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Abstract 
 

Gold nanocages are a novel class of multimodal nanomaterials with hollow interiors 

that have received considerable attention in recent years. Because of their unique 

morphologies and remarkable optical and physicochemical properties, they have 

been widely explored in various biomedical applications, including imaging, drug 

delivery and cancer treatments. However, their promise as a gene delivery system for 

cancer therapy has only been revealed so far in conjunction with chemotherapeutics 

and photothermal therapy. The purpose of this work is to determine whether 

conjugating the targeting ligand lactoferrin and various cationic polymers on gold 

nanocages complexed with plasmid DNA can enhance gene expression, cellular 

uptake, and anti-proliferation activity in prostate cancer cells without the use of 

external stimulation. Lactoferrin-bearing gold nanocages (AuNCs-Lf) conjugated 

with polyethylenimine (PEI), polyethylene glycol (PEG), poly-L-lysine (PLL), and 

diaminobutyric polypropylenimine (DAB) were synthesised and characterised. Their 

cellular uptake, transfection efficacy, and anti-proliferative effects were evaluated in 

PC-3 prostate cancer cells following complexation with plasmid DNA. Our results 

demonstrated that lactoferrin-bearing gold nanocages alone or conjugated with 

cationic polymers could condense plasmid DNA at conjugate:DNA weight ratios 

higher than 1:1. Among all gold conjugates, the highest gene expression was 

obtained following treatment with AuNCs-DAB-Lf and AuNCs-Lf-PLL on PC-3 

cells due to a significant increase in DNA uptake mediated by these conjugates. The 

anti-proliferative activity of AuNCs-DAB-Lf and AuNCs-Lf-PLL complexed to 

DNA-encoding TNFα was significantly improved (by up to 9.0-fold and 2.1-fold) 
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compared with DAB dendriplex and PLL polyplex-encoding TNFα, respectively. In 

conclusion, lactoferrin-bearing gold nanocage conjugates are, therefore, promising 

gene delivery systems that might be further used in prostate cancer therapy. 
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Chapter 1: Introduction 
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1.1. Application of nanotechnology in cancer therapy 

Cancer is considered one of the major causes of mortality in the world. 

According to estimates from the Global Cancer Incidence, Mortality and Prevalence 

(GLOBOCAN), 19.3 million people were diagnosed with cancer in 2020, with over 

10 million cancer-related deaths. Furthermore, the GLOBOCAN report demonstrated 

that the incidence of new cancer cases will increase from 19.3 million in 2020 to 28.4 

million in 2040 (Sung et al., 2021). 

Adding to surgical intervention, current conventional cancer treatments 

include chemotherapy and radiation therapy. Although chemotherapy is considered 

the most commonly used cancer treatment, anti-cancer drugs have significant 

drawbacks because they non-selectively kill normal cells alongside cancer cells. The 

lack of selective delivery of chemotherapy into the tumour site adversely affects 

healthy tissues, thereby making patients suffer from unwanted side effects in addition 

to cancer symptoms. Therefore, selective targeting delivery could be a potential 

approach for overcoming anticancer drugs’ drawbacks.  

Current advances in the nanotechnology sciences enable the use of such a 

tool for enhancing targeting delivery and reducing the side effects of cancer 

therapeutics (Misra et al., 2010; Wicki et al., 2015). Nanotechnology involves 

designing, developing and manufacturing materials at the nanometre scale. The term 

'nano' is derived from the Greek word ‘nanos’, which means ‘dwarf’. Accordingly, 

the American Society for Testing and Materials (ASTM International 2006) defines 

nanoparticles as particles in which two or more dimensions are of the order of 1–100 

nm. In the context of medicine, nanotechnology utilisation has induced 

nanomedicine, thereby making it possible for nano-sized drug-delivery vehicles to be 
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created. Nanomedicine refers to the therapeutic and diagnostic agents produced at a 

nanoscale size for treatment, delivery and diagnostic applications. Generally, 

nanocarriers smaller than 1000 nm can transport therapeutic agents to disease areas.  

The transport of cancer drugs plays a vital role in nanocarriers. Compared to 

conventional chemotherapeutics, anticancer drug delivery using a nanoparticle-based 

platform presents some advantages. First, nanoparticles can be used to deliver less 

stable, low-soluble therapeutics to the desired cells, where the poorly water-soluble 

therapeutics alone show low bioavailability and cellular uptake (Williams et al., 

2013). Also, various body enzymes, such as pepsin, trypsin and ribonucleases 

(RNAses), can biodegrade anticancer therapeutics, which may affect their therapeutic 

efficacy. These therapeutics can be encapsulated in nanoparticles to prevent their 

degradation, ultimately resulting in enhanced solubility and chemical stability (Wicki 

et al., 2015). Nanoparticles also help to improve the biodistribution and selectivity of 

anticancer agents towards cancer cells. The distribution of cancer medications 

depends on their physicochemical properties, which determine their ability to 

penetrate cancer cells. Nanoparticles can be designed to improve anticancer drug 

penetration into the target tissue, as they can target tumours selectively owing to their 

enhanced permeability and retention (EPR) effect. This effect ensures that anticancer 

therapeutics are delivered in higher concentrations to tumour sites and in minimal 

concentrations to healthy tissues. Finally, nanoparticles can be functionalised with 

targeting ligands to specifically deliver the drugs into the target site (Minchinton and 

Tannock, 2006; Lammers et al., 2012; Zhang et al., 2012). Such benefits have made 

the development of nanoparticle-based cancer medication a high priority.  
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Due to recent advancements in nanotechnology and the potential of using 

nanoparticles in drug delivery, new cancer treatment approaches based on 

nanotechnology and gene therapy can be explored. 

 

1.2. Gene therapy 

Gene therapy is a novel therapeutic approach that holds great promise to treat genetic 

diseases and disorders, such as cancer, cystic fibrosis and Parkinson's disease, 

alongside many others (Zhou et al., 2017; Salameh et al., 2020). It refers to the 

process of transferring genetic materials (DNA or RNA) to the host cell for 

therapeutic benefits, including treating disease or abnormal medical condition. 

Depending on the therapeutic purpose, gene therapy can be applied by different 

mechanisms, such as correcting defective genes, replacing faulty or missing genes, 

and introducing new or modified genes. Consequently, the transferred gene 

expression could either restore or initiate a new cellular response, thereby achieving 

the therapy's purpose (Wang et al., 2013a). Gene therapy can be performed using two 

main methods: ex vivo and in vivo strategies. For ex vivo, the required cells are 

isolated from the patients, transfected by genetic materials, and then re-implanted 

into the patients. However, for in vivo, the genetic materials are directly administered 

into the required organ or tissue cells via systemic or local injection (Zhou et al., 

2017).  

 

1.2.1. Gene delivery 

To achieve successful gene therapy, the therapeutic gene must specifically be 

delivered to and expressed in the desired cells without affecting non-target cells. 
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Also, efficient gene therapy depends on the successful transfer of therapeutic genes 

across biological barriers, such as cell membranes, before integrating with the 

nucleus of the targeted cells. Consequently, the naked nucleic acids cannot achieve 

the desired results due to their rapid degradation in blood circulation. To overcome 

this challenge, gene delivery systems have been developed and studied to deliver 

foreign genetic materials into target cells. These delivery systems can be classified 

into viral and non-viral vectors (Wang et al., 2013a).  

 

1.2.1.1. Viral vectors 

Viral vectors have been extensively used in gene delivery applications and have been 

involved in two-thirds of gene therapy clinical trials (Waehler et al., 2007; Zhou et 

al., 2017). They refer to the use of modified viruses to transfer genetic materials to 

the target cells owing to the ability of viruses to induce infection. Thus, the main 

advantages of viral vectors are their high transfection efficacy and long-term gene 

expression compared to non-viral vectors (Wang et al., 2013a). Adenovirus and 

retrovirus are the most common viral vectors used in gene therapy-related clinical 

trials due to their high transfection efficacy in vivo. However, viral vectors also have 

some potential disadvantages that hinder their clinical use, such as their 

immunogenicity, toxicity, poor targeting ability to specific cells, limited ability to 

deliver large size nucleic acids and high cost (Wang et al., 2013a).  

 

1.2.1.2. Non-viral vectors 

Non-viral vectors have been extensively employed as gene delivery systems due to 

their favourable advantages compared to viral vectors. First, they provide enhanced 
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biosafety, biocompatibility and a capacity to condense and transfer large-sized 

nucleic acids. Second, they are relatively easy to prepare in large quantities at low 

cost. Finally, they can be modified with targeting ligands for cell- or tissue-specific 

targeting purposes (Zhou et al., 2017). Various nanomaterials, mainly cationic, such 

as liposomes, polymers and dendrimers, have been investigated for gene delivery 

applications (Zhou et al., 2017; Salameh et al., 2020). Nucleic acid complexation 

occurs through electrostatic interactions between nucleic acids and the non-viral 

vectors. The complexation induced several advantages, such as protecting the 

complexed nucleic acids from the surrounding medium and avoiding their 

degradation by the nuclease enzymes present in the blood circulation (Wang et al., 

2013a; Zhou et al., 2017). Furthermore, the DNA complexation minimises the charge 

repulsion generated from the charge similarity between the DNA and the cell 

membrane, which subsequently facilitates DNA penetration inside the cell (Zhou et 

al., 2017). 

 

1.2.1.2.1. Liposomes 

Liposomes are closed, spherical-shaped vesicles comprising single or multiple 

concentric lipid bilayers enclosing an aqueous core (Wang et al., 2012). Initially 

described in 1965, they were among the earliest nanocarriers used in the medical 

field (Bangham, 1993). The size of liposomes ranges from tens of nanometres to 

micrometres according to their design. Their biocompatible and biodegradable 

composition, alongside their ability to entrap hydrophilic compounds in their 

aqueous core and hydrophobic molecules inside their lamellae, make them efficient 

nanocarriers (Wang et al., 2012).  
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Cationic liposomes have been extensively studied and widely utilised for 

gene delivery since the first application of cationic lipids in gene delivery was 

reported in 1987 by Felgner and his colleagues (Felgner et al., 1987). They used N-

[1- (2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride (DOTMA), a 

double chain monovalent quaternary ammonium lipid, to condense and transfer 

genetic materials, thereby inducing a high level of gene expression. The structure of 

cationic lipids generally includes three parts: a cationic hydrophilic head group, a 

hydrophobic anchor and a linker. The cationic hydrophilic head normally contains 

one or more amino groups necessary to bind the nucleic acid through electrostatic 

interactions and form a complex called lipoplex (Zhou et al., 2017). Physical factors 

such as the shape, size and surface charge of the lipoplex can influence its 

transfection efficacy. As the surface–charge ratio is the most critical parameter, 

cationic liposomes should have a higher net charge than DNA, thereby forming a 

DNA lipoplex with a total surface–charge ratio of about one. This feature prevents 

the enzymatic degradation of the DNA and supports its entry into the cells, owing to 

the charge attraction between the lipoplex and the cell membrane (Wang et al., 

2013a; Zhou et al., 2017). Cationic lipids can be used alone or jointly with another 

lipid (named co-lipid or helper lipid) to promote transfection efficacy. 

Dioleoylphosphatidylethanolamine (DOPE) is one of the most widely utilised co-

lipids that has demonstrated an enhancement in transfection efficacy when combined 

with cationic lipids, such as DOTAP (dioleoyl-3-trimethylammonium propane) (Hui 

et al., 1996). DOPE facilitates endosomal escape and promotes DNA release from 

the lipoplex, resulting in improved transfection efficacy (Hui et al., 1996; Wang et 

al., 2013a).  
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1.2.1.2.2. Polymers 

Polymers are macromolecules comprising numerous smaller repeating units, termed 

monomers, that are chemically attached together. Polymeric-based nanoparticles are 

extensively used as nanocarriers in drug delivery applications due to their 

biodegradability and biocompatibility (Sun et al., 2014).  

Cationic polymers are macromolecules that have positive zeta potentials 

owing to the presence of a high density of amine groups in their structures. In recent 

decades, they have been developed and used as non-viral gene delivery vectors due 

to their well-defined chemistry and low cost. Also, the tuneable chemical structure of 

polymers allows surface modification to further improve their transfection or reduce 

their cytotoxicity (Salameh et al., 2020). Among the cationic and commercialised 

polymers, polyethyleneimine (PEI), poly-L-lysine (PLL), cationic dendrimers and 

chitosan are the most used polymers for gene delivery applications. The delivery of 

nucleic acid using cationic polymers can be achieved via electrostatic interactions 

between DNA and the polymers. The positively charged amino groups of these 

polymers would generate electrostatic interactions with the negatively charged 

phosphate groups of nucleic acid, thereby forming a polyionic complex or polyplex 

(Wang et al., 2013a; Salameh et al., 2020). These complexes protect the complexed 

nucleic acid from enzymatic degradation in the circulation and body tissues, improve 

its cellular uptake via endocytosis through electrostatic interactions between the 

polyplex and the cell surface, and prolong its half-life in the cytoplasm (Wang et al., 

2013a).  
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1.2.1.2.3. Poly-L-Lysine  

Poly-L-Lysine (PLL) is a cationic polymer that is considered one of the earliest 

polycations used for gene delivery. It has become attractive for in vivo applications 

because of its biodegradable nature (Zhou et al., 2017). Its structure is also rich with 

primary amine groups that are ionised in a physiological environment and have high 

affinity to negative ions (Figure 1-1). These positively charged amine groups allow 

PLL to electrostatically interact with negatively charged DNA and form condensed 

particles (polyplexes) with a small particle size around 100 nm (Wagner and 

Kloeckner, 2006). However, the poor transfection efficacy of PLL polyplexes is the 

main drawback of this vector. This might be because of the low ability of the PLL 

polyplex to escape from the endosome following its cellular endocytosis and due to 

the strong binding between DNA and PLL that hinders the release of the DNA into 

the cytoplasm (Wang et al., 2013a). Thus, the modification of PLL with 

endosomolytic agents, such as chloroquine, improves transfection efficacy by 

facilitating the endosomal escape of the polyplex (Pouton et al., 1998).  
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Figure 1-1: Chemical structure of poly-L-lysine (Adapted from Wong et al., 2007). 
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1.2.1.2.4. Polyethyleneimine 

Polyethyleneimine (PEI) is the most common non-viral vector and is considered the 

gold standard in gene delivery because of its high transfection efficacy in vitro and in 

vivo (Patnaik and Gupta, 2013; Zhou et al., 2017). This efficient non-viral vector can 

be classified based on its chemical structure into branched and linear PEI, which 

contain different amine groups (primary, secondary and tertiary amines) (Figure 1-2). 

These features enable PEI to effectively condense the DNA and generate a stable 

polyplex alongside complex large molecules. The positive charges of PEI polyplexes 

promote cellular penetration through adhesion to the negatively charged cell 

membrane. In addition, PEI can facilitate the endosomal escape of the polyplex due 

to its proton sponge effect, which promotes DNA release into the cytoplasm (Zhou et 

al., 2017). Upon endocytosis of polyplexes, PEI becomes highly cationic due to its 

protonation at the low pH of the endosomal microenvironment. This will trigger the 

influx of chloride counter ions and increase osmotic pressure, inducing endosomal 

rupture and resulting in the release of the DNA into the cytoplasm. The molecular 

weight and the architecture of the branched (b-PEI) or linear PEI (L-PEI) can 

crucially influence the transfection efficacy and the toxicity profile. It has been found 

that branched PEI induced better transfection efficacy, resulting from its strong 

ability to condense DNA compared to its linear counterpart (Thapa and Narain, 

2016). The molecular weight of PEI also impacts the transfection efficacy. Higher 

molecular weight PEI displays increased DNA condensation efficacy with enhanced 

transfection efficacy (Godbey et al., 1999; Monnery et al., 2017). However, the 

enhanced transfection efficacy obtained from PEI with a high molecular weight was 

also associated with increased cytotoxicity. 
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Figure 1-2: Chemical structure of branched and linear PEI (Adapted from Wong et 

al., 2007). 

 

1.2.1.2.5. Dendrimers 

Dendrimers are polymerised macromolecules with highly organised branches, 

creating a three-dimensional (3D) architecture with a tree-like shape (Baker, 2009). 

They can be developed from synthetic or natural compounds (e.g. amino acids, 

sugars and nucleotides). They are composed of a central core, interior layers and 

external layers (Nanjwade et al., 2009). The central core can be a single or multiple 

atom with a minimum of two identical functional groups, where the interior layers 

are attached to the core via branched units. Finally, the external layers contain 

different terminal functional groups that play a role in conjugating molecules to the 

dendrimers. Dendrimers can also support drug loading via hydrophobic, hydrophilic 

bonds or other chemical linkers due to the presence of the central core and layers. In 
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gene delivery applications, cationic dendrimers, such as polyamidoamine (PAMAM) 

and diaminobutyric polypropylenimine (DAB), are the most studied dendrimers as 

non-viral vectors due to their high transfection efficacy and commercial availability 

(Dufès et al., 2005). The cationic charge, precise structure and tree-like shape of 

cationic dendrimers enable the effective complexation of genetic materials (Figure 1-

3). Cationic dendrimers bind the genetic material through electrostatic interactions 

between the phosphate groups on the DNA and the amino groups on the dendrimer, 

thereby forming nanoparticles called dendriplex (Dufès et al., 2005). Also, the 

generation of these cationic dendrimers was found to influence their transfection 

efficacy. Higher generations were found to have higher transfection efficacy but 

were accompanied by high toxicity, probably resulting from the highly positive 

surface charge (Duncan and Izzo, 2005). However, recently, low generation 

dendrimers such as generations-1, 2 and 3 DAB (DAB-Am 4, 8 and 16) showed high 

transfection efficacy with low cytotoxicity, making them potentially attractive as 

non-viral gene carriers (Zinselmeyer et al., 2002; Altwaijry et al., 2018a). 
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Figure 1-3: Chemical structure of polypropylenimine dendrimer (Adapted from 

Wong et al., 2007). 
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1.3. Delivery barriers 

To achieve the desired therapeutic effects, efficient cancer gene therapy requires the 

successful delivery of genetic material specifically to its target cancer site. However, 

several barriers, classified as extracellular and intracellular barriers, can limit the 

delivery of the genetic material by non-viral vectors.  

 

1.3.1. Extracellular barriers 

Upon systemic administration, free plasmid DNA can undergo rapid degradation by 

the nuclease enzymes. The half-life of free DNA is about a few minutes in the 

bloodstream (Zhou et al., 2017). The recognition and uptake of DNA molecules by 

the reticuloendothelial system (RES) can induce the rapid elimination of DNA from 

the circulation. This can usually be overcome by DNA complexation with cationic 

non-viral vectors, thereby protecting the DNA from enzymatic degradation (Wang et 

al., 2013a). However, following systemic administration, these DNA complexes 

could interact with blood components, such as plasma proteins, salts and lipids, 

which may restrict their delivery to target tissue. The interactions between plasma 

proteins and DNA complexes depend on the physicochemical properties of the 

nanocarriers, which, in turn, determine the blood circulation and biodistribution of 

the DNA complexes. For example, the positive charge of cationic vectors attracts 

plasma proteins, which results in protein deposition on the vector surface. This might 

affect vector stability and impact its electrostatic interactions with DNA, resulting in 

premature release of the complexed nucleic acids (Zhou et al., 2017). The adsorption 

of proteins on cationic vectors may also alter their surface charges resulted in 

aggregating the vector into larger particles. This would induce the rapid clearance of 
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DNA complexes by the reticuloendothelial system (RES) or phagocytes, thereby 

decreasing their transfection efficacy (Moghimi et al., 2012). This could be 

overcome by surface modification of the vector with hydrophilic molecules, such as 

polyethylene glycol (PEG), which has been widely used due to its ability to prevent 

cationic vector aggregation by shielding their total positive charges (McCrudden and 

McCarthy, 2013). In addition, the PEGylation of polycations prolongs the blood 

circulation time of cationic DNA complexes owing to the PEG ability to alter the 

non-specific interactions that may occur between plasma proteins and cationic DNA 

complexes (Park et al., 2006). 

 

1.3.2. Intercellular barriers 

DNA penetration across the cell membrane is one of the most crucial processes for 

effective gene transfer. Because both DNA and the cell membrane carry negative 

charges, the formed charge repulsion restricts DNA penetration through the cell 

(Wang et al., 2013a). DNA complexation with cationic vectors is one of the main 

techniques that facilitates DNA entry into the cell. Due to the positive charge of the 

cationic vector, the DNA complex can electrostatically interact with the anionic cell 

membrane, inducing cellular uptake of the complex via non-specific endocytosis. 

However, the cellular uptake by non-specific cells is another barrier that challenges 

cationic complexes due to the lack of cell specificity of the cationic carriers. 

Therefore, cationic carriers are frequently conjugated to cell-specific targeting 

ligands to increase the cellular uptake selectivity towards the target cells. These 

ligands specifically recognise and bind receptors in the cell membranes of the target 

cells. This enables complex penetration via receptor-mediated endocytosis – a 
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cellular biological process in which a specific molecule enters or leaves the cell 

assisted by a specific receptor in the cell membrane (Zhou et al., 2017). Furthermore, 

nanocarriers can passively target and penetrate cancer cells via the enhanced 

permeation and retention (EPR) effect due to the leaky vasculature of highly 

proliferating solid tumours. The entrapment of DNA complexes inside the endosome 

after their cellular uptake is also considered a barrier for gene delivery. In the 

endosome, the DNA complex encounters a decrease in pH from neutral to 4.5 and 

may be degraded by various enzymes (Wang et al., 2013a). To overcome endosomal 

barriers, cationic polymers with high buffer capacity, such as PEI or dendrimers, can 

be used for endosomal escape owing to their proton sponge effect (Salameh et al., 

2020). The low pH of the endosome triggers the cationic polymers to become 

ionised. The ionised polymer then draws protons to the endosome, inducing 

increased osmotic pressure alongside endosomal swelling and disruption, which 

results in DNA release into the cytoplasm. Following endosomal release, the DNA 

must be transported to the nucleus through the cytoplasm, where it may be subjected 

to cytoplasmic degradation. Because only free DNA may enter the nucleus, the DNA 

must first be separated from its vector. Following nuclear uptake, the transgene is 

expressed as messenger RNA, which is exported to the cytoplasm and translated into 

the required protein (Thapa and Narain, 2016). 
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1.4. Cancer targeting 

One of the main aims of the use of nanomedicine for cancer therapy is to reach the 

tumour following administration into the circulatory system. Two approaches have 

been used for cancer targeting: passive and active targeting (Ghosh et al., 2008a). 

