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Abstract: 

In the field of nanomedicine, materials in the nanoscale range play a crucial role 

as diagnostic instruments and targeted carriers of therapeutic compounds. This 

relatively new but rapidly advancing discipline offers promising applications. For 

example, by utilising engineered nanoparticles, cellular processes can be 

specifically targeted for immediate healing or early detection of illnesses. 

Nanomedicine has shown great potential in treating various medical conditions, 

by using chemotherapeutic drugs and immunotherapeutic agents. 

This research focuses on the synthesis of monodisperse batches of gold 

nanoparticles with various coating agents, with the objective of controlling their 

size within the range 8 and 60 nm in diameter, with the purpose to test and identify 

an optimal size for drug delivery. Subsequently, modified citrate gold 

nanoparticles were conjugated with two different types of medicines called 

amantadine and remdesivir, expanding the possibilities for their use in 

nanomedicine. 

This doctoral project involves the encapsulation of amantadine into polymeric 

nanoparticles made of poly lactide-co-glycolic acid, leveraging their unique 

bioavailability and low toxicity properties. The polymeric nanoparticles are 

engineered to minimise toxicity and immunogenicity, ensuring compatibility with 

biological systems. Furthermore, these engineered nanoparticles exhibit target-

specific properties through functionalisation with ligands that recognise specific 

receptors or markers present on the surface of diseased cells or tissues. 

Consequently, they enable targeted delivery of amantadine and remdesivir drugs 

to the desired location within the J774 cell line macrophages. Additionally, the 
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formation of biodegradable polymers enables the controlled release of the 

encapsulated amantadine drug. 

Thus, herein, the conjugation of the two drugs to gold nanoparticles and the 

encapsulation of amantadine drug in polymeric nanoparticles aimed to achieve 

several outcomes, including improving drug delivery, enabling controlled drug 

release, enhancing drug solubility and bioavailability, and ensuring the protection 

and stability of drugs. All of these goals contribute to the development of more 

efficient, precise, and safe drug delivery systems in the field of nanomedicine. 
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1.1 Background 

 

The development of drug delivery using nanocarriers represents a significant 

advancement in the field of pharmaceutical sciences. It aims to improve 

therapeutic outcomes by enhancing the delivery of drugs to specific targets in the 

body while minimizing side effects (Afzal et al., 2022). 

Nanoparticles within the size rang 1-100 nm can be utilised for encapsulation or 

transportation of therapeutic agents such as drugs, genes or proteins (Din et al., 

2017; S. Hong et al., 2020; R. Singh & Lillard Jr, 2009). Traditional drug delivery 

systems often face limitations such as poor bioavailability, rapid clearance from 

the body or lack of specificity for diseased tissues. Therefore, nowadays 

nanoparticles offer unique advantages that address these challenges (Afzal et 

al., 2022; Patra et al., 2018). 

Nanoparticles can be designed with precise control over their size, shape, surface 

properties and drug-loading capacity. These properties enable them to overcome 

biological barriers, enhance drug stability and improve drug solubility. 

Additionally, their small size allows for increased cellular uptake, prolonged 

circulation time and the potential for passive or active targeting to specific tissues 

or cells (Mitchell et al., 2021; Su & M. Kang, 2020; Waheed et al., 2022). 

Various types of nanoparticles have been developed, including liposomes, 

polymeric nanoparticles, dendrimers, micelles, solid lipid nanoparticles and 

inorganic nanoparticles such as gold or iron oxide nanoparticles. Each type offers 

distinct characteristics and can be tailored to accommodate different types of 
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drugs and target specific diseases or organs (Majumder et al., 2019; Patra et al., 

2018). 

The development of drug delivery using nanoparticles has significantly impacted 

several areas of medicine. It has provided new treatment options for diseases 

such as cancer, cardiovascular disorders, neurological disorders, and infectious 

diseases (Mohamed et al., 2022; Saeedi et al., 2019; A. P. Singh et al., 2019; 

Yao et al., 2020). By encapsulating drugs within nanocarriers, it is possible to 

improve drug stability, extend drug release, reduce systemic toxicity, and achieve 

localised and sustained drug delivery (De et al., 2022). 

