cell line was grown in appropriate culture media (MCF7, MCF12A, CCD 

841 CoN-MEM, PC3-F12K, HT29-McCoy’s 5a) containing 10% FBS and 1-2% PSF at a 

cell density of 5000. Cells that grew as monolayers were passaged, trypsinized and 

harvested for experimentation before reaching 100 % confluency. 

4.2.4 WST-1 cell viability assay 

Cell viability was evaluated by WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate) assay (Roche diagnostics, Mannheim, Germany) 

according to the manufacturer’s instructions. Nanoparticle treated and control cells were 

seeded in a 96 well plate at a cell density of 5000 per well in 100 µl of appropriate culture 

media. Cells were cultured in 5% CO2 at 37 °C for 48 hours. Reconstituted WST-1 reagent 

was added to each treatment well and incubated for 2 hours at 37°C. The plate was 

shaken for 30 seconds and the absorbance was measured at 450 nm using a Multiskan 

FC microplate reader. All experiments were repeated in triplicates and the results were 
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represented as mean ± SD. 

4.2.5 Cellular interaction with Au-ZnTe core/shell nanoparticles 

MCF7 cell lines were treated with Au-ZnTe core/shell nanoparticles for 48 hours at the 

following concentrations, 3.125, 6.25, 12.5, 25 and 50 ug/ml. The treated cells were then 

fixed with 2.5 % glutaraldehyde for 24 hours, followed by a phosphate buffer wash. A 

postfix of 0.5 % Osmium tetroxide was added to the cells and incubated for 1 hour at 

room temperature followed by a phosphate buffer wash. The cells were then dehydrated 

with 30, 50, 75 and 100 % acetone. Resin and acetone were added to the sample in equal 

volumes followed by 4 hour incubation at room temperature. Cells were placed in molds 

and whole resin, followed by an overnight incubation at 70 °C. Resin sample blocks were 

sectioned into ultrathin cross sections using a microtome, stained and viewed with a 

transmission electron microscope. 

4.2.6 Human peripheral blood mononuclear cell culture 

Suspension cell line, Human peripheral blood mononuclear cells (PBMC) were isolated 

from donor blood samples obtained from the South African Blood bank. Density gradient 

centrifugation using Ficoll-Pague Plus method was used to isolate PBMC’s from whole 

blood. The PBMC’s were resuspended in RPMI-1640 cell culture media 

4.2.7 Alamar blue assay 

Alamar blue assay was used to evaluate the viability of PBMC’s. PBMC’s at a cell density 

of 5000 per well was seeded in a 96-well plate. The cells were stimulated with 

Phytohemagglutinin (PHA) whilst cells in another test group remained non-stimulated. 

After 4 hours of incubation with PHA, all cells were treated with Au-ZnTe nanoparticles in 

the following concentrations (0, 0.09, 0.19, 0.39, 0.78, 1.5, 3.125, 6.25, 12.5, 25, 50 
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µg/ml). After 72 hours of exposure 10 µl of Alamar blue dye was added to each well and 

the absorbance was monitored at 570nm using a Multiskan FC microplate reader. All 

experiments were repeated in triplicates and the results were represented as mean SEM. 

4.2.8 Cytokine analysis 

The concentrations of proinflammatory cytokines, Tumor necrosis factor (TNFα), 

Interferon (IFNɣ) and Interleukin (IL-1β) from Phytohemagglutinin (PHA) stimulated and 

non-stimulated PBMCs were measured using commercially available BD Bioscience 

ELISA kits. Each well was coated with 100 µl of capture antibody and incubated overnight 

at 4 °C. PBMC fluid serum was added to each well after washing and blocking with assay 

diluent. Cytokine containing culture media and cytokine standards were added to each 

well and incubated at room temperature for 2 hours. After washing the detection antibody 

was added to each well and incubated at room temperature for 1 hour. Plates washed 

again and incubated with Avidin-Horseradish peroxidase for 30 min followed by detection 

with Tetramethylbenzidine solution. The reaction was stopped by the addition of H2PO4 

and the absorbance was measured at 450 nm using a Multiskan FC microplate reader. 

All experiments were carried out in quadruplicates and represented as mean ± SD. The 

cytokine concentrations were calculated from standard curve (range: 10-1000 pg/ml) 

derived from cytokine standards available in the BD Bioscience ELISA kits.  

4.2.9 Animals and conditions 

Four-week-old female, specific-pathogen free (SPF) Sprague Dawley rats were 

purchased from Biomedical Resource Unit, University of KwaZulu Natal and acclimated 

for 7 days before starting the experiments. During the acclimation and experimental 

periods, the rats were housed in polycarbonate cages (maximum of 3 rats per cage) in a 
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room with controlled temperature (22.2 ± 1.7°C) and humidity (48.4 ± 6.0%), and a 12-h 

light/dark cycle. The rats were fed a rodent pellet food and water ad libitum. Au-ZnTe 

core-shell nanoparticles was filtered, weighed, resuspended in phosphate buffered saline 

and prepared for administration to the rats using intraperitoneal (IP) injection techniques.  

The rats were divided into 4 groups (n = 3): untreated control (Phosphate buffered saline), 

low-dose group (50 µg/ml), intermediated-dose group (500 µg/ml) and high-dose group 

(1500 µg/ml). After the acclimatization period, a volume of 0.5 ml Au-ZnTe core-shell 

nanoparticles were administered to the rats via IP injection routes. Animals were then 

placed individually in metabolic cages for 24 hours for observation and urine analysis 

using commercial urine dipsticks. The animals were observed for a further 7 days. The 

animal studies and protocols were approved by the Animal Ethics Committee of University 

of KwaZulu Natal. 

4.2.10 Biochemical evaluation of liver and kidney function 

Food was withheld for 12 hours before necropsy at the conclusion of the 14-day acute 

toxicity study. On day 14 of the study the animals were anesthetised by an overdose of 

halothane followed by immediate bleeding and exsanguination by cardiac puncture. The 

blood was collected in heparinized vacutainers, and analysed for alkaline phosphatase 

(ALK Phos), Alanine Aminotransferase (ALT), Gamma-glutamyl transpeptidase (Gamma-

GT), Lactate dehydrogenase (LDH), Creatinine (CRE) and Urea using a Beckman Coulter 

DXC600/800. The white blood cell (WBC) counts, red blood cell (RBC) counts, platelet 

(PLT) counts were analysed using a Roche Sysmex XT 1800.  
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4.2.11 Histopathology analysis of liver and kidney tissue 

The kidney and liver organs were carefully harvested, weighed and fixed in a 10% 

formalin solution containing neutral phosphate-buffered saline. For light microscopy (LM) 

evaluations, the tissue samples were removed from the fixative and dehydrated using a 

50 to 96% ethanol gradient with the ethanol being subsequently cleared from the tissue 

using xylene. The tissue was then embedded in paraffin wax using standard procedures. 

The wax embedded tissue were sliced into 3 µm sections using a microtome, collected 

on glass slides, dried and stained with hematoxylin and eosin (H&E) using standard 

protocols. The stained sections were examined using a light microscope (LM; Nikon 80i, 

Kanagawa, Japan) and images were digitally captured using NIS Elements D software 

and a camera (Nikon U2, Kanagawa, Japan). All experiment/evaluations were performed 

using a minimum of three replicates.  

4.2.12 Statistical analyses 

The statistical analyses were performed using GraphPad Prism® Version 5 software. The 

statistical evaluation included a two-tailed Student’s t-test or analysis of variance 

(ANOVA). The level of statistical significance was set at p < 0.05. 
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4.3 Results 

4.3.1 Cytotoxicity of Au-ZnTe core-shell nanoparticles using WST-1 assay 

The cytotoxicity of Au-ZnTe core-shell nanoparticles were established using the WST-1 

assay which is based on the cleavage of water soluble tetrazolium salt to a formazan dye 

by succinate-tetrazolium reductase, this reaction occurs in the mitochondrial respiratory 

chain and is active only in viable cells. HT29, MCF7 and PC3 cells (Figure 4.2), CCD 841 

CoN and MCF12A (Figure 4.2) showed no adverse effects on cellular growth during 

exposure to core-shell nanoparticles, the treated cells displayed relative growth that was 

statistically insignificant (p > 0.05) when compared to the control. Additionally, no 

significant morphology changes, depicting apoptosis or necrosis were observed across 

the different cell types during the co-culture exposure to Au-ZnTe core-shell 

nanoparticles. 

4.3.2 Cellular interaction and biocompatibility studies using MCF7 cells 

Pre-exposed MCF7 cancer cells were resin embedded and sectioned for transmission 

electron microscopy analysis (Figure 4.3 A). The treated cell sections displayed bio-

interactions of the core-shell along the cellular membrane. The cysteine capped core-

shell interacts with the cell membrane (Figure 4.3 B-D) and is shown to enter the cells 

internal environment through cellular mediated endocytosis. The findings in figure 4.3 C-

D, shows evidence of cellular uptake of the core-shells. This analysis not only confirms 

the bio-interaction of the core-shells but also confirms the cellular uptake and isolation of 

these nanomaterials within the cells [25]. The use of cysteine as a capping agent plays a 

key role in stabilising the nanomaterial and facilitating its biocompatibility. 
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Figure 4.2 Cytotoxicity of Au-ZnTe core-shell nanoparticles. Displays relative growth of 
HT29, MCF7 and PC3 cancer cell lines; MCF12A and CCD 841 CoN normal cell lines. 

Figure 4.3. A. Cross section of control MCF7 cells. B-C Cross-section of MCF7 cells 
showing Au-ZnTe core-shell nanoparticles aligning along and interacting with the cellular 
membrane. D. Cellular mediated endocytosis of Au-ZnTe core-shell nanoparticles and 
cellular uptake of cysteine capped Au-ZnTe core-shell nanoparticles. 



127 
 

4.3.3 Immunotoxicity effects of Au-ZnTe core-shell nanoparticles on human 

PBMC’s 

PHA-stimulated and non-stimulated human PBMCs were exposed to the various 

concentrations of Au-ZnTe core-shell nanoparticles (50, 25, 12.5, 6.25, 3.125, 1.5, 0.78, 

0.39, 0.19 and 0.09 µg/ml) for 72 hours. The cell viability was then evaluated using Alamar 

blue cell proliferation assay. Au-ZnTe core-shell nanoparticles exposure at concentration 

below 3.125 µg/ml did not induce a dose-dependent reduction in the cell viability of the 

PHA-treated and non-stimulated PBMCs. The viability of the cells were moderately lower 

(80-95% viability) as compared to their respective untreated control (Figure 4.4 A). There 

was a clear dose-dependent reduction in the cell viability of the PHA-stimulated and non-

stimulated PBMC exposed to 6.25 µg/ml or higher concentrations of Au-ZnTe core/shell 

nanoparticles. The Au-ZnTe core-shell nanoparticles at 50 µg/ml, induced 20 % reduction 

in cell viability in both PHA-stimulated and non-stimulated PBMC’s, which was statistically 

significant (p < 0.05). Culture media of  PHA-stimulated and non-stimulated PBMC’s 

exposed to non-cytotoxic concentrations of Au-ZnTe core-shell nanoparticles were 

evaluated for expression of IFN-γ, IL-1β and TNF-α using commercial ELISA kits. In the 

non-stimulated PBMC, the Au-ZnTe core-shell nanoparticles induced a dose-dependent 

increase in IL-1β expression. The highest concentration tested, 3.125 µg/ml of Au-ZnTe 

core shells induced 643 pg/ml of IL-1β (Figure 4.4 B). In the PHA-stimulated PBMC, the 

Au-ZnTe core-shell nanoparticles induced a dose-dependent increase in both TNF-α and 

IL-1β secretion (Figure 4.4 C).  Au-ZnTe core-shell nanoparticles did not induce 

detectable levels of IFN-γ in both PHA-stimulated and non-stimulated PBMC’s. 
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Figure 4.4 Immunotoxicity effects of Au-ZnTe core-shell nanoparticles on human 
peripheral blood mononuclear cells and cytokine expression. (A) Relative growth of 
PHA-stimulated and non-stimulated PBMC’s during co-culture with Au-ZnTe core-shell 
nanoparticles. (B) Cytokine expression of non-stimulated PBMC’s. (C) Cytokine 
expression of PHA stimulated PBMC’s. All values compared to their respective untreated 
control, n=3. (* = p < 0.05). 
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4.3.4 Effects of Au-ZnTe core-shell nanoparticles on full blood counts in rat 

models 

During the experiments, each animal maintained the regular alert, active, grooming and 

eating patterns. The animals were handles with care and all procedures were performed 

under the care of the institutional veterinarian. Blood collected from the rats after acute 

exposure to Au-ZnTe core-shell nanoparticles was analysed for full blood counts to 

detect abnormalities or changes in the blood composition. The accepted rat 

hematological reference range for red blood cells (RBC’s) and white blood cells (WBC’s) 

is 6.76-9.75 x106/mm3 and 6.6-12.6 x103/mm3 respectively. Blood platelets were 

analysed using a reference range of 150-460 x103/ml. No statistically significant changes 

(p > 0.05) were observed in the hematological parameters measured across the 

untreated control and nanoparticle treated samples (Figure 4.5).  

Figure 4.5 Hematological analysis of animals treated with Au-ZnTe core-shell 
nanoparticles. Red, white and platelet blood cells were evaluated. All values compared 
to the untreated control, n=3 
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4.3.5 Effects of Au-ZnTe core-shell nanoparticles on liver and kidney function in 

rat models  

The biochemical parameters included the liver and kidney function due to its central role 

in detoxification and excretion Figure 4.6. Serum levels of liver enzymes referenced 

within the following ranges were measured ALT: 17.5-30.2 IU/L, ALP: 56.8-128 IU/L, 

Gamma-GT: > 60 IU/L and LDH: 100-250 IU/L. The results showed no statistically 

significant (p > 0.05) changes across the untreated control and nanoparticles treated 

animals (Figure 4.6 A). Creatine and urea serum levels indicated no statistically 

significant (p > 0.05) changes in the kidney function from animals in the untreated control 

group compared to the nanoparticle treated groups (Figure 4.6 B). The 24 hour urine 

analysis of all 12 animals displayed no significant differences across the untreated 

control and nanoparticle treated animals. The urine pH was observed at 6.8. The 

presence of glucose, ketones, bilirubin, blood or haemoglobin appeared negative on the 

urine dipstick test. Preliminary metal analysis using inductively coupled plasma tests 

(ICP) indicated the presence of Au-ZnTe materials in small amounts. 

Figure 4.6 Effects of Au-ZnTe core-shell nanoparticles on liver and kidney function 
in Sprague-Dawley rats. (A)  Liver function tests, showing concentrations of ALT, ALP, 
Gamma-GT and LDH. (B) Kidney function tests, showing concentrations of creatine and 
urea. All values compared to their respective untreated control, n=3. 
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4.3.6 Histological effects of Au-ZnTe core-shell nanoparticles on liver and kidney 

organs in Sprague-Dawley rats  

Histology studies were performed on freshly harvested kidney and liver tissue from the 

experimental rats. The H&E images obtained from the control samples (Figure 4.7 A) 

closely resemble the expected morphology of normal healthy renal tissue. The H&E 

micrographs of the treated samples are all similar to that of the controls, displaying 

normal tissue morphology and cellular arrangement.  