1.4.1. Passive targeting 

The passive targeting approach is achieved based on the pathophysiology of the 

tumour site. Tumour vasculature is generally associated with abnormalities, such as 

leaky walls of blood vessels (Jain and Stylianopoulos, 2010). The wall leakage 

occurs due to the rapid proliferation of the endothelial cells. Due to such 

irregularities, the tumour vasculature displays pores significantly exceeding normal 

vessel junctions (5–10 nm), with diameters ranging from 100 nm to 800 nm (Sun et 

al., 2014). Hence, the tumour vasculature is highly permeable, allowing the 

penetration of macromolecules, such as nanoparticles, into the tumour (Figure 1-4). 

For healthy tissues, the lymphatic system is responsible for eliminating 

macromolecules, but this system is dysfunctional in solid tumours (Maeda et al., 

2000). The highly permeable nature of tumour vasculature and the impaired 

lymphatic system therefore generate a phenomenon known as the enhanced 

permeability and retention (EPR) effect. This effect enables macromolecules and 

nanoparticles to accumulate in tumours for longer periods and at higher 

concentrations than in healthy tissue (Wang et al., 2012). 
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Figure 1-4: Transport of nanoparticles of various sizes through healthy tissue (left) 

and tumour (right). The EPR effect allows the nanoparticles to accumulate in the 

tumour more than in normal tissues (Adapted from Sun et al., 2014). 

 

1.4.2. Active targeting  

Active targeting is another strategy that is widely used currently for directing 

nanoparticles to specific areas, such as tumours, without affecting healthy tissues. 

The active targeting approach involves modifying the nanoparticle surfaces with 

targeting ligands that can identify and selectively bind to specific receptors on the 

target cells. The targeting ligands could be antibodies, proteins, peptides, sugars, 

lipoproteins and nucleic acids (Bertrand et al., 2014). Active targeting mainly aims to 

promote nanoparticle accumulation in the target tumour tissue and to enhance their 

cellular penetration via receptor-mediated endocytosis. Therefore, several factors 

determine its effectiveness, including the overexpression of specific receptors on the 

surface of target cells over non-target cells, the binding affinity of the targeting 
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ligands to their receptors and the cellular uptake of nanoparticles (Bertrand et al., 

2014). Although the active targeting method can increase payload delivery to target 

cells, its effectiveness still encounters some challenges. For instance, the binding 

affinity and the specificity of ligand-bearing nanoparticles could be affected upon 

entering blood circulation due to protein corona formation (Monopoli et al., 2012; 

Van Hong Nguyen, 2017). To date, various active targeting ligands have been 

utilised and investigated for selectively delivering therapeutic agents to cancer cells. 

These include folic acid, albumin, aptamers, biotin, hyaluronic acid, monoclonal 

antibodies, peptides, and proteins such as lactoferrin, which was selected as a 

targeting ligand in this study (Bertrand et al., 2014; Lim et al., 2015). 

 

1.5. Gold nanoparticles 

Gold is a precious golden-yellow colour metal. It is an inert and chemically 

unreactive metal; therefore, its colour can remain unchanged for thousands of years. 

Currently, of all newly produced gold, 50% is used for jewellery, 40% for 

investment, and only 10% for industrial purposes. However, small-sized gold 

particles exhibit different properties compared to the bulk form (Yang et al., 2015). 

Small-sized gold particles display a red ruby colour, different from the golden yellow 

colour of bulk gold. For that, small-sized gold particles have been widely used in 

painting window glass.  

Gold nanoparticles exhibit unique optical and physicochemical properties that 

differ from those of bulk gold and other nanoparticles. Their size can range from 1 

nm to 8 µm, and they can display various shapes, such as nanorods, nanospheres, 

nanoshells, nanocubes, nanocages and nanoclusters (Figure 1-5). Owing to their 
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tunable sizes, they preferably accumulate in tumours and enter cells via various 

mechanisms, much faster than that observed for other small molecules. Furthermore, 

the ability of gold nanoparticles to convert light into heat makes them ideal agents 

for efficient thermal therapy of diseased or cancerous tissue. Also, gold nanoparticles 

can absorb large amounts of X-ray radiation for enhancing cancer radiation therapy 

or improving imaging contrast in diagnostic CT scans. They can be used to deliver 

challenging compounds, such as unstable or poorly hydro-soluble drugs, and 

promote their efficient delivery into target tissues. Hence, they have been widely 

used in diagnostics, biomedical and therapeutic applications. Most notably, the 

advantages of gold nanoparticles in biomedicine can be combined in a single 

platform, providing simultaneous targeting, diagnostic and therapeutic capabilities 

that can be chemically customised for a specific patient or condition (Dreaden et al., 

2011).  
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Gold nanomaterials for gene therapy 195

As described in this section, synthetic methodology and technology of AuNPs are 
getting more advancement in past few decades. These methods are extended to prepara-
tion of many other unique gold nanostructures including nanorods [31], bipyramids[32], 
polyhedron (tetrahedral, octahedral, and cuboctahedra] [33], nanocrescents [34], nano-
cubes [33] and composite materials such as core-shell nanorods (gold nanorods sur-
rounded by silver nanoshells) [35], nanorice (gold-coated Fe2O3 nanorods) [36], SiO2/
Au Nanoshell (or hollow nanoshell [37]), nanobowls with bottom cores [38], spiky 
SiO2/Au nanoshell (or gold nanostar) [39], and gold-silver nanocages [40] (Figure 8.3). 
These AuNPs showed interesting electrical, optical, and plasmonic features based on 
their structures compared to that of quasispherical particles (nanospheres).

8.3  Intracellular uptake of gold nanoparticles

The successful delivery of therapeutic genes to the targeted cells and their availability 
at the intracellular site of action are crucial requirements for successful gene therapy 
[41]. It is also well known that the in vitro toxicity of a nanoparticle system is strongly 
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Figure 8.3 Various types of Au nanomaterials with different shapes such as spheres, rods, 
bipyramids, rices, and bowls, core-shell and hollow structure and so on [98].

 

Figure 1-5: Various types of gold nanoparticles with different shapes (Adapted from 

Ebara and Uto, 2016). 

 

1.5.1. Optical features of gold nanoparticles 

Gold nanoparticles exhibit unique optical properties, such as scattering and/or 

absorbing specific wavelengths of light, compared to bulk gold. These optical 

properties are based on a phenomenon called localised surface plasmon resonance 

(LSPR) (Cobley et al., 2011). This phenomenon occurs when incident light interacts 

with gold nanoparticles, and the free electrons of the nanoparticles will detect the 

electromagnetic field and begin to oscillate collectively relative to the lattice of 

positive ions at the same frequency as the incident light (Yang et al., 2015). The 

LSPR frequency strongly depends on the size, shape, composition and morphology 
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of the nanoparticles. The LSPR peaks of conventional gold colloids are around 500–

600 nm, which explains the ruby-red colour of a gold colloid solution (Kelly et al., 

2003). However, the LSPR peaks of gold nanoparticles should be tuned to the near-

infrared region (NIR, 700–900 nm) for biomedical applications. In the NIR region, 

also known as the transparent window, light can penetrate soft tissues deeply owing 

to the low ability of blood and water to absorb light with NIR wavelengths alongside 

the low scattering ability of soft tissues. Only gold nanoparticles having non-

spherical morphologies (e.g. rod, plate and star) or hollow structures (e.g. shell, box 

and cage) can exhibit LSPR peaks in the NIR region.  

 

1.5.2. Physicochemical properties essential for biomedical applications 

In addition to its optical properties, gold nanoparticles have various physicochemical 

characteristics that make them an attractive platform for biomedical applications. 

Gold (Au) is one of the less reactive metals with remarkable resistance against both 

oxidation and corrosion; therefore, it can be stored for many years under atmospheric 

conditions without being destroyed (Yang et al., 2015). This non-reactive and hence 

bio-inert property of Au therefore makes it an ideal candidate for in vitro and in vivo 

applications. In addition, the low cell toxicity of Au nanoparticles makes them an 

attractive platform for in vivo applications and clinical biocompatibility (Cobley et 

al., 2011; Dreaden et al., 2012). Through surface modification, Au nanoparticles can 

be utilised to deliver therapeutic agents. Drug molecules can be loaded onto the 

surface of gold nanoparticles via different linkages and conjugation methods. Amine 

(-NH2) and thiol (-SH) functional groups are widely used to attach drug molecules to 

the surface of gold nanoparticles owing to the strong affinity between gold and both 
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sulphur and nitrogen (Cheng et al., 2008). Some studies have demonstrated that the 

Au-N bond between drugs and the surface of gold nanoparticles is more efficient 

than the Au-S bond for releasing drugs at the tumour site (Cheng et al., 2009; Cheng 

et al., 2011). However, the thiol functional group is the most common linker used to 

attach molecules to gold nanoparticles due to its stability in biological environments 

(Flynn et al., 2003). The use of the van der Waals force, hydrogen bonding, 

electrostatic interactions and drug grafting to capping ligands are other strategies for 

loading drugs on the surface of gold nanoparticles (Funkhouser et al., 1995; 

Giljohann et al., 2009; Brown et al., 2010; Han et al., 2012). In addition, active 

targeting capabilities can also be introduced to gold nanoparticles through surface 

modification. Gold nanoparticles can be conjugated with targeting moieties, such as 

antibodies, folate and peptides, that can bind to specific receptors on the target cells, 

resulting in enhancing the gold nanoparticle cell internalisation (Yang et al., 2015).  

 

1.5.3. Synthesis of gold nanoparticles 

In 1857, Michael Faraday first reported a scientific procedure for producing colloidal 

gold nanoparticles. Faraday described that 'fine particles' could be formed by 

reducing a gold chloride (HAuCl4) aqueous solution with phosphorus in the presence 

of carbon disulphide as a stabilising agent. Hence, an aqueous suspension of 'fine 

particles' with a ruby-red colour was formed (Faraday, 1857). Most gold 

nanoparticles are synthesised using similar methods by reducing gold salts in the 

presence of surface-capping ligands or stabilising agents that prevent particle 

aggregation (Yang et al., 2015). 
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1.5.4. Gold nanoparticles in gene delivery 

Gold nanoparticles have been used to deliver nucleic acids (DNA and RNA) via 

various techniques, such as covalent and non-covalent approaches. 

 

1.5.4.1. Covalent attachment 

This loading method leverages the high affinity of the sulphur (S) atom to the gold 

(Au) surface. Therapeutic molecules that have thiols in their structures, or that have 

been modified with thiol groups without affecting their activity, can be attached to 

the surface of gold nanoparticles via the Au-S bond (Ding et al., 2014). Both drugs 

and nucleic acids (DNA or RNA) can be attached to the surface of gold nanoparticles 

using this concept. The covalent approach offers some advantages, such as protecting 

the attached nucleic acid from enzymatic degradation and allowing the use of 

negatively charged nanocarriers for gene delivery (Ding et al., 2014). For instance, 

Markin and colleagues developed polyvalent nucleic acid AuNPs (pNA–AuNPs) by 

covalently conjugating AuNPs with thiol-modified oligonucleotides and utilising 

them in siRNA-based gene silencing (Seferos et al., 2009). Despite the strong 

negative charge of the AuNPs, which would be expected to limit cellular uptake, the 

pNA–AuNPs demonstrated high stability against enzymatic degradation and showed 

increased cellular uptake in various cell lines. The density of oligonucleotides 

attached to the AuNPs surface influenced the cellular uptake, with higher densities of 

oligonucleotides resulting in higher cellular uptake and more effective gene delivery.  

The nucleic acid payload can be released differently from the surface of gold 

nanoparticles. The intercellular release of nucleic acid can be applied by sulphur 

atom exchange using thiol-containing compounds, such as glutathione. External 
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stimuli, such as light, can also be used through photothermal ablation to trigger 

payload release, either by breaking the bonds of sulphur-gold and/or heating the 

nanoparticles until reaching the melting point, thereby dissociating the attached drugs 

(Figure 1-6). Internal stimuli such as thiol exchange or external light are critically 

important to release thiolated drugs or nucleic acids from the nanoparticles due to the 

strength of sulphur-gold bonds that may prevent the drugs from being released by 

simple diffusion (Cheng et al., 2009).  

 

 

Laser	irradia)on	

AuNPs-	thiolated	DNA	
conjugates	  

Figure 1-6: Schematic illustration of laser photothermal effect on thiolated-DNA-

modified gold nanoparticles (Adapted from Jain et al., 2006). 
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1.5.4.2. Non-covalent attachment 

The non-covalent approach is another efficient technique utilising nanocarriers, such 

as gold nanoparticles, for gene delivery. Gold nanoparticles prepared in water display 

a strong charge due to the presence of charged functional groups or capping agents 

on their surface. Therefore, charged drugs can be loaded onto the gold nanoparticles 

by non-covalent approaches, such as electrostatic interactions or relevant layer-by-

layer (LbL) coatings to the surface of the nanoparticles (Murphy et al., 2010; Ding et 

al., 2014). Nucleic acids can be non-covalently attached to the gold nanoparticle 

surface through charge complexation between the negative charges of the nucleic 

acids and the positive charges of the gold nanoparticles. The major advantages of this 

non-covalent approach are the ability to use unmodified nucleic acids for gene 

delivery and gene silencing, adding to promoting their endosomal escape via the 

proton sponge effect of the gold nanoparticles (Ghosh et al., 2008b; Ding et al., 

2014). For example, Thomas and Klibanov developed cationic polymer-AuNP 

conjugates by modifying AuNPs with thiolated polyethyleneimine with a low 

molecular weight (2 kDa; PEI) (Thomas and Klibanov, 2003). This PEI-AuNPs 

conjugates could electrostatically complex the plasmid DNA and showed 

transfection efficacy six times higher than their unmodified PEI counterpart in 

monkey kidney cells. Some studies have demonstrated that cetyltrimethylammonium 

bromide (CTAB)-stabilised gold nanoparticles were successfully customised as a 

platform for delivering single-stranded RNA (ssRNA) and siRNA due to the 

interactions between the positively charged gold nanoparticles and the negatively 

charged nucleic acid (Bonoiu et al., 2009). Indeed, the nucleic acid molecules could 

be readily attached to the surface of gold nanorods, thereby causing the system to 
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produce a gene silencing effect with no noticeable cell cytotoxicity. The layer-by-

layer assembly method can also be used based on the electrical interactions between 

the negatively and positively charged species generated by adding multiple polymer 

layers onto the surface of the nanoparticles (Figure 1-7). 

 

 

 

Figure 1-7: Schematic illustration of the layer-by-layer assembly process of 

PEI/siRNA/PEI-AuNP complexes (Adapted from Elbakry et al., 2009). 
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1.6. Gold nanocages  

Gold nanocages are a novel class of gold nanomaterials with hollow interiors and 

porous walls developed by the Xia group in 2002. The unique optical, physical and 

chemical properties make gold nanocages appropriate candidates for nanomedicine 

applications. Compared to solid Au nanoparticles, the hollow interiors and porous 

walls of Au nanocages make them suitable for controlled release and drug delivery 

since the drugs or biomolecules can be loaded in the nanocages, which prevents their 

release before usage. Also, the LSPR peaks of Au nanocages range from 600 to 1200 

nm, which makes them tunable to the near infrared (NIR) region to leverage the so-

called 'transparent window' of soft tissues, enabling Au nanocage utilisation in 

optical imaging and therapeutic applications. Furthermore, Au nanocages are ideal 

for cancer theranostics because they can be formed in large quantities and in high 

quality, with flexible sizes ranging from 20 to 500 nm, which is required for 

optimising their biodistribution and tissue permeation. Au nanocages are suitable for 

labelling biomolecules and ligands because of their atomically flat surfaces. The inert 

nature of Au provides high biocompatibility and stability to Au nanocages for in vivo 

applications (Bertrand et al., 2014). 

 

1.6.1. Gold nanocages in photothermal therapy 

Gold nanostructures have unique optical features called LSPR, which allow them to 

absorb and scatter light at specific wavelengths. The absorbed light is converted to 

heat and applied to the desired tissue. Consequently, irreversible damage occurs to 

the exposed tissue when heated above the hyperthermia temperature (42 °C) (Desai 

et al., 2006). This process of transforming light into heat is known as the 
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photothermal effect, which can be used in drug release strategies and for destroying 

cancer cells (Cobley et al., 2010). Hence, the ability of Au nanostructures to absorb 

light highly in the NIR region, where light penetrates deeply into the tissue, makes 

Au nanoparticles attractive for photothermal therapy in cancer and other diseases.  

Gold nanocages significantly destroy cancer cells in vitro and in vivo with the 

photothermal effect. In vitro, Xia and co-workers demonstrated the ability of Au 

nanocages conjugated with anti-EGFR to kill SK-BR-3 breast cancer cells with a 

photothermal effect (Chen et al., 2007b). The same group tested the photothermal 

effect of Au nanocages in vivo on tumour-bearing mice (Chen et al., 2010a). 

Compared with saline-injected mice, gold nanocages-injected mice showed a 

significant decrease in tumour size by 70% after the laser treatment. This result 

indicates the beneficial use of Au nanocages' photothermal effect in cancer therapy. 

 

1.6.2. Gold nanocages in delivery applications 

Gold nanocages also represent a novel class of delivery systems. Their large surfaces 

and hollow interiors allow them to load drugs. Also, the optical photothermal 

properties of Au nanocages can be used to monitor the drug release. Initially, the 

controlled drug release system of Au nanocages was developed to fill their hollow 

interiors with drug molecules and cover their exterior surface with thermo-sensitive 

polymer (Yavuz et al., 2009). The drug molecules were then released from the Au 

nanocages in response to light/thermal stimulation. Gold nanocages can absorb light 

in the NIR region and then convert it into heat that melts the thermo-sensitive 

polymer shells and allows the release of stored drugs. Thereafter, Xia and co-workers 

filled the interiors of Au nanocages with a mixture of both drugs and thermo-
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responsive materials, known as drug-doped phase change materials (PCMs) (Moon et 

al., 2011). These materials, such as 1-tetradecanol, have a melting point of 38 °C to 

39 °C and surfactant-like features that make them compatible with hydrophobic and 

hydrophilic drugs. The payload was released from the Au nanocages after heating the 

drug-PCM mixture by NIR irradiation or high intensity focused ultrasound (HIFU) 

upon the melting points. Consequently, the drugs were released from the Au 

nanocages via diffusion, with their release controlled by adjusting the intensity and 

duration of HIFU exposure. 
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1.7. Aim and objectives 

Gold nanocages have previously been reported as potential platforms for drug and gene 

delivery alongside photothermal agents for cancer therapy. However, their potential as 

gene delivery systems for cancer treatment has only been reported in combination with 

chemotherapeutics and photothermal therapy, but not in isolation so far. We 

hypothesised that conjugating targeting ligand lactoferrin and various cationic polymers 

on gold nanocages complexed to plasmid DNA could enhance cellular uptake, gene 

expression and anti-proliferative activity in PC-3 prostate cancer cells, without 

assistance of external stimulation. 

Therefore, the aims and objectives of this study are as follows: 

• to synthesise and characterise gold nanocages 

• to synthesise and characterise lactoferrin-bearing gold nanocages conjugated 

with various cationic polymers: polyethylenimine (PEI), diaminobutyric 

polypropylenimine (DAB) and poly-L-lysine (PLL), alongside polyethylene 

glycol (PEG)  

• to assess the gene expression efficacy and cellular uptake of the gold nanocages 

conjugates complexed with plasmid DNA, and to evaluate their therapeutic 

efficacy following complexation with therapeutic DNA in PC-3 prostate cancer 

cells. 
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Chapter 2: Synthesis and characterisation of gold 

nanocages  
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2.1. Introduction 

Gold nanocages can be produced by a galvanic replacement reaction between silver 

nanocubes and chloroauric acid (HAuCl4) aqueous solution. This reaction can be 

conducted through simple titration techniques via the careful addition of HAuCl4 

solution to a boiling suspension of silver nanocubes. During the reaction, Ag atoms are 

gradually oxidised and dissolved, while Au atoms are simultaneously formed on the 

surface of the Ag nanocubes, eventually inducing AuNC generation. As the reaction 

proceeds, the silver nanocubes undergo several changes in their structures and 

morphology until the nanocage shape is achieved at the end of the reaction (Figure 2-1) 

(Skrabalak et al., 2008). By adding HAuCl4 solution to the heated suspension of Ag 

nanocubes, the associated LSPR peak position shifted from the visible to the NIR region, 

indicating the initiation of the galvanic replacement reaction and the conversion of Ag 

nanocubes into Au nanocages. Accordingly, several colour changes will also be 

observed, from yellow at the beginning of the reaction to blue and nearly colourless at 

the end (Skrabalak et al., 2007).  