Furthermore, nanocarriers have opened avenues for combination therapy, where 

multiple drugs or therapeutic agents can be co-encapsulated within a single 

nanocarrier to enhance treatment efficacy (Konhäuser et al., 2022). Despite the 

tremendous potential of nanocarriers, challenges remain in terms of 

manufacturing scalability, regulatory considerations, and long-term safety 

assessments. Nonetheless, ongoing research and technological advancements 

continue to drive the development of innovative drug delivery systems using 

nanocarriers, with the ultimate goal of revolutionising drug delivery for improved 

patient outcomes. 

1.2 Research Gap  

Gold nanoparticles (Au NPs) currently have significant applications in various 

fields due to their unique properties. The term ‘’tuned’’ gold nanoparticles refers 

to nanoparticles whose size, shape or surface properties have been precisely 

controlled or engineered to achieve specific characteristics, enabling 
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functionalisation of biomolecules for biomedical applications (S. Liu & 

Lämmerhofer, 2019; Piella et al., 2016; Sivaraman et al., 2010; Suchomel et al., 

2018). 

Carbodiimide cross-linking chemistry is a versatile and widely used method in the 

field of drug delivery, offering a means to modify and enhance the properties of 

biomolecules and materials for improved therapeutic outcomes. This chemical 

reaction involves the activation of carboxylic acid groups to facilitate the formation 

of covalent bonds between molecules, resulting in cross-linked structures. The 

carbodiimide reagent acts as a coupling agent, mediating the reaction between 

carboxylic acid groups and amine groups, leading to the formation of stable amide 

bonds. Carbodiimide cross-linking chemistry comes with certain limitations and 

challenges. One of the most common challenges is cytotoxicity, particularly for 

water-soluble substances, such as 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide called EDC, which can exhibit cytotoxic effects at higher 

concentrations. Researchers addressed these limitations by combining 

carbodiimide cross-linking with other techniques or modifying the reaction 

conditions (Joshi et al., 2011). 

Furthermore, determining the optimal drug loading capacity within poly (lactic-co-

glycolic acid) nanoparticles (PLGA NPs) while maintaining controlled and 

sustained release profiles is a challenge. There is a need to establish a balance 

between achieving high drug encapsulation efficiency and minimising burst 

release, especially for hydrophilic or high-dose drugs (Hines & Kaplan, 2013; 

Makadia & Siegel, 2011). 
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1.3 Nanotechnology  

Nanomaterials (NMs) fall within the range size 1-100 nm, they have a wide 

spectrum of uses, especially in the biomedical field. The potential to control their  

physicochemical properties such as biocompatibility, surface area and surface 

chemistry offers the possibility to influence cellular processes (Kong et al., 2017; 

Patra et al., 2018). At present, there are several NMs utilised as drug carriers for 

treatment purposes. For example, there is a considerable number of studies in 

the literature that investigate the significant importance and outcomes of 

engineered nanoparticles (Eng NPs) such as gold nanoparticles (Au NPs), silver 

nanoparticles (Ag NPs), polymeric (P NPs) and liposome-based nanoparticles (L 

NPs), superparamagnetic iron oxide nanoparticles (SPIO NPs), and quantum 

dots (QDs) (Murthy, 2007; Sztandera et al., 2018; Z. Wang et al., 2020; Yin et al., 

2020). 

These novel nanomaterials were developed for biomedical (Mabrouk et al., 

2021), environmental (Dong et al., 2014), and energy applications (X. Wang & 

Chen, 2018) and nano-biostructured systems for the innovation of bio-catalytic 

processes in the food industry (Neethirajan & Jayas, 2011). For example, hybrid 

nanomaterials composed of inorganic and organic compounds were discovered 

for cancer imaging (He & Lin, 2015). Advancements in nanomaterials were 

reported by El-Sayed & Kamel, (2020) concerning the drug and gene release. 