 

Figure 4.7 Histological effects of Au-ZnTe core-shell nanoparticles on liver and 
kidney organs in Sprague-Dawley rats. (A) Tissue section from the untreated control 
kidney 10x. (B) Low-magnification micrograph of kidney tissue from the high dose (1500 
µg/ml) treated animal 10x. (C) high-magnification micrograph of kidney tissue from the 
high dose (1500 µg/ml) treated animal 20x. (D) Tissue section from the untreated control 
liver 10x. (E) Low-magnification micrograph of liver tissue from the high dose (1500 
µg/ml) treated animal 10x. (F) high-magnification micrograph of liver tissue from the high 
dose (1500 µg/ml) treated animal 20x. (g- glomerulus, cv-central vein). 
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Micrographs of the high-dose samples show no sign of tissue damage or any lesions 

being present in the entirety of tissue at low magnification (Figure 4.7 B). At a higher 

magnification (Figure 4.7 C) which allows for a closer inspection of the functional unit of 

the kidney, there appears to be no damage to the Bowman’s capsule or the glomerulus 

in the treated samples. H&E images of the control sample (Figure 4.7 D) closely 

resembles that of normal liver morphology. The images obtained from all the treated 

samples are similar to that of the controls. At low magnification of the treated samples 

(Figure 4.7 E) there are no observable tissue lesions, and at higher magnification 

(Figure 4.7 F) the morphology of the hepatocytes appear to be normal, and similar to 

that of the control. The assessment of these LM images show no loss of cellular integrity 

within the samples studied.  
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4.4 Discussion   

The objective of this study was to synthesis, characterise and evaluate the biosafety of 

Au-ZnTe core-shell nanoparticles under in vitro and in vivo experimental conditions. The 

surface chemistry of this core-shell nanoparticle can be further developed for potential 

applications as a drug delivery template that can support surface modifications to target 

many different types of cancer. In order to develop the bioapplications of these core-

shell nanoparticles, an understanding of the bio-interaction across many cell lines must 

be demonstrated.  In this study we used three cancer cell lines from different organs to 

evaluate any changes in cytotoxicity responses across cell types. The results showed 

that Au-ZnTe nanoparticles displayed no adverse effect on cellular proliferation of MCF-

7, HT29 and PC3 at the concentrations tested. In addition normal breast epithelial and 

colon cells grown under co-culture exposure to Au-ZnTe core-shell nanoparticles 

showed no cytotoxic effects from bio-interactions with core-shell nanoparticles.  

In general cytotoxicity and biosafety evaluations of novel materials can be assessed 

through the use of any eukaryotic cell line as the basal cell physiological functions remain 

similar across any cell type.   In an independent study, dose-dependent toxicity of 

nanoparticles have been observed on renal cell lines, this study demonstrated the effect 

of size and concentration of nanomaterials on renal cell function. Literature highlights 

the importance of standardizing in vitro cellular systems for nanotoxicity and biosafety 

screening and in establishing a safe dose/ concentration range that could be used for 

bioapplications [19, 20, 23-27]. An important aspect of biosafety of nanomaterials is 

related to their size and composition of the nanomaterials. Some studies demonstrate 

that exposure to larger sized nanoparticles are known to trigger macrophage responses 
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that activate the immune system [28]. In the current study, human peripheral blood 

mononuclear cells were used to simulate an in vitro immune system. Phytohemagglutinin 

(PHA) is a protein molecule that is used as a mitogen to trigger T-lymphocyte cell division 

and to activate growth of human peripheral lymphocytes [29]. The function of PHA 

stimulation is to mimic an active immune system that is stimulated to produce more 

active mononuclear cells, while the PBMC’s that grow at their normal rate or are 

unstimulated represent an inactive immune system. The effects of Au-ZnTe core-shell 

nanoparticles on both an active and inactive immune system shows a 20 % decrease in 

cell viability at 50 µg/ml.  Work reported by Paino et al., [30] showed cytotoxic effects of 

sodium citrate and polyamidoamine capped gold nanoparticles on human PBMC’s in a 

dose-dependent manner. The results also confirmed that immune cells are less sensitive 

to DNA damage when compared to cancer HepG2 cells.  

Cellular responses during exposure or co-culture with nanomaterials are interpreted 

based on what is observed, however the thousands of cell cycle events that take place 

regardless of our observation may well be the missing link to enable scientists to monitor 

cellular immune functions [29, 30]. The effects of Au-ZnTe core-shell nanoparticles were 

further evaluated by investigating the expression of cell signaling proteins called 

cytokines. The serum from both PHA stimulated and non-stimulated PBMC’s were 

evaluated for expression of IFN-γ, IL-1β and TNF-α. The results showed expression of 

IL-1β and TNF-α in very small amounts relative to concentration of core-shell 

nanoparticles, indicating the immunomodulatory effects of Au-ZnTe nanoparticles and 

the presence of a systematic functional immune system at the in vitro level. These results 

clearly indicate that accumulation of high concentrations of Au-ZnTe nanoparticles within 



135 
 

biological systems may trigger immune responses through the dose-dependent 

increased expression of these cytokines. The use of animals in laboratory research 

allows for biosafety evaluations across integrated organ systems and whole animal 

studies, providing more information on short and long term immune responses, enzyme 

function, cellular responses, cyto and genotoxicity. The acute toxicity effects and bio-

interaction studies of Au-ZnTe core-shell nanoparticles were tested on Sprague-Dawley 

rats over an exposure of 7 days. The animals used in this study were handled in 

accordance with animal ethics committee and laboratory animal science protocols. 

Literature often highlights the importance of maintaining vital cellular and enzyme 

functions so that homeostasis is not interrupted through the interaction of nanoparticles 

[25-33]. In the blood circulatory system, red blood cells function in gaseous exchange, 

white blood cells provide immune protection whilst platelets initiate coagulation of blood 

[24, 25].  

In addition the enzymes produced in the liver and kidney organs provide vital roles in 

detoxification and excretion physiology. ALT catalyses the transfer of an amino group 

from L-alanine to α-ketoglutarate, leading to the production of pyruvate and L-glutamate. 

ALP is responsible for dephosphorylating biomolecules. Gamma-GT plays a regulatory 

role at various levels in cellular signal transduction and cellular pathophysiology. Lactate 

dehydrogenase is found extensively in body tissues and cells. During tissue damage, 

LDH is released from destructed membranes, this enzyme is used as a marker of 

common injuries and disease. In the kidney urea serves an important role in the 

metabolism of nitrogen-containing compounds and the nitrogenous organic acid, known 

as creatine helps to supply energy to all cells in the body, primarily the muscle through 
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the increased formation of adenosine triphosphate [28-31].  These enzymes and protein 

molecules function systemically to maintain optimal liver and kidney functions. 

Evaluations of these parameters provide valuable information on the status of the kidney 

and liver functions during acute exposure to nanoparticles. Histomorphological 

evaluations are vital tools that can be used to assess tissue damage and/or cellular 

abnormalities after exposure to a treatment regimen.  Although limited, LM evaluations 

can provide insight to the potential disruptions at the tissue level, thereby inferring 

change in functionality of the organ system. The functional unit of the kidney is the 

nephron, which comprises the Bowman’s capsule and the glomerulus. LM evaluations 

show no significant changes in the treated samples which therefore suggests that there 

is no loss of kidney function in the treated groups as compared to the control. This notion 

is further confirmed by the data obtained for the renal functionality tests (Figure 4.6 B) 

that displayed no significant differences between the measurements for creatine and 

urea levels between the control and nanoparticle treated experimental animals.  

The liver is comprised of many lobules which make up its functional unit. Each lobule 

contains millions of hepatocytes which are the basic metabolic cells of the liver. 

Assessments of the treated samples showed no change in the morphology of the 

hepatocytes which is therefore indicative of similar functionality of the liver between the 

treated and control animals. Interestingly, the data obtained for the ALT, ALT Phos, 

Gamma GT and LDH levels (Figure 4.6 A) from the liver functionality tests displayed no 

significant differences between control and treated groups, which directly correlates with 

inferences made from these histological evaluations. It can therefore be deduced that 

there are no acute toxicity of these organ systems after exposure to Au-ZnTe core-shell 
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nanoparticles for seven days. Throughout the experimental period, no behaviour 

changes or unusual responses were observed in the animals treated with low, 

intermediate and high doses of Au-ZnTe core-shell nanoparticles. The full blood count 

measurements indicated no significant changes across the control and nanoparticle 

treated rats. In addition the liver and kidney enzymes from the nanoparticle treated rats 

showed no significant differences when compared to the untreated control animals. Work 

reported by Lee et al., showed the biopersistence effects of silver nanoparticle exposure 

to Sprague-Dawley rats [33].  

The results confirmed that the size of the silver nanoparticles did not affect tissue 

distribution and other hematogical parameters, however the exposure to silver 

nanoparticles did indicate a certain level of liver abnormalities. In another study silver 

nanoparticles and silver acetate was administered to rats over 28 days. This study 

showed that 63 % silver nanoparticles were excreted in the excrement [34]. In the 

present study a small percentage of Au-ZnTe core-shell nanoparticles were excreted in 

the urine. The liver and kidney tissues showed no signs of tissue damage or visible 

lesions.  Work reported by Magaye et al., used Sprague-Dawley rats to establish acute 

toxicity of nickel nanoparticles, the results showed no significant changes in red and 

white blood cell counts. In addition there were no significant histopathological changes 

in tissue sections from the rat lung, liver and spleen [35]. These findings suggest that 

increased exposure times and concentration of nanoparticles during acute animal 

studies play an important role in assessing in vivo biosafety of nanomaterials.   
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4.5 Conclusions 

This chapter illustrates the in vitro and in vivo biosafety of Au-ZnTe core-shell 

nanoparticles through the use of various human cells and Sprague-Dawley rats. The use 

human cell lines with different cellular environments indicated a comparative biosafety 

and bio-interaction potential of Au-ZnTe nanoparticles. The in vitro simulation of an 

immune response was clearly demonstrated. In addition the results support the principle 

that demonstrates any material can be toxic if used in excessive quantities/ doses. The 

cell membranous interaction and cellular uptake observed in this work provides a key 

link in understanding the role of capping materials and surface chemistry of 

biocompatible nanoparticles. The study also provided important correlations between 

cellular, organ interactions and systemic circulation effects of Au-ZnTe nanoparticles.  

The full blood counts, liver and kidney functions appeared normal. The histological 

analysis of the liver and kidney tissue showed that the organs were not adversely 

affected by exposure to Au-ZnTe nanoparticles. These findings may be correlated to the 

serum levels of Gamma-glutamyl transpeptidase, alkaline phosphatase (ALK Phos), 

Alanine Aminotransferase (ALT), Lactate dehydrogenase (LDH), Urea and Creatinine 

(CRE). Future research will aim to understand and evaluate the degradation and 

elimination effects of bio-accumulated Au-ZnTe core-shell nanoparticles. Bio-

accumulation of nanomaterials is an important contributing factor in nanotoxicity studies. 

Overall the current study successfully demonstrated the biosafety and biocompatibility 

of Au-ZnTe nanoparticles through multiple experimental environments and sets the 

platform for future applications in drug delivery and bio-imaging through the use of 

surface modifications.  
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CHAPTER FIVE: The preparation, evaluation and in vitro application of Surface 

Conjugated Drug-Antibody Au-ZnTe Core-Shell Nanoparticles 
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5.1. Introduction 

The medical application of chemotherapy drugs to treat cancer dates back to the early 

20th century, during this period transplantable tumours in rodents was one of the first 

animal models that was used to screen anti-cancer compounds and establish their 

various molecular mechanisms of killing genetically damaged cells [1]. Chemotherapy 

is a well-established practice however due to the lack of targeting cancer cells 

specifically, this form of therapy presents several side-effects such as excessive 

nausea, diarrhoea, blood coagulation, hair and weight loss, compromised immune 

responses, organ failure and opportunistic infections [1, 2]. In addition to these side 

effects patients have to endure higher therapeutic dosing of the drugs to ensure 

adequate systemic circulation, constant serum level and bioavailability that is sufficient 

to kill the cancer cells or reduce tumour growth [3]. These challenges cause a 

decrease in patient compliance and clinical outcome, as a result there is a need to 

develop strategies that can improve the use of conventional chemotherapy drugs. 

Modern technologies within the discipline of pharmaceutics and nanobiotechnology 

aim to address these challenges by improving the delivery of the chemotherapeutics 

to the target site, thereby decreasing the required unit dose and enhancing the efficacy 

of the drug [4-6]. In addition to their attractive size features nanoparticles offer multiple 

advantages that can be exploited for the development of novel, efficient and cost 

effective approaches to improving already existing cytotoxic drugs. Currently there are 

several nano-chemotherapeutic drug formulations that are in pre-clinical, clinical or 

FDA approved status for cancer therapeutics [7-9]. These formulations involve the 

combination of paclitaxel, doxorubicin, 6-mercaptopurine, cisplatin, 5-fluorouracil and 

various other anti-cancer drugs that are either internally loaded or externally surface 

conjugated to nanoparticles [10-12]. These nano-drug delivery vehicles can be 
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designed in the form of nano lipids, dendrimers, liposomes, magnetic, semiconductors 

or core-shell heterostructured nanoparticles [3]. A common characteristic that these 

nanoparticles share is a size range that does not exceed 100 nm. Doxil® is a FDA 

approved nano-drug that supports improved anti-cancer drug activity of doxorubicin 

by increasing the circulation time of the drug, decreasing the standard dose units and 

directing the drug to the target cell.  A combination of these factors ensures more of 

the drug is delivered to the cancer cell and minimal systemic side effects are observed 

[7]. The nanoparticle therefore functions as a drug carrier and does not change the 

mechanism of action of the drug itself. Antimetabolite drug 5-fluorouracil or 5-FU, is a 

common cytotoxic agent that is used to treat head, neck, colon, pancreas, prostrate, 

ovarian and breast cancers [11]. This drug displays a broad spectrum of activity 

because it acts by competitively inhibiting the enzyme thymidylate synthetase which 

is responsible for the synthesis of thymine nucleotides [13] (Figure 1.5 Mechanistic 

pathway 5-fluorouracil). Thymine is one of four compulsory nucleotides that assembly 

to form DNA during the synthesis phase of cell division. 5-FU is able to act as a 

pyrimidine analogue substituting thymine in the nucleotide sequence which stops DNA 

synthesis and causes cell death. The cytotoxic mechanism of 5-FU is remarkable in 

destroying undesired cancer cells however this mechanism is not limited to cancer 

cells alone, during systemic circulation 5-FU is able to destroy normal cells and cause 

unwanted side-effects for the patient. The drug is metabolised rapidly within the body 

and therefore higher therapeutic doses are required to maintain serum levels in order 

to achieve the desired cytotoxic response. Another disadvantage is that aggressive 

tumour cells can develop resistance to the drug and evade the entry of 5-FU into the 

cell. The efficacy of 5-FU can be improved by localising the treatment to the tumour 

site, this would increase the bioavailability, cellular uptake and therapeutic activity of 
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5-FU. Nanotechnology provides a platform for developing unique strategies to improve 

and enhance the delivery and efficacy of 5-FU to cancer cells. These nano 

formulations are designed to provide chemical and physical stability, uniform capillary 

biodistribution and easy release of the drug once it has reached the target site. The 

nanoparticle itself should be non-toxic or biodegradable. In a study reported by Wang 

and co-workers, increased cell targeting and 5-FU efficacy comparative to 5-FU alone 

was demonstrated on HT29 cancer cells through the application of PLGA-1,3-

diaminopropane folic acid nanoparticles. [14]  Literature reports the use of numerous 

types of dendrimers, chitosan, lipid polymer, polysaccharide, and metal nanoparticles 

that was developed to improve the delivery and efficacy of 5-FU. Table 5.1 illustrates 

the variations in nano-5-FU formulations and its applications. 
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Table 5.1 Nano-pharmaceutical formulations for improved efficacy of 5-FU 