 

Figure 2-1: Schematic illustration of the structural changes of silver nanocubes during 

the galvanic replacement reaction with HAuCl4 solution (Adapted from Qiu et al., 2020). 
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2.1.1. Aims and objectives 

The aims of this chapter are as follows: 

1) to optimise gold nanocage synthesis and to develop a method for preparing a large 

amount of gold nanocages with ideal optical and physicochemical properties, 

enabling us to perform further studies using the same batch.  

2) to characterise the gold nanocages synthesised via modified protocols. The 

physicochemical characteristics of the as-synthesised gold nanocages were 

evaluated using transmission electron microscopy, UV-vis spectrophotometry and 

photon correlation spectroscopy. 
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2.2. Materials and methods 

2.2.1. Materials 

Materials Suppliers 

Acetone Sigma-Aldrich, UK 

Aqueous hydrochloric acid solution (HCl, 

37%) 

Sigma-Aldrich, UK 

Deionized (DI) water Sigma-Aldrich, UK 

Diethylene glycol (DEG) Sigma-Aldrich, UK 

Ethylene glycol (EG) Sigma-Aldrich, UK 

Hydrogen tetrachloroaurate (III) hydrate 

(HAuCl4) 

Sigma-Aldrich, UK 

Polyvinyl pyrrolidone (PVP) Sigma-Aldrich, UK 

Silver nitrate (AgNO3) Sigma-Aldrich, UK 

Silver trifluoroacetate (CF3COOAg) Sigma-Aldrich, UK 

Sodium chloride (NaCl) Sigma-Aldrich, UK 

Sodium hydrosulphide hydrate (NaSH) Sigma-Aldrich, UK 

Sodium sulphide (Na2S) Sigma-Aldrich, UK 
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2.2.2. Methods 

2.2.2.1. Preparation of silver nanocubes  

Silver nanocubes were prepared via sulphide-mediated polyol synthesis, using ethylene 

glycol (EG) and diethylene glycol (DEG) as both reducing and solvent agents, as 

established by the Xia group (Skrabalak et al., 2007; Wang et al., 2013b).  

2.2.2.1.1. Preparation of silver nanocubes in ethylene glycol 

Silver nanocubes were synthesized via polyol reduction in ethylene glycol (EG), as 

previously reported (Skrabalak et al., 2007). Briefly, an oil bath containing a magnetic 

stir bar was heated to 150 oC for around 1 hour at a spin rate of 330 rpm. Six mL of EG 

were then added to two 24 mL-glass vials with a clean stir bar and heated in the oil bath 

at 150 oC for 1 hour. Each vial was closed with a loose cap throughout the entire 

process, except for when adding the reagents. After the EG reaction vials had boiled for 

1 hour, 90 and 100 µL of Na2S solution (3 mM) dissolved in EG were added to Vials 1 

and 2, respectively. After 10 minutes, 0.03 g of polyvinyl pyrrolidone (PVP) dissolved 

in 1.5 mL EG was transferred to each reaction vial. AgNO3 solution (0.5 mL, 48 mg/mL 

in EG) was added to each vial. The cap was loosely placed back on top of the vials until 

the end of the reaction process. The reaction subsided after 90 minutes and the vials 

were cooled in a water bath at 22 oC. The reaction mixtures were then transferred to 15 

mL centrifuge tubes and vortexed with ~ 6 mL of acetone. The mixtures were then 

centrifuged at 9 000 rpm (16 000 g) for 30 minutes. The supernatant was then removed 

and the silver nanocubes were transferred to 1.5 mL centrifuges tubes and mixed with DI 

water. The mixtures were centrifuged again at 9 000 rpm (16 000 g) for 10 minutes and 
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the supernatant was discarded; this process was repeated a further three times. The final 

silver nanocubes were stored in 2 mL of DI water at 4 °C for further use. 

2.2.2.1.2. Preparation of silver nanocubes in diethylene glycol 

Silver nanocubes were synthesized via polyol reduction in diethylene glycol (DEG) as 

previously reported (Wang et al., 2013b). Briefly, 5 mL of DEG was added to 24 mL 

glass vial containing a magnetic stir bar and was heated in an oil bath at 150 oC for 30 

minutes. The following reagents were prepared in DEG and then added separately to the 

reaction vials. Initially, NaSH solution (0.06 mL, 3 mM) was pipetted to the vials. After 

4 minutes, HCL solution (0.5 mL, 3 mM) was added, followed by 1.25 mL of PVP 

solution (20 mg/mL). After 2 minutes, CF3COOAg solution (0.4 mL, 282 mM) was 

added. The vials were closed loosely throughout the entire process, except for the 

addition of the reagents. The reaction was stopped after 90 minutes by placing the vials 

in an ice water bath. Then, the mixtures were transferred to 15 mL centrifuge tube and 

mixed with 6 mL acetone, followed by centrifugation at 9 000 rpm (16 000 g) for 30 

minutes. The supernatant was removed and the remaining products were washed with 2 

mL of DI water and sonicated using a bath sonicator for 10 minutes. The products were 

transferred to 1.5 mL centrifuge tube and centrifuged at 9 000 rpm (16 000 g) for 10 

minutes, followed by the discarding of the supernatant and the sonication of the 

remaining products with DI water for 2 min; this process was repeated a further three 

times. The final products were then dispersed in 2 mL of DI water and stored at 4 °C for 

further use. 
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2.2.2.1.3. Large-scale synthesis of silver nanocubes 

Briefly, 60 mL of DEG was added into a 250-mL round-bottom flask containing a 

magnetic stir bar and heated in an oil bath at 150 oC for 30 minutes. The reagents were 

then prepared in DEG and added separately to the reaction flask. Initially, NaSH 

solution (0.72 mL, 3 mM) was pipetted to the flask. After 4 minutes, HCL solution (6 

mL, 3 mM) was added, followed by 15 mL of PVP solution (20 mg/mL). After 2 

minutes, CF3COOAg solution (4.8 mL, 282 mM) was added. The flask was closed 

loosely throughout the entire process, except for the addition of the reagents. The 

reaction was stopped after 90 min by placing the flask in an ice water bath for 30 min. 

Then, 25 mL of the mixture was transferred to 50 mL centrifuge tube and mixed with 20 

mL acetone, followed by centrifugation at 9 000 rpm (16 000 g) for 30 min. After 

removing the supernatant, 20 mL of DI water was added to the remaining products then 

sonicated for 10 minutes using ultrasound bath sonicator. Next, the products were 

centrifuged at 9 000 rpm (16 000 g) for 10 minutes, followed by the discarding of the 

supernatant and the sonication of the remaining products with 20 mL of DI water; this 

process was repeated a further three times. The final products were then dispersed in 20 

mL of DI water and stored at 4 °C. 

2.2.2.2. Synthesis of gold nanocages using standard methods 

2.2.2.2.1. Synthesis of gold nanocages according to Xia group’s method 

Gold nanocages (AuNCs) were synthesized based on a previously published method 

(Skrabalak et al., 2007). Briefly, 5 mL of polyvinyl pyrrolidone (PVP) solution (1 

mg/mL in DI water) was added to a 24-mL glass vial containing a magnetic stir bar. 
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Then, 100 µL of as-prepared Ag nanocubes were added to the vial and heated at 90 oC 

for 10 minutes. An aqueous solution of HAuCl4 (5 mL, 0.1 mM) was added to the 

reaction vial via a syringe pump at rates of 10 and 45 mL/h with magnetic stirring. The 

reaction was stopped when the reaction sample attained dark orange, purple and grey 

colours. Then, the reaction was heated for another 10 minutes until the reaction colour 

becomes stable. After cooling down the flask to 25 °C, 10 mL of NaCl-saturated 

solution (0.36 g/mL) was added to remove the AgCl. The products were then centrifuged 

at 9 000 rpm (16 000 g) for 30 minutes and washed with 10 mL DI water after 

discarding the supernatant; this process was repeated three times. Finally, the final 

products were stored in 3 mL of DI water, at 4 °C until further use.  

2.2.2.2.2. Synthesis of gold nanocages according to Qu group's method 

Gold nanocages were synthesized based on a previously reported method (Shi et al., 

2014). Briefly, 500 µL of Ag nanocubes was added to 5 mL of polyvinyl pyrrolidone 

(PVP) solution (1 mg/mL in DI water) in a 24-mL glass vial and heated at 90 oC for 10 

minutes. Then, various amounts (starting from 0.2 up to 2.5 mL) of 0.5 mM HAuCl4 

aqueous solution were added to the vials with a syringe pump at a rate of 45 mL/h. After 

obtaining different colours of the gold nanocages, the reaction mixtures were heated for 

a further 10 minutes until the colour stabilises. The reaction vials were cooled at 25 °C, 

and then 10 mL of NaCl-saturated solution (0.36 g/mL) was added to dissolve and 

remove the AgCl. The products were then centrifuged at 9 000 rpm (16 000 g) for 30 

minutes and washed with 10 mL DI water after discarding the supernatant; this process 
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was repeated three times. Finally, the final products were stored in 3 mL of DI water, at 

4 °C until further use. 

2.2.2.2.3. Large-scale synthesis of gold nanocages 

Briefly, 600 mL of polyvinyl pyrrolidone (PVP) solution (1 mg/mL in water) was added 

to a 1-L round-bottom flask containing a magnetic stir bar. Then, 60 mL of as-prepared 

silver nanocubes was added to the flask and heated at 100 °C, while stirring for 30 

minutes. An aqueous solution of 1 mM HAuCl4 (140 mL) was added to the reaction 

flask via a syringe pump at a rate of 45 mL/h. The reaction was stopped when the 

reaction sample attained a blue colour and exhibited UV-vis absorption spectrum at 740 

nm. The mixture was heated at 100 oC for another 15 minutes until the reaction colour 

became stable. After cooling down the flask to 25 °C, 20 mL of NaCl-saturated solution 

(0.36 g/mL) was mixed with each 25 mL aliquots of the mixture to remove AgCl. The 

products were then centrifuged at 9 000 rpm (16 000 g) for 30 minutes and washed with 

20 mL of DI water after discarding the supernatant. This process was repeated three 

times. The final products were added to 20 mL of DI water and stored at 4 °C until 

further use. 

2.2.2.3. Characterisation of silver nanocubes 

2.2.2.3.1. Scanning electron microscopy (SEM) imaging 

The Ag nanocubes sample was prepared for SEM by dispersing 10 µL of the stored Ag 

nanocubes suspension onto a silicon substrate and allowing it to air-dry at 30 °C 

overnight. SEM imaging was carried out on the following day. 
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2.2.2.3.2. Size measurement of silver nanocubes 

The size of Ag nanocubes was measured using a Malvern Zetasizer Nano-ZS (Malvern 

Instruments, Malvern, UK) at room temperature (25 oC). In the standard process, 10 µL 

of as-stored Ag nanocubes suspension was diluted with 990 µL of DI water and then 

transferred to a cuvette for measurement. All size measurements were performed three 

times. 

2.2.2.4. Characterisation of gold nanocages 

2.2.2.4.1. Scanning electron microscopy imaging 

The gold nanocages sample was prepared for SEM by dispersing 5 µL of the stored Au 

nanocages suspension onto a silicon substrate and left to dry overnight at a temperature 

of 30 oC. SEM imaging was carried out on the following day. 

2.2.2.4.2. Size and zeta potential measurement of gold nanocages 

The size and zeta potential of gold nanocages were measured using a Malvern Zetasizer 

Nano-ZS (Malvern Instruments, Malvern, UK) at 25 °C. In the standard process, 10 µL 

of as-stored gold nanocages suspension was diluted with 990 µL of DI water and then 

transferred to a cuvette for measurement. All size and zeta potential measurements were 

performed three times. 

2.2.2.4.3. Quantification of gold nanocages 

The concentrations of gold nanocages samples were obtained via inductively coupled 

plasma mass spectrometry (ICP-MS). Briefly, 20 µL of AuNCs in DI water was digested 

in 180 µL aqua regia at 20 °C for 1 h. The mixture was further diluted with DI water to 



60 
 
 

a final aqua regia concentration of 2%. The Au concentration (µg/L) within the samples 

was measured using the 197Au isotope and the 175Lu isotope used as an internal standard 

for all measurements. All ICP-MS measurements were performed in triplicate using an 

Agilent 7700X instrument (Agilent technologies, Santa Clara, US).  

2.2.2.4.4. UV-Vis- spectrometry analysis 

All UV–Vis spectra were determined using a Varian Cary® 50 Bio UV-visible 

spectrophotometer in the wavelength range of 300–1000 nm. The UV-Vis-spectra of DI 

water was adjusted as baseline prior to the measurement of the samples. 

2.2.2.4.5. Transmission electron microscopy imaging 

The morphology of gold nanocages was examined using transmission electron 

microscopy (TEM). Typically, 20 µL of AuNCs samples in DI water were placed in 

carbon-coated 200-mesh copper grids and left to dry at 20 °C for 1 hour. The samples 

were then visualized using a JEOL JEM-1200EX® transmission electron microscope 

(Jeol, Tokyo, Japan) operating at an accelerating voltage of 80 kV. 
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2.3. Results 

2.3.1. Synthesis of silver nanocubes 

2.3.1.1. Synthesis of silver nanocubes in EG 

After 30 minutes of adding all the reagents to the reaction vials, the sample 

containing 90 µL of Na2S solution (3 mM) was amber in colour, while the sample 

containing 100 µL of the same solution was dark brown in colour (Figure 2-2). The 

colour of the samples remained unchanged, even after prolonging the reaction for up 

to 120 minutes. However, the colour of the silver nanocubes samples was supposed 

to be ruby-red or green-ochre based on the Xia group protocol. During the isolation 

process of silver nanocubes, it was not possible to collect a sufficient amount of Ag 

nanocubes, with only dark black spots stuck to the bottom of the centrifugation tube. 

The same result was observed in synthesising the Ag nanocubes using different 

volumes (70 and 80 µL) of Na2S solution (3 mM).  
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Figure 2-2: Silver nanocubes sample containing 90 µL of Na2S appeared in amber 

colour (left vial) and silver nanocubes sample containing 100 µL of Na2S appeared in 

dark brown colour (right vial). 

 

2.3.1.2. Synthesis of silver nanocubes in DEG 

The Ag nanocubes samples appeared in green-red colour 15 minutes after adding the 

reaction reagents. In the final stage of the reaction (90 minutes), the samples 

appeared in a ruby-red colour (Figure 2-3).  
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Figure 2-3: Silver nanocubes samples prepared in DEG having a ruby-red colour 

and green-ochre tone on top of the sample medium after stopping the reaction. 

 

2.3.2. Characterisation of silver nanocubes 

SEM imaging revealed that silver nanoparticles had a cubic shape with an average 

edge length of 38.37 ± 0.96 nm (Figure 2-4). Also, the size measurement using the 

Zetasizer showed that Ag nanocubes had an average size of 58.5 ± 1.30 nm. 
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Figure 2-4: Scanning electron microscope (SEM) image of Ag nanocubes.  

 

2.3.3. Synthesis and characterisation of gold nanocages 

2.3.3.1. Synthesis of gold nanocages using standard methods 

The gold nanocages were produced via a galvanic replacement reaction between the 

prepared Ag nanocubes and HAuCl4 aqueous solution based on two protocols, 

following Xia and Qu groups' methods (Skrabalak et al., 2007; Wang et al., 2013b; 

Shi et al., 2014). While the process and procedure were quite similar in both 

protocols, different concentrations of Ag nanocubes and HAuCl4 solution were used. 

The galvanic replacement reaction process was monitored by visualising the colour 

changes from dark yellow to grey colour.  
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First, the Xia group's method was used, where the galvanic replacement was 

accomplished by adding 0.1 mM of HAuCl4 solution to Ag nanocubes vials using a 

syringe pump at a rate of 10 mL/h. However, no changes in the Ag nanocubes colour 

were observed after adding 5 mL of HAuCl4 solution. Therefore, the syringe-

pumping rate was adjusted from 10 to 45 mL/h. Hence, AuNC samples with three 

colours were obtained by adding various volumes of HAuCl4 solution (0.1 mM). The 

dark orange sample was observed after adding 1 mL, the purple sample after adding 

2 mL, and the grey sample after adding 2.6 mL of HAuCl4 solution (0.1 mM) (Figure 

2-5). However, we could not isolate a sufficient amount of AuNCs from all the three 

samples. 

 

 

Figure 2-5: Photographs of vials containing AuNCs samples in dark orange, purple 

and grey colour prepared via galvanic replacement between AgNCs and HAuCl4 

solution (0.1 mM). 
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Therefore, the concentrations of AgNCs and HAuCl4 solution were adjusted based 

on the Qu group's method. Specifically, 500 µL of as-synthesised AgNCs was 

dispersed in 5 mL of PVP aqueous solution (1 mg/mL) and boiled under magnetic 

stirring for 10 minutes. HAuCl4 solution (0.5 mM) was then added with a syringe 

pump at a rate of 45 mL/h into 24-mL glass vials. Consequently, various colours of 

gold nanocage samples were obtained after adding different amounts of HAuCl4 

solution to each sample (Figure 2-6). However, the volume of gold nanocages 

isolated from each vial was around 3 mL, which was insufficient for further studies. 

In addition, the synthesised AuNC samples exhibited a UV-vis spectrum peak less 

than 700 nm. The last two AuNC samples (blue and grey) obtained from this method 

were selected for optical and physical characterisations. First, blue AuNCs (AuNCs-

B) exhibited a UV-vis spectrum peak at 688 nm, while grey AuNCs (AuNCs-G) 

exhibited two UV-vis spectrum peaks at 637 and 444 nm (Figure 2-7). Further, SEM 

and TEM images revealed the cage shapes of both AuNCs-B and AuNCs-G (Figure 

2-8). Finally, the DLS measurements showed that AuNCs-G had an average size of 

43.08 ± 1.51 nm, while AuNCs-B had an average size of 42.00 ± 2.49 nm. The zeta 

potential of the AuNCs-G was −38.42 ± 1.60 mV, and −31.73 ± 8.80 mV for the 

AuNCs-B. Based on these results, gold nanocages with a blue colour were chosen for 

further investigation.  
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Figure 2-6: Photographs of vials containing gold nanocages showing the changes in 

the nanocage colour by adding different volumes of HAuCl4 solution (0.5 mM) (from 

left to right: 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1 and 2.5 mL). 
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Figure 2-7: UV-vis spectra of blue AuNCs (A) and grey AuNCs (B). 
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D C 

 

Figure 2-8: Scanning electron microscopy (SEM) images of blue AuNCs (A), grey 

AuNCs (B) and transmission electron microscope (TEM) images of blue AuNCs (C) 

and grey AuNCs (D). 

 

2.3.3.2. Synthesis of gold nanocages using modified methods 

The concentration of HAuCl4 solution was further increased from 0.5 to 1 mM to 

scale up the synthesis process. Also, synthesising large quantities of gold nanocages 

required a vast amount of Ag nanocubes that necessitated the use of large glassware, 

such as flasks, replacing small vials. Therefore, synthesising gold nanocages using 

Ag nanocubes prepared in round-bottom flask and in vial was examined. Hence, two 

batches of AuNCs were obtained: blue gold nanocages synthesised from Ag 
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nanocubes prepared in a round-bottom flask (AuNCs-BF) and blue gold nanocages 

synthesised from Ag nanocubes prepared in a vial (AuNCs-BL) via titration with 

HAuCl4 solution (1 mM). TEM images show the cage shapes of AuNCs-BL and 

AuNCs-BF (Figure 2-9). The physical characteristics showed that AuNCs-BF had an 

average size of 80.00 ± 0.41 nm and displayed a UV-vis spectrum peak at 671 nm 

like AuNCs-BL, which had an average size of 77.45 ± 0.02 nm, and a UV-vis 

spectrum peak of 692 nm (Figure 2-10). Therefore, preparing Ag nanocubes in a 

round-bottom flask was chosen for large-scale synthesis of gold nanocages. 

 

A 

100 nm 100 nm 

B 

 

Figure 2-9: Transmission electron microscopic image of (A) blue gold nanocages 

synthesised from Ag nanocubes prepared in a vial and (B) blue gold nanocages 

synthesised from Ag nanocubes prepared in a round-bottom flask. 
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Figure 2-10: UV-vis spectra of (A) blue gold nanocages synthesised from Ag 

nanocubes prepared in a vial and (B) blue gold nanocages synthesised from Ag 

nanocubes prepared in a round-bottom flask. 

 

2.3.3.3. Large-scale synthesis of gold nanocages 

A large batch of gold nanocages (AuNCs-BR) was synthesised using a galvanic 

replacement reaction between Ag nanocubes prepared in 250-mL round-bottom flask 

and HAuCl4 solution (1 mM). AuNCs-BR had a volume of 800 mL with an Au 

content of 597.93 µg/L based on ICP-MS analysis. TEM image confirmed the cage-

shape, hollow interior and thin wall of AuNCs-BR, with an outer-edge length of 30 

nm, inner-edge length of 50 nm and wall thickness of 6 nm (Figure 2-11). AuNCs-

BR had an average size of 88.69 ± 0.66 nm and a UV-vis spectrum peak at 715 nm 

(Figure 2-12). Table 2-1 shows the optical and physical properties of the gold 

nanocages. 
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Figure 2-11: Transmission electron microscopy (TEM) image of gold nanocages 

(AuNCs-BR) produced by scale-up synthesis. 