Nanomaterials offer numerous benefits and potential applications, but they also 

come with certain limitations and challenges that need to be carefully addressed. 

One of the most common limitations of nanomaterials include, the toxicity effect 

of very small nanoparticles. Therefore, researchers addressed these challenges 
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by modifying the surface of nanomaterials with biocompatible coatings or 

molecules to enhance their biocompatibility and reduce potential toxicity (Gao et 

al., 2012; Maulik et al., 2009; Sangwan & Seth, 2021). 

1.4 Classifications of Nanomaterials 

Nanomaterials can be classified based on various attributes, including their 

composition, size, shape and other physicochemical properties. 

1.4.1 Polymeric Nanoparticles  

Polymeric nanoparticles are a type of nanomaterial composed of synthetic or 

natural polymers with high molecular weight. Therefore, they are characterised 

with relatively large particles size range from 1 to 1000 nm (Zielińska et al., 2020). 

They can be used for loading active drug molecules to give the advantage of 

controlling drug release at a specific duration (Muhamad12 et al., 2014; Senapati 

et al., 2018; Sur et al., 2019). They can be chemically modified or engineered to 

exhibit specific characteristics, such as biodegradability, biocompatibility, and 

controlled degradation rates. For example, the process of encapsulating drug 

molecules within polymeric NPs is known as drug loading, and it involves several 

strategies to achieve efficient encapsulation and controlled release. These 

techniques involving, the emulsion techniques (Halnor et al., 2018), 

nanoprecipitation (Yadav & Sawant, 2010), self-assembly (Dahiya & Dahiya, 

2021) or by active loading for the hydrophobic drugs (J.-M. Lim et al., 2019).  

In addition, these polymeric nanoparticles have the ability to protect drug 

molecules from any undesirable enzymatic degradation and improve their 

bioavailability and therapeutic index (Chenthamara et al., 2019). Furthermore, it 
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was reported that the toxicity of drug molecules can be reduced, and their 

bioavailability improved when loaded into polymeric nanoparticles such as poly 

(lactide-co-glycolide) (PLGA) nanoparticles (Escalona-Rayo et al., 2019). 

Various types of polymeric nanoparticles have been employed to load active drug 

molecules, taking into account their chemical properties and the intended route 

of administration. Although, different medicines have varying chemical properties, 

in consequence, the selection of a polymer for drug loading must align with these 

properties to ensure proficient encapsulation and controlled release of the drug. 

For instance, Escalona-Rayo et al. (2019) discovered the acetylated dextran-

based nanoparticles for loading Hyperforin. In addition, study conducted by 

Moncalvo et al. (2020), for application of Poly (ethylene glycol) (PEG) as a 

delivery system for proteins, demonstrating its potential to enhance protein 

stability, solubility, and bioavailability, while also reducing their toxicity and 

extending the half-life of therapeutic proteins. Thus, the choice of polymer affects 

the biodegradability and biocompatibility of the resulting NPs. Biodegradable 

polymers like PLGA are commonly used to ensure safe breakdown and 

elimination of NPs in the body (Makadia & Siegel, 2011). 

1.4.2 Lipid-Based Nanoparticles 

Lipid-based nanoparticles can be classified into three different types: liposomes, 

solid-lipid nanoparticles (SLNPs), and nanostructured lipid carriers (NLCs). 

These nanoparticles can exhibit promising delivery of hydrophobic and 

hydrophilic molecules with low toxic effects (Ghasemiyeh & Mohammadi-Samani, 

2018). In addition, lipid-based nanoparticles play a crucial role in controlled drug 

release and have the ability to prolong the half-life of these active drug molecules 
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based on the therapeutic target site (Davis & Brewster, 2004). They can be 

modified with other chemicals to improve their solubility and overcome any fast-

rate clearance conditions induced by the immune system (Davis & Brewster, 

2004).  