Nano-drug 
formulation 

Nanomaterial 
properties 

Method of 
toxicity/ efficacy 

evaluation 

Application Reference 

1,4,7,10-
tetraazacyclododecane 
dendritic polymers 

Conjugated 5-
FU 

Hydrolysis of 
conjugated 
dendrimers for 
drug release 

Controlled 
release of 
anti-tumour 
drugs 

[15] 

Poly(amidoamine) 
dendrimer 

14C labelled 
5FU 

Skin permeation 
of 5-FU was 
performed using 
Franz diffusion 
cell 

Transdermal 
drug delivery 
of 5-FU 

[16] 

Ferritin conjugated 
solid lipid nanoparticles 

5-FU loaded 
liposomes 

In vitro drug 
release and 
cytotoxicity using 
MDA-MB-468 
breast cancer 
cells 

In vitro and in 
vivo tumour 
targeting  

[11] 

poly D, L (lactide-co-
glycolide)(PLGA) 
nanoparticles 

5-FU loaded In vitro drug 
release, 
pharmacokinetics 
of 5-FU 
conjugates 

Anti-microbial 
activity 

[17] 

N,O-carboxymethyl 
chitosan nanoparticles 

5-FU loaded Cellular uptake 
and drug release 

Cancer drug 
delivery 

[18] 

Manganese doped zinc 
sulphide quantum dot 
nanoparticles 

Folate acid  
5-FU 
encapsulation 

Cytotoxicity and 
cellular uptake of 
5-FU loaded 
chitosan 
nanoparticles 

Targeted 
therapeutics 

[19] 

Chitosan/gold 
nanocomposite 

5-FU loaded Cytotoxicity using 
MCF7 cells 

Enhanced 
therapeutic 
efficacy of 5-
FU 

[20] 

Layered double 
hydroxide 
nanoparticles 

5-FU 
intercalated 

In vivo tissue 
distribution  

Drug delivery 
and 
biodistribution 

[21] 

Magnetite-polymeric 
core-shell 
nanoparticles 

5-FU loaded Release of 5-FU 
loaded 
nanoparticles 

Active drug 
targeting 

[3, 22] 

Fe3O4@PSMA core-
shell nanoparticles 

5-FU 
conjugated 

Tumour 
hyperthermia 
using magnetic 
nanoparticles 

Receptor-
ligand 
mediated drug 
targeting 

[23] 

Hollow mesoporous 
silica nanoparticles 

5-FU grafted Colorectal anti-
cancer therapy 
using SW480 
cells 

Targeted-
antibody EGF 
drug delivery 

[12] 
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The understanding of cancer on the molecular and cellular level provides further 

innovative strategies to develop novel targeted nano-drug systems [3, 24-26]. Due to 

the excessive metabolic demands of the rapidly dividing cancer cells, the surface 

chemistry of a cancer cell is quite different from that of normal cell. Cancer cells require 

an additional supply of glucose, nutrients, oxygen, growth factors, proteins and 

hormones in order to sustain its uncontrolled growth [27]. Cancer cells evolve with 

each successive division to present enhanced cell membrane features such as over-

expression of cell-surface proteins known as receptor or antigen molecules [28]. 

These proteins are able to specifically bind to their corresponding antibody or ligand 

molecules, attracting more growth factors and proteins into the cell which offset a 

series of cell cycles and support continuous cellular proliferation of damaged cells [25].  

The selectivity of chemotherapeutic agents can be achieved through passive or active 

targeting using biocompatible nanoparticles [29]. Tumour tissues display disrupted 

vasculature that develops through the assembly of fractional or asymmetrical 

endothelial cell junctions which create pore like entry sites within the tumour mass 

[30]. The abnormal tumour vasculature displays enhanced permeability and retention 

effects which allow the nano-chemotherapeutics to passively enter and accumulate 

within the tumour site. This feature allows more nano-chemotherapeutics to selectively 

enter the tumour site especially since normal tissue displays regular vasculature that 

is less permeable to nano-chemotherapeutics. Alternatively active targeting of nano-

chemotherapeutics involves the application of modified biocompatible nanoparticles 

that are covalently linked to suitable antibody molecules [31]. The use of antibody 

conjugates to improve delivery and uptake of various drugs is a well-known tool in 

pharmaceutical applications for cellular targeting. Some of these antibodies include 

the transforming growth factor alpha protein, vascular endothelial growth factor 
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antibody, anti-transferrin antibody and epidermal growth factors (EGF) [30]. These 

antibodies display unique binding mechanisms to their corresponding surface receptor 

sites, upon binding signal transduction, proliferation, tumourigenesis and 

angiogenesis is activated. The use of suitable drug directing or antibody molecules 

has been shown to enhance targeted drug delivery and efficacy of 5-FU [11].  The 

application of hollow mesoporous silica nanoparticles conjugated with epidermal 

growth factor and 5-FU was used to treat drug resistant colorectal cancer cells. The 

results displayed superior selectivity, internalisation and cytotoxicity of nano-

chemotherapeutics that were conjugated to the EGF [12].  

The selectivity and increased affinity of antibody EGF was illustrated using gold 

nanorods-EGF conjugates and a combination of malignant and non-malignant 

epithelial cells [32]. The study provided evidence of active targeting of nanoparticles 

even in the absence of a chemotherapeutic drugs. In another report, folic acid 

conjugated nanoparticles was used to demonstrate enhanced anti-cancer activity in 

cancer cells that display over-expression of folate receptors [33]. The exploitation of 

over-expressed cellular receptors have shown promising results in the development 

and application of nano-chemotherapeutics for breast, colon, prostrate, ovarian, 

pancreas, lung and various other solid tumours [34]. The use of lipid, polymer, metallic 

and heterostructured nanomaterials can be assembled to support any combination of 

chemotherapeutic drug and antibody molecule [35]. A key concept in successful nano-

chemotherapeutics would involve minimal drug accumulation in normal tissues, direct 

administration to the tumour mass, resulting in enhanced anti-cancer therapy and 

decreased associated harmful side effects. The diversity of such drug-antibody 

conjugates lays the foundation to revolutionise existing chemotherapy regimens 

allowing more nano-drug formulations to enter clinical trials [26].  
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The work presented in this chapter, reports the first synthesis and characterisation of 

drug-antibody surface conjugated Au-ZnTe nanoparticles using 5-fluorouracil and 

epidermal growth factor for enhanced in vitro anti-cancer therapy. 

5.2 Experimental 

5.2.1 Materials 

Zinc chloride, L-cysteine ethyl ester hydrochloride, gold salt, tellurium powder, sodium 

borohydride, sodium citrate, 5 Fluorouracil and deionised water (HPLC grade) and 

acetone were obtained from Sigma Aldrich. Human epidermal growth factor antibody, 

fetal calf serum, pen-strep fungizone, trypsin and phosphate buffered saline was 

purchased from Whitehead Scientific. All the chemicals were of analytical grade and 

used as purchased. 

5.2.2 Synthesis of surface conjugated 5FU-EGF-Au-ZnTe nanoparticles 

In a 250 mL three-necked round bottom flask, tellurium powder (0.041 g, 0.32 mmol) 

was mixed with sterile distilled water (15.0 mL) at room temperature. A 15.0 mL 

aqueous solution of sodium borohydride (0.031 g, 0.79 mmol) was carefully added to 

the tellurium solution under inert conditions. After 2 h of reduction, 20.0 mL aqueous 

solution of ZnCl2 (0.0436 g, 0.32 mmol) and 40.0 mL aqueous solution of L-cysteine 

ethyl ester hydrochloride (0.1188 g, 0.32 mmol) was simultaneously added to the dark 

purple tellurium ion solution. The solution was stirred for 30 minutes followed by pH 

adjustment. The reaction was allowed to proceed at pH 7, for 3 hours at 60˚C. An 

aliquot of 40 mL of gold nanoparticle seed solution was added to the cysteine capped 

ZnTe solution and the reaction was allowed to proceed for 4 hours. The reaction 

mixture was filtered and centrifuged to give a dark greenish black material that was 

weighed and readily dispersed in sterile phosphate buffered saline at a concentration 
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of 1 mg/ mL. A solution of 1 mg/ mL of 5-FU was added to the solution of Au-ZnTe 

under sterile conditions and placed in a sonicator at 37 ºC for 30 minutes. Thereafter 

a solution of human epidermal growth factor at 200 ng/ ML was added to the 5-FU-

Au-ZnTe solution and sonicated for a further 30 minutes. The drug-antibody surface 

conjugated Au-ZnTe was then characterised and evaluated for anti-cancer efficacy 

studies. 

5.2.3 Characterisation of surface conjugated 5FU-EGF-Au-ZnTe nanoparticles 

5.2.3.1 Transmission electron microscopy 

The drug-antibody Au-ZnTe nanoparticle solution was carefully placed on a formvar 

coated TEM grid. TEM imaging was performed using a Philips CM120 BIOTWIN TEM 

operated at 120kV. 

5.2.3.2 Ultra-violet-visible spectroscopy  

A Perkin-Elmer Lamda 20 UV-vis spectrophotometer was used to carry out optical 

measurements in the 200-1100 nm wavelength range at room temperature. Samples 

of Au-ZnTe and drug-antibody Au-ZnTe nanoparticles were placed in quartz cuvettes 

(1 cm path length) and the absorbance was recorded. 

5.2.3.3 Photoluminescence spectroscopy  

Photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 

luminescence spectrometer with xenon lamp over range of 200-800 nm. The samples 

were placed in quartz cuvettes (1 cm path length) and the excitation peaks were 

analysed and recorded. 
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5.2.3.4 Fourier Transform Infrared spectroscopy (FTIR)  

Infrared spectra were recorded using a Bruker FT-IR tensor 27spectro-photometer 

directly on small dry samples of cysteine, Au-ZnTe nanoparticles, 5-FU and drug-

antibody conjugated Au-ZnTe nanoparticles in the range 450-4000 cm-1. 

5.2.3.5 Zeta potential 

The Zeta potential of cysteine capped Au-ZnTe, 5-FU, cysteine and drug-antibody Au-

ZnTe nanoparticles was determined by dynamic light scattering using a Zetasizer, 

(Malvern Nanoseries). Samples were filtered several times through a 0.22 mm 

Millipore membrane filter prior to recording surface charge measurements. 

5.2.3.6 Cell culture and cytotoxicity  

Cell culture reagents were supplied by Invitrogen and Whitehead Scientific. Adhesion 

cell lines, Human mammary adenocarcinoma (MCF7) cells were grown using EMEM 

culture media containing 10% fetal bovine serum and 1-2% penstrep fungizone. Cells 

that grew as monolayers were passaged, trypsinized and harvested for 

experimentation before reaching 100 % confluency. Cells were seeded at cell density 

of 4000 cells per well, into a 96-well plate. Following a 24 hour incubation, the growth 

medium was replaced with fresh medium (100 µL per well) and varying concentrations 

of Au-ZnTe, 5-FU-Au-ZnTe, 5-FU-EGF-Au-ZnTe nanoparticles and 5-FU (20, 40, 60, 

80 and 100 µg/ml). The plate was further incubated for 48 hours. The control wells 

were treated with culture medium only. Wells containing culture medium without cells 

were used as blanks. All experiments were performed with five replicates. After the 48 

hour incubation, the culture medium and nanoparticles were removed and replaced 

with fresh medium (100 µL) and 100 µL of MTT solution (5 mg/mL in PBS) in each 

well. After 4 hour incubation, the media and MTT solution was removed and 100 µL of 
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DMSO was added to each well to solubilize the MTT formazan. The optical density 

(OD) of each well was measured on a microplate spectrophotometer (Mindray MR-

96A) at a wavelength of 540 nm.  

5.2.3.7 Infra-red light assisted cytotoxicity  

MCF7 cells were seeded at cell density of 4000 cells per well, into a 96-well plate. The 

cells were allowed to adhere to the plate for 24 hours, thereafter the growth medium 

was replaced with fresh medium (100 µL per well) and 100 µg/ml of Au-ZnTe, 5-FU 

and 5-FU-EGF-Au-ZnTe nanoparticles. A medical grade Infrared lamp was used to 

exposure the pre-treated MCF7 cells. The light exposure cycles were done for 5, 10 

and 15 minute intervals at least 4 times per day. This procedure was repeated for 3 

days before the cytotoxicity was evaluated using the MTT assay. 
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5.3 Results 

5.3.1 Surface conjugation of drug-antibody Au-ZnTe nanoparticles 

Cysteine capped Au-ZnTe nanoparticles were first prepared using the experimental 

protocol as described in chapter three. The reaction solution was maintained at 

physiological pH. The nanomaterial from this reaction was purified, quantified and 

resuspended in sterile phosphate buffered saline. During the first sonication step, 5-

FU was added to Au-ZnTe nanoparticles in a 1:1 ratio. After 5-FU reacted with Au-

ZnTe nanoparticles the solution appeared grey in colour. The addition of human EGF 

was followed by a second sonication step, after 30 min no colour changes was 

observed within the reaction solution. The material from the drug-antibody conjugation 

reaction was analysed for morphology, surface charge and optical properties to 

confirm the surface binding of 5-FU and EGF to Au-ZnTe nanoparticles. 

5.3.2 Characterisation 5-FU-EGF-Au-ZnTe nanoparticles 

FTIR spectra of cysteine, Au-ZnTe (Figure 5.1), 5-FU and 5-FU-EGF-Au-ZnTe 

materials (Figure 5.2) were compared to establish possible cysteine and drug-

antibody binding interactions with the nanoparticles. The intensity of the characteristic 

2550-2620 cm-1 S-H peak observed in the cysteine spectra is greatly diminished in the 

cysteine capped Au-ZnTe spectra, which could be due to the thiol linkage on the 

surface of Au-ZnTe nanoparticles (Figure 5.1). The FTIR spectra for 5-FU displays 

distinctive peaks in the regions 1448-1645 cm-1 and 3000-2995 cm-1 which represent 

C=N or C=C and stretches after C-H respectively. The peak at 1179 cm-1 was assigned 

to C-O stretch (Figure 5.2). Following the attachment of 5-FU to Au-ZnTe, there is a 

broad signal around 3350 to 3500 cm-1 and new peak around 1000 to 1200 cm-1, 

indicating one of the carbonyl group may be converted to O-H, as O-H displays a broad 
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signal around 3500 to 3200 cm-1 In addition, N-H signal should appear between 3400 

to 3500 cm-1, but a shift to lower value around 3200 to 3300 cm-1 could also mean 

linkage to the nanoparticle. It is presumed that the amine group of cysteine reduces 

the carbonyl group of 5-FU forming a cyano group that stabilises 5-Fu to cysteine 

capped Au-ZnTe, this condensation reaction releases H2O.  

 

Figure 5.1 Comparative FTIR scans of cysteine capped Au-ZnTe nanoparticles and 
cysteine. 
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Figure 5.2 Comparative FTIR scans of 5-FU and antibody-drug conjugated Au-ZnTe 
nanoparticles. 