400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 A
bs

or
ba

nc
e

Wavelength (nm)

 

Figure 2-12: UV-vis spectrum of AuNCs produced by scale-up synthesis. 
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Table 2-1: Summary of the optical and physical properties of synthesised gold 

nanocages 

Sample Colour Size (nm) PDI Zeta 
potential 

(mV) 

UV-Vis 
wavelength 
(nm) 

AuNCs-B Blue 42.14 ± 2.40 0.47 −31.73 ± 8.80 688 

AuNCs-G Grey 43.08 ± 1.50 0.50 −38.42 ± 1.60 637 

AuNCs-BL Blue 77.45 ± 0.02 0.22 −25.20 ± 3.37 692 

AuNCs-BF Blue 80.00 ± 0.41 0.22 −24.70 ± 0.81 671 

AuNCs-BR Blue 88.69 ± 0.66 0.20 −20.50 ± 0.38 715 

PDI = Polydispersity index 
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2.4. Discussion 

Gold nanocages are a novel class of gold nanomaterial with cage shape, hollow 

interior and porous wall. Their unique optical and physicochemical properties make 

them appropriate candidates for nanomedicine applications. They can be synthesised 

by a galvanic replacement reaction between silver nanocubes and chloroauric acid 

solution. However, only small amounts of gold nanocages can be prepared using the 

method described in the standard protocol (Skrabalak et al., 2007). Also, one of the 

key challenges that hamper the use of this type of nanomaterial in medicine is the 

ability to produce large quantities of nanoparticles, alongside uniform size and shape 

(Pang et al., 2016). The purpose of this chapter, therefore, is to optimise the synthesis 

of gold nanocages and to develop an appropriate synthesis procedure to obtain large 

quantities of gold nanocages. As silver nanocubes are used as sacrificial templates 

for the galvanic replacement reaction to generate the gold nanocages, most of the 

published reports focused on scaling-up the synthesis of Ag nanocubes to achieve 

large quantities of gold nanocages (Sun et al., 2002; Pang et al., 2016). For example, 

Skrabalak and colleagues performed the synthesis of silver nanocubes 

simultaneously in 12 different vials as a suggested approach to scale up the 

production of the nanocubes, which induced some variations in the shape and 

concentration of the produced silver nanocubes, thereby affecting AuNCs synthesis 

(Skrabalak et al., 2007). In this study, the large synthesis of silver nanocubes was 

conducted in a single round-bottom flask to overcome silver nanocubes batch 

variations from one preparation to another that could impact the AuNCs synthesis. 

Also, it is important to scale-up the synthesis of gold nanocages to enable us to 

conduct all the experiments, such as surface modifications and in vitro evaluation 
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using the same batch of gold nanocages. In this study, we considered some steps that 

successfully helped in scaling-up gold nanocage synthesis. For instance, the 

glassware was cleaned with aqua regia before the synthesis process to remove any 

trace elements that could affect the syntheses of AgNCs and AuNCs. Furthermore, 

the concentration of the chloroauric solution was increased from 0.1 to 1 mM to 

boost gold nanocage formation during the galvanic replacement reaction with a large 

quantity of silver nanocubes. Large synthesis of gold nanocages also required a large 

volume of chloroauric solution, which should be added to the reaction flask at a low 

flow rate (45 mL/h). However, the chloroauric acid solution is light–sensitive, which 

would impact the uniformity of synthesised gold nanocages regarding size and shape. 

To avoid this, small quantities of chloroauric acid solution (10 mL) were freshly 

prepared concurrently and injected into the reaction using a syringe pump in the 

dark, and this process was repeated until the end of the reaction. Finally, the galvanic 

replacement reaction was conducted in an oil bath at 100 oC instead of 90 oC as 

mentioned in the standard procedure, and mixed at a spin rate of 700 rpm to prevent 

the precipitation of AgCl during the reaction (Chen et al., 2010b). Therefore, the 

gold nanocages obtained using our modified protocol were similar to those 

synthesised via the conventional method but produced in larger quantities. This large 

production of gold nanocages ensured the elimination of batch-to-batch variations 

that could significantly impact the surface conjugation, the characterisation and in 

vitro experiments because of using different gold nanocage batches (Avvakumova et 

al., 2019). The morphology, particle size and uniformity of the gold nanocages 

produced by scale-up synthesis and modified protocols were confirmed by TEM and 

DLS analysis. TEM images revealed the cage-shape, hollow interior and thin wall of 
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the synthesised gold nanocages. Furthermore, the difference between the inner-and 

outer-edges of the nanocages length is 20 nm, which represents the uniform shape 

and structure of the synthesised gold nanocages. The shape and morphology 

produced by our modified protocol are like those synthesised by the standard 

protocol. The as-prepared gold nanocages had an average size lower than 90 nm and 

exhibited a UV-Vis spectrum in the NIR region, which made them appropriate for 

drug delivery applications and photothermal therapy.  
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Chapter 3: Synthesis and characterisation of PEG-, 

PEI-, PLL- and DAB- conjugated, lactoferrin-

bearing gold nanocages  
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3.1. Introduction 

Gold nanoparticles have been widely used in biomedicine due to their low toxicity, 

tunable size, unique physicochemical properties and ease of surface modification 

with targeting moieties, such as proteins, peptides and antibodies, to specifically 

target cancer cells (Chen et al., 2007a; Sun et al., 2014; Beik et al., 2019). In 

addition to these properties, gold nanoparticles have been particularly attractive for 

gene delivery owing to their ability to condense nucleic acids via electrostatic 

interactions or by conjugating nucleic acids to their surface via thiol linkages 

(McIntosh et al., 2001; Oishi et al., 2006; Rosi et al., 2006; Fitzgerald et al., 2016). 

Among these nanoparticles, gold nanocages are a novel class of gold nanomaterial 

with a cage shape, hollow interior and porous wall. Furthermore, their ability to 

convert light into heat at the NIR region (700–900 nm) has made them suitable 

candidates for biomedical applications and photothermal cancer therapy (Skrabalak 

et al., 2008; Chen et al., 2010a; Xia and Xia, 2014). Their unique structure allows 

drugs to be loaded into their hollow interior before the nanocage is coated with a 

thermo-sensitive polymer (Yavuz et al., 2009; Li et al., 2011). The polymer shell 

prevents the drug from being released until an external thermal stimulus, such as NIR 

light or high-intensity-focused ultrasound, is presented. However, the recent 

advances in gold nanocage utilisation in controlled drug delivery and photothermal 

cancer therapy have led to the need to explore the possibility of using gold nanocages 

for targeted gene delivery for cancer treatment, without the assistance of external 

stimulation or in combination with chemotherapeutics. DNA can be attached 

covalently to the surface of gold nanoparticles using thiol linkage. However, external 

triggers, such as laser irradiation, are required to facilitate the release of the attached 
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DNA by breaking the strong Au-S bond or heating the nanoparticles until their 

melting point is reached, resulting in payload release (Jain et al., 2006). Also, 

electrostatic charge repulsions between the negatively charged DNA and negatively 

charged gold nanoparticles would prevent DNA adsorption to the surface of gold 

nanocages (Zamora-Justo et al., 2019).  

Therefore, we propose to conjugate the surface of gold nanocages with targeting 

moieties, such as lactoferrin (Lf), for targeting cancer and to functionalise their 

surface with cationic polymers to promote DNA binding through electrostatics 

interactions. We also investigated whether the gold nanocages could condense the 

DNA on their surface, facilitate gene expression and enhance the anti-proliferative 

effect in prostate cancer cells in vitro. Recent research has shown that the cancer-

targeting ligand lactoferrin (Lf), whose receptors are overexpressed in most cancers, 

is highly promising in enhancing the therapeutic efficacy of gene cancer therapy as a 

result of significant increase in gene expression in tumours after intravenous 

administration (Lim et al., 2015; Altwaijry et al., 2018b). Cationic polymers, such as 

polyethylenimine (PEI), diaminobutyric polypropylenimine (DAB) and poly-L-

lysine (PLL), have been widely used to generate positively charged nanoparticles due 

to their capacity to complex DNA or RNA and their high transfection efficacy 

(Sullivan et al., 2003; Aldawsari et al., 2011a; Shan et al., 2012; Fitzgerald et al., 

2016). Conjugating polyethylene glycol (PEG) to nanoparticles is another approach 

that has recently contributed to enhanced transfection efficacy while reducing the 

cytotoxicity associated with nanoparticles by shielding their charges and preventing 

their interaction with plasma proteins (Kong et al., 2009; Ping et al., 2011; Somani et 

al., 2018). 



79 
 

3.1.1. Aims and objectives 

The main objective of this chapter is to study the effect of surface modification of 

gold nanocages with Lf and cationic polymers on their physicochemical properties, 

such as size, surface charge and morphology, alongside their DNA condensation 

efficacy.  

 This chapter focuses on the synthesis and characterisation of gold conjugates 

(lactoferrin-bearing gold nanocages, PEG-conjugated, PEI-conjugated, PLL-

conjugated and DAB-conjugated lactoferrin-bearing gold nanocages). Hence, the 

physicochemical characteristics of these gold conjugates were evaluated using 

transmission electron microscopy, UV-vis spectrophotometry, MALDI-TOF 

spectroscopy, circular dichroism and Fourier-transform infrared (FTIR) spectroscopy 

to confirm the conjugation of the Lf and polymers onto the nanocages. Also, the 

DNA condensation efficacy of the gold conjugates was investigated following 

complexation with plasmid DNA using photon correlation spectroscopy and gel 

retardation assay.  
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3.2. Materials and methods  

3.2.1. Materials 

Materials Suppliers 

2-iminothiolane (Traut’s reagent) Sigma-Aldrich, UK 

Acetone Sigma-Aldrich, UK 

Aqueous hydrochloric acid solution (HCl, 37%) Sigma-Aldrich, UK 

Branched polyethyleneimine (PEI) (0.8 kDa) Sigma-Aldrich, UK 

Deionized (DI) water Sigma-Aldrich, UK 

Dialysis tubing, benzoylated Sigma-Aldrich, UK 

Ethylenediaminetetraacetic acid (EDTA)  Sigma-Aldrich, UK 

EndoFree Plasmid Giga Kit Qiagen, UK 

Ethidium bromide Sigma-Aldrich, UK 

Generation 3- Diaminobutyric polypropylenimine 

hexadecaamine dendrimer (DAB) 

Sigma-Aldrich, UK 

Lactoferrin, bovine colostrum Sigma-Aldrich, UK 

Na2HPO4 Sigma-Aldrich, UK 

NaH2PO4 Sigma-Aldrich, UK 

Passive lysis buffer Promega, UK 

PCMVsport β-galactosidase plasmid DNA Life Technologies, UK 
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Materials Suppliers 

Phosphate buffered saline (PBS) tablets Sigma Aldrich, UK 

PicoGreen® dsDNA reagent Life Technologies, UK 

Poly-L-lysine (PLL) 

 

Sigma-Aldrich, UK 

Sodium chloride (NaCl) Sigma-Aldrich, UK 

Thiol-PEG3.5K-amine (HS-PEG3.5K-NH2) JenKem Technology, USA 



 82 

3.2.2. Methods 

3.2.2.1. Synthesis of lactoferrin-bearing gold nanocages and PEG-, PEI-, PLL- 

and DAB- conjugated, lactoferrin-bearing gold nanocages 

The experiments in this chapter all used the large-scale batch of gold nanocages 

(AuNCs-BR) which was prepared as described in Chapter 2.  

3.2.2.1.1. Synthesis of lactoferrin-bearing gold nanocages (AuNCs-Lf) 

The conjugation of Lf to gold nanocages (AuNCs) was performed with modifications 

from a previously reported method (Johnsen et al., 2018). Briefly, 8 mg of Lf was 

dissolved in 2 mL of 50 mM sodium phosphate and 0.15 M sodium chloride buffer 

(pH 7.5). This was then reacted with 5-fold mole excess of 2-iminothiolane (Traut’s 

reagent, 1 mg/mL in distilled water, 7.26 mM, 61.2 µL) for 75 min at 20 oC. The 

modified Lf was purified using a Vivaspin-6® centrifuge tube with a molecular 

weight cut-off (MWCO) of 5 000 Da for 20 minutes at 8 000 rpm (14 000 g). Each 

100 µL of thiolated Lf (8 mg/mL) was added to 1 mL of AuNCs, then vortexed and 

incubated at 25 °C for 24 hours. The final product was purified twice with 1 mL of 

DI water using Vivaspin-6® centrifuge tubes with a MWCO of 100 000 Da for 20 

minutes at 8 000 rpm (14 000 g) to remove any unreacted AuNCs, before being 

freeze-dried. 

 

3.2.2.1.2. Synthesis of lactoferrin-bearing PEGylated gold nanocages 

3.2.2.1.2.1. Preparation of PEGylated gold nanocages (AuNCs-PEG) 

Thiol-PEG3.5K-amine aqueous solution (100 µL, 2 mM) was added to 1 mL of 

AuNCs suspension and vortexed for 10 seconds before incubating the mixture at 25 
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°C for 48 hours. Afterwards, the samples were purified by centrifugation at 14 000 

rpm (18, 300 g) for 10 minutes and washed twice with 1 mL of DI water after 

discarding the supernatant. The final products were dispersed in 1 mL of DI water 

and stored at 4 °C. 

3.2.2.1.2.2. Preparation of lactoferrin-bearing PEGylated gold nanocages 

(AuNCs-PEG-Lf) 

As-prepared thiolated Lf (8 mg/mL, 100 µL) was added to each 1 mL of AuNCs-

PEG. The reaction mixture was then vortexed and incubated at 25 °C for 24 hours. 

The final products were purified twice with 1 mL of DI water using a Vivaspin-6® 

centrifuge tube with a MWCO of 100 000 Da for 20 minutes at 8 000 rpm (14 000 g) 

to remove any unreacted AuNCs-PEG, before being freeze-dried. 

3.2.2.1.2.3. Synthesis of PEG-conjugated, lactoferrin-bearing gold nanocages 

(AuNCs-Lf-PEG) 

Thiol-PEG3.5K-amine aqueous solution (100 µL, 2 mM) was added to 1 mL of 

lactoferrin-bearing AuNCs (AuNCs-Lf) suspension and vortexed for 10 seconds. The 

mixture was then incubated at 25 °C for 24 hours. The final product was purified 

twice with 1 mL of DI water using Vivaspin-6® centrifuge tubes with a MWCO of 

100 000 Da for 20 minutes at 8 000 rpm (14 000 g) to remove any unreacted PEG, 

before being freeze-dried. 

3.2.2.1.2.4. Synthesis of 2xPEG-conjugated, lactoferrin-bearing gold nanocages 

(AuNCs-Lf-2xPEG) 

Thiol-PEG3.5K-amine aqueous solution (200 µL, 2 mM) was added to 1 mL of 

lactoferrin-bearing AuNCs (AuNCs-Lf) suspension and vortexed for 10 seconds. The 
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mixture was then incubated at 25 °C for 24 hours. The final product was purified 

twice with 1 mL of DI water using Vivaspin-6® centrifuge tubes with a MWCO of 

100 000 Da for 20 minutes at 8 000 rpm (14 000 g) to remove any unreacted PEG, 

before being freeze-dried. 

 

3.2.2.1.3. Synthesis of PEI-conjugated, lactoferrin-bearing gold nanocages 

(AuNCs-Lf-PEI) 

3.2.2.1.3.1. Preparation of thiolated polyethyleneimine 

The thiolation of polyethyleneimine (PEI) was performed with modifications of a 

previously reported method (Kang et al., 2011). The formation of thiolated PEI was 

carried out by reacting the PEI with 2-fold moles excess of 2-iminothiolane (Traut’s 

reagent). PEI was dissolved in PBS at a concentration of 10 mg/mL (12.5 mM). In a 

separate container, a stock solution of Traut’s reagent was prepared by dissolving 

3.44 mg in 1 mL of PBS. Traut’s reagent (3.44 mg/mL in PBS, 25 mM, 4.28 mL) 

was added to PEI solution (10 mg/mL in PBS, 12.5 mM, 4.28 mL) and vortexed for 

5 seconds. The reaction mixture was then incubated at 25 oC for 24 hours. The final 

compound was purified using benzoylated dialysis tubing with a molecular weight 

cut-off of 2000 Da at room temperature (20-22 oC) against 2 L of distilled water and 

this was changed twice during dialysis. After 24-hour dialysis, the solution was 

freeze-dried for 48 hours using Christ Epsilon 2–4 LSC® freeze dryer (Osterode am 

Harz, Germany). 
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3.2.2.1.3.2. Preparation of polyethyleneimine-conjugated, lactoferrin-bearing 

gold nanocages 

Thiolated PEI (10 mg/mL in PBS, 400 µL) was added to each 1 mL of as-prepared 

AuNCs-Lf. The mixture was then vortexed for 5 seconds and incubated at 25 oC for 

24 hours. AuNCs-Lf-PEI was then purified twice with 1 mL of DI water using a 

Vivaspin-6® centrifuge tube with a MWCO of 5 000 Da for 20 minutes at 8 000 rpm 

(14 000 g). The purified AuNCs-Lf-PEI conjugate was freeze-dried using a Christ® 

freeze dryer for 48 hours. 

3.2.2.1.4. Synthesis of lactoferrin-bearing dendrimer-conjugated gold nanocages 

3.2.2.1.4.1. Preparation of thiolated dendrimer 

A thiolated dendrimer was prepared with modifications from a previously reported 

method (Liu and Chiu, 2013). The process of thiolation was carried out by mixing 

the DAB dendrimer with 2-fold moles excess of 2-iminothiolane (Traut’s reagent). 

DAB was dissolved in PBS at a concentration of 21.08 mg/ml (12.5 mM). In a 

separate container, a stock solution of 2-iminothiolane (Traut’s reagent) was 

prepared by dissolving 3.44 mg in 1 mL of PBS. Traut’s reagent with 2-fold mole 

excess (3.44 mg/mL in PBS, 25 mM, 3.44 mL) was added to DAB solution (21.08 

mg/mL in PBS, 12.5 mM, 3.44 mL) and vortexed for 5 seconds. The reaction 

mixture was then incubated at 25 oC for 24 hours. The final compound was purified 

using benzoylated dialysis tubing with a MWCO of 2000 Da at room temperature 

(20-22 oC) against 2 L of distilled water, changed twice during dialysis. After a 24-

hour dialysis, the solution was freeze-dried using Christ® freeze dryer for 48 hours. 



 
 

86 

3.2.2.1.4.2. Preparation of lactoferrin-bearing dendrimer-conjugated gold 

nanocages 

Thiolated-DAB (7.26 mg/mL in PBS, 240 µL) was added to each 1 mL of as-

prepared AuNCs-Lf or bare AuNCs, vortexed for 5 seconds then incubated at 25 oC 

for 24 hours. AuNCs-Lf-DAB and AuNCs-DAB were then purified twice with 1 mL 

of DI water using a Vivaspin-6® centrifuge tube with a MWCO of 5 000 Da for 20 

minutes at 8 000 rpm (14 000 g). Lactoferrin was then added to AuNCs-DAB to 

prepare AuNCs-DAB-Lf conjugates using the same method as for making AuNCs-Lf 

described above. The purified AuNCs-DAB-Lf conjugate was freeze-dried using 

Christ® freeze dryer for 48 hours. 

3.2.2.1.5. Synthesis of lactoferrin-bearing, polylysine-conjugated gold nanocages 

3.2.2.1.5.1. Preparation of thiolated polylysine 

The thiolation of polylysine was achieved by reacting the polylysine with 2-fold 

moles excess of 2-iminothiolane (Traut’s reagent). To do so, Traut’s reagent (1.1 

mg/mL in PBS, 8 mM, 125 µL) was added to PLL solution (14.3 mg dissolved in 2 

mL PBS, 0.5 mM) and vortexed for 5 seconds. The reaction mixture was then 

incubated at 25 oC for 24 hours. The modified PLL was purified using a Vivaspin-6® 

centrifuge tube with a molecular weight cut-off (MWCO) of 5 000 Da for 20 minutes 

at 8 000 rpm (14 000 g). After 24-hour dialysis, the solution was freeze-dried using 

Christ® freeze dryer for 48 hours. 
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3.2.2.1.5.2. Preparation of lactoferrin-bearing, polylysine-conjugated gold 

nanocages 

Thiolated-PLL (8 mg/mL in PBS, 100 µL) was added to each 1 mL of as-prepared 

AuNCs-Lf or bare AuNCs and vortexed for 5 seconds, then incubated at 25 oC for 24 

hours. AuNCs-Lf-PLL and AuNCs-PLL were then purified twice with 1 mL of DI 

water using a Vivaspin-6® centrifuge tube with a MWCO of 5 000 Da for 20 minutes 

at 8 000 rpm (14 000 g). Lactoferrin was then added to AuNCs-PLL to prepare 

AuNCs-PLL-Lf conjugates, using the same method as for making AuNCs-Lf 

described above. The purified AuNCs-PLL-Lf conjugate was freeze- dried using 

Christ® freeze dryer for 48 hours. 

3.2.2.2. Characterisation of gold nanocages conjugates 

3.2.2.2.1. Transmission electron microscopy imaging 

The morphology of gold nanocages was examined using transmission electron 

microscopy (TEM). Typically, 20 µL of AuNCs samples in DI water were placed in 

carbon-coated 200-mesh copper grids and left to dry at 20 °C for 1 hour. The 

samples were then visualized using a JEOL JEM-1200EX® transmission electron 

microscope (Jeol, Tokyo, Japan) operating at an accelerating voltage of 80 kV. 

3.2.2.2.2. Size and zeta potential measurement  

The size and zeta potential of gold nanocages in DI water were measured by photon 

correlation spectroscopy and laser Doppler electrophoresis using a Malvern Zetasizer 

Nano-ZS® (Malvern Instruments, Malvern, UK) at 25 °C. All size and zeta-potential 

measurements were conducted in triplicate with a He–Ne laser operating at 632.8 nm 

and with a scattering angle of 173°. 
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3.2.2.2.3. UV-Vis- spectrometry analysis 

All UV–Vis spectra were determined using a Varian Cary® 50 Bio UV-visible 

spectrophotometer in the wavelength range of 300–1000 nm. The UV-Vis spectrum 

of DI water was adjusted as a baseline prior to the measurement of the samples. 