It  has been reported that liposomes are one of the most lipid-based nanoparticles 

applied in drug delivery systems (DDs) owing to their biocompatibility and 

biodegradability (García-Pinel et al., 2019). They are comprised of phospholipids, 

which spontaneously form a double layer termed a lipid bilayer (Chaffey, 2003). 

The hydrophobic tail is usually sandwiched between the hydrophilic head layers, 

as shown in Figure 1.1. 

 

 

 

 

 

 

Figure 1. 1. Schematic of the phospholipid bilayer consists of amphiphilic 

phospholipid molecules arranged with hydrophilic heads and hydrophobic fatty 

acid tails (Chaffey, 2003). 
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1.4.3 Magnetic Nanoparticles 

Magnetic nanoparticles can be categorised as a type of nanoparticles that can be 

manipulated using a magnetic field (Dasari et al., 2022). Typically, they consist 

of a magnetic core made of materials such as iron, nickel, or cobalt, which is 

coated with chemical agents on the surface of the nanoparticles, as depicted in 

Figure 1.2. Magnetic nanoparticles can be functionalised with ligands that target 

specific cells, tissues, or organs. When an external magnetic field is applied, 

these nanoparticles can be guided precisely to the desired target site, allowing 

for localised drug (Prijic & Sersa, 2011).They may have certain disadvantages, 

such as potential harm to healthy tissue surrounding cancer cells, limited ability 

to generate heat within cancerous tissue, and insufficient heat for treating certain 

types of cancer (Flores-Rojas et al., 2022). Moreover, they exhibit limitations in 

terms of low therapeutic effectiveness, particularly when employed in ocular drug 

delivery systems (Schneider-Futschik & Reyes-Ortega, 2021). 

 

 

 

 

 

 

 

Figure 1. 2. Magnetic nanoparticles composition. The magnetic core is 

composed of magnetic material, often iron oxide or other magnetic alloys. The 

surface is typically coated with stabilising agents (Dasari et al., 2022). 
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1.4.4 Silica Nanoparticles 

Silica is abundant in the natural environment (in rocks and soils) and is commonly 

synthesised for a range of applications, such as, for example, as a food additive 

(Bitar et al., 2012). In the biomedical field, silica serves various purposes, 

including acting as an ingredient in pharmaceuticals and vitamins to prevent 

sedimentation in liquid suspensions (Bitar et al., 2012). Consequently, the 

utilisation of silica nanoparticles, which, compositionally, consist of silicon dioxide 

(SiO2), has gained momentum in different domains, including drug delivery 

systems. For instance, mesoporous silica-based nanoparticles have recently 

emerged as a promising nanocarrier for treating various diseases (Karaman & 

Kettiger, 2018). However, Bharti et al. (2015) have reported a significant 

drawback of mesoporous silica-based nanoparticles concerning the interaction 

between the nanoparticles' surface silanol group and the phospholipids on the 

red blood cell membrane, which may result in hemolysis, the abnormal 

destruction of red blood cells (Bharti et al., 2015). 

1.4.5 Carbon-Based Nanoparticles 

Carbon-based nanomaterials possess exceptional physical and chemical 

properties, making them highly appropriate for biomedical applications, 

particularly in the field of drug delivery (Zare et al., 2021). Notably, carbon 

nanotubes (CNTs) have gained significant attention as potential drug carriers 

within living cells, as they can easily penetrate a biological cell membrane (Cha, 

2013; Chen et al., 2008). CNTs can be classified into two primary categories 

based on the number of carbon layers they consist of: single-walled carbon 

nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). These 
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nanotubes possess a simple chemical structure and exhibit remarkably high 

thermal conductivity at temperatures above 300 K, owing to the strength of their 

atomic bonds (Q. Zhang et al., 2002). However, the utilisation of CNTs involves 

limitations, including impurities, irregular morphology, large surface area that 

facilitates protein opsonisation, insolubility, and hydrophobicity (Chatterjee & 

Deopura, 2002; P.-X. Hou et al., 2008; Porwal et al., 2017; Simon et al., 2019). 