The optical properties of 5-FU-EGF-Au-ZnTe nanoparticles was studied to confirm the 

surface conjugation of the drug and antibody. The photoluminescence spectra of the 

ZnTe and Au-ZnTe nanoparticles displayed a well-defined, gaussian shaped emission 

peak when excited at 300 nm which produced a constant peak at 415 nm in the PL 

spectra (Figure 5.3 A). The PL spectra in (Figure 5.3 B) displays the emission for 

EGF and 5-FU at 360 nm and 385 nm respectively. Additionally an emission peak at 

385 nm with the highest intensity was observed when 5-FU-EGF-Au-ZnTe 

nanoparticles was excited at 315 nm (Figure 5.3 B). The drug-antibody surface 

conjugated Au-ZnTe nanoparticles displayed blue shifted emission properties from 

that of Au-ZnTe nanoparticles. The UV spectra of EGF and 5-FU displayed an 

absorption peak at 282 nm and 278 nm respectively (Figure 5.3 C). The absorption 
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properties of Au-ZnTe nanoparticles is dominated by the optical properties of Au 

showing an absorption maxima of 534 nm. The absorption of 5-FU-EGF-Au-ZnTe 

nanoparticles was observed at 272 nm. This absorption peak confirms a surface 

interaction between the drug and antibody (Figure 5.3 D). The changes in optical 

properties of EGF, 5-FU, Au-ZnTe and 5-FU-EGF-Au-ZnTe suggest that 5-FU and 

EGF was successfully attached to the surface of Au-ZnTe nanoparticles. 

Figure 5.3 Optical properties of 5-FU-EGF-Au-ZnTe nanoparticles. A-B. PL spectra 
of Au, ZnTe and Au-ZnTe nanoparticles and corresponding absorption spectra of 5-
FU-EGF and 5-FU-EGF-Au-ZnTe nanoparticle. C. Absorption spectra of EGF and 5-
FU. D. Absorption spectra of the surface modified Au-ZnTe nanoparticle. 

The morphological features of 5-FU-EGF-Au-ZnTe nanoparticles was studied to 

confirm any changes in size, shape or orientation that may be observed after surface 

conjugation. TEM micrographs of the original Au-ZnTe nanoparticles showed 
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spherically shaped particles with diameters in the 2-10 nm range (Figure 5.4 A). The 

average size of the particles are 7 ± 3.74 nm. TEM micrographs of 5-FU-EGF-Au-

ZnTe nanoparticles displayed similar morphology to that of the original non-conjugated 

nanoparticles with diameters in the 7-12 nm range. The drug-antibody conjugated 

particles displayed a thin matrix layer that surrounded the assembly of nanomaterial 

(Figure 5.4 B-E). In addition new morphology patterns was observed as thin-stalk like 

threads or networks attached to bundles of uniform spherical particles. The drug-

antibody nanoparticle sample also displayed some areas of aggregated particles. 

However the polydispersity index (PDI) using dynamic light scattering displayed a 

value of 0.44 ± 0.009, indicating that although there was some degree of dispersity 

within the sample, the size distribution was not broad. The PDI value could be 

attributed to the interaction of 5-FU and EGF with the cysteine capped nanoparticle 

(Figure 5.4 B-F)  

 

Figure 5.4 Morphology of 5-FU-EGF-Au-ZnTe (A) and antibody-drug conjugated Au-
ZnTe nanoparticles (B-F) 
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The zeta potential properties of 5-FU-EGF-Au-ZnTe nanoparticles was analysed and 

compared to Au-ZnTe nanoparticles to confirm the changes in surface chemistry due 

to conjugation of drug-antibody molecules. The zeta potential values displayed in 

Table 5.2 shows the respective surface charges of each material. The data indicates 

that cysteine capped the surface of Au-ZnTe nanoparticles influencing the core-shell 

particle charge to a lower value of -23.80 ± 1.90 mV. 5-FU displays a negative charge. 

Human EGF is 6045 dalton protein characterised as an assembly of 53 amino acids 

in the following sequence Asn-Ser-Asp-Ser-Glu-Cys-Pro-Leu-Ser-His-Asp-Gly-Tyr-

Cys-Leu-His-Asp-Gly-Val-Cys-Met-Tyr-Ile-Glu-Ala-Leu-Asp-Lys-Tyr-Ala-Cys-Asn-Cys 

-Val-Val-Gly-Tyr-Ile-Gly-Glu-Arg-Cys-Gln-Tyr-Arg-Asp-Leu-Lys-Trp-Trp-Glu-Leu-Arg. 

The combination of these 53 amino acids consists of non-polar aliphatic, aromatic, 

polar uncharged, negative and positively charged side groups however the surface 

charge of EGF is influenced largely by the total number of negatively charged side 

groups. This characteristic contributes to the negative surface charge -35.00 ± 0.60 

mV observed for the 5-FU-EGF-Au-ZnTe sample.   

Table 5.2 Zeta potential analysis 

Material Zeta Potential (mV) 

Gold nanoparticles -50.50 ± 1.05 

Zinc telluride nanoparticles -34.63 ± 1.00 

Cysteine capping agent -23.46 ± 2.65 

Au-ZnTe core-shell nanoparticle -23.80 ± 1.90 

5-Fluorouracil -17.73 ± 3.88 

Drug-Antibody Au-ZnTe nanoparticles -35.00 ± 0.60 

Results represented as mean ± SD, n = 3 
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5.3.3 In vitro application of 5-FU-EGF-Au-ZnTe nanoparticles 

An in vitro cytotoxicity study was used to establish the comparative therapeutic efficacy 

of 5-FU-EGF-Au-ZnTe nanoparticles. The cytotoxicity of 5-FU was established using 

MCF7 cancer cells. 5-FU displayed an IC50 value between 80-100 µg/ml, killing 

between 54-43 % of the MCF7 cell population respectively (Figure 5.5 A). For the 

purpose of this comparative study 100 µg/ml of 5-FU was used as a negative control.  

 

Figure 5.5. Cytotoxicity of 5-FU. A. Displays determination of the IC50 value for 5-FU 
activity against MCF7 cells. B. Untreated control MCF7 cells C. Displays the 
cytotoxicity effects of 100 µg/ml of 5-FU on MCF7 cancer cells when compared to 
untreated MCF7 control cells. 

The in vitro anti-cancer therapeutic efficacy study was performed using the MTT 

cytotoxicity assay. The study involved a comparative assessment of MCF7 breast 

cancer cells treated with Au-ZnTe, 5-FU and drug-antibody conjugated Au-ZnTe 

nanoparticles (Figure 5.6 A). The untreated MCF7 cells was used as a positive 

control, additionally cysteine capped Au-ZnTe nanoparticles was used as a second 

positive control to confirm their biosafety and non-toxic interaction with MCF7 cells 
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(Figure 5.6 B, C). As expected MCF7 cells treated with Au-ZnTe nanoparticles 

between 20-100 µg/ml displayed no adverse effects on the relative growth of MCF7 

cells, showing cell viabilities in the between 95-97% (Figure 5.6 A).  Anti-cancer drug 

5-FU at 100 µg/ml induced 56.33 % cell viability (Figure 5.6 D). MCF7 cells treated 

with drug-antibody or 5-FU-EGF conjugated Au-ZnTe nanoparticles displayed 

enhanced anti-cancer effects over 5-FU alone (Figure 5.6 A).  

The results show that 5-FU-EGF-Au-ZnTe nanoparticles are 24.74 % more effective 

than 5-FU at equivalent concentrations displaying a cell viability of 31.5%. In addition 

this data was supported by statistical analysis that showed extremely significant p 

value of 0.0079 of 5-FU-EGF-Au-ZnTe nanoparticles at 100 µg/ml when compared to 

the untreated control and 5-FU treated samples. Furthermore the enhanced 

therapeutic efficacy of 5-FU-EGF-Au-ZnTe nanoparticles display 11.07, 9.08, 7.98 and 

7.17 % increased cytotoxic effects at 80, 60, 40 and 20 µg/ml of 5-FU-EGF-Au-ZnTe 

nanoparticles. MCF7 cells treated with 100 µg/ml of 5-FU-EGF-Au-ZnTe nanoparticles 

displayed a huge population of dead cells, showing compromised cellular integrity, 

great loss in cell adhesion properties and low density of live cells (Figure 5.6 E). The 

anti-cancer effect of 5-FU conjugated to Au-ZnTe nanoparticles in the absence of EGF 

was studied (Figure 5.7). The results indicated cell viability of 80-88 and 54% for 5-

FU conjugated Au-ZnTe and 5-FU respectively.  
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Figure 5.6 In vitro therapeutic efficacy. A. Displays comparative cytotoxicity of 5-FU 
and drug-antibody conjugated nanoparticles. B. Shows the morphology of untreated 
MCF7 control cells. C. Shows the morphology of Au-ZnTe treated cells. D. Shows the 
morphology of dead cells treated with 100 µg/ml of 5-FU. E. Shows the morphology of 
cells treated with drug-antibody conjugated Au-ZnTe nanoparticles. 
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Figure 5.7 In vitro therapeutic efficacy of 5-FU-Au-ZnTe nanoparticles in the absence 
of human EGF. 

In addition the in vitro anti-Cancer efficacy under infra-red light exposure of conjugated 

and non-conjugated Au-ZnTe nanoparticles was studied. Untreated control, 5-FU, Au-

ZnTe and 5FU-EGF-Au-ZnTe nanoparticles at 100 µg/ml was used to study the effects 

of IR-light exposure (Figure 5.8). The infra-red light assisted cytotoxicity study was 

carried out 4 times a day for a duration of 5, 10 and 15 minutes (Figure 5.8 A-D). The 

MCF7 cells were treated with the respective controls and a medical grade IR-light, the 

results displayed no significant enhanced cytotoxicity when compared to the data from 

the cytotoxicity study presented in Figure 5.6 A. However the data did show 

statistically significant cytotoxicity when 5-FU was compared to the untreated MCF7 

cells. Au-ZnTe nanoparticles at 100 µg/ml displayed no toxic effects to MCF7 cells. 

Additionally 5-FU-EGF-Au-ZnTe nanoparticles at 100 µg/ml displayed enhanced 

cytotoxicity when compared to 5-FU alone, however the results were not statistically 
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significant with relative cell viability between 41, 46 and 49% for 5, 10 and 15 minute 

IR-light exposed samples (Figure 5.8 B-D). 

 

Figure 5.8 Infrared light assisted anti-cancer therapeutic efficacy. A. Medical graded 
Infrared light exposure to MCF7 treated cells. B. 5 minutes exposure to IR. C. 10 
minutes exposure to IR. D. 15 minutes exposure to IR. 
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5.4 Discussion 

5-Fluorouracil is one of the most successful anti-metabolite agents used to destroy 

rapidly dividing cells whilst in the S phase of the growth cycle. The application of 5-FU 

is however limited due to the lack of cell selectivity between normal and cancer cells. 

The formulation of 5-FU and nanoparticle complexes have been able to provide 

innovative strategies in targeting the cytotoxic drug directly to the desired mutated 

cells. Nanomaterials containing gold have received much recognition as colloidal drug 

carriers mainly due to their inherent optical and chemical properties which allow them 

to be both biocompatible and non-toxic. Gold-based nanomaterials can be designed 

to facilitate targeted drug delivery, tissue-imaging and photothermal ablation cancer 

therapy applications. There are two strategies used to formulate 5-FU+nanoparticle 

complexes, these involve either entrapment or loading of 5-FU inside the nanoparticle 

or conjugation of 5-FU to the surface of the nanoparticle.  

In this study, 5-FU and human EGF was surface attached to Au-ZnTe nanoparticles 

using a simple, cost effective sonication method. The surface modified Au-ZnTe 

nanoparticles was evaluated to confirm this conjugation. FTIR analysis confirmed that 

cysteine binds to the surface of Au-ZnTe through the thiol group. The thiol functional 

group displays high binding affinity to metal nanoparticles. In an independent report L-

cysteine displayed a thiol signal present at 2550 cm-1 however the thiol signal was not 

present in the L-cysteine capped gold nanoparticle spectra indicating that S-H had 

interacted with the surface of the gold nanoparticles forming Au-S during the growth 

process [36]. Similar observations were reported for cysteine interactions with CdS, 

CdSe, CdTe nanoparticles [37, 38]. The FTIR data shown in Figure 5.2 supports the 

binding of 5-FU through interaction with the amine group from cysteine, followed by 

the subsequent cyano group signal in the FTIR spectra. This observation is common 
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for cysteine and 5-FU nanoparticle formulations. Work reported for the conjugation of 

5-FU and Fe3O4 magnetic nanoparticles demonstrates that the N-H signal in 5-FU 

alone is present at 3100-3500 cm-1 and in 5-FU- Fe3O4 nanoparticles the signal for the 

ring vibration at 1668 cm-1 and the C=O stretch at 1726 cm-1 appeared more intense 

indicating the presence of 5-FU [39]. The accumulation and conjugation of human EGF 

at the nanoparticle surface is possible through one of the following mechanisms such 

as conjugation via the carboxylic group of cysteine, hydrophobic and hydrophilic 

interactions from the 53 amino acid side group interactions, ion pairing or hydrogen 

bonding [40].  

The photoluminescence emission for EGF and 5-FU was observed at 360 and 385 

nm, similarly the emission peak for 5-FU-EGF-Au-ZnTe nanoparticles was observed 

at 385 nm, displaying a small blue shift from the emission wavelength recorded for Au-

ZnTe nanoparticles (Figure 5.3 A-B). Additionally the UV spectra demonstrated a 

blue-shifted absorption peak for 5-FU-EGF-Au-ZnTe nanoparticles when compared to 

Au-ZnTe nanoparticles. The results indicate that both the drug and EGF dominates 

the emission and absorption properties of surface conjugated Au-ZnTe nanoparticles 

(Figure 5.3 C-D). The optical characterisation supports the interaction between the 

drug, antibody and the nanoparticle. The stability of the optical properties of 

nanoparticles is an important criteria especially for bio-imaging applications [41]. The 

optical properties of nanomaterials can be altered or enhanced through both surface 

conjugation and encapsulation of drugs [42, 43]. In addition size and shape plays key 

roles in the bio-applications of chemo-nano drug formulations. The morphology data 

shown in (Figure 5.4) displays similar size and shape features in both bare and drug-

antibody conjugated Au-ZnTe nanoparticles. 5-FU-EGF-Au-ZnTe nanoparticles 

appeared as a self-assembly pattern of nanoparticles within a surrounding matrix. The 
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polydispersity value of 0.4 could be due to the surrounding matrix that forms after 

conjugation with 5-FU and EGF. The self-assembly and close interaction of 

nanoparticles is due to the biocompatible surface features which support conjugation 

of 5-FU [39].  

The zeta potential analysis of 5-FU-EGF-Au-ZnTe nanoparticles displays a stronger 

negative charge when compared to Au-ZnTe nanoparticles and is therefore more 

stable for bio-applications [21]. The use of IR-light assisted therapy was used to 

determine how the optical properties of Au-ZnTe and conjugated Au-ZnTe 

nanoparticles could be used to facilitate enhanced or improved efficacy and drug 

knock off within the cancer cells. It is well known that gold-based nanoparticles display 

surface plasmon resonance properties which results in enhanced light scattering and 

absorption properties which enable the conversion of absorbed light into heat thereby 

destroying the cancer cell [44]. The data shown in (Figure 5.8) does not exhibit 

additional toxicity after IR-light exposure this is due to the size and shape of the gold 

based nanoparticles. In order for gold-based nanoparticles to cause photothermal 

destruction the nanoparticles need to be in a specific shapes, sizes, aspect 

length/width ratios that provides optical properties in the near-infrared region (650-900 

nm) [32]. The size shape and surface chemistry of the nano-chemotherapeutics 

display key features in understanding both the improved anti-cancer efficacy and 

mechanism of destroying cancer cells. Chemo-nano drug formulations do not change 

the mechanism of the specific anti-cancer drug however the nanoformulations provide 

distinct advantages that are not present in conventional chemotherapeutics. 