3.2.2.2.4. Quantification of gold nanocages 

The concentrations of gold nanocages samples were obtained by using inductively 

coupled plasma mass spectrometry (ICP-MS). In summary, 20 µL of AuNCs in DI 

water was digested in 180 µL aqua regia at 20 °C for 1 hour. The mixture was 

further diluted with DI water to a final aqua regia concentration of 2% v/v. The Au 

concentration (in µg/L) in the samples was measured using the 197Au isotope, and the 

175Lu isotope was used as an internal standard for all measurements. All ICP-MS 

measurements were performed in triplicate using an Agilent® 7700X instrument 

(Agilent technologies, Santa Clara, US).  

3.2.2.2.5. Circular dichroism spectrometer  

CD spectra of Lf-bearing AuNCs and PEG-AuNCs samples were recorded using 

circular dichroism spectrometer (Chirascan® V100, Applied Photophysics, 

Leatherhead, UK). All samples were prepared at a concentration of 2 mg/mL in DI 

water. CD spectra were recorded using a quartz cuvette with a path length of 10 mm 

over a range of 190-900 nm with a scan speed of 70 nm/min and a bandwidth of 1 

nm. 

3.2.2.2.6. Fourier-transform infrared spectrophotometer 

The infrared spectra of Lf-bearing AuNCs and PEG-AuNCs were carried out using a 

FTIR spectrophotometer equipped with an attenuated total reflectance (ATR) probe 
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(IRSpirit® QATR-S, Shimadzu, Kyoto, Japan). They were collected over a range of 

4000–400 cm−1 at a resolution of 4 cm−1 and analysed using the LabSolutions IR® 

software (Shimadzu, Kyoto, Japan). 

3.2.2.2.7. Matrix assisted laser desorption/ionisation-time of flight mass 

spectroscopy (MALDI-TOF) 

The molecular weights of Lf-bearing AuNCs and PEG-AuNCs were measured using 

MALDI-TOF mass spectrometry (Axima® CFR, Kratos, Shimadzu, Kyoto, Japan). 

The samples were prepared by mixing 10 µL of Lf-bearing AuNCs (2mg/mL, 

dissolved in DI water) with 10 µL of matrix solution (sinapinic acid). One µL of this 

mixture was then transferred to the MALDI sample plate and left to dry before the 

measurement. 

3.2.2.3. Complexation of DNA with gold nanocages conjugates  

3.2.2.3.1. Gel retardation assay 

The ability of AuNCs conjugates to condense DNA was assessed by agarose gel 

retardation assay. AuNCs conjugate complexes were prepared at various AuNCs 

conjugate:DNA weight ratios from 0.5:1 to 40:1, with a constant DNA concentration 

of 20 µg/mL. After mixing with the loading buffer, the samples (15 µL) were loaded 

on to a 1X Tris-Borate-EDTA (TBE) (89 mM Tris base, 89 mM boric acid, 2 mM 

Na2-EDTA, pH 8.3) buffered 0.8% (w/v) agarose gel containing ethidium bromide 

(0.4 µg/mL), with 1x TBE as a running buffer. The DNA size marker was 

HyperLadder I. The gel was run at 50 V for 1 hour and then photographed under UV 

light. 
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3.2.2.3.2. Size and zeta potential of the complexes 

The size and zeta potential of the complexes in glucose solution (5% w/v) were 

measured for various AuNCs conjugates:DNA weight ratios of 0.5:1, 1:1, 5:1, 10:1, 

20:1 and 40:1, by photon correlation spectroscopy and laser Doppler electrophoresis 

at 37 °C, using a Malvern Zetasizer Nano-ZS® (Malvern Instruments, Malvern, UK). 

The DNA concentration (1 µg/mL) remained constant throughout the experiment. 
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3.3. Results 

3.3.1. Synthesis of lactoferrin-bearing gold nanocages and PEG-, PEI-, PLL- 

and DAB- conjugated, lactoferrin-bearing gold nanocages 

3.3.1.1. Transmission electron microscopy imaging 

TEM imaging revealed the cage-shape, hollow interior and thin wall of the 

lactoferrin-bearing gold nanocages, PEGylated gold nanocages and lactoferrin-

bearing, PEGylated gold nanocages (Figure 3-1 A–D). These findings indicated that 

the surface conjugation did not change the shape or impact the morphology of the 

nanocages.  

A 

B 

C 

A 

200 nm 200 nm 

B 

D

200 nm 

C 

200 nm 
 

Figure 3-1: Transmission electron microscopic images of gold nanocages (A), 

lactoferrin-bearing gold nanocages (B), PEGylated gold nanocages (C) and 

lactoferrin-bearing, PEGylated gold nanocages (D) (Bar size: 200 nm). 
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3.3.1.2. Circular dichroism spectrometer  

Conjugating Lf to AuNCs was confirmed using CD (Figure 3-2). The CD spectrum 

of Lf exhibited distinctive negative ellipticity peaks at 244 nm and 283 nm and a 

positive ellipticity peak at 309 nm. These peaks were visible in the CD spectrum of 

AuNCs-Lf, unlike that of unmodified AuNCs, indicating that Lf was successfully 

conjugated to the surface of AuNCs. The highest molar ellipticity values for the 

lactoferrin protein and conjugates at identical wavelengths, such as 244 nm and 283 

nm, indicated that there was no significant conformational change in the protein 

folding upon grafting to the nanocages. 
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Figure 3-2: CD spectra of lactoferrin (Lf), thiolated lactoferrin (Thiol Lf), non-

conjugated gold nanocages (AuNCs) and lactoferrin-bearing gold nanocages 

(AuNCs-Lf). 
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3.3.1.3. Fourier-transform infrared spectrophotometry 

The FTIR spectrum of AuNCs-Lf demonstrated the presence of characteristic peaks 

at 1645.01 and 1534.86 cm−1 (corresponding to amide-I and amide-II of bare 

lactoferrin) and the absence of peaks at 1049.94 cm−1 and 1398.97 cm−1, respectively, 

corresponding to the sulfoxide and sulphate groups of thiolated lactoferrin, compared 

with the starting materials (Figure 3-3). These findings confirm the successful 

conjugation of Lf to gold nanocages via an Au-S bond and demonstrate the absence 

of significant changes in the protein secondary structure. This was consistent with the 

data obtained from the CD. 
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Figure 3-3: FTIR spectra of A) Lf, B) Thiol-Lf and C) AuNCs-Lf. 
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3.3.1.4. MALDI-TOF spectroscopy 

The conjugation of Lf to AuNCs and AuNCs-PEG was assessed using MALDI-TOF 

spectroscopy (Figure 3-4). The average molecular weights of AuNCs-Lf and AuNCs-

PEG-LF were 83797.04 and 83911.91 m/z, respectively. However, the bare Lf had an 

average molecular weight of 83499.79 m/z. Therefore, this difference between the 

AuNCs-Lf samples and bare Lf supports the conjugation of Lf protein onto AuNCs 

or AuNCs-PEG, while indicating that the conjugation ratio of Lf per AuNCs or 

AuNCs-PEG was nearly 1. 
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Figure 3-4: MALDI-TOF spectra of Lf (red), Thiol-Lf (blue), AuNC-Lf (green) and 

AuNC-PEG-Lf (orange). 
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3.3.1.5. UV-Vis spectrometry  

The conjugation of Lf to the surface of AuNCs was further confirmed by UV-Vis- 

spectrometry analysis (Figure 3-5). AuNCs and AuNCs conjugates exhibited UV-vis 

spectrum peaks in the NIR regions (715 nm, 750 nm, 745 nm, 813 nm, 746 nm, 757 

nm, 768 nm, 771 nm and 757 nm respectively for AuNCs, AuNCs-PEG, AuNCs-

DAB-Lf, AuNCs-Lf-PEI, AuNCs-Lf-PLL, AuNCs-DAB, AuNCs-Lf-PEG, AuNCs-

Lf and AuNCs-PEG-Lf). The red-shift in the UV-vis spectra of AuNCs-PEG, 

AuNCs-DAB and AuNCs-Lf compared to the unmodified AuNCs confirmed the 

surface modification of AuNCs with PEG, DAB and Lf. Further, it indicated the 

efficient formation of AuNCs conjugates. 
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Figure 3-5: UV-vis spectra of AuNCs, AuNCs-PEG and AuNCs-DAB before and 

after conjugation with Lf. 
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3.3.1.6. Size and zeta potential measurements 

The size and zeta potential of the unmodified AuNCs and AuNCs conjugates were 

measured to assess the formation of AuNCs conjugates. The conjugation of Lf, PEG, 

PEI, PLL and DAB onto the surface of the AuNCs induced a slight increase in the 

hydrodynamic size of AuNCs-Lf (105.40 ± 0.43 nm), AuNCs-PEG-Lf (89.31 ± 2.16 

nm), AuNCs-Lf-PEG (103.30 ± 1.31 nm), AuNCs-Lf-2xPEG (142.70 ± 0.92 nm), 

AuNCs-PLL-Lf (120.40 ± 1.30 nm), AuNCs-Lf-PLL (118.80 ± 0.69 nm), AuNCs-

Lf-PEI (127 ± 1.62 nm) and AuNCs-DAB-Lf (92.65 ± 0.57 nm) compared to that of 

AuNCs (88.69 ± 0.66 nm), as determined by DLS measurements (Table 3-1).  

Zeta potential measurements revealed a change in AuNCs surface charge upon 

conjugation with Lf, PEG, PLL and DAB. The net surface charge of AuNCs changed 

from a highly negative potential (−20.50 ± 0.38 mV) for unmodified AuNCs, to 

slightly negative potentials (−8.04 ± 2.56 mV and −12.50 ± 0.16 mV) for AuNCs-

PEG-Lf and AuNCs-Lf-2xPEG, and to positive potentials (3.05 ± 0.18 mV, 4.11 ± 

0.38 mV, 14.10 ± 0.14 mV, 17 ± 0.45 mV, 6.39 ± 0.11 mV and 13.80 ± 0.18 mV) for 

AuNCs-Lf, AuNCs-Lf-PEG, AuNCs-Lf-PEI, AuNCs-Lf-PLL, AuNCs-PLL-Lf and 

AuNCs-DAB-Lf, respectively (Table 3-1). 
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Table 3-1: Size and zeta potential characterisation of various gold nanocage 

formulations 

Formulation Size (nm) Zeta potential (mV) Polydispersity 

index 

AuNCs 88.69 ± 0.66 −20.50 ± 0.38 0.204 

AuNCs-Lf 105.40 ± 0.43 3.05 ± 0.18 0.233 

AuNCs-Lf-PEG 103.30 ± 1.31 4.11± 0.38 0.220 

AuNCs-Lf-2xPEG 142.70 ± 0.92 −12.50 ± 0.16 0.373 

AuNCs-Lf-PEI 127 ± 1.62 14.10 ± 0.14 0.309 

AuNCs-Lf-PLL 118.80 ± 0.69 17 ± 0.45 0.221 

AuNCs-PLL-Lf 120.40 ± 1.30 6.39 ± 0.11 0.228 

AuNCs-PEG-Lf 89.31 ± 2.16 −8.04 ± 2.56 0.231 

AuNCs-PEG 104.80 ± 0.44 24.30 ± 0.52 0.225 

AuNCs-DAB-Lf 92.65 ± 0.57 13.80 ± 0.18 0.261 

AuNCs-DAB 112.90 ± 2.45 25 ± 0.52 0.266 
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3.3.2. Characterisation of the formation of AuNCs-Lf-DNA complex  

3.3.2.1. Size and zeta potential 

3.3.2.1.1. AuNCs-Lf  

AuNCs-Lf complexed with DNA displayed an average hydrodynamic size lower 

than 250 nm at AuNCs-Lf:DNA weight ratios exceeding 1:1 (Figure 3-6). The 

average size of AuNCs-Lf complexes decreased with increasing weight ratios (from 

0.5:1 to 5:1), and then reached a plateau at a 10:1 weight ratio. At a weight ratio of 

0.5:1, AuNCs-Lf exhibited the largest complex size of 464 ± 37.37 nm. However, 

AuNCs-Lf displayed a smaller complex size at a AuNCs-Lf:DNA weight ratio of 

40:1, with an average size of 155.60 ± 1.94 nm, compared with the complex size at a 

weight ratio of 0.5:1. Zeta potential experiments demonstrated that the AuNCs-Lf 

complex had a slightly negative surface charge of −5.84 ± 0.53 mV at a AuNCs-

Lf:DNA weight ratio of 0.5:1, indicating that the negatively charged DNA was not 

fully complexed with AuNCs-Lf at this ratio. The zeta potential then increased as the 

weight ratios of the AuNCs-Lf complexes increased to reach the final maximum 

positive charge of 19.90 ± 0.45 mV at a AuNCs-Lf:DNA weight ratio of 40:1 (Figure 

3-6). 
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Figure 3-6: Size (A) and zeta potential (B) for AuNCs-Lf complexed with DNA at 

various AuNCs-Lf:DNA weight ratios. Results are expressed as mean ± SEM (n = 9) 

(error bars smaller than symbols when not visible). 

 

3.3.2.1.2. AuNCs-PEG-Lf and AuNCs-Lf-PEG  

To investigate the effect of the PEG and Lf conjugation procedures on the DNA 

condensation efficacy of gold conjugates, the size and zeta potential of AuNCs-PEG-

Lf (in which the nanocages were conjugated to PEG first, then to Lf) and AuNCs-Lf-
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PEG (in which the nanocages were conjugated to Lf first, then to PEG) complexes 

were examined. Both AuNCs-PEG-Lf and AuNCs-Lf-PEG displayed complex sizes 

less than 250 nm at conjugate:DNA weight ratios higher than 1:1 (Figure 3-7). Like 

AuNCs-Lf, the average size of AuNCs-PEG-Lf and AuNCs-Lf-PEG complexes 

decreased as the weight ratios increased from 0.5:1 to 5:1, before reaching a plateau 

from a 10:1 weight ratio onwards. At a weight ratio of 0.5:1, AuNCs-PEG-Lf 

showed a smaller complex size of 270.70 ± 37.43 nm compared to AuNCs-Lf-PEG 

with a complex size of 520.80 ± 28.48 nm at the same ratio. Similarly, the AuNCs-

PEG-Lf complex at a weight ratio of 40:1 had a smaller size of 128 ± 2.44 nm 

compared with the AuNCs-Lf-PEG complex size of 153 ± 2.38 nm at the same ratio. 

Zeta potential measurements showed that both AuNCs-PEG-Lf and AuNCs-Lf-PEG 

complexes had a slight negative charge at a weight ratio of 0.5:1 with zeta potential 

values of −8.22 ± 0.69 and −7.53 ± 0.60 mV for AuNCs-PEG-Lf and AuNCs-Lf-

PEG, respectively. The zeta potential values then increased as the weight ratios of the 

complexes increased, reaching the highest positive charges of 31.30 ± 0.24 mV and 

26.70 ± 0.37 mV for AuNCs-PEG-Lf and AuNCs-Lf-PEG at a weight ratio of 40:1 

(Figure 3-7). Hence, AuNCs-PEG-Lf and AuNCs-Lf-PEG had similar DNA 

complexation efficacy, indicating that the PEGylation procedure of AuNCs-Lf did 

not affect DNA condensation efficacy.  
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Figure 3-7: Size (A) and zeta potential (B) of gold conjugates complexed with DNA 

at various AuNCs conjugate:DNA weight ratios. Results are expressed as mean ± 

SEM (n = 9) (error bars smaller than symbols when not visible). 
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3.3.2.1.3. AuNCs-Lf-2xPEG  

To investigate whether the increase in PEG concentration would enhance the DNA 

condensation efficacy, AuNCs-Lf-2xPEG complex size and zeta potential were 

examined (Figure 3-7). Unlike AuNCs-Lf-PEG, AuNCs-Lf-2xPEG displayed a large 

complex size of 892.7 ± 53.30 nm at a weight ratio of 5:1. However, the AuNCs-Lf-

2xPEG complex size decreased as the weight ratio increased to 150.90 ± 2.60 nm at a 

weight ratio of 40:1. The zeta potential values of AuNCs-Lf-2xPEG complexes had a 

negative charge starting from weight ratios of 0.5:1 to 10:1. Conversely, the AuNCs-

Lf-PEG complex had a negative charge at a weight ratio of 0.5:1 only. AuNCs-Lf-

2xPEG showed positive zeta potential values of 4.63 ± 0.17 mV and 11.30 ± 0.2 6 

mV at weight ratios of 20:1 and 40:1, respectively (Figure 3-7). Thus, AuNCs-Lf-

2xPEG had lower DNA complexation efficacy compared to AuNCs-Lf-PEG and 

AuNCs-PEG-Lf. These findings indicate that the increase in PEG concentration did 

not lead to an enhancement of DNA condensation efficacy. 

 

3.3.2.1.4. AuNCs-PLL-Lf and AuNCs-Lf-PLL  

AuNCs-PLL-Lf and AuNCs-Lf-PLL complexes displayed an average size of less 

than 300 nm at all conjugate:DNA weight ratios used for AuNCs-PLL-Lf and at 

weight ratios exceeding 1:1 for AuNCs-Lf-PLL (Figure 3-8). The average size of 

AuNCs-PLL-Lf and AuNCs-Lf-PLL complexes decreased with an increase in the 

weight ratio from 0.5:1 to 5:1, before reaching a plateau from a 10:1 weight ratio 

onwards. At a weight ratio of 0.5:1, AuNCs-Lf-PLL complex size was the largest, 

with an average size of 551.60 ± 40.40 nm compared to the AuNCs-PLL-Lf complex 

with an average size of 205.50 ± 15.14 nm at the same ratio. However, AuNCs-Lf-
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PLL complex had the smallest size at a weight ratio of 40:1, with an average size of 

159.90 ± 6.68 nm, compared to the AuNCs-PLL-Lf complex with an average size of 

208.80 ± 12.41 nm at the same ratio. Zeta potential measurements demonstrated that 

the AuNCs-Lf-PLL complex had a positive surface charge at all weight ratios tested, 

while the AuNCs-PLL-Lf complex had a negative surface charge at all weight ratios 

used (Figure 3-8). The AuNCs-Lf-PLL complex displayed a positive charge of 10.60 

± 1.21 mV at a weight ratio of 0.5:1; thus, the zeta potential increased as the weight 

ratios of the complex increased. It reached a final maximum positive charge of 46.40 

± 0.66 mV at a weight ratio of 40:1. Moreover, the AuNCs-PLL-Lf complex showed 

almost steady negative charges from a weight ratio of 0.5:1 to 40:1, with a zeta 

potential value of −11.60 ± 0.45 mV and −9.87 ± 0.28 mV, respectively. This 

indicates that the negatively charged DNA was not fully complexed by AuNCs-PLL-

Lf at all ratios used. Hence, AuNCs-Lf-PLL had a higher tendency to complex DNA 

than AuNCs-PLL-Lf. These findings showed that the surface modification of AuNCs 

with Lf first, followed by PLL, would generate AuNCs conjugate with improved 

DNA condensation efficacy. 
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Figure 3-8: Size (A) and zeta potential (B) of gold conjugates complexed with DNA 

at various AuNCs conjugate:DNA weight ratios. Results are expressed as mean ± 

SEM (n = 9) (error bars smaller than symbols when not visible). 
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3.3.2.1.5. AuNCs-Lf-PEI 

AuNCs-Lf-PEI complexed with DNA displayed an average hydrodynamic size lower 

than 250 nm at conjugate:DNA weight ratios higher than 5:1 (Figure 3-9). The 

average size of the AuNCs-Lf-PEI complexes decreased with increased weight ratios 

from 0.5:1 to 5:1, before reaching a plateau from a 10:1 weight ratio onwards. At a 

weight ratio of 0.5:1, AuNCs-Lf-PEI exhibited the largest complex size of 1 503 ± 

207 nm. Conversely, AuNCs-Lf-PEI displayed the smallest complex size at a 

conjugate:DNA weight ratio of 40:1, with an average size of 144.30 ± 6.27 nm. Zeta 

potential experiments demonstrated that the AuNCs-Lf-PEI complexes had a slightly 

negative surface charge of −2.17 ± 0.89 mV at an AuNCs-Lf-PEI:DNA weight ratio 

of 0.5:1, indicating that the negatively charged DNA was not fully complexed with 

AuNCs conjugates at this ratio. The zeta potential then increased as the weight ratios 

of the complexes increased to reach a final maximum positive charge of 28.70 ± 0.38 

mV at a weight ratio of 40:1 (Figure 3-9).  
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Figure 3-9: Size (A) and zeta potential (B) for AuNCs-Lf-PEI complexed with DNA 

at various AuNCs-Lf-PEI:DNA weight ratios. Results are expressed as mean ± SEM 

(n = 9) (error bars smaller than symbols when not visible). 
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3.3.2.1.6. AuNCs-DAB-Lf 

AuNCs-DAB-Lf complexed with DNA had an average size lower than 160 nm at all 

AuNCs-DAB-Lf:DNA weight ratios used (Figure 3-10). The average size of the 

complexes decreased with an increase in the weight ratios, from 1:1 to 5:1, before 

reaching a plateau at a weight ratio of 10:1 onwards. AuNCs-DAB-Lf exhibited the 

largest complex size at a weight ratio of 1:1, with an average size of 152 ± 8.24 nm 

and showed the smallest size at weight ratio at 5:1 with a complex size of 95.11 ± 

4.78 nm. Zeta potential experiments demonstrated that AuNCs-DAB-Lf complexes 

had a negative surface charge of −9.28 ± 0.72 mV at the minimum weight ratio 0.5:1, 

indicating that the negatively charged DNA was not yet complexed with AuNCs-

DAB-Lf at this ratio. The values of zeta potential were then increased as the weight 

ratios of the complexes increased to reach final positive charges of 26.80 ± 1.18 mV 

at the maximum weight ratio of 40:1 (Figure 3-10).  
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Figure 3-10: Size (A) and zeta potential (B) for AuNCs-DAB-Lf complexed with 

DNA at various AuNCs-DAB-Lf:DNA weight ratios. Results are expressed as mean 

± SEM (n = 9) (error bars smaller than symbols when not visible). 
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3.3.2.2. Gel retardation assay 

An agarose gel retardation assay was performed to test the ability of AuNCs 

conjugates to condense DNA. The concentrations of AuNCs conjugates were 

prepared at various AuNCs conjugates:DNA weight ratios from 0.5:1 to 40:1, with a 

constant DNA concentration of 20 µg/mL. 