1.4.6 Metallic Nanoparticles 

Metallic nanoparticles are composed solely of metals such as copper, silver, or 

gold (Khan et al., 2019). These nanoparticles have been the subject of 

investigation for over a century and have recently found significant applications 

in biomedical sciences (Klębowski et al., 2018). Various techniques can be 

employed for the preparation of noble metal-based nanoparticles. For instance, 

the reduction of metal precursors such as copper (II) chloride (CuCl2), silver 

nitrate (AgNO3), or chloroauric acid (HAuCl4) using appropriate reducing agents 

is considered one of the most popular methods to obtain respectively copper, 

silver or gold nanoparticles (Betancourt-Galindo et al., 2014; García-Barrasa et 

al., 2011; Kimling et al., 2006). Furthermore, the manipulation of different 

parameters including pH, temperature, concentration ratio, capping agents and 

reaction duration time can influence the formation of nanoparticles with distinct 

sizes and shapes (An & Somorjai, 2012). 

1.4.6.1 Copper Nanoparticles  

Copper nanoparticles are particularly attractive for various applications due to the 

low cost and abundance of copper (Cu) in nature (Evano et al., 2008). Cu 

possesses unique physical and chemical properties that make it a catalytically 



   

 

12 
 

active material (Gawande et al., 2016). Copper-based nanocatalysts find 

numerous applications in nanotechnology, including electrocatalysis and 

photocatalysis (Gawande et al., 2016). Additionally, Copper nanoparticles have 

the advantage of forming highly stable nanoparticles when they undergo 

oxidation (Gawande et al., 2016). However, despite the extensive use of bulk 

copper in various industries such as optics and electronics, the application of 

copper nanoparticles (Cu NPs) has been limited due to their intrinsic instability 

under atmospheric conditions, which makes them prone to oxidation (Gawande 

et al., 2016).  

1.4.6.2 Silver Nanoparticles  

Silver nanoparticles (Ag NPs) possess notable characteristics such as high 

conductivity, strong signal capacity, and biocompatibility, making them valuable 

components in electrochemical sensor platforms due to their unique properties. 

In the past two decades, researchers have dedicated significant efforts to develop 

new techniques utilising silver nanoparticles and their composites for 

biotechnological applications (X.-F. Zhang et al., 2016). Notably, Ag NPs exhibit 

antibacterial and anticancer properties. Several mechanisms reported in the 

literature regarding the eradication of undesirable cells by silver nanoparticles. 

For instance, when Ag NPs accumulate in endosomes, they are transported by 

organelles to the lysosomal function. Within the lysosomal acidic environment, 

silver ions are released, which disrupt cellular homeostasis, leading to apoptotic 

cell death (Kovács et al., 2022; Walker et al., 2018). However, it is important to 

consider the limitations of silver nanoparticles before their commercialisation or 

clinical application. Studies have discovered that only a very small fraction of 
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nanoparticles can reach the intended target site for delivery. Therefore, it has 

been suggested that high-affinity strategies employing specific ligands for active 

cellular nano-delivery should be developed to enhance the likelihood of cellular 

uptake (H. I. O. Gomes et al., 2021; Henrich-Noack et al., 2019; Kovács et al., 

2022; Rosenblum et al., 2018). 

1.4.6.3 Gold Nanoparticles  

Gold nanoparticles (Au NPs) are widely recognised as the most stable 

nanoparticles among other metallic counterparts (Hu et al., 2020). They possess 

reliable biocompatibility and can be easily functionalised, which has garnered 

significant attention by researchers who are exploring synthesis and size control 

techniques (Amina & Guo, 2020; L. A. Dykman & Bogatyrev, 2007). In the 

literature, various techniques have been employed for the synthesis of Au NPs, 

including microwave-assisted methods (Gutiérrez-Wing et al., 2012; Huang et al., 

2022). Ngo et al. (2016) described a low-cost and effective technique for 

microwave heating synthesis of Au NPs specifically for E. coli bacteria detection. 