Biocompatible nanoparticles act by increasing the surface area, bioavailability, 

maintaining serum concentrations and half-life properties of anti-cancer drugs. 

Conjugation with cancer cell markers enable increased efficacy and cell selectivity of 
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chemo-nano drug formulations.  Cytotoxicity results highlighted in (Figure 5.6) 

demonstrates the favourable features that arise from chemo-nano drug formulations, 

showing an increased efficacy of 24.74% when compared to 5-FU alone. All 

concentrations of 5-FU-EGF-Au-ZnTe nanoparticles displayed higher cytotoxicity than 

of 5-FU alone. Additionally the results confirmed the biosafety of Au-ZnTe 

nanoparticles. The cytotoxicity results presented in (Figure 5.6 and Figure 5.8) 

confirm the biosafety and non-toxic effects of cysteine capped Au-ZnTe nanoparticles.  

In another report, Cysteine was used as a surfactant material to enable the stability, 

biodistribution and increase the uptake of 5-FU loaded poly-L-lactide nanoparticles. 

The in vitro cytotoxicity of 5-FU and 5-FU loaded poly-L-lactide nanoparticles was 

studied using normal human lung fibroblast cells, the data illustrated the biosafety of 

cysteine capped nanoparticles [45]. 

 The use of nanoparticles to enhance therapeutic efficacy of various 

chemotherapeutics is well documented. Work reported for nanoformulations of 5-FU 

and Fe3O4 magnetic nanoparticles showed a similar trend in which HepG2 cells 

showed significant cell death after treatment with 5-FU conjugated nanoparticles in 

comparison to 5-FU alone [39]. In another comparative study 5-FU-folic acid 

conjugated PLGA nanoparticles was used to illustrate enhanced anti-cancer therapy 

when compared to 5-FU alone. A concentration of 50 µg/ml of 5-FU-FA-PLGA 

nanoparticles induced 28.02% cytotoxicity and free 5-FU induced 37.67% cell viability 

at the equivalent concentration. The data also showed increased cytotoxic effects of 

HT29 cancer cells especially for nanoparticles conjugated to folic acid.  [14]. The use 

of targeting ligands incorporated into chemo-nano drug formulations often show 

drastic improvements in cytotoxicity of cancer cells [46]. A similar observation was 

illustrated for 5-FU-EGF-Au-ZnTe nanoparticles (Figure 5.6 and Figure 5.7). 5-FU-
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Au-ZnTe nanoparticles was unable to induce enhanced cytotoxicity in the absence of 

human EGF (Figure 5.7). Anti-cancer therapeutics for breast cancer is strongly 

influenced by HER2 receptors which specifically bind to EGF [40]. Mechanisms by 

which chemo-nano drug formulations enter and exit cells are important aspects in 

developing future nanotherapeutics. Most gold based nanoparticles are taken up by 

non-specific mechanisms such as endocytosis or interactions with serum proteins [47].  

Once the epidermal growth factor binds to the epidermal growth factor receptor 

present on the cancer cell surface, the ligand-receptor complex is activated offsetting 

a cascade of reactions causing the drug-antibody nanoformulation to undergo 

internalisation. The internalised drug-antibody nanoformulation is either isolated within 

vacuoles or after its breakdown the components such as the EGF are reprocessed to 

the cellular membrane to retain signal transduction function [48, 49]. The compromised 

cellular integrity displayed in (Figure 5.6 E) creates a challenge in identifying the 

cellular uptake of 5-FU-EGF-Au-ZnTe nanoparticles. In the illustration (Figure 5.9) we 

are able to demonstrate how 5-FU-EGF-Au-ZnTe nanoparticles can possibly enter the 

cell based on the molecular mechanisms of EGF.  
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Figure 5.9 Receptor-ligand EGF-EGFR mediated cellular uptake and release of 5-FU-
EGF-Au-ZnTe nanoparticles 

The cellular uptake and isolation of Au-ZnTe nanoparticles has been previously 

presented [50] (Chapter 3, Figure 3.9). The Au-ZnTe nanoparticles displayed close 

interaction with the cell membrane and endocytosis. 5-FU has been shown to enter 

the cells through voltage gated channels presented on the cell surface [13]. In the 

present study the antibody plays a key role in directing the 5-FU-EGF-Au-ZnTe 

nanoparticle into the cell. The antibody EGF directs the chemo-nano drug formulation 

selectively to the cancer cells by binding to the highly expressed receptor sites located 

within the cell membrane (Figure 5.9). This process of internalising the drug-antibody 

nanoparticle is commonly known as receptor-mediated cellular endocytosis, which 

triggers a number of reactions that cause the drug-antibody nanoparticle formulation 

to disassociate once the EGF is signalled to return to the membrane. 5-FU and Au-

ZnTe nanoparticles also separates once the EGF disassociates from 5-FU-EGF-Au-

ZnTe nanoparticle formulation. 5-FU is then free to induce cytotoxic destruction of the 

cancer cell. This mechanism can be used to explain the poor cytotoxic response from 

5-FU-Au-ZnTe nanoparticles in the absence of EGF (Figure 5.7), mainly because 5-
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FU and Au-ZnTe nanoparticles form a complex that is unable to enter the cancer cell 

or it may enter the cell but the 5-FU remains conjugated to Au-ZnTe nanoparticles, 

without the energy released during the disassociation of EGF the drug and 

nanoparticle is not stimulated to separate within the cells cytoplasm. The results 

displayed in Figure 5.7 shows 5-FU-Au-ZnTe nanoparticles induce 87% cell viability 

on MCF7 cells at 100 µg/ml. This implies that the overall cytotoxicity efficacy of 5-FU-

Au-ZnTe nanoparticles is only 13% while at equivalent concentrations of 5-FU-EGF-

Au-ZnTe nanoparticles the cell viability is 31.5% indicating cell death of 68.5%.   

5.5. Conclusion 

This study has successfully demonstrated the synthesis of surface conjugated 5-FU-

EGF-Au-ZnTe nanoparticles. In addition the application of these nanoparticles 

displayed in vitro enhanced therapeutic efficacy in MCF7 cancer cells. The cytotoxicity 

studies have shown that all components in the 5-FU-EGF-Au-ZnTe nanoparticle 

formulation plays specific roles in improving anti-cancer therapy, in addition the drug, 

antibody and nanoparticle function synergistically to attack cancer cells. The 

pharmacokinetics of the 5-FU-EGF-Au-ZnTe nanoparticles will need to be investigated 

to provide clear understanding of its cytotoxic properties. Additionally the selectivity or 

targeted drug delivery needs to be demonstrated using co-cultures of normal and 

cancer cells in a single experiment or the use of in vivo models to illustrated the cell 

selectivity or targeting of 5-FU-EGF-Au-ZnTe nanoparticles. The use of further 

analytical and molecular modelling techniques must be investigated to establish 

further mechanistic insights between the drug, antibody and nanoparticle.  

 

 



169 
 

Reference

1. DeVita, V.T. and E. Chu, A history of cancer 
chemotherapy. Cancer research, 2008. 68(21): p. 
8643-8653. 

2. Coates, A., et al., On the receiving end—patient 
perception of the side-effects of cancer 
chemotherapy. European Journal of Cancer and 
Clinical Oncology, 1983. 19(2): p. 203-208. 

3. Arias, J.L., Novel strategies to improve the 
anticancer action of 5-fluorouracil by using drug 
delivery systems. Molecules, 2008. 13(10): p. 2340-
2369. 

4. Ahmed, N., H. Fessi, and A. Elaissari, Theranostic 
applications of nanoparticles in cancer. Drug 
Discovery Today, 2012. 17(17): p. 928-934. 

5. Ali, I., et al., Advances in nano drugs for cancer 
chemotherapy. Current cancer drug targets, 2011. 
11(2): p. 135-146. 

6. Brannon-Peppas, L. and J.O. Blanchette, 
Nanoparticle and targeted systems for cancer 
therapy. Advanced drug delivery reviews, 2012. 64: 
p. 206-212. 

7. Barenholz, Y.C., Doxil®—the first FDA-approved 
nano-drug: lessons learned. Journal of Controlled 
Release, 2012. 160(2): p. 117-134. 

8. Li, S.Y. and M. Wang, Novel core-shell structured 
Paclitaxel-loaded PLGA@Ag-Au nanoparticles. 
Materials Letters, 2013. 92: p. 350-353. 

9. Le, V.-M., et al., An investigation of antitumor 
efficiency of novel sustained and targeted 5-
fluorouracil nanoparticles. European journal of 
medicinal chemistry, 2015. 92: p. 882-889. 

10. Pullarkat, S., et al., Thymidylate synthase gene 
polymorphism determines response and toxicity of 
5-FU chemotherapy. The pharmacogenomics 
journal, 2001. 1(1): p. 65-70. 

11. Jain, S.K., et al., Development and characterization 
of 5-FU bearing ferritin appended solid lipid 
nanoparticles for tumour targeting. Journal of 
microencapsulation, 2008. 25(5): p. 289-297. 

12. Chen, L., et al., Overcoming acquired drug 
resistance in colorectal cancer cells by targeted 
delivery of 5-FU with EGF grafted hollow 
mesoporous silica nanoparticles. Nanoscale, 2015. 
7(33): p. 14080-14092. 

13. Longley, D.B., D.P. Harkin, and P.G. Johnston, 5-
fluorouracil: mechanisms of action and clinical 
strategies. Nature Reviews Cancer, 2003. 3(5): p. 
330-338. 

14. Wang, Y., et al., Targeted delivery of 5-fluorouracil 
to HT-29 cells using high efficient folic acid-
conjugated nanoparticles. Drug delivery, 2015. 
22(2): p. 191-198. 

15. Zhuo, R.X., B. Du, and Z.R. Lu, In vitro release of 5-
fluorouracil with cyclic core dendritic polymer. 
Journal of controlled release, 1999. 57(3): p. 249-
257. 

16. Venuganti, V.V.K. and O.P. Perumal, Effect of poly 
(amidoamine)(PAMAM) dendrimer on skin 
permeation of 5-fluorouracil. International journal of 
pharmaceutics, 2008. 361(1): p. 230-238. 

17. Bozkir, A. and O.M. Saka, Formulation and 
investigation of 5-FU nanoparticles with factorial 
design-based studies. Il Farmaco, 2005. 60(10): p. 
840-846. 

18. Anitha, A., et al., 5-flourouracil loaded N, O-
carboxymethyl chitosan nanoparticles as an 
anticancer nanomedicine for breast cancer. Journal 
of biomedical nanotechnology, 2012. 8(1): p. 29-42. 

19. Mathew, M.E., et al., Folate conjugated 
carboxymethyl chitosan–manganese doped zinc 
sulphide nanoparticles for targeted drug delivery 
and imaging of cancer cells. Carbohydrate 
Polymers, 2010. 80(2): p. 442-448. 

20. Nivethaa, E., et al., An in vitro cytotoxicity study of 
5-fluorouracil encapsulated chitosan/gold 
nanocomposites towards MCF-7 cells. RSC 
Advances, 2015. 5(2): p. 1024-1032. 

21. Choi, S.-J., J.-M. Oh, and J.-H. Choy, Biocompatible 
nanoparticles intercalated with anticancer drug for 
target delivery: pharmacokinetic and biodistribution 
study. Journal of nanoscience and nanotechnology, 
2010. 10(4): p. 2913-2916. 

22. Arias, J.L., et al., Magnetite/poly 
(alkylcyanoacrylate)(core/shell) nanoparticles as 5-
Fluorouracil delivery systems for active targeting. 
European journal of pharmaceutics and 
biopharmaceutics, 2008. 69(1): p. 54-63. 

23. Li, T.-J., et al., In vivo anti-cancer efficacy of 
magnetite nanocrystal-based system using 
locoregional hyperthermia combined with 5-
fluorouracil chemotherapy. Biomaterials, 2013. 
34(32): p. 7873-7883. 

24. Shay, J.W., W.E. Wright, and H. Werbin, Toward a 
molecular understanding of human breast cancer: a 
hypothesis. Breast cancer research and treatment, 
1993. 25(1): p. 83-94. 

25. Hanahan, D. and R.A. Weinberg, Hallmarks of 
cancer: the next generation. cell, 2011. 144(5): p. 
646-674. 

26. Carter, P.J. and P.D. Senter, Antibody-drug 
conjugates for cancer therapy. The Cancer Journal, 
2008. 14(3): p. 154-169. 

27. Hsu, P.P. and D.M. Sabatini, Cancer cell 
metabolism: Warburg and beyond. Cell, 2008. 
134(5): p. 703-707. 

28. Weber, G., Enzymology of cancer cells. New 
England Journal of Medicine, 1977. 296(10): p. 541-
551. 

29. Mitra, S., et al., Tumour targeted delivery of 
encapsulated dextran–doxorubicin conjugate using 
chitosan nanoparticles as carrier. Journal of 
Controlled Release, 2001. 74(1): p. 317-323. 

30. Acharya, S. and S.K. Sahoo, PLGA nanoparticles 
containing various anticancer agents and tumour 
delivery by EPR effect. Advanced drug delivery 
reviews, 2011. 63(3): p. 170-183. 

31. Haley, B. and E. Frenkel. Nanoparticles for drug 
delivery in cancer treatment. in Urologic Oncology: 
Seminars and original investigations. 2008. 
Elsevier. 

32. Huang, X., et al., Cancer cell imaging and 
photothermal therapy in the near-infrared region by 
using gold nanorods. Journal of the American 
Chemical Society, 2006. 128(6): p. 2115-2120. 

33. Garcia-Bennett, A., M. Nees, and B. Fadeel, In 
search of the holy grail: folate-targeted 
nanoparticles for cancer therapy. Biochemical 
pharmacology, 2011. 81(8): p. 976-984. 

34. Danhier, F., O. Feron, and V. Préat, To exploit the 
tumor microenvironment: passive and active tumor 
targeting of nanocarriers for anti-cancer drug 
delivery. Journal of Controlled Release, 2010. 
148(2): p. 135-146. 

35. Sega, E.I. and P.S. Low, Tumor detection using 
folate receptor-targeted imaging agents. Cancer 
and Metastasis Reviews, 2008. 27(4): p. 655-664. 

36. Sarangi, S., A. Hussain, and S. Sahu, Strong UV 
absorption and emission from L-cysteine capped 
monodispersed gold nanoparticles. Applied Physics 
Letters, 2009. 95(7): p. 073109. 

37. Priyam, A., et al., Synthesis and spectral studies of 
cysteine-capped CdS nanoparticles. Research on 
chemical intermediates, 2005. 31(7): p. 691-702. 

38. Zhao, W., et al., L-cysteine-capped CdTe quantum 
dots as a fluorescence probe for determination of 



170 
 

cardiolipin. Analytical Sciences, 2010. 26(8): p. 879-
884. 

39. Banerji, B., et al., Synthesis, characterization and 
cytotoxicity study of magnetic (Fe 3 O 4) 
nanoparticles and their drug conjugate. RSC 
Advances, 2012. 2(6): p. 2493-2497. 

40. MA Sadat, S., et al., Nano-pharmaceutical 
Formulations for Targeted Drug Delivery against 
HER2 in Breast Cancer. Current cancer drug 
targets, 2015. 15(1): p. 71-86. 