3.3.2.2.1. AuNCs-Lf 

Gel retardation assay showed the AuNCs conjugate capability of partially and fully 

condensing the plasmid DNA (Figure 3-11). At the lowest ratios of 0.5:1 and 1:1, 

free DNA bands were visible, indicating the low ability of the AuNCs conjugate to 

condense the DNA at these ratios. Furthermore, the intensity of DNA bands began to 

decrease from a weight ratio of 5:1 to fully disappear at a weight ratio of 40:1. 

AuNCs-Lf:DNA therefore exhibited DNA partial complexation at ratios of 5:1, 10:1 

and 20:1. However, AuNCs-Lf:DNA completely prevented DNA migration at a 

weight ratio of 40:1, indicating the complete DNA condensation by AuNCs-Lf at this 

ratio.  
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Figure 3-11: Gel retardation assay of AuNCs-Lf complex at various AuNCs-

Lf:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA only). 

 

3.3.2.2.2. AuNCs-PEG-Lf 

AuNCs-PEG-Lf completely prevented DNA migration at AuNCs-PEG-Lf:DNA 

weight ratios of 20:1 and 40:1, demonstrating the strong tendency of this gold 

conjugate to condense the DNA completely at these ratios (Figure 3-12). At ratios of 

5:1 and 10:1, some DNA migrated into the gel, indicating partial complexation of the 

DNA at these ratios. Conversely, most DNA migrated into the gel at ratios 0.5:1 and 

1:1, demonstrating the failure of the gold conjugate to condense the DNA at these 

ratios. 
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Figure 3-12: Gel retardation assay of AuNCs-PEG-Lf complex at various AuNCs-

PEG-Lf:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA 

only). 

 

3.3.2.2.3. AuNCs-Lf-PEG 

The gel in Figure 3-13 revealed partial and complete DNA complexation by AuNCs-

Lf-PEG conjugate. At a high ratio of 40:1, the conjugate prevented DNA migration, 

confirming complete DNA condensation. However, the lowering of the weight ratios 

induced a gradual decrease in the intensity of DNA condensation. Therefore, ratios 

of 20:1 and 10:1 showed partial DNA condensation, as some DNA migration was 

detected through the gel. Minor DNA complexation was shown at a ratio of 5:1 with 
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more DNA migration. The lower ratios of 1:1 and 0.5:1 exhibited migration bands 

similar to those of free DNA, indicating the failure of the gold conjugate to complex 

the DNA at these ratios.  
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Figure 3-13: Gel retardation assay of AuNCs-Lf-PEG complex at various AuNCs-

Lf-PEG:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA 

only). 
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3.3.2.2.4. AuNCs-Lf-2xPEG 

AuNCs-Lf-2xPEG induced complete DNA complexation at a weight ratio of 40:1, 

and partial complexation at ratios of 20:1, 10:1 and 5:1 (Figure 3-14). At lower ratios 

of 1:1 and 0.5:1, bands closely resembling those of the free DNA were visible, 

indicating that the DNA had not been complexed by the gold conjugate. 
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Figure 3-14: Gel retardation assay of AuNCs-Lf-2xPEG complex at various AuNCs-

Lf-2xPEG:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA 

only). 
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3.3.2.2.5. AuNCs-Lf-PEI 

The gel retardation assay confirmed complete or partial DNA condensation by 

AuNCs-Lf-PEI. DNA was fully condensed at AuNCs-Lf-PEI:DNA weight ratios of 

5:1 and above, thus preventing ethidium bromide from intercalating with the DNA. 

No free DNA was therefore visible at these ratios (Figure 3-15). In contrast, DNA 

was partially condensed at AuNCs-Lf-PEI:DNA weight ratios of 1:1 and below. 

Ethidium bromide could therefore intercalate with DNA, and a band corresponding 

to free DNA was visible.  
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Figure 3-15: Gel retardation assay of AuNCs-Lf-PEI complex at various weight 

ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA only). 
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3.3.2.2.6. AuNCs-Lf-PLL 

A gel retardation assay demonstrated complete or partial DNA complexation by 

AuNCs-Lf-PLL. DNA was completely condensed at AuNCs-Lf-PLL:DNA weight 

ratios of 5:1 and above, as no free DNA was observed at these ratios (Figure 3-16). 

Conversely, DNA was partially condensed at AuNCs-Lf-PLL:DNA weight ratios of 

1:1 and below. Ethidium bromide could therefore intercalate with DNA, and a band 

corresponding to free DNA was visible.  
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Figure 3-16: Gel retardation assay of AuNCs-Lf-PLL complex at various AuNCs-

Lf-PLL:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA 

only). 
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3.3.2.2.7. AuNCs-DAB-Lf 

A gel retardation assay confirmed complete or partial DNA condensation by AuNCs-

DAB-Lf. DNA was fully condensed at AuNCs-DAB-Lf:DNA weights ratios of 5:1 

and above. Thus, no visible sign of free DNA was observed at these ratios (Figure 3-

17). However, DNA was partially condensed at AuNCs-DAB-Lf:DNA weight ratios 

of 1:1 and below. Ethidium bromide could therefore intercalate with DNA, and a 

band corresponding to free DNA was visible.  
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Figure 3-17: Gel retardation assay of AuNCs-DAB-Lf complex at various AuNCs-

DAB-Lf:DNA weight ratios (0.5:1, 1:1, 5:1, 10:1, 20:1 and 40:1) (control: DNA 

only). 
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3.4. Discussion 

Ligand exchange is one of the most common conjugation methods that are generally 

used for the surface modification of gold nanocages (Yavuz et al., 2009; Chen et al., 

2010b). After synthesising gold nanocages via galvanic replacement, the gold 

nanocage surface was coated with PVP, a biocompatible polymer, to be used as a 

stabiliser and capping agent during the synthesis reaction. Due to the strong binding 

affinity of thiolates towards the gold surface, PVP on nanocages can be replaced with 

thiolated ligands, such as targeting agents or cationic polymers. In this study, 

targeting ligand Lf and cationic polymers (PEI, PEG, PLL and DAB) were 

conjugated to the surface of gold nanocages through gold-thiolate (Au-S) bonds. 

Conjugating these ligands onto the nanocages would generate positively charged 

gold conjugates that can complex negatively charged DNA plasmids via electrostatic 

interactions.  

First, AuNCs-Lf synthesis was confirmed by FTIR spectroscopy. The FTIR spectrum 

of Lf was assessed in the presence and absence of gold nanocages to ensure 

successful conjugation between Lf and AuNCs and to monitor any changes in the 

secondary structure of the protein. Bare Lf displayed characteristic bands appearing 

at the amide I region (1600–1690 cm−1) and amide II region (1480–1575 cm−1), in 

agreement with previous reports (Xavier et al., 2010; Bokkhim et al., 2013). The 

FTIR spectrum of AuNCs-Lf shows bands at 1645.01 and 1534.86 cm−1, indicating 

the presence of characteristic amides I and II band peaks assigned to the Lf protein, 

thereby confirming the successful conjugation between Lf and AuNCs. The amide I 

band is the most sensitive to protein secondary structures; therefore, the second 

derivative of FTIR spectra of Lf and AuNCs-Lf were analysed in the range of 1600–
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1690 cm−1. After conjugating Lf to AuNCs, there was no significant change in the 

protein conformation, as AuNCs-Lf displayed bands in the amide I region similar to 

those observed for the bare Lf, indicating that AuNCs-Lf and Lf had identical 

secondary structures. The successful formation of AuNCs-Lf was also confirmed by 

circular dichroism spectroscopy. The CD spectrum peaks of AuNCs-Lf in the 240–

290 nm region appeared at an identical wavelength with a similar ellipticity intensity 

of the bare Lf, unlike unmodified AuNCs. These findings indicate the successful 

formation of AuNCs-Lf and suggest that the conjugation between Lf and AuNCs 

does not impact the secondary structures of the protein, in line with the FTIR results. 

The conjugation of Lf to AuNCs was also demonstrated by MALDI-TOF mass 

spectrometry analysis. The mass spectra showed the average molecular weight of 

bare Lf with a peak at 83499 m/z, following previously reported values (Xavier et al., 

2010). However, after conjugating Lf to AuNCs, the mass spectra of AuNCs-Lf 

showed an increase in molecular mass compared to bare Lf. The difference in 

average masses between the peaks in AuNCs-Lf at 83797 m/z and bare Lf 

corresponds to the Au core of AuNCs conjugated with the Lf protein. Thus, the data 

obtained from MALDI-TOF mass spectrometry supports the successful conjugation 

of AuNCs with Lf and suggests that AuNCs bind to a single Lf protein molecule.  

The surface modification of the gold nanocages with Lf and the polymers was 

analysed by UV-vis spectroscopy. After surface functionalisation of the gold 

nanocages with Lf and the polymers, all gold conjugates displayed characteristics of 

UV-vis NIR absorption peaks at 750–813 nm. The red-shifted absorption peaks of 

these AuNCs conjugates, compared with the unmodified AuNCs, are attributed to the 

change in refractive index on the AuNCs surface. This confirms the surface 
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functionalisation and further indicates that the shape and structure of the nanocages 

remained the same upon the functionalised conjugation (Huang et al., 2016). These 

findings are in line with the TEM images that demonstrated the cage shape of 

AuNCs conjugates. These were consistent with previously published results showing 

that the surface conjugation of gold nanocages with the polymer and targeting 

ligands did not change the shape and structure of the nanocages (Suresh et al., 2014). 

The surface functionalisation of gold nanocages was also validated by DLS size and 

zeta potential analysis. The DLS measurements showed a slight increase in size 

diameter by ~14 nm after Lf conjugation with gold nanocages and by ~22 nm after 

the surface modification with the polymers, indicating AuNCs-Lf formation and 

supporting the successful grafting of the polymers onto the nanocages.  

Also, the zeta potential analysis confirmed the change in the surface charge of the 

nanocages from negative to positive values upon the surface functionalisation with 

Lf and the polymers, further confirming the successful generation of positively 

charged gold conjugates that could complex the negatively charged DNA effectively.  

Thus, AuNCs conjugates were able to complex the negatively charged DNA by 

electrostatic interactions, although an excess of conjugate (conjugate:DNA weight 

ratios of 5:1 and above) was required to ensure efficient DNA condensation. AuNCs 

conjugate complexes at a weight ratio of above 5:1 displayed a suitable size diameter 

to allow them to penetrate into cancer cells, as the cut-off size for extravasation was 

found to be 400 nm for most tumours (Yuan et al., 1995). Also, conjugating AuNCs-

Lf with cationic polymers enhanced the DNA complexation efficacy, as AuNCs-Lf-

PEG, AuNCs-Lf-PLL, AuNCs-DAB-Lf and AuNCs-Lf-PEI conjugates displayed 

higher positive charges compared to unmodified AuNCs-Lf, where its positive 
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charge is mostly due to the presence of the positively charged amino acids within Lf. 

This could be explained by the presence of amine groups in DAB, PEI, PLL and 

PEG, and by the hydrophobic nature of the attached PLL rich in hydrophobic amino 

acids. These positive charges of the amino groups from the polymers, which attached 

to the gold nanocages surface, electrostatically interacted with the negative charges 

from the phosphate groups of the DNA, thereby condensing DNA into small 

complexes, with sizes suitable for gene delivery. 

Further, the rigid structure of gold nanocages could be a further explanation for DNA 

condensation enhancement. Notably, the rigidity of the gold nanoparticles helps to 

maintain the 3D structure of the attached polymer, such as dendrimers, inducing 

improved electrostatic interactions between the attached polymer and the DNA (Shan 

et al., 2012). The conjugation approach of Lf and cationic polymers onto the gold 

nanocage surface in this study influenced the DNA condensation efficacy. The 

AuNCs-Lf-PLL showed higher DNA condensation efficacy than its AuNCs-PLL-Lf 

counterpart. The stronger DNA complexation ability might be attributed to the 

enhanced positive surface charge of AuNCs-Lf-PLL (17 ± 0.45 mV) compared to 

AuNCs-PLL-Lf (6.39 ± 0.11 mV), as grafting PLL into AuNCs-Lf could create a 

more cationic and hydrophobic environment on the conjugate surface, facilitating the 

complexation of negatively charged DNA.  

Overall, the positive zeta potential values of all AuNCs conjugates complexed DNA 

at weight ratios of 5:1 and above, which confirmed the efficient complexation of the 

DNA. These findings were in accordance with the gel retardation results of AuNCs 

conjugates. However, the gel retardation assay evaluation of AuNCs-Lf-PLL, 

AuNCs-DAB-Lf and AuNCs-Lf-PEI showed better DNA condensation efficacy than 
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that of AuNCs-Lf-PEG, in which they fully complexed the DNA at weight ratios of 

5:1 to 40:1. Complete DNA complexation occurred at 40:1 only for AuNCs-Lf-PEG 

because of the presence of a higher number of amine groups in PEI, DAB and PLL 

polymers than in PEG (thiol-PEG-amine), causing the generation of higher positive 

charges on the conjugate surface, which can attract and complex more DNA.  

In conclusion, DNA condensation studies demonstrated that AuNCs conjugates have 

the required physicochemical properties to be efficient gene delivery systems. 

Notably, the DNA condensation efficacy of AuNCs conjugates could not be assessed 

using PicoGreen® assay due to the fluorescence quenching properties of gold 

nanoparticles and the blue colour of the AuNC samples, which interfered with the 

fluorescence intensity measurements and so might have induced false positive results 

(Xia et al., 2011). 
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Chapter 4: In vitro cell culture evaluation of PEG-, 

PEI-, PLL- and DAB- conjugated, lactoferrin-

bearing gold nanocages  
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4.1. Introduction 

Prostate cancer is the second most common cancer and the fifth-leading cause of 

cancer death in men, with approximately 1.4 million new cases diagnosed and 

375,000 deaths recorded globally in 2020 (Sung et al., 2021). Despite the 

advancements in available treatments for this cancer, current therapy can only 

provide a short increase in lifespan and offer limited therapeutic effects for patients 

with recurrent or metastatic diseases (Graff and Chamberlain, 2015). Consequently, 

new and improved therapeutic approaches are urgently needed for these patients. 

Among innovative experimental techniques, gene therapy offers promising potential 

for prostate cancer treatment. However, its use is currently hampered by the lack of 

safe and efficient delivery systems that can selectively deliver therapeutic genes to 

tumours without causing secondary effects on healthy tissues.  

To examine the efficacy of nanomedicines and anticipate their potential 

toxicity, several experiments were initially conducted in cell culture, which is 

mandatory to assess the efficacy of the tested treatments before proceeding to animal 

studies (Ravi et al., 2015). Since the introduction of the first cancer cell line, HeLa, 

in the late 19th century, cell culture has become one of the most essential techniques 

used in preclinical studies of new therapeutics (Jaroch et al., 2018). The major 

feature of cell culture techniques is the ability to regulate the physicochemical 

environment of the cells, such as the pH, temperature and carbon dioxide, which is 

critical for precise and repeatable experimental investigations (Ravi et al., 2015). 

Also, cell culture experiments provide a better understanding of the cellular 

physiological environment of the desired organ and the biochemical response to 

nanoparticles carrying therapeutics. Only with a thorough understanding of 
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nanoparticle–cell interactions can these nanoparticles be tailored to display suitable 

characteristics for optimal in vivo delivery and effective treatment (Sun et al., 2014). 

In the field of cancer therapy, in vitro study is considered a fundamental stage for 

evaluating nanomedicines for therapeutic effectiveness, cellular internalisation, cell 

transfection and proliferation before eventually proceeding to in vivo studies (Kura et 

al., 2014).  

 

4.1.1. Aims and objectives  

In the previous chapter, we described the synthesis and characterisation of 

lactoferrin-bearing gold nanocage conjugates and evaluated their DNA condensation 

efficacy. The objectives of this chapter, therefore, are to assess the transfection 

efficacy and cellular uptake of the conjugates complexed with plasmid DNA 

encoding β-galactosidase while evaluating the therapeutic efficacy of the conjugates 

complexed with therapeutic DNA in PC-3 prostate cancer cells. 
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4.2. Materials and methods 

4.2.1. Materials 

Materials 
 

Suppliers 

2-nitrophenyl-β-D-galactopyranoside (ONPG) 
 

Sigma-Aldrich, UK 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT) 

 

Sigma-Aldrich, UK 

Bioware® B16-F10-luc-G5 mouse melanoma 
 

Calliper Life Sciences, USA 
 

Dimethyl sulfoxide (DMSO) 
 

Sigma-Aldrich, UK 
 

Foetal Bovine Serum (FBS) 
 

Invitrogen, UK 

Isopropanol 
 

Sigma-Aldrich, UK 

L-Glutamine 
 

Invitrogen, UK 

Label IT® Fluorescein Nucleic Acid 
Labelling kit 

 

Cambridge Biosciences, UK 

Minimum Essential Medium (MEM) 
 

Sigma-Aldrich, UK 

Passive lysis buffer 
 

Promega, UK 

PC-3M-luc-C6 human prostate cancer cell line 
 

Calliper Life Sciences, USA 

Penicillin-Streptomycin 
 

Invitrogen, UK 

Phosphate buffered saline (PBS) tablets 
 

Sigma Aldrich, UK 
 

Plasmid encoding TNFα (pORF9-mTNFα) 
 

InvivoGen, USA 

Plasmid encoding β-galactosidase (pCMVsport 
β-galactosidase) 

 

Life Technologies, UK 

Triton-X 
 

Sigma-Aldrich, UK 
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Materials 
 

Suppliers 

Trypsin 
 

Invitrogen, UK 

Vectashield® 4′, 6-diamidino-2-phenylindole 
(DAPI) 

 

Vector Laboratories, UK 
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4.2.2. Methods 

4.2.2.1. Cell culture 

PC-3 cells were grown as monolayers in Minimum Essential Medium (MEM) 

supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) L-glutamine, and 0.5% 

(v/v) penicillin–streptomycin. The cell culture flasks were kept at 37 °C in a 5% 

carbon dioxide humid atmosphere. 

4.2.2.2. In vitro transfection  

The transfection efficacy of the DNA complexed by AuNCs conjugates was assessed 

using a plasmid DNA encoding β-galactosidase. PC-3 cells were seeded at a 

concentration of 10 000 cells/well in 96-well plates and incubated for 24 h at 37 °C 

in a 5% CO2 atmosphere. They were then treated with AuNCs conjugates complexes 

in quintuplicate at various AuNCs conjugate:DNA weight ratios (40:1, 20:1, 10:1, 

5:1, 2:1, 1:1 and 0.5:1). Naked DNA was used as a negative control whereas 

DOTAP-DNA, PEI-DNA, PLL-DNA and DAB-DNA (weight ratio 5:1) served as 

positive controls. DNA concentration (0.5 µg/well) was maintained constant 

throughout the experiment. After treatment, the cells were incubated for 72 h before 

analysis. They were then lysed with 50 µL/well of 1× passive lysis buffer (PLB) for 

20 min and then tested for β-galactosidase expression (Zinselmeyer et al., 2002). 

Briefly, 50 µL of the assay buffer (2 mM magnesium chloride, 100 mM 

mercaptoethanol, 1.33 mg/mL ο-nitrophenyl- β-D-galactosidase, 200 mM sodium 

phosphate buffer, pH 7.3) was added in each well containing the lysates, before 

being incubated for 2 h at 37 °C. The absorbance of the samples was subsequently 
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read at 405 nm using a Multiskan AscentVR® plate reader (MTX Lab Systems, 

Bradenton, FL).  

4.2.2.3. Cellular uptake 

4.2.2.3.1. Quantitative analysis 

The quantification of the cellular uptake of the AuNCs conjugates complexed with 

DNA by the prostate cancer cells was carried out by flow cytometry. PC-3 cells were 

seeded at a density of 3×105 cells per well in 6-well plates and grown at 37 °C for 24 

h, before being treated with fluorescein-labelled DNA (2.5 µg DNA per well) 

complexed with the complexes at AuNCs conjugate:DNA weight ratios of 0.5: 1, 

10:1 and 40: 1. Other wells were treated with DAB, PEI and PLL polyplexes as 

positive controls and DNA solution as negative control, respectively. After 24 h of 

incubation with the treatments, each well was washed with 2 mL of PBS pH 7.4 

twice. Single-cell suspensions were then prepared (using 250 µL trypsin per well, 

followed by 500 µL medium per well once the cells were detached), before being 

analysed using a FACSCanto® flow cytometer (BD, Franklin Lakes, NJ). Their mean 

fluorescence intensity was analysed with FACSDiva® software (BD, Franklin Lakes, 

NJ), counting 10 000 cells (gated events) for each sample.  