41. Qian, J., et al., Bio-molecule-conjugated fluorescent 
organically modified silica nanoparticles as optical 
probes for cancer cell imaging. Optics express, 
2008. 16(24): p. 19568-19578. 

42. Chandran, P.R. and N. Sandhyarani, An electric 
field responsive drug delivery system based on 
chitosan–gold nanocomposites for site specific and 
controlled delivery of 5-fluorouracil. RSC Advances, 
2014. 4(85): p. 44922-44929. 

43. Zhou, J.D., et al., Study of the biological 
effectiveness of a nanosilver‑epidermal growth 
factor sustained‑release carrier. Experimental and 
therapeutic medicine, 2013. 5(4): p. 1231-1235. 

44. Jain, P.K., I.H. El-Sayed, and M.A. El-Sayed, Au 
nanoparticles target cancer. Nano Today, 2007. 
2(1): p. 18-29. 

45. Mishra, B.J., A. Kaul, and P. Trivedi, l-Cysteine 
conjugated poly l-lactide nanoparticles containing 5-
fluorouracil: formulation, characterization, release 
and uptake by tissues in vivo. Drug delivery, 2015. 
22(2): p. 214-222. 

46. Trail, P.A., Antibody drug conjugates as cancer 
therapeutics. Antibodies, 2013. 2(1): p. 113-129. 

47. Tomuleasa, C., et al., Gold nanoparticles 
conjugated with cisplatin/doxorubicin/capecitabine 
lower the chemoresistance of hepatocellular 
carcinoma-derived cancer cells. J Gastrointestin 
Liver Dis, 2012. 21(2): p. 187-196. 

48. Sokolov, K., et al., Real-time vital optical imaging of 
precancer using anti-epidermal growth factor 
receptor antibodies conjugated to gold 
nanoparticles. Cancer research, 2003. 63(9): p. 
1999-2004. 

49. Bouras, A., M. Kaluzova, and C.G. Hadjipanayis, 
Radiosensitivity enhancement of radioresistant 
glioblastoma by epidermal growth factor receptor 
antibody-conjugated iron-oxide nanoparticles. 
Journal of neuro-oncology, 2015: p. 1-10. 

50. Dunpall, R., et al., Synthesis of biocompatible Au–
ZnTe core–shell nanoparticles. Journal of Materials 
Chemistry B, 2015. 3(14): p. 2826-2833. 

 



171 
 

 

 

 

 

 

CHAPTER SIX: Development and characterisation of MCF7 mammary carcinoma 

xenografts in a non-immunocompromised animal models 

 

 

 

 

 

 

 

 

 

 



172 
 

6.1 Introduction  

Over more than a century, the contribution of animals in scientific research has pioneered 

remarkable advances in medicine which has improved the quality of life for billions of 

humans and animals worldwide [1]. The discovery and application of prescribed drugs, 

antibiotics, vaccines, blood transfusions and organ transplants would not have been 

possible without the use of animal models. Animal research has provided key links in 

transforming medical technology, diagnosis, therapeutics and management of countless 

health disorders such as the human immunodeficiency virus, diabetes, high blood 

pressure, bacterial and viral infections, organ failure, neurodegenerative disorders and 

cancer. The study of cancer however is currently one of the most extensive and dynamic 

fields in the forefront of animal research [1, 2]. Chemotherapy is currently a commonly 

used treatment regime in breast cancer, which involves the use of cytotoxic drugs such 

as alkylating agents, antimetabolites, anti-tumour antibiotics, topoisomerase and mitotic 

inhibitors. The various classes of cytotoxic drugs are categorized according to their 

chemical structure and the mechanism of action in destroying viable cells [3-5].  

Herceptin and aromatase inhibitors were amongst the first therapeutics investigated to 

treat breast cancer through its application in animal research [1].  Aromatase inhibitors 

are a class of drugs used to block the production of oestrogen hormone by inhibiting the 

enzyme aromatase which catalyses the conversion of androgens into oestrogens.  

Preliminary studies displayed positive therapeutic response of aromatase inhibitors in 

mice with oestrogen-receptor-positive cancers. These findings allowed aromatase 

inhibitors to undergo successful clinical trials and there after directed its FDA approval for 

use in patients suffering with hormone driven breast cancers which has since improved 
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the quality of life for millions of females worldwide [6]. In vitro research studies within the 

domain of breast cancer is also an important factor in establishing the efficacy of new 

chemotherapy drugs, tumour morphology, disease diagnosis and in understanding 

apoptotic pathways [7]. The human breast adenocarcinoma adherent cell line (MCF7) 

was established in 1973 by the Michigan Cancer Foundation, currently the MCF7 is one 

of the most predominant cell lines used to study breast cancer in both in vitro and in vivo 

experiments [8]. The MCF7 was derived from metastatic sites and display remarkable 

hormone sensitivity due to the overexpression of oestrogen receptors (ER) on the cell 

surface. In addition the cell line is well characterised and therefore a suitable choice for 

breast cancer research involving tumour growth, hormone and other targeted drug related 

therapies. In vitro techniques such as 3D and 2D cell culture, subcellular fractions, purified 

enzymes, proteins and nucleic acids have laid the foundation in cancer research [7, 9, 

10]. These techniques are rapid and inexpensive. However in vitro techniques are often 

isolated and lack the ability to simulate homeostatic mechanisms presented within 

integrated organs and whole animal systems. The most common in vivo technique within 

animal models involves the study of tumours [11]. The growth of tumours are induced by 

chemical carcinogens, human tumour xenografts, transgenic or knockout models 

followed by the administration of chemotherapeutics or anti-tumour drugs [12].  

Work reported by various researchers demonstrated the induction of mammary tumours 

in rats through the use of chemical carcinogens such as N-methylnitrosurea, 

dimethylhydrazine and 7, 12-dimethylbenz (a) anthracene [13-15]. These findings 

showed the importance of using tumours in understanding the pathogenesis of cancer 

and tumour development. Other chemical inducers of tumours include the administration 
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of high doses of growth hormones, oestrogens or aminofluorene compounds that 

stimulate the development of mammary tumours [16]. These methods succeeded in 

producing mammary tumours and providing a platform of ideal animal models that have 

generated innumerable links of knowledge in the area of oncology diagnosis and 

therapeutics. However, there are limitations to these techniques of inducing tumours, the 

chemical inducers are carcinogenic and toxic, harmful to the animal upon administration 

and offers low tumourigenicity rates that take up to 3-4 months before the appearance of 

an external tumour growth [17]. The development of rapid and efficient tumourigenicity or 

growth rate in xenograft techniques was achieved through the application of basement 

membrane extract (BME) during the early 1990s [18-20]. The basement membrane is the 

thin extracellular matrices that lie beneath epithelial, endothelial tissues and functions in 

cell adherence [20]. This membrane extract was first isolated from the Engelbreth-Holm-

Swarm murine tumour and is composed of collagen IV, heparin sulphate proteoglycan, 

laminin and various other growth factors that work synergistically to promote cell growth 

and tumour formation [21]. Numerous research has been conducted to demonstrate the 

ability of BME to increase uniform tumourigenicity in xenograft applications. Most of these 

studies were performed on nude mice to induce mammary, pancreatic, prostate, lung and 

colorectal cancer tumours [18-22].  A drawback of this animal model is the lack of a well-

functioning immune system. These animals are immunocompromised and require 

specialized breeding, handling and application protocols [19, 21].  

The administration of hormones such as estrogen, growth hormone or cortisone can be 

used to assist and promote mammary tumour growth in rat and mice models [23, 24]. 

Estrogen is a vital female hormone that both controls and regulates the reproductive 



175 
 

organs and is responsible for various female characteristics such as body shape, 

menstruation, ovulation, physical appearance and lactation. 17β-estradiol is a common 

synthetic steroid derivative of estrogen and functions in the same manner as the naturally 

secreted hormone [25]. Estradiol is able to bind to the receptor molecules present on the 

cells membrane surface initiating a cascade of reactions that stimulate expression of 

specific genes [23, 26]. Those genes encode for proteins that can perform specific 

functions in promoting rapid mammary tumour development [27]. Cortisone is a hormone 

naturally produced by the adrenal cortex. Synthetic versions of cortisone are used in 

medical applications that require anti-inflammatory and anti-allergic responses [26]. The 

combination of cortisone treatment in xenograft techniques is useful in suppressing the 

animal’s immune response to the introduction of external cells of human origin, allowing 

the injected cancer cells time to adhere and proliferate at the tumour injection site within 

the animal [28].  

These tumour models provide a platform for understanding the growth, development, 

metabolism and therapeutic responses during drug development. Several biocompatible 

nanomaterials are specifically designed to deliver cancer drugs directly to the tumour site 

thereby increasing therapeutic responses and lowering unwanted harmful side effects 

that occur once normal cells are exposed to cytotoxic anti-cancer drugs [29]. There are 

various reports, investigating the use of biocompatible nanomaterials and animal tumour 

models for the development and understanding of targeted drug delivery, 

pharmacokinetics responses, photothermal destruction and bio-imaging of cancer 

tumours in mice and rats [30-35]. In the previous chapter, the in vitro enhanced efficacy 

of 5-FU-EGF-Au-ZnTe nano formulation when compared to 5-FU alone was confirmed 
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using MCF7 cancer cells. The work presented in this chapter aimed to induce and develop 

viable tumours on rat or mice animal models, for the in vivo application of 5-FU-EGF-Au-

ZnTe nanoparticles. This study aimed to demonstrate the tumour inducing ability of BME 

using Sprague-dawley rats that have normal functioning immune systems over a period 

of 70 days. The findings from the 70 day study led to a more complex investigation 

involving the use of estradiol and cortisone assisted xenografts of MCF7 for mammary 

tumour development in BALB/c mouse models. Figure 6.1 illustrates the complex 

morphology of the mammary glandular systems present in female Sprague Dawley rats 

and BALB/c mice. The target of these experiments was to induce mammary tumours 

directly on the thoracic glandular region of the animal using MCF7 cells in combination 

with BME, estradiol and cortisone. Once the tumour development was measurable in size 

(1-2 cm) the main objective was to evaluate the in vivo efficacy of novel 5-FU-EGF-Au-

ZnTe nanoparticles. 

 

Figure. 6.1 Tumour induction site located on the right thoracic gland. An illustration of the 
mammary glands present in the Sprague Dawley rat and BALB/c animal model 
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6.2 Experimental  

6.2.1 Ethics Statement    

This research was approved by the University of KwaZulu Natal (UKZN) Animal Ethics 

Committee. All animal research was conducted at the Biomedical Resource Unit, UKZN. 

Animal Ethics number: 085/14/Animal and 002/15/Animal. The care and use of 

experimental animals in this study strictly complied with the approved University of 

KwaZulu-Natal animal welfare laws, guidelines and policies.  

6.2.2 Cell culture 

Modified eagle medium (MEM), Phosphate buffered saline (PBS), Trypsin, 100x pen-

strep Fungizone (PSF) and fetal calf serum (FCS) were supplied by Whitehead Scientific. 

Estradiol and cortisone (Soli-Cortef) was purchased from Merck and Vet Care Animal 

Clinic respectively. Human breast (MCT-7) adenocarcinoma cell lines was purchased 

from American Type Culture Collection (ATCC) and used in the experiments. This 

adhesion cell line was grown in MEM culture media containing 10% FCS and 1-2% PSF.  

6.2.3 Tumour induction using Sprague Dawley rats 

The vial containing 15.79 mg/5ml of BME was removed from -80˚C storage, placed on 

ice and allowed to thaw 24 hours prior to the tumour induction. Cells that grew as 

monolayers were trypsinized at passage two and calculated at a total cell density of 7.2 

x106. Injections were prepared containing equal volumes of MCF7 cell and BME. A 22 

gauge needle was used to carefully inject 1 ml of the preparations (MCF7 cells only; 

MCF7+BME) subcutaneously into the right thoracic gland of the female rats. 
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6.2.4 Tumour induction using BALB/c mice 

The same cell culture and xenograft techniques were followed to induce tumours in 

BALB/c mice (Section 6.2.3).  Estradiol powder containing 60 µg/kg body weight was 

dissolved in sesame seed oil and orally administered on alternate days using equal 

amounts of chocolate paste as described previously [36]. Cortisone at 4 mg/ml was 

administered daily for 3 consecutive days prior to the tumour induction through 

subcutaneous injections, each mouse received a total volume of 0.25 ml of Solu-Cortef 

as previously described [37-39]. Thereafter the same concentration of Solu-Cortef was 

administered in the drinking water every alternating day. The animals were monitored 

over a period of 91 Days. 

6.2.5 Animals and conditions for tumour induction studies in Sprague Dawley rats 

Four-week-old female, specific-pathogen free, Sprague Dawley rats were purchased from 

Biomedical Resource Unit, University of KwaZulu Natal. The 9 rats were housed and 

acclimatised for 7 days before starting the experiments. During the acclimatisation and 

experimental periods, the rats were housed in polycarbonate cages (maximum of 3 rats 

per cage) in a room with controlled temperature (22.2 ± 1.7°C), humidity (48.4 ± 6.0%), 

and a 12-h light/dark cycle. The rats were fed a rodent pellet food and water ad libitum. 

The rats were divided into three groups. Group A was the untreated control animals that 

received no injection. The animals in group B received a subcutaneous injection of human 

breast adenocarcinoma MCF7 cancer cells at a total cell density of 7.2 x 106, the animals 

from group C, received a co-injection of human breast adenocarcinoma MCF7 cancer 

cells at a total cell density of 7.2 x 106/5ml and 15.79 mg/5ml BME. 
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6.2.6 Animals and conditions for tumour induction studies in BALB/C mice 

Four-week-old female, specific-pathogen free (SPF) BALB/c mice were purchased from 

Biomedical Resource Unit, University of KwaZulu Natal. The 25 mice were housed and 

acclimatised for 7 days before starting the experiments. During the acclimatisation and 

experimental periods, the mice were housed in polycarbonate cages (3, 5 and 6 per cage) 

in a room with controlled temperature (22.2 ± 1.7°C), humidity (48.4 ± 6.0%), and a 12-h 

light/dark cycle. The mice were fed a rodent pellet food and water ad libitum. The mice 

were divided into five groups (untreated control n=3, tumour induced untreated control 

n=5, tumour induced 5-FU control n=5 and two groups of tumour induced 5-FU-EGF-Au-

ZnTe treated n=6). All animals in the study received subcutaneous injections of human 

breast adenocarcinoma MCF7 cancer cells at a total cell density of 12.2 x 106 mixed with 

15.79 mg/5ml BME. The hormones were administered as described in section 6.2.4. 

6.2.7 Hematological evaluation  

On day 35 of the study, each animal was placed in a warming chamber for a few minutes, 

followed by blood collection through the lateral tail vein using a 22G needle. The blood (1 

ml) was collected in heparinized vacutainers. White and red blood cell counts were 

analysed using a using a Beckman Coulter DXC600/800. Food was withheld for 12 hours 

before necropsy at the conclusion of the study. On day 70 of the study the animals were 

anesthetised by an overdose of halothane followed by immediate bleeding and 

exsanguination by cardiac puncture. The blood was collected in heparinized vacutainers. 