 

4.2.2.3.2. Qualitative analysis 

The cellular uptake of AuNCs conjugates complexed with fluorescently labelled 

DNA was qualitatively assessed using confocal microscopy. Labelling of plasmid 

DNA with the fluorescent probe fluorescein was performed using a Label IT® 

Fluorescein Nucleic Acid Labelling kit, as described by the manufacturer. PC-3 cells 
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were seeded on coverslips in 6-well plates at a concentration of 3×105 cells per well 

and grown for 24 h at 37 °C. The cells were then treated with fluorescein-labelled 

DNA (2.5 µg /well) complexed to AuNCs-Lf-PEI at a conjugate:DNA weight ratio 

of 40:1, AuNCs-Lf-PLL and AuNCs-DAB-Lf at a weight ratio of 10:1 and DAB at a 

dendrimer: DNA weight ratio of 5:1 for 24 h at 37 °C. Control wells were also 

treated with naked DNA or remained untreated. The cells were then washed twice 

with 3 mL PBS before being fixed with 2 mL methanol for 10 min at 20 °C. They 

were then washed again with 3 mL PBS. Upon staining of the nuclei with 

Vectashield® mounting medium containing DAPI, the cells were examined using a 

Leica TCS SP5 confocal microscope (Wetzlar, Germany). DAPI (which stained the 

cell nuclei) was excited with a 405 nm laser line (emission bandwidth: 415–491 nm), 

and fluorescein (which labelled the DNA) was excited with a 514 nm laser line 

(emission bandwidth: 550–620 nm). 

 

4.2.2.4. Anti-proliferative activity 

The anti-proliferative activity of the gold nanocages conjugates (AuNCs-Lf, AuNCs-

PEG-Lf, AuNCs-Lf-PEG, AuNCs-Lf-PEI and AuNCs-DAB-Lf) complexed with 

plasmid DNA encoding TNFα was assessed using a standard MTT assay. PC-3 cells 

were seeded in quintuplicate at a density of 10 000 cells/well in 96-well plates and 

incubated at 37 oC for 24h. The cells were then treated with the AuNCs-Lf 

complexes at a AuNCs: DNA weight ratio of 10:1 using various DNA concentrations 

ranging from 80 to 0.31 µg/mL. Naked DNA was used as a negative control, while 

DAB: DNA 5:1 ratio served as a positive control. The cytotoxicity of the AuNCs-Lf 

conjugates was also examined by the same method, treating the seeded cells with 800 
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to 3.12 µg/ml, which is equivalent to the amount of AuNCs-Lf conjugates used in the 

anti-proliferation assay. For AuNCs-Lf-PLL, PC-3 cells were treated with AuNCs-

Lf-PLL: DNA weight ratio of 10:1 using various DNA concentrations ranging from 

20 to 0.25 µg/ml, using naked DNA as a negative control, while PLL: DNA 5:1 ratio 

served as a positive control. The cytotoxicity of AuNCs-Lf-PLL only was also 

examined by treating the cells with 200 to 2.5 µg/ml of the conjugate, which is 

equivalent to the amount used in the anti-proliferation assay.  

The plates were incubated for 72 h at 37 ºC and 5% CO2, then 50 µL of 0.5% MTT 

solution was added to the medium and incubated at 37 ºC protected from light for 

four hours. The medium was then replaced with 200 µL of DMSO per well to 

dissolve the precipitated formazan. The absorbance of the complex was measured at 

570 nm using a plate reader (Thermo Labsystems, Multiscan Ascent) and the growth 

inhibitory concentration for 50% of the cells (IC50) was measured. IC50 values were 

obtained by plotting a dose-response curve between the percentage of the cell 

viability and the logarithm of the DNA concentration. 

 

4.2.2.5. Statistical analysis 

Results were expressed as means ± standard error of the mean. Statistical 

significance was assessed by one-way analysis of variance and Tukey multiple 

comparison post-test (Minitab® software, State College, PE). Differences were 

considered statistically significant for P values lower than 0.05. 
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4.3. Results 

4.3.1. Transfection assay 

4.3.1.1. Optimisation of transfection duration 

AuNCs-Lf and AuNCs-Lf-PEI complexes were used to examine the transfection 

efficacy after treating PC-3 prostate cancer cells for 4 and 72 h. AuNCs-Lf 

complexed with DNA induced gene transfection after treatment for 4 and 72 h on 

PC-3 cancer cells (Figure 4-1). The highest level of transfection of the AuNCs-Lf 

complex was observed at a conjugate:DNA weight ratio of 0.5:1 (2.31 ± 0.24 

mU/mL) for 4 h treatment. At this ratio, the transfection efficacy of the AuNCs-Lf 

complex was 1.45-fold higher than that obtained with DOTAP (1.59 ± 0.13 mU/mL) 

and 1.91-fold higher than with DNA (1.21 ± 0.04 mU/mL). Similarly, the highest 

transfection level for the AuNCs-Lf complex 72 h post-treatment was recorded at a 

weight ratio of 0.5:1 (2.22 ± 0.24 mU/mL). The gene expression at this ratio was 

1.32-fold higher than that treated with DOTAP (1.68 ± 0.09 mU/mL), and higher by 

1.9-fold than DNA (1.16 ± 0.01 mU/mL).  

Also, the AuNCs-Lf-PEI complex improved gene transfection upon treating PC-3 

cells for 4 and 72 h compared with DOTAP and PEI (Figure 3-2). The highest 

transfection level was observed at a weight ratio of 1:1 for 4 h treatment. Its 

transfection efficacy was 1.64-fold higher that treated with DNA, 1.39-fold higher 

than PEI (1.43 ± 0.07 mU/mL) and 1.25-fold higher than DOTAP. However, the 

highest transfection level was obtained at a weight ratio of 40:1 (2.49 ± 0.10 

mU/mL) after 72 h. At this ratio, the transfection efficacy was 1.95-fold higher than 

that observed with DNA, 1.71-fold higher than PEI (1.46 ± 0.05 mU/mL) and 1.48-
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fold higher than DOTAP. According to the described results, a 72-h treatment was 

chosen to investigate the transfection efficacy of the gold complexes.  
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Figure 4-1: Transfection efficacy of lactoferrin-bearing gold nanocages (AuNCs-Lf) 

in PC-3 cells. The complexes were incubated with the cells for 4 and 72 h. 

Complexes incubated with the cells for 4 h were removed and replaced with MEM 

medium until the end of the transfection study (72 h). Results are expressed as the 

mean ± SEM of three replicates (n = 15). *: P < 0.05 versus the highest transfection 

ratio. 
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Figure 4-2: Transfection efficacy of AuNCs-Lf-PEI in PC-3 cells. The complexes 

were incubated with the cells for 4 and 72 h. Complexes incubated with the cells for 

4 h were removed and replaced with MEM medium until the end of the transfection 

study (72 h). Results are expressed as the mean ± SEM of three replicates (n = 15). *: 

P < 0.05 versus the highest transfection ratio. 

 

4.3.1.2. Effect of PEGylation and conjugation procedure on transfection efficacy 

4.3.1.2.1. AuNCs-Lf-PEG and AuNCs-PEG-Lf complexes 

The transfection efficacy of the AuNCs-Lf-PEG and AuNCs-PEG-Lf complexes was 

examined to explore the effect of PEGylation of AuNCs conjugates on gene 

transfection. From Figure 4-3, the highest transfection level was observed following 

treatment with AuNCs-Lf-PEG complex at a conjugate:DNA weight ratio of 0.5:1 
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(2.43 ± 0.21 mU/mL), and after treatment with AuNCs-PEG-Lf complex at a ratio of 

20:1 (1.61 ± 0.14 mU/mL). The transfection efficacy of the AuNCs-Lf-PEG complex 

at weight ratio 0.5:1 was 1.89- and 1.45-fold higher than that obtained with DNA 

(1.16 ± 0.01 mU/mL) and DOTAP (1.68 ± 0.09 mU/mL), respectively. However, the 

transfection efficacy of the AuNCs-PEG-Lf complex at a weight ratio of 20:1 (1.61 ± 

0.14 mU/mL) was only 1.26-fold higher than that obtained with DNA and 1.04-fold 

lower than that with DOTAP. 
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Figure 4-3: Transfection efficacy of AuNCs-Lf-PEG and AuNCs-PEG-Lf in PC-3 

cells. Results are expressed as the mean ± SEM of three replicates (n = 15). *: P < 

0.05 versus the highest transfection ratio. 
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4.3.1.2.2. AuNCs-Lf-2xPEG complex 

The transfection efficacy of the AuNCs-Lf-2xPEG complex was evaluated to 

examine whether the increase in PEG concentration would enhance the transfection 

efficacy of AuNCs-Lf-PEG. From Figure 4-4, the highest transfection level was 

found at a weight ratio of 20:1 for the AuNCs-Lf-2xPEG complex (1.66 ± 0.12 

mU/mL). The transfection efficacy of AuNCs-Lf-2xPEG complex at a weight ratio 

of 20:1 was 1.43-fold higher than that obtained with DNA (1.16 ± 0.01 mU/mL) and 

displayed an almost similar transfection level as DOTAP (1.68 ± 0.09 mU/mL). 

Hence, AuNCs-Lf-2xPEG showed a lower transfection efficacy than AuNCs-Lf-

PEG. These findings further indicated that increasing the concentration of PEG 

grafted to AuNCs-Lf from 200 µM as in AuNCs-Lf-PEG to 400 µM in case of 

AuNCs-Lf-2xPEG did not enhance gene expression. 
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Figure 4-4: Transfection efficacy of AuNCs-Lf-PEG and AuNCs-Lf-2xPEG in PC-3 

cells. Results are expressed as the mean ± SEM of three replicates (n = 15). *: P < 

0.05 versus the highest transfection ratio. 
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4.3.1.2.3. AuNCs-Lf-PLL and AuNCs-PLL-Lf complexes 

The transfection efficacy of AuNCs-Lf-PLL and AuNCs-PLL-Lf complexes was also 

tested to assess the effect of the conjugation of PLL and Lf of AuNCs on gene 

transfection (Figure 4-5). The highest transfection level was found at a weight ratio 

of 20:1 for AuNCs-Lf-PLL complex (2.17 ± 0.07 mU/mL) and at a ratio 40:1 as a 

result of treatment with AuNCs-PLL-Lf complex (1.98 ± 0.17 mU/mL). The 

transfection efficacy of the AuNCs-Lf-PLL complex at a weight ratio 20:1 was 1.87-

folds higher than that obtained with DNA (1.16 ± 0.01 mU/mL) and 1.29-fold higher 

than that obtained with DOTAP (1.68 ± 0.09 mU/mL). However, the transfection 

efficacy of the AuNCs-PLL-Lf complex at weight ratio 40:1 was 1.71- and 1.18-fold 

higher than that obtained with DNA and DOTAP, respectively. 
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Figure 4-5: Transfection efficacy of AuNCs-Lf-PLL and AuNCs-PLL-Lf in PC-3 

cells. Results are expressed as the mean ± SEM of three replicates (n = 15). *: P < 

0.05 versus the highest transfection ratio. 
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4.3.1.2.4. AuNCs-DAB-Lf complex 

The treatment with AuNCs-DAB-Lf complexed with DNA induced gene transfection 

at weight ratios of 5:1, 10:1 and 20:1 on PC-3 cells (Figure 4-6). The highest 

transfection level was observed following treatment with AuNCs-DAB-Lf complex 

at a weight ratio of 10:1 (3.44 ± 0.23 mU/mL). At this ratio, transfection efficacy was 

2.97-fold higher than when treated with DNA (1.16 ± 0.01 mU/mL), 2.05-fold higher 

than DOTAP (1.68 ± 0.09 mU/mL) and 1.86-fold higher than DAB (1.85 ± 0.08 

mU/mL). Notably, AuNCs-Lf-DAB was aggregated during the synthesis process and 

could therefore not be used to assess transfection efficacy.  

 

0.5:1 1:1 5:1 10:1 20:1 40:1 DAB DOTAP DNA
0

1

2

3

4

* *

*

*

*

*
*

B
et

a 
ga

la
ct

os
id

as
e 

ex
pr

es
si

on
 (m

U
/m

L)

AuNCs-DAB-Lf:DNA weight ratios 

 

Figure 4-6: Transfection efficacy of AuNCs-DAB-Lf in PC-3 cells. Results are 

expressed as the mean ± SEM of three replicates (n = 15). *P < 0.05 versus the 

highest transfection ratio. 



 
 

139 

4.3.2. Cellular uptake 

4.3.2.1. Quantitative analysis 

4.3.2.1.1. AuNCs-Lf, AuNCs-PEG-Lf, AuNCs-Lf-PEG and AuNCs-Lf-PEI 

The uptake of fluorescence-labelled DNA by PC-3 cells was quantitatively measured 

using flow cytometry. Based on transfection assay results, the cellular uptake of 

fluorescence-labelled DNA complexed with AuNCs-Lf, AuNCs-PEG-Lf, AuNCs-

Lf-PEG and AuNCs-Lf-PEI by the prostate cancer cells was examined at 

conjugate:DNA weight ratios of 0.5:1 and 40:1 (Figure 4-7).  

For the AuNCs-Lf complex, the highest level of DNA uptake was found at a weight 

ratio of 40:1 with a fluorescence mean of 725.17 ± 15.72 arbitrary units (a.u.), while 

the lowest DNA uptake was found at a weight ratio of 0.5:1, with a fluorescence 

mean of 322.83 ± 33.93 (a.u.). The cellular fluorescence observed following 

treatment with AuNCs-Lf complex at a weight ratio of 40:1 was 3.64-fold higher 

than that with DNA (199.50 ± 1.31 a.u.).  

For PEGylated AuNCs-Lf complexes, PC-3 cells showed low cellular fluorescence 

following treatment with AuNCs-PEG-Lf and AuNCs-Lf-PEG complexes. At a 

weight ratio of 40:1, the highest fluorescence level was observed after treatment with 

AuNCs-PEG-Lf complex with a fluorescence mean of 388.17 ± 27.69 a.u. compared 

to that observed with the AuNCs-Lf-PEG complex, with a fluorescence mean of 

247.50 ± 3.53 (a.u.). At a weight ratio of 0.5:1, the highest cellular fluorescence was 

observed following treatment with AuNCs-PEG-Lf complex with a fluorescence 

mean of 367.17 ± 21.48 a.u., compared to that observed as a result of treatment with 

AuNCs-Lf-PEG complex, with a fluorescence mean of 242.00 ± 2.27 a.u.  
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However, the treatment of PC-3 cells with AuNCs-Lf-PEI complexed with 

fluorescein-labelled DNA at a weight ratio 40:1 induced higher cellular fluorescence 

(1726.17 ± 49.71 a.u.) than that observed with AuNCs-Lf, AuNCs-PEG-Lf and 

AuNCs-Lf-PEG complexes (725.17 ± 15.72, 388.17 ± 27.69 and 247.50 ± 3.53 a.u., 

respectively) at the same ratio. The cellular fluorescence of the AuNCs-Lf-PEI 

complex was 8.65-fold higher than that observed after treatment with DNA solution 

(199.50 ± 1.31 a.u.). As expected, the treatment of cells with naked DNA resulted in 

a weak DNA uptake, indicating the failure of DNA to be taken up by prostate cancer 

cells without the assistance of a carrier. 
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Figure 4-7: Quantification of the cellular uptake of fluorescein-labelled DNA 

complexed with AuNCs-Lf, AuNCs-PEG-Lf, AuNCs-Lf-PEG and AuNCs-Lf-PEI or 

left uncomplexed after 24 h incubation with PC-3-Luc cells, using flow cytometry (n 

= 6). *: P < 0.05 versus the highest cellular uptake. 
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4.3.2.1.2. AuNCs-PLL-Lf and AuNCs-Lf-PLL  

The cellular fluorescence of AuNCs-PLL-Lf and AuNCs-Lf-PLL complexes was 

measured to examine the effect of the conjugation process on DNA cellular uptake 

(Figure 4-8). The highest cellular fluorescence was observed from PC-3 cells treated 

with AuNCs-Lf-PLL complex at a weight ratio of 10:1 (3116.67 ± 173.41 a.u.), 

which is 14.7-fold higher than that observed with AuNCs-PLL-Lf at the same ratio 

(212.33 ± 3.01 a.u.). Similarly, PC-3 cells treated with AuNCs-Lf-PLL complex at a 

weight ratio of 20:1 showed higher cellular fluorescence (1436.17 ± 16.23 a.u.), 

which is 6.6-fold higher than that observed from the AuNCs-PLL-Lf complex at the 

same ratio (218.17 ± 4.74 a.u.). The cellular fluorescence of the AuNCs-Lf-PLL 

complex at a weight ratio 10:1 was 1.32-fold and 15.62-fold higher than that 

observed after treatment with PLL (2364.33 ± 181.93 a.u.) and DNA solution 

(199.50 ± 1.31 a.u.). 
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Figure 4-8: Quantification of the cellular uptake of fluorescein-labelled DNA 

complexed with AuNCs-PLL-Lf, AuNCs-Lf-PLL or left uncomplexed, after 24 h 

incubation with PC-3 cells, using flow cytometry (n = 6). *: P < 0.05 versus the 

highest cellular uptake. 

 

4.3.2.1.3. AuNCs-DAB-Lf 

The highest cellular uptake level of the AuNCs-DAB-Lf complex on PC-3 cells was 

observed at a weight ratio of 10:1 with a cellular fluorescence of 6896.33 ± 353.48 

a.u. compared with cells treated with the same complex at a weight ratio of 20:1 

(6038.17 ± 79.83 a.u.) (Figure 4-9). The cellular fluorescence of the AuNCs-DAB-Lf 

complex at a weight ratio of 10:1 was 1.53-fold and 35.57-fold higher than that 

observed after treatment with DAB (4517.33 ± 152.27 a.u.) and DNA solution 

(199.50 ± 1.31 a.u.). Also, the treatment of cells with naked DNA induced weak 

DNA uptake, indicating the failure of DNA to be taken up by prostate cancer cells 

without the assistance of a delivery system. 



 
 

143 

10:1 20:1 DAB DNA Untreated
0

2000

4000

6000

8000

*

**

Treatments

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
.u

.)

*

 

Figure 4-9: Quantification of the cellular uptake of fluorescein-labelled DNA 
complexed with AuNCs-DAB-Lf or left uncomplexed after 24 h incubation with PC-
3 cells, using flow cytometry (n = 6). *: P < 0.05 versus the highest cellular uptake. 

 

4.3.2.2. Confocal microscopy 

The cellular uptake of fluorescein-labelled DNA complexed with AuNCs-Lf-PEI, 

AuNCs-Lf-PLL and AuNCs-DAB-Lf by PC-3 cells was qualitatively confirmed 

using confocal microscopy (Figure 4-10). Fluorescein-labelled DNA was 

disseminated in the cytoplasm after treatment with the complexes. However, in line 

with the flow cytometry results, the DNA uptake appeared to be increasingly 

pronounced in the cells treated with AuNCs-DAB-Lf, then with AuNCs-Lf-PLL, and 

finally with AuNCs-Lf-PEI complexes. However, cells treated with the DNA 

solution did not show any fluorescein-derived fluorescence. AuNCs-Lf conjugates 

therefore enhanced the DNA uptake by PC-3 prostate cancer cells. No co-localisation 

of DNA in the nuclei was visible after 24 h incubation, leading to the hypothesis that 

the nuclear uptake of the DNA occurred at a later time.  
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Figure 4-10: Confocal microscopy images of the cellular uptake of fluorescein-

labelled DNA (2.5 µg per well), complexed with A) AuNCs-Lf-PEI at 

conjugate:DNA weight ratio of 40:1, B) AuNCs-Lf-PLL at conjugate:DNA weight 

ratio of 10:1, C) AuNCs-DAB-Lf at conjugate:DNA weight ratio of 10:1, D) DAB at 

a weight ratio of 5:1, and E) free in solution (F: untreated cells) after 24 h incubation 

with PC-3 cells. Blue: nuclei stained with DAPI (excitation: 405 nm laser line; 

bandwidth: 415–491 nm), green: fluorescein-labelled DNA (excitation: 453 nm laser 

line; bandwidth: 550–620 nm) (magnification: ×63) (bar: 20 µm). 
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4.3.3. Anti-proliferative assay: MTT assay 

4.3.3.1. AuNCs-DAB-Lf 

The treatment of PC-3 cells with AuNCs-DAB-Lf complexed with DNA-encoding 

TNFα at the weight ratios of 40:1 and 10:1 induced an increase in the in vitro anti-

proliferative efficacy, respectively, by 9- and 2.4-fold, with an IC50 of 1.80 ± 0.31 

and 6.66 ± 1.87 µg/mL compared with the positive control DAB dendriplex (IC50: 

16.28 ± 1.31 µg/mL) (Figure 4-11 A–B).  
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Figure 4-11: Anti-proliferative activity of AuNCs-DAB-Lf complexed with DNA-

encoding TNFα at conjugate:DNA weight ratio of 40:1 (A) and 10:1 (B) in PC-3 

cells (n = 15). 
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4.3.3.2. AuNCs-Lf-PLL 

AuNCs-Lf-PLL complexed to DNA-encoding TNFα increased the anti-proliferative 

effect by 2.06-fold (IC50: 4.74 ± 0.81 µg/mL) compared to the positive control PLL 

polyplex, which had an IC50 of 9.78 ± 0.56 µg/mL (Figure 4-12).  
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Figure 4-12: Anti-proliferative activity of AuNCs-Lf-PLL complexed with DNA-

encoding TNFα at conjugate:DNA weight ratio of 10:1 in PC-3 cells (n = 15). 

 

4.3.3.3. AuNCs-Lf-PEI, AuNCs-Lf-PEG and AuNCs-Lf 

AuNCs-Lf-PEI, AuNCs-Lf-PEG and unmodified AuNCs-Lf complexed with DNA-

encoding TNFα did not show any anti-proliferative activity on PC-3 cells at the 

tested concentrations compared with AuNCs-DAB-Lf and AuNCs-Lf-PLL 
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conjugates (Figure 4-13). These results suggest the need to modify the concentration 

of complexed DNA (Table 4-1). 

However, uncomplexed lactoferrin-bearing gold nanocage conjugates did not exert 

any cytotoxicity on PC-3 cells, demonstrating that the anti-proliferative efficacy of 

therapeutic DNA complexed to AuNCs-Lf conjugates most probably resulted from 

DNA internalisation into the cells only. 
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Figure 4-13: Anti-proliferative activity of AuNCs-Lf-PEI, AuNCs-Lf-PEG and 

unmodified AuNCs-Lf complexed with DNA-encoding TNFα at a weight ratio of 

10:1 in PC-3 cells (n = 15). 
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Table 4-1: Anti-proliferative activity of various lactoferrin-bearing gold nanocages 

formulations complexed to DNA-encoding TNFα in PC-3 cells, expressed as IC50 

values (n = 15). 

 

Formulation IC50 (µg/mL) (mean ± SEM) 

AuNCs-DAB-Lf-DNA 6.66 ± 1.87 

AuNCs-Lf-PLL-DNA 4.74 ± 0.81 

AuNCs-Lf-PEI-DNA >50 

AuNCs-Lf-PEG-DNA >50 

AuNCs-Lf-DNA >50 

DAB-DNA 16.28 ± 1.31 

PLL-DNA 9.78 ± 0.56 

DNA n.d. 

n.d. : not determined 
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4.4. Discussion 

The possibility of using gold nanocages as gene delivery systems for cancer 

treatment has previously been reported jointly with photothermal therapy and 

chemotherapeutics but has never been assessed in isolation and without external 

stimulations so far. To explore this possibility, we hypothesise that the conjugation 

of a targeting ligand lactoferrin, PEG, PEI, PLL and DAB on gold nanocages 

complexed to plasmid DNA would induce enhanced gene expression, cellular uptake 

and anti-proliferative activity in PC-3 prostate cancer cells. 

In the previous chapter, we successfully synthesised lactoferrin-bearing gold 

nanocage conjugates as novel non-viral gene delivery systems and presented their 

potent DNA condensation efficacy. This chapter therefore is dedicated to in vitro 

evaluation of these conjugates to study the gene expression, cellular uptake and 

therapeutic efficacy on prostate cancer cells, which are required before undertaking 

any in vivo investigations. 

In vitro, the treatment of PC-3 cells with AuNCs-Lf resulted in an enhanced 

transfection compared to the positive controls PEI and DOTAP. This result is in line 

with reports that showed that conjugating Lf to various delivery systems significantly 

improved gene expression in cancer cell lines. For instance, Lim and colleagues 

demonstrated that conjugating Lf to a generation 3-diaminobutyric 

polypropylenimine dendrimer (DAB) resulted in a 1.4-fold higher gene expression 

compared with unconjugated DAB on A431 and B16F10 cells (Lim et al., 2015). 

Similarly, Altwaijry and colleagues reported that treating PC-3 cells with DAB-Lf 

dendriplex induced 2-fold higher gene expression compared to unmodified DAB 

(Altwaijry et al., 2018b). In this study, gene expression following treatment with 
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AuNCs-Lf complex was 1.5 and 1.3-fold higher than that obtained with PEI and 

DOTAP, respectively.  

Furthermore, the conjugation of AuNCs-Lf with PEG, PLL, PEI and DAB induced a 

significant enhancement in gene transfection compared with unmodified AuNCs-Lf. 

Gene expression following treatment with AuNCs-Lf-PEI, AuNCs-Lf-PLL, AuNCs-

DAB-Lf and AuNCs-Lf-PEG complexes at their optimal AuNCs conjugate:DNA 

ratios (40:1 for AuNCs-Lf-PEI, 20:1 for AuNCs-Lf-PLL, 10:1 for AuNCs-DAB-Lf 

and 0.5:1 for AuNCs-Lf-PEG) was, respectively, 1.6-, 1.2-, 1.8- and 1.1-fold higher 

than that obtained from unmodified AuNCs-Lf complex. The grafting of PEG onto 

AuNCs-Lf, which increased the transfection efficacy by 1.5 compared to the positive 

control DOTAP, has previously been shown to improve the gene transfection of 

various delivery systems. For example, Somani et al. (2018) reported that PEGylated 

dendrimers showed significantly higher transfection levels compared to non-

PEGylated dendrimers in B16F10-Luc, A431, T98G, DU145 and PC-3-Luc cancer 

cell lines. In the PC-3 cell line, the highest gene expression obtained by PEGylated 

G3-dendrimers was 2.7-fold higher than with unmodified dendrimers. For gold-based 

delivery systems, Luan et al. (2019) demonstrated that the PEGylation of gold 

nanoparticles led to significantly increased gene silencing in PC-3 cells compared to 

Lipofectamine® 2000 (a lipid-based transfection reagent used as a positive control). 

In another study, the PEGylation of gold nanoparticles induced an increase in 

transfection efficacy and cellular uptake by more than 45%, with low cytotoxicity, 

compared with non-PEGylated nanoparticles (Zamora-Justo et al., 2019). Moreover, 

it has recently been reported that PEGylated gold nanoparticles tested in HeLa cells 

showed a high level of gene expression similar to those obtained from PEI (Li et al., 



 
 

151 

2020). In this study, the gene expression after treatment with AuNCs-Lf-PEG was 

1.7-fold higher than that obtained with the PEI complex  

The grafting of PLL to AuNCs-Lf also induced a significant improvement in 

transfection efficacy by 1.3- and 1.4-fold compared to DOTAP and PLL polyplex, 

respectively. This result supports previous reports showing that the grafting of PLL 

to delivery systems resulted in remarkable enhancement of their gene expression. 

Aldawsari and colleagues demonstrated that the grafting of PLL to the PEI polyplex 

induced significant improvement of the transfection level on A431 and T98G cells 

compared to unmodified PEI polyplex (Aldawsari et al., 2011b). The gene 

expression observed after treatment with PEI-PLL polyplex was 2.2 and 3-fold 

higher than that obtained with unmodified PEI polyplex on A431 and T98G cells, 

respectively. Furthermore, Aldawsari and co-workers also demonstrated that the 

conjugation of PLL to a DAB polyplex led to an increase in the transfection level 

compared to an unmodified DAB polyplex (Aldawsari et al., 2011a). The gene 

expression following treatment with the DAB-PLL polyplex was 1.9-fold higher than 

that with the unmodified DAB polyplex on both A431 and T98G cells. In this study, 

the gene expression after treatment with AuNCs-Lf-PLL was 1.2 and 1.5-fold higher 

than that obtained with unmodified DAB and PEI polyplex, respectively. 

The transfection efficacy following treatment with AuNCs-Lf-PEI complex was 1.5-

fold higher than that with DOTAP. This result supports previous studies that 

demonstrated that conjugating gold nanoparticles with PEI improves the transfection 

efficacy. For example, Kilbanov and Thomas (2003) demonstrated that the gene 

transfection obtained in COS-7 monkey kidney cells upon treatment with PEI-AuNP 

conjugates was 12-fold more potent than that of unmodified PEI. In another study, 
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the enhanced transfection efficacy of Au-PEI conjugates was 3-fold higher than that 

of unmodified PEI in HeLa cells (Tian et al., 2012). However, it has been reported 

that the AuNPs-PEI might have transfection efficacy lower than or like unmodified 

PEI, and their transfection efficacy could be reduced after adding targeting ligand. 

For example, gold nanoparticles modified with targeting ligand folate (FA) and 

polyethylenimine (AuNPs-FA-PEI) exhibited transfection efficacy lower than those 

with both PEI and unmodified AuNPs-PEI in HeLa cells (Li et al., 2019). 

Furthermore, the transfection efficacy of AuNPs-FA-PEI was less than half that 

obtained from unmodified AuNPs-PEI. The reduction in gene transfection was 

explained due to the small amount of PEI modified onto the AuNP surface and due to 

the presence of folic acid that decreased the buffer capacity of PEI, which, in turn, 

reduced the transfection efficacy of AuNPs-FA-PEI. In this study, the transfection 

efficacy following treatment with the AuNCs-Lf-PEI complex was 1.7-fold higher 

than that with PEI and 1.6-fold higher than that with unmodified AuNCs-Lf.  

Conjugating DAB to AuNCs-Lf induced an enhanced transfection level at the 

optimum weight ratio 10:1 by 2.1- and 1.9-fold compared to DOTAP and DAB 

dendriplex, respectively, and these results corroborate other reported studies. For 

instance, Ghosh et al. (2008b) demonstrated that lysine dendrimer-functionalised 

gold nanoparticles efficiently condensed the DNA and significantly enhanced β-gal 

gene expression by 28-fold in Cos-1 monkey kidney cells compared to that observed 

following treatment with the positive control polylysine. Kim et al. (2012) also 

demonstrated that dendron-conjugated gold nanoparticles improved gene silencing 

by 48% at an NP/siRNA ratio of 2, for which the siRNA was fully complexed, and 
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showed therefore a knockdown efficacy similar to that obtained from positive control 

Lipofectamine® in SVR-bag4 endothelial cells. 

 In this study, the enhancement of β-gal expression induced by AuNCs-Lf-PEG, 

AuNCs-Lf-PEI, AuNCs-Lf-PLL and AuNCs-DAB-Lf conjugates compared to 

unmodified AuNCs-Lf most likely resulted from the higher zeta potential of these 

DNA complexes due to the strong correlation between the cellular uptake and the 

positive charge density of the complexes (Futaki et al., 2001). Moreover, the highest 

transfection efficacy of these gold conjugates could also result from the proton 

sponge effect of PEI, PLL and DAB, which highly facilitates endosomal escape 

(Creusat et al., 2010; Kang et al., 2011). Furthermore, the presence of gold 

nanocages in AuNCs-Lf-PEI, AuNCs-Lf-PLL and AuNCs-DAB-Lf could also play a 

role in improving their β-gal expression compared to PEI, PLL and DAB polyplex. 

This improvement in gene expression could be attributed to the presence of rigid 

gold nanoparticles in gene carriers that 1) preserved the 3D structures of the attached 

polymers, enabling the high condensation of DNA into small complexes, 2) 

promoted the mono-dispersity of these complexes, and 3) facilitated DNA 

internalisation into the cells, consequently resulting in enhanced gene transfection 

more than that obtained from polyplexes (Tencomnao et al., 2011; Shan et al., 2012). 

Also, this may be because the complexed DNA could be easily released from the 

gold conjugate after cell internalisation, whereas, for the polyplex, the DNA would 

be tightly condensed, thereby making the disassociation from the polyplex and 

release within the cells more difficult (Wong et al., 2007). The shape of 

nanoparticles is another factor that may affect gene delivery efficacy and cell 

internalisation. Morgan et al. (2019) investigated the effect of the shape of three gold 
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nanoparticle formulations (nanocages, nanoshells and nanorods) that covalently 

attached to thiol-siRNA in HeLa cells under NIR laser irradiation. Both gold 

nanocages and nanoshells displayed high knockdown efficacy with high particle 

concentrations, demonstrating the efficient internalisation of gold nanocages and 

nanoshells into HeLa cells compared to that observed from gold nanorods. It was 

found that doubling the particle concentration of nanorods induced a 2-fold 

enhancement of GFP knockdown efficacy, demonstrating the need for a larger 

amount of nanorod particles to induce a similar GFP knockdown level to that 

observed for the nanocages and nanoshells. These findings highlighted the 

importance of cage shape when using gold nanoparticles as a gene delivery system 

by showing the strong impact of the gold nanoparticle shape on cellular 

internalisation and therefore on the efficacy of gene expression.  

The cellular uptake of DNA complexed to AuNCs-Lf-PEI, AuNCs-Lf-PLL and 

AuNCs-DAB-Lf was significantly enhanced (p < 0.05) compared to that obtained 

with unmodified AuNCs-Lf due to the grafting of PEI, PLL and DAB that, as 

mentioned before, mediated the proton sponge effect, causing the endosomal escape 

of DNA. However, AuNCs-Lf-PEG showed a lower level of DNA uptake after 24 h 

incubation compared with AuNCs-Lf, leading to the hypothesis that DNA uptake 

following this treatment occurred at a later time owing to the PEG effect in reducing 

cellular uptake (Mishra et al., 2004). Also, the cellular uptake level of the DNA 

complexed to AuNCs-Lf-PLL and AuNCs-DAB-Lf significantly exceeded that 

observed from the positive control DAB and PLL polyplexes (at a similar level when 

comparing AuNCs-Lf-PEI with PEI polyplex). The structure and unique morphology 

of gold nanocages could contribute to the enhancement of cellular uptake over other 
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types of nanoparticles. Robinson et al. (2015) found that gold nanocages were taken 

up by DU145 prostate cancer cells 28% more than gold nanorods. They were also 

taken up by HUVEC human umbilical vein endothelial cells 18% more than the 

nanorods. These findings indicate that the shape of gold nanocages plays a pivotal 

role in facilitating their cellular uptake in prostate cancer cells and in normal cells. In 

this study, the high cellular uptake of gold conjugates over the positive control 

polyplex could also be attributed to the rigid structure of gold nanoparticles, which 

has been reported to enhance cellular uptake compared to delivery systems bearing 

softer structures, such as liposomes and polymeric nanoparticles (Sun et al., 2015). 

Liu et al. (2018) investigated the impact of nanoparticle rigidity on cellular uptake 

using G5 dendrimers as soft nanoparticles and dendrimers-coated gold nanoparticles 

as rigid nanoparticle models. They found that the cellular uptake of dendrimer-coated 

gold nanoparticles was 3.2-fold higher than that observed from dendrimers in both 

U87MG cancer cells and L929 normal cells. As the adsorption and cellular uptake of 

nanoparticles depend on their size, shape, charge and surface modification, the 

enhanced cellular uptake of the gold conjugates could also be due to the cationic 

polymer modification on the surface of gold nanocages and the positive surface 

charge of gold complexes. Cho et al. (2010) demonstrated that PAA-coated gold 

nanocages, which had a positive charge of +15.9 ± 2.7 mV, were taken by SK-BR-3 

BC cells in larger amounts than negatively charged gold nanocages modified with 

anti-HER2 antibody (−2.7 ± 4.9 mV) and PEG-modified gold nanocages (−2.0 ± 5.4 

mV). 

Apoptosis (or controlled cell death) is a major technique utilised in gene therapy that 

involves facilitating cancer cells to express the cytokines necessary for this normal 
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physiological process. Cytokine expression occurs upon efficient delivery and 

transfection of plasmid DNA encoding these cytokines to the cells and nucleus, 

respectively. The TNFα cytokine was chosen for this study because of its well-

known ability to induce apoptosis in different cancer cell lines (Aldawsari et al., 

2011a; Altwaijry et al., 2018b). 

The grafting of DAB and PLL to AuNCs-Lf significantly improved the in vitro 

therapeutic efficacy of the complexed DNA-encoding TNF in PC-3 prostate cancer 

cells, with lower IC50 values among AuNCs-Lf conjugates. The most efficacious 

treatment in this study was observed for AuNCs-DAB-Lf complexed with DNA 

encoding TNF, which enhanced the anti-proliferative activity by 9-fold compared to 

DAB dendriplex. The second-best treatment in this experiment was the AuNCs-Lf-

PLL complex, which also induced an improvement of the anti-proliferative efficacy 

by 2.1-fold, compared to PLL polyplex. These findings could be attributed to 

improved gene expression efficacy and efficient cellular uptake followed by 

treatment with AuNCs-DAB-Lf and AuNCs-Lf-PLL complexes. Further, the MTT 

assay results of AuNCs-Lf complexes indicated that the therapeutic effect achieved 

could be attributed to the efficient delivery of the therapeutic gene, as AuNCs-Lf 

conjugates demonstrated a minimum anti-proliferative effect. In our previous study, 

Altwaijry et al. (2018b) found that Lf-bearing DAB (DAB-Lf) dendriplex-encoding 

TNF led to improved anti-proliferative activity by 1.9-fold in PC-3 cells compared 

with unmodified DAB dendriplex. Therefore, the higher anti-proliferative activity of 

AuNCs-DAB-Lf complex over DAB-Lf dendriplex compared with DAB dendriplex 

indicates the importance of AuNCs in improving gene therapeutic effect due to 

AuNCs' crucial role in enhancing transfection efficacy and cellular uptake. 
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Chapter 5: Conclusion and future works 
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5.1. Conclusion 

This study revealed for the first time the effectiveness of using gold nanocages as 

targeted gene carriers for prostate cancer cells without external stimulation, resulting 

in a promising gene therapy platform to treat prostate cancer, even as a single 

therapy. 

Using our modified protocol, gold nanocages with uniform shapes and controlled 

sizes were successfully prepared in large quantities. The large-scale production of the 

gold nanocages allowed us to conduct all experiments in this study using the same 

batch of gold nanocages. Further, the prepared gold nanocages had a particle size of 

less than 90 nm and exhibited UV-Vis spectra in the NIR region, which is ideal for 

gene delivery and photothermal therapy applications. This study revealed that 

lactoferrin-bearing gold nanocages alone or conjugated with cationic polymers were 

able to complex with plasmid DNA at conjugate:DNA weight ratios higher than 1:1, 

forming their smallest complex sizes with positive zeta potentials at the maximum 

tested weight ratio of 40:1. These results were translated in vitro into a higher DNA 

transfection level compared to the positive controls on PC-3 prostate cancer cells. 

Among the tested conjugates, AuNCs-DAB-Lf and AuNCs-Lf-PLL induced the 

highest transfection level on PC-3 cells compared to their positive controls, DAB 

dendriplex and PLL polyplex. This was probably due to the significant increase in 

cellular uptake of DNA in PC-3 cells following treatment with this complex 

compared with what was observed in cells treated with DAB dendriplex and PLL 

polyplex. This further resulted in a significant improvement in the anti-proliferative 

activity of therapeutic plasmid DNA-encoding TNFα by up to 9-fold and 2.1-fold 

when complexed with AuNCs-DAB-Lf and AuNCs-Lf-PLL, respectively, compared 
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to DAB dendriplex and PLL polyplex-encoding TNFα. To our knowledge, this is the 

first time that lactoferrin-bearing gold nanocage conjugates have been used to target 

prostate cancer cells, leading to enhanced DNA uptake, gene expression and anti-

proliferative activity in PC-3 prostate cancer cells without involving external 

stimulation. Lactoferrin-bearing gold nanocage conjugates are therefore promising 

gene nanocarriers for prostate cancer cells and will be further investigated, alone or 

synergistically with other cancer therapies. 
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5.2. Future works 

In this study, novel lactoferrin-bearing gold nanocage conjugates were developed, 

characterised and evaluated in vitro as potential targeted gene delivery systems for 

enhancing DNA uptake and gene expression in PC-3 prostate cancer cells while 

promoting the in vitro efficacy of therapeutic DNA without external stimulation. The 

results obtained from this study confirm the hypothesis that lactoferrin-bearing gold 

nanocage conjugates are highly promising gene carriers for single-approach cancer 

treatment and are encouraging for future development. 

Based on the findings obtained, lactoferrin-bearing gold conjugates should be 

subjected to further in vitro evaluations of other prostate cancer cell lines, such as 

DU145 and LNCaP cells, as the lactoferrin receptors are also overexpressed on their 

surface membrane. Furthermore, the anti-proliferative efficacy of lactoferrin-bearing 

gold conjugates complexed with various therapeutic DNA, such as DNA-encoding 

tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) or Interleukin (IL-

12) could be examined. Moreover, to further confirm the hypothesis that using 

lactoferrin-bearing gold nanocages for targeted gene delivery would reduce 

secondary effects on healthy tissues, the cytotoxicity of lactoferrin-bearing gold 

conjugates should be evaluated in normal cell lines, such as WS1 skin fibroblast 

cells, MRC-5 lung fibroblast cells, HL-7702 hepatic cells and HK-2 renal epithelial 

cells. Before in vivo studies, it would be important to examine the interactions of 

AuNCs-Lf conjugates with the protein corona for potential in vivo applications. 

When exposed to biological fluids, nanoparticles tend to interact with biomolecules, 

thereby forming a complex layer of proteins called protein corona. The presence of 

this protein corona on the surface of nanoparticles has previously been shown to 
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impact the cellular internalisation of the delivery systems and the release of the 

entrapped drugs, modifying the biological response in vivo (Monopoli et al., 2012; 

Van Hong Nguyen, 2017). It is hoped that the surface modification of AuNCs with 

Lf and cationic polymers will minimise protein adsorption and alter the corona 

composition, as previously reported. Further, Assali and colleagues demonstrated 

that functionalised gold nanoplatforms displayed fewer interactions with proteins and 

adsorbed less opsonin than their unmodified counterparts (Assali et al., 2019). 

Therefore, future work should include measuring the size and zeta potential of the 

AuNCs-Lf complexes using a cell culture medium instead of glucose solution (5%). 

This would help investigate the impact of the protein corona on the physicochemical 

characteristics of the complex. Notably, all in vitro experiments (DNA cellular 

uptake, gene expression and MTT analysis) of the gold conjugates in this study were 

conducted in 10% serum supplemented medium. However, comparing these in vitro 

studies in serum-free medium and medium containing different serum concentrations 

would provide a better understanding of the cellular response to our gold 

formulations. Based on our positive in vitro results, an in vivo investigation, 

including the evaluation of the anti-cancer efficacy of the conjugates alone or 

complexed with various therapeutic DNA, would be promising to pursue. 
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