Cell counts were analysed using a using a Beckman Coulter DXC600/800. The same 

procedure was followed on the last day of the hormone assisted tumour induction. 
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6.2.8 Histopathological evaluation 

The injection site (mammary tissue) was carefully harvested, weighed and fixed in a 10% 

formalin solution containing neutral phosphate-buffered saline, embedded in paraffin, 

stained with hematoxylin and eosin, followed by microscopic histological evaluations 

using light microscopy techniques. For light microscopy (LM) evaluations, the tissue 

samples were removed from the fixative and dehydrated using a 50 to 96% ethanol 

gradient with the ethanol being subsequently cleared from the tissue using xylene. The 

tissue was then embedded in paraffin wax using standard procedures. The wax 

embedded tissue were sliced into 3 µm sections using a microtome, collected on glass 

slides, dried and stained with hematoxylin and eosin (H&E) using standard protocols. The 

stained sections were examined using a light microscope (LM; Nikon 80i, Kanagawa, 

Japan) and images were digitally captured using NIS Elements D software and a camera 

(Nikon U2, Kanagawa, Japan). All tissue evaluations were performed using a minimum 

of three replicates. 

6.2.9 Statistical analyses 

The statistical analyses were performed using GraphPad Prism® Version 5 software. The 

statistical evaluation included a two-tailed Student’s t-test or analysis of variance 

(ANOVA). The level of statistical significance was set at p < 0.05. 
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6.3 Results  

6.3.1 Cell culture of MCF7 cells 

The MCF7 cells were cultured under standard protocols until passage two, thereafter the 

cells were counted and prepared for injection into the tumour site of the rat according to 

the experimental design.   

6.3.2 Animal observations during the 70 day tumour induction study 

The animal’s behaviour, activity, mobility, alertness, grooming, food and water 

consumption was monitored daily over the 70 day study. The animals from all groups 

appeared healthy, active and alert in addition their food and water consumption remained 

constant throughout the 70 days. The baseline weight of the animals at the start of the 

study was between 150-160 g (Table 6.1). The weight of the animals at the end of the 

study was between 217-227 g, which indicated a 70% weight increase across all groups 

over the 70 day period. Weekly examinations were performed to evaluate the presence 

of a tumour mass. No solid or external growth was observed in group B and C. The tissue 

from the injection site was removed and processed for histopathology analysis. 

Table 6.1. Animal weight gain and tumour observations during the 70 day study. 

The data is represented as mean ± SD (n=3) 

 

 

 Group A 
Untreated 

control 

Group B 
MCF7 cells  

Group C 
MCF7 cells 

+BME 

Body weight at start (g) 158 ± 5.57 161 ± 7.81 150.67 ± 6.66 

Body weight at end (g) 225 ± 10.44 227 ± 5.51 217 ± 11.37 
% body weight increase 70.40 ± 5.83 70.90 ± 5.21 69.44 ± 4.53 

Tissue removed from the tumour 
site weight (g) 

 
0.57 ± 0.16 

 
0.81 ± 0.09 

 
1.05 ± 0.14 

Clinical observations of tumor 
growth 

 
N/A 

No signs of 
external tumour 

mass 

No signs of 
external tumour 

mass 
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6.3.3 Hematological analysis of red and white blood cells 

Blood vasculature is expected to increase as the tumour growth progresses. 

Hematological analyses were performed across all groups at day 35 and 70 to monitor 

any changes in the red and white blood cell concentrations. At day 35 the red blood cell 

(RBC) concentrations across all groups were 8.10 x 106/mm3 (Figure 6.2 A), which is 

within the normal reference range of rat RBC (6.76-9.75 x 106/mm3). There was no 

statistically significant change (p>0.05) in the RBC values from day 35 to 70 as the values 

obtained on day 70 were between 7.64-7.87 x 106/mm3 (Figure 6.2 B). The values 

obtained for the white blood cells (WBC) ranged between 3.5 and 4 x 103/mm3 at day 35 

(Figure 6.2 A). There was a decrease in the concentration (1.5-2.07 x 103/mm3) of WBC 

observed across all groups at day 70, however these decreases were not statistically 

significant when compared to day 35. The p values obtained were 0.1, 0.2 and 0.2 for 

group A, B and C respectively. Although there was a decrease in the WBC concentrations, 

group C, retained the highest WBC values at day 70 (Figure 6.2 B).  

Figure 6.2 White and red blood cell counts (A) Shows the levels at day 35. (B) Shows 
levels at day 70. The data is represented as mean ± SD. All values compared to their 
respective control (n=3).   

Differential WBC counts were performed to establish if there were any changes in the 

individual WBC populations from day 35 to day 70. The values obtained at day 35 were 
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all within reference range for these cell populations (Figure 6.3 A). With the exception of 

the monocytes and lymphocytes, the results showed a statistically non-significant 

decrease (p>0.05) in the other cell populations at day 70. The lymphocytes values 

increased from 65.23 to 77.67 % and 67.73 to 81.20 % in groups B and C respectively 

(Figure 6.3 B). Although there was an observable marked increase in these lymphocyte 

values, the increases were not statistically significant (p>0.05) when compared to animals 

from the control group. 

Figure 6.3 Differential white blood cell counts (A) Shows the percentage of cell 
populations at day 35. (B) Shows the percentage of cell populations at day 35. The data 
is represented as mean ± SD. All values compared to their respective control (n=3).   
 

6.3.4 Histopathology evaluations of tumour site from rat models 

The tissue of interest for histopathology evaluations was obtained from the injection site, 

situated on the right thoracic gland (Figure 6.4 A). The micrographs from the untreated 

control group, closely resembles that of normal white adipose tissue found in large closely 

packed masses between the lobules, with cells having regular morphology and 

peripherally located, darkly stained nuclei (Figure 6.4 B). Animals from group B (Figure 
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6.4 C and D) and group C (Figure 6.4 E and F), displayed the accumulation and growth 

of clusters of MCF7 cells between the adipose tissue cells. Although both the treated 

groups exhibited this growth pattern, the micrographs of the MCF7 cells + BME treated 

group showed larger clusters of MCF7 cells inter-dispersed between the adipose cells 

when compared to the MCF7 treatment (Figure 6.4 E and F). The larger clusters of cells 

observed in group B is attributed to the properties of BME in promoting and stimulating 

increased growth and adherence of higher cell numbers to the injection site. Quantitative 

analysis of the colony size was established through measuring the surface area occupied 

by the MCF7 cancer cells from multiple observations of the tissue sections. The MCF7 

treated tissue sections displayed surface areas ranging from 504 to 788 µm2. The 

MCF7+BME treated tissue sections displayed surface areas ranging from 4693 to 7637 

µm2 (Figure 6.4). 

Figure 6.4 Histopathology evaluations of tissues for the tumour injection site using light 
microscopy. (A) Displays the location on the right thoracic gland that was used as the injection 
site on the Sprague-dawley rat. (B) Tissue morphology of mammary tissues from the untreated 
control group at 10x magnification. (C) Displays the localization of MCF7 cells within the adipose 
tissue at 40x magnification (D) shows the growth of MCF7 cells in close proximity of blood supply 
at 40x magnification. (E) Displays larger clusters of MCF7 cells within the adipose tissue at 40x 
magnification. (F) Displays MCF7 cells growing close to blood vessels within the adipose tissue 
at 100x magnification. (A=adipose cells, BV= blood vessel, F= fibrous interlobular tissue, N= 
Nucleus of adipose cells, CM= Cell membrane of adipose tissue, RBC= Red blood cel
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6.3.5 Tumour development in BALB/c mice 

The hormone assisted tumour induction in BALB/c mice (12-15 g in body weight) was 

investigated over a period of 91 days, during this time the animals appeared to display 

normal behavioral, eating and breathing patterns. The animals maintained normal weight 

gain throughout the study and weighed between 22-26 g at the end of the study. By day 

30 of the study, 1 animal died from inflammatory uterine disorder, and 2 animals from an 

over-exposure of halothane. The histopathology of the tumour site was investigated on 

day 30. The effects of estradiol was evident in the enlarged uterus and bladder observed 

in Figure 6.5 B and C, upon closer histological examination the tumour injection site 

displayed regular white and brown adipose supporting normal mammary tissue 

morphology (Figure 6.5 D-F). No MCF-7 cells were observed. 

 

Figure 6.5 Histopathology of BALB/c mice at day 30. (A) Mammary gland systems, (B-
C) Enlarged uterus and bladder, (D-F) Light microscope cross sections of tumour site 
tissues 
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6.3.6 Histopathology evaluations of tumour site from mouse models 

After the observations from day 30 of the study, a second tumour induction was performed 

using cortisone in combination with Estradiol. During this study the animals displayed no 

signs of external tumour development at the site of injection. However following the 

administration of cortisone, it was observed that 1 animal died every 2 days. After 

terminating the study (day 91). The tumour site was studied carefully. Animals from the 

untreated control group showed normal breast tissue morphology at low magnification 

(Figure 6.6 A) with an abundance of white adipose tissue surrounding the lobules. At a 

higher magnification (Figure 6.6 B) the adipose tissue cells display regular morphology 

and darkly stained peripheral nuclei.  

Figure 6. 6 Cross-section of mammary tissues from BALB/c mice. (A) Micrographs of 
control mammary tissue at 10x magnification. (B) Micrographs of control mammary tissue 
at 40x magnification. A=adipose cells, BV= blood vessels, FT= fibrous interlobular tissue, 
F= Acini alveoli) 
 

The presence of glandular tissue in the breast is dependent on hormonal activity, 

stimulated by various hormones including estrogen. In the control slides there are a few 

lobules which are small in size and have small lumens. The lobules in these tissue 
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sections are typical of non-lactating breast tissue and are lined by two layers of epithelial 

cells. Low magnification micrographs (Figure 6.7 A) from the tumour induced treated 

group shows a significant increase in the number of lobules as compared to the untreated 

control group (Figure 6.6 A).  At low (Figure 6.7 A) and high (Figure 6.7 B) magnification 

the tissue samples closely resemble that of lactating breast tissues. The lobules appear 

larger, with a huge lumen and contain secretions within them.  

 

Figure 6.7 Cross-section of mammary tissues from tumour induced BALB/c mice. (A) 
Micrographs of mammary tissue at 10x magnification. (B) Micrographs of mammary 
tissue at 40x magnification. A=adipose cells, ID= interlobular ducts with milk secretion, 
ILC= interlobular connective tissue 
 

The terminal duct lobular unit (TDLU) is significantly larger and is replete with milk 

secretions collected from the lobules. Figure 6.8 A, displays sections from the treated 

group that shows areas that contain the MCF7 cells. The cells are found surrounding the 

secretion filled lobules. Higher magnification images (Figure 6.8 B and C) show the 

clusters of MCF7 cells that are found amongst the lobules.  

 



188 
 

 

Figure 6.8 Cross-section of mammary tissues from tumour induced BALB/c mice. (A) 
Micrographs of mammary tissue at 10x magnification. (B) Micrographs of mammary 
tissue at 40x magnification. A=adipose cells, BV=blood vessels. 
 
In the current study there was no observation of external tumour growth in BALB/c animal 

models, however during the harvesting of the breast tissue there were huge observable 

differences between the treated and the control group. The tissue from the treated group 

appeared larger and denser with a more granular appearance (Figure 6.9). Histological 

evaluations revealed that the control group displayed normal non- lactating breast tissue 

morphology with glandular units arranged in lobules, embedded in a mass of adipose 

tissue which is subdivided by collagenous and fibrous interlobular tissue (Figure 6.6, 6.7 

and 6.8) 
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Figure 6.9 (A) Control and tumour induced (B) BALB/c mice on day 91 illustrating the 
lactation effects of estradiol within the mammary glands. 
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6.4 Discussion   

The objective of this study was to induce mammary tumours in Sprague-dawley rats using 

MCF7 human cancer cells and xenograft techniques. The use of BME was employed to 

increase the MCF7 cell growth rate and promote the formation of a tumour. An additional 

aim was to demonstrate the tumour enhancing ability of BME in rat models. The main aim 

was to develop sizeable tumours that could be studied for targeted drug delivery and 

increased efficacy of 5-FU-EGF-Au-ZnTe nanoparticles.  Similar methods of tumour 

induction has been well studied and highly reported using immunocompromised nude 

mice as the recipient animal model [40, 41].  

In the current study we used nine Sprague-dawley rats. The rats were divided into three 

groups, group A was the untreated control, group B was the MCF7 induced animals and 

group C was the MCF7+BME induced animals. Throughout the 70 day study the animal’s 

maintained normal behaviour, mobility, alertness and feeding patterns. Groups B and C 

showed no evidence of external tumour growth within the 70 day study. In a comparable 

study the use of rat derived mammary adenocarcinoma LA7 cells was used to induce 

tumours in Sprague Dawley rats [42]. This technique involved a subcutaneous injection 

of LA7 cells into the mammary fat pad of the rat. The presence of an external tumour was 

observed at day 30 of the study.  Work reported by Barros et al., showed the presence of 

mammary tumours in Sprague-dawley rats after 91 days of induction with 7,12-

dimethylbenz(a)anthracene [43]. In another report tumour growth induced by the chemical 

carcinogen N-methyl-N-nitroso urea developed only after 140-175 days [15]. Generally a 

developing tumour requires increased blood supply to support the nutrient and oxygen 

demands of the rapidly growing cancer cells. This process is commonly termed 
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angiogenesis which results in consequent increases in blood cell density. During tumour 

growth the red blood cell counts are expected to increase. In this study the red blood cell 

counts remained within the normal range as the presence of a tumour mass was not 

observed in animals from the tumour induced groups B and C. During tumourigenicity, 

white blood cells play key roles in identifying and destroying cancer cells. The white blood 

cells are differentiated into many cell types that have specific functionalities within 

immune responses. Lymphocytes specifically have been reported to induce tumour cell 

destruction [44].  Abnormally low levels of lymphocytes have been implicated in the 

negative outcomes associated with cancer patients [45].  Studies show that increased 

levels of lymphocytes inhibit tumour growth and are also linked to reduced tumour 

recurrence [46]. The increased percentage of lymphocytes reported in this study could be 

in response to the introduction of the MCF7 cells in group B and C. The increase in the 

lymphocyte cell numbers has the potential to inhibit the growth of the injected MCF 7 cells 

and could therefore be implicated as one of the possible reasons for the restricted growth 

of these cells observed in the tumour induced groups. Breast tissue has unique 

morphology, composed of glandular units arranged in lobules, embedded in a mass of 

adipose tissue which is subdivided by collagenous and fibrous interlobular tissue [47]. In 

this study the presence of an external tumour was not observed in animals from group B 

and C, however light microscopy evaluations confirmed that the MCF7 cancer cells 

localized and grew within the adipose cells that surrounds the lobules of the mammary 

tissue. The presence of internalized MCF7 cell colonies confirms that the xenograft 

technique was successful. The tissue morphology from groups B and C (Figure 6.4 C-F) 

closely resembles the population density and orientation of MCF7 cells around the 
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adipose tissue as reported in a study by Chang et al., using xenografts in nude mice [48]. 

Additional reports on breast cancer tissue morphology also support the findings of the 

current study [49]. Interestingly in the present study, the injected MCF7 cells confined 

their aggregation and growth very closely to either the cell membranes of the adipose 

cells or in very close proximity to blood vessels. This can be attributed to the MCF7 cells 

adhering to areas that have a rich nutrient supply that would enable their successful 

survival and allow them the ideal conditions to promote tumour growth. In addition the 

histopathology studies confirmed that the xenograft technique using MCF7 cells and BME 

was correctly performed. The surface area or colony size that the cancer cells occupied 

within the MCF7+BME treated (group C) were extensively larger compared to the MCF7 

treated (group B). This finding is attributed to the tumour enhancing properties of BME, 

which promoted higher colony numbers and colony size. The technique demonstrated the 

growth of MCF7 cells in the thoracic region of the mammary gland however the 

progression of external tumours in the presence of BME was unsuccessful.  

This study demonstrated that the method of using cancer cells in combination with BME 

has the potential to induce tumours in rat models however the method required further 

optimization. The second step of this study involved the induction of mammary tumours 

in BALB/c mice using some of the following strategies; increasing the cell density of the 

cancer cells in the xenograft, addition of hormone supplements such as estrogen and 

immuno suppressing cortisone hormone. Changing the recipient animal from rats to mice 

was investigate because both rodent animals display similar morphological and 

physiological characteristics however BALB/c mice are approximately 10 times smaller 

than rats, display higher metabolic rates and are preferred for tumour induction studies 
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[50]. Additionally increasing the tumour growth time and increasing the concentration of 

tumour promoting BME was expected to further promote the formation of mammary 

tumours within the BALB/c model. Interestingly, the histological evaluations of the denser 

and granular appearing tissue from the tumour induced BALB/c mice displayed tissue 

morphology that is representative of a lactating breast. The increase in number and size 

of the lobules are dependent on hormonal activity and the supplementation of estrogen 

to the treated group could be responsible for the morphological changes observed within 

this group.  The tissue sections confirmed that the MCF7 cancer cells were present within 

the tissue of the treated groups. The MCF7 cells were present around the secretion filled 

lobules of the mammary tissue. The presence of internalized MCF7 cell colonies confirms 

that the xenograft technique was successful. The injected MCF7 cells confined their 

aggregation and growth very closely to either the cell membranes of the lobular epithelial 

cells or in very close proximity to blood vessels. This can be attributed to the MCF7 cells 

adhering to areas that have a rich nutrient supply that would enable their successful 

survival and allow them the ideal conditions to promote tumour growth. In addition the 

histopathology studies confirmed that the xenograft technique using MCF7 cells and BME 

was correctly performed. The technique demonstrated the growth of MCF7 cells in the 

thoracic region of the mammary gland however the progression of external tumours in the 

presence of BME, estradiol and cortisone still remained unsuccessful. The induction of 

tumours using animal models that are not immunocompromised is a pivotal aspect of 

cancer research which has further downstream implications in clinical studies. The 

challenges in understanding cancer cell interactions and tumour physiology is important 

in developing effective treatment strategies for novel nano-drug systems.  
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6.5 Conclusions 

In the current work, the findings show that the MCF7 mammary cancer cells survived in 

both rat and mice mammary tissues. The growth of MCF7 cancer cells within the 

mammary tissues confirmed the tumour enhancing properties of BME, estradiol and 

cortisone, however the presence of a measureable external tumour mass was not 

observed. Due to the lack of external tumour growth under the described experimental 

conditions, the in vivo application of 5-FU-EGF-Au-ZnTe nanoparticles could not be 

investigated. It is possible that the MCF7 cancer cells used to induce tumours in this 

study was not aggressive enough to proliferate into an external tumour mass. In order to 

demonstrate the in vivo efficacy and drug delivery application of 5-FU-EGF-Au-ZnTe 

nanoparticles a robust tumour model will need to be optimized through the use of more 

aggressive cancer cells or immunocompromised nude mice models. 
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CHAPTER SEVEN: Discussion and conclusion 
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7.1 Discussion 

The need for novel and innovative biocompatible nanomaterials are always in demand 

to improve current therapeutic and diagnostic medical applications. Literature provides 

evidence that support the importance of gold based core-shell nanostructures 

synthesized specifically for drug delivery and bio-imaging applications within the field 

of oncology. The aim of this research project was to synthesize, characterise and 

demonstrate the various bio-applications of novel Au-ZnTe core-shell nanoparticles.  

The work presented in chapter two and three, highlights the synthesis and 

characterisation of both the parent materials Au and ZnTe and Au-ZnTe core-shell 

nanoparticles. This study enables a clear understanding of the interaction between the 

parent materials and the mechanism of assembly into core-shell nanostructures. 

Additionally the preliminary in vitro biocompatibility findings supported the biosafety of 

ZnTe and Au-ZnTe nanoparticles. The bio-safety and functionality of these materials 

is largely attributed to the use of L-cysteine ethyl ester hydrochloride as a surface 

passivating agent.  

Detailed investigations on the biocompatibility, bio-interaction and biosafety of Au-

ZnTe nanoparticles were evaluated using suitable in vitro and in vivo experiments and 

are presented within chapter four. These findings established a toxicity profile for the 

Au-ZnTe nanoparticles and established that these nanoparticles are non-toxic 

between a concentration range of 20-100 µg/ml for in vitro cell culture experiments 

and 50-1500 µg/ml for in vivo animal experiments. The subsequent aim after 

demonstrating the biosafety of Au-ZnTe nanoparticles was to investigate the bio-

functionalisation of Au-ZnTe nanoparticles. This was demonstrated using surface 

conjugation of 5-FU and human EGF. As described in chapter five, after 

physicochemical characterisation, the in vitro therapeutic efficacy application of the 

surface modified Au-ZnTe nanoparticle was investigated. The UV, PL, FTIR and Zeta 

potential analysis provided evidence that 5-FU and EGF dominated the optical 

properties of the surface modified Au-ZnTe nanoparticles. Additionally the 

comparative in vitro therapeutic efficacy studies showed that 5-FU-EGF-Au-ZnTe 

nanoparticles displayed enhanced cytotoxic effects on MCF7 cells when compared to 

5-FU alone. Modern technologies within the discipline of pharmaceutics, drug delivery, 

materials chemistry and nanobiotechnology aim to address the harmful side-effects 
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and challenges that result from conventional chemotherapy by improving the delivery 

of the chemotherapeutics directly to the target site, thereby decreasing the required 

unit dose, enhancing the efficacy of the drug and improving both drug development 

and patient compliance. The data displayed in chapter five shows statistically 

significant in vitro therapeutic activity confirming that the nano-drug formulation of 5-

FU would be able to support drug specificity and improved therapeutic activity at a 

lower dose as compared to the plain drug. In order to investigate the in vivo application 

of 5-FU-EGF-Au-ZnTe nanoparticles, a well-optimised animal model that presents 

external mammary tumours had to be first developed and then treated with the nano-

drug formulation of 5-FU. 

In vivo tumour induction studies using xenograft techniques was performed on female 

Sprague Dawley rats and BALB/c mice and reported in chapter six. The xenograft 

consisted of human MCF7 cancer cells in combination with basement membrane 

matrix growth enhancers. In addition to this technique the animals received 

supplementation with estradiol and cortisone hormones. Estradiol functioned in 

stimulating the growth of the cancer cells and the cortisone functioned in supressing 

the immune response allowing the introduction and growth of foreign cells into the 

animal’s body. The results indicated tumour growth and MCF7 cellular invasion of 

surrounding tissues. However the presence of an external and sizeable tumour mass 

was not observed. Side effects of the cortisone administration caused two mice to die 

on a weekly basis. The study was terminated at 91 days due to ethical, animal welfare 

and humane endpoint protocols. The study was able to generate scientific knowledge 

and contribute to the optimisation and development of xenograft techniques using 

animals. The absence of a visible external tumour mass limited the project from 

demonstrating the in vivo application of 5-FU-EGF-Au-ZnTe nanoparticles. 

7.2 Challenges  

I. This project involved various disciplines and therefore required access to 

specialised laboratory and instrument facilities. The lack of vital in-house 

research facilities such as cell culture laboratories, electron microscopy 

facilities, animal availability (numbers and strain), animal handling, ethics and 

welfare training at the Department of Biochemistry and Microbiology, University 

of Zululand was a huge challenge that led to a 6 months delay in the animal 

and application studies during 2013. In 2013, a collaboration was arranged with 
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the University of KwaZulu-Natal, Biomedical Resource Unit (BRU), followed by 

a series of animal ethics and lab animal science training and workshop.  The 

animal ethics was approved through the UKZN animal ethics committee. 

Thereafter the animal studies were carried out under the close supervision of 

Dr S. Singh and Dr L. Bester (Vet and technical support). 

I. The absence of cell culture facilities at the University of Zululand led to a search 

for a collaborator, in close vicinity to the BRU (UKZN) where the animals were 

housed. In 2014, we entered into a collaboration with Dr J. Bodenstein, 

Pharmacology Department, UKZN.  We were unable to simply purchase the 

cancer cells due to license restrictions, therefore an extensive search for the 

availability of human breast cancer cells was a key challenge in various aspects 

of the project. After months of searching the MCF7 cells were donated to us 

through Dr S. Naidu and Mr S Rambharose from UKZN, originally purchased 

from the ATCC.  

II. The animal studies were time consuming and the tumour induction studies took 

longer than anticipated. Additionally the requirements of the animal studies 

limited the opportunities to attend conferences and undertake international 

training opportunities such as collaborations or research visits abroad due to 

daily clinical observations and constant animal care that needed to be 

maintained specifically by the Ph.D student throughout the animal studies. 

III. Although the in vitro efficacy and drug delivery effects of anti-cancer 5-FU-EGF-

Au-ZnTe nanoparticles using MCF7 cancer cells was demonstrated, the main 

challenge of the project was the inability to induce consistent external tumour 

growth in both rat and mice models. This phase of the project was exhausted 

under several experimental conditions (BME, Estradiol and cortisone) and limits 

the progress of in vivo application studies of 5-Fu-EGF-Au-ZnTe nanoparticles. 

The absence of cancer cell lines that are aggressive or tumourigenic remained 

a serious challenge throughout the project.  

7.3 Conclusion 

The synthesis of the parental materials Au and ZnTe nanoparticles was optimised 

using various experimental conditions prior to the synthesis of the core-shell structure. 

The ZnTe nanoparticles obtained at pH 4 showed interesting morphological features 

attributed to oriented growth attachment mechanisms. ZnTe nanoparticles showed 
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quantum confinement and narrow band-edge emission. The cysteine capped ZnTe 

nanoparticles displayed a negative surface charge suggesting that the particles would 

be conducive to functionalization for additional applications in cell targeting, 

transfection and bio-imaging. Initial fluorescence studies of the ZnTe nanoparticles 

within DNA plasmid shows emission in the blue region. In vitro cytotoxicity studies 

showed that ZnTe nanoparticles do not induce adverse or harmful effects to human 

MCF7 cells. ZnTe nanoparticles displayed the potential to be utilised independently in 

various in vitro and in vivo drug delivery and imaging applications. Furthermore ZnTe 

nanoparticles may be used as a shell component in the assembly of other core-shell 

nanostructures. The aim was to design a novel biocompatible heterostructure by 

combining Au and ZnTe nanomaterials to function as a single entity that delivered 

favourable physicochemical properties from both parental materials. The synthesized 

material displayed enhanced optical and stability features. The morphological analysis 

displayed uniform distribution of particle size and shape. In addition the elemental 

mapping data provided evidence of the core-shell structure composed of gold cores 

surrounded by a ZnTe shell. The presence of some alloys and bare ZnTe 

nanomaterials were also observed in the sample. These findings indicate the need for 

developing methods that refine and separate the prepared material on the nanoscale. 

Preliminary studies displayed the biosafety and biocompatibility features of Au-ZnTe 

nanoparticles using various in vitro cell culture techniques. A thorough toxicity and 

biosafety evaluation supported the use of Au-ZnTe in targeted drug delivery and bio-

imaging applications in concentrations between 20-1500 µg/ml. Systemic circulation 

of Au-ZnTe in Sprague Dawley rat models confirmed the biosafety effects of Au-ZnTe 

nanoparticles. Future research should aim to understand and evaluate the degradation 

and elimination effects of bio-accumulated Au-ZnTe core-shell nanoparticles. Bio-

accumulation of nanomaterials is an important contributing factor in nanotoxicity 

studies. The synthesis of surface conjugated 5-FU-EGF-Au-ZnTe nanoparticles 

displayed in vitro enhanced therapeutic efficacy in MCF7 cancer cells. The cytotoxicity 

data suggests that all the components of the 5-FU-EGF-Au-ZnTe nanoparticle 

formulation played specific roles in synergistically improving anti-cancer therapeutic 

efficacy. The growth of MCF7 cancer cells within the mammary tissues confirmed the 

tumour enhancing properties of BME, estradiol and cortisone, however the presence 

of a measureable external tumour mass was not observed and therefore limited the 

next phase of evaluating the in vivo application of the nano-drug formulation of 5-FU.  
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7.4 Recommendations  

Recommendations for future work have the potential to support research projects and 

collaborations with perspective institutions on the MSc and PhD level under the 

following suggested research themes; 

 The pharmacokinetics and stability of 5-FU-EGF-Au-ZnTe nanoparticles needs 

to be evaluated  

 Co-culture combination techniques using normal and cancer to investigate the 

drug targeting effects of Au-ZnTe nanoparticles  

 Molecular modelling to establish the theoretical interaction of 5-FU and EGF 

with Au-ZnTe nanoparticles  

 The use of nude mice and aggressive cancer cells to develop external tumour 

masses that can be used to  investigate the in vivo applications of the nano-

drug formulation of 5-FU  

 Surface conjugation of alternative chemotherapeutic drugs and other antibody 

ligands such as growth factors, folate acids or glucose molecules.  

 Synthesis and design of Au-ZnTe nanorods core-shell structures for 

applications in bio-imaging and photothermal tumour destruction 

 Detailed synthesis characterisation and bio-applications of ZnTe under the 

influence of additional capping agents   

 Synthesis, characterisation and bio-applications of ZnTe-Au core-shell 

nanostructures  
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Appendix B 4 Animal Ethics approval Renewal 2015 (UKZN) 
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Appendix B 6. Cancer research humane endpoint evaluations sheet for study 
Name of study  Animal number: 

Animal group/cage  
Weight range (g)  

 

Date        
Day        
Time        

 

Observation analysis 
without handling 

 

Behavior        
Inactive        

Mobility        

Hunched posture        

Grooming        

Alertness        

Fatigue        

Ruffeld coat        

Observation analysis 
on handling 

 

Alert and active        

Eating*        

Drinking*        

Vocalization on gentle 
palpatoin 

       

Body weight (g) (twice a 
week) 

       

% of baseline weight        

Type of breathing **        

Condition scoring 4 to 1 
*** 

       

Specific clinical signs 
of tumour progression 

 

Size of tumour        

Shape of tumour        

Necrosis of tumour        

Bleeding of tumour        

Ulceration        
Nothing Abnormal 
Detected (NAD) 

       

Other observations        

Signature        

Special Husbandry Requirements: 
After the tumour becomes visible, the frequency of observation and sizing of the tumour should be increased. 
Particular attention should be paid to the growth of the tumour. Photographs and calliper measurements will be documents 
Scoring Details 
*Eating/drinking: Y=Yes; N= No 
** Breathing:  R = rapid; S = Shallow; L = laboured; N = normal. 
***Condition: 4 = Normal, 1 = emaciated. 
Humane Endpoints and Actions: 
1. Any animal weighing less than 10% of the starting weight at any point of the study will be euthanized.  
2. Tumour size limit of 40cm3  
3. Poor condition, ill health, distressed behaviour patterns. Signs of compromised immune systems 
4. Necrosis and bleeding of the tumour. 
Scientific Measures: Should  the animal lose more than 10% of its starting weight, is showing clinical signs of distress or appears 
hunched back, ruffled hair, dark eyes and unhealthy a decision will be taken to kill the animal using a humanely acceptable 
approach to prevent the animal from suffering further pain and ill health even before the phase period. The animals will be 
euthanized using an overdose of Halothane or isoflurane 4% inhalation. 