Furthermore, a green synthesis approach utilising plant extracts as reducing 

agents has been reported by Elia et al., in 2014. 

Chemical and electrochemical methods are also employed for Au NPs synthesis 

(Herizchi et al., 2016). The Turkevich method, a commonly used technique, 

involves the use of sodium citrate as a reducing agent to prepare stabilised Au- 

NPs (Turkevitch et al., 1951). This method has been updated, wherein 

chloroauric acid (HAuCl4) is reduced through interaction with trisodium citrate 

under vigorous stirring at approximately 600 rpm and heating between 100 °C 

and 150 °C for a specific duration  (Herizchi et al., 2016). Various other chemical 
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techniques have been reported, employing reducing agents such as tannic acid, 

ascorbic acid, and hexadecyl trimethyl ammonium bromide (CTAB) to synthesise 

Au NPs with different shapes and size control (Wei et al., 2021). Biologically 

generated or bacteria- and fungi-mediated gold nanoparticles are believed to 

exhibit higher stability compared to other methods (Hammami & Alabdallah, 

2021).  Overall, in recent studies, there has been significant progress in preparing 

stabilised Au NPs with controllable properties and a range of structures. Gold 

nanostructures can be categorised into clusters, spheres, nanotubes, nanorods, 

and nanoshells based on their size and shape, as illustrated in Figure 1.3 

(Venditti, 2019). 

Different shapes and sizes of gold nanoparticles can be synthesised by 

manipulating parameters such as chemical reducing agents, temperature, and 

pH. For instance, the citrate reduction method has been employed to synthesise 

Au NPs with a spherical shape (Polte et al., 2010). Gold nanorods, on the other 

hand, can be prepared using a seed-mediated growth mechanism (Nikoobakht & 

El-Sayed, 2003). In 1997, Averitt et al. reported the synthesis of gold nanoshells 

with an inner Au2S core (Averitt et al., 1997). Furthermore, by controlling the pH 

Figure 1. 3. Schematic representation of common nanostructures of gold 

nanoparticles, including clusters, spheres, nanorods, nanoshells, and nanotubes. 

This schematic drawn based on information from Venditti (2019). 
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and temperature effects and utilising a strong reducing agent like tannic acid in 

combination with an excess amount of trisodium citrate reagent, small gold 

nanoparticles can be controlled to sub-10 nm sizes (Piella et al., 2016). In 

conclusion, the manipulation of parameters such as temperature, pH, and 

chemical reducing agents plays a crucial role in tailoring the formation of gold 

nanoparticles with diverse shapes and sizes. 

1.5 Physicochemical Properties of Au NPs 

Gold nanoparticles exhibit several unique properties, including low toxicity, 

uniform morphology, and a large surface-to-volume ratio (Yeh et al., 2012).  One 

of the significant physical properties of Au NPs is the localised surface plasmon 

resonance (LSPR), which is closely related to their optical properties (De Marchi 

et al., 2019). The LSPR causes nanoparticles strongly to absorb or scatter light. 

The LSPR absorption peak can be shifted to maximum wavelengths by varying 

the nanoparticle size and shape, leading to distinct optical behaviours. Au NPs 

can also exhibit colours (ranging from red to blue), depending on their size, 

shape, and surface chemistry (X. Huang & El-Sayed, 2010). Extensive research 

has focused on Au NPs in the literature, particularly in recent years, in the context 

of biomedical applications such as biosensors, drug nanocarriers, and 

environmental security (Ghosh et al., 2008; Hassanisaadi et al., 2021; Saha et 

al., 2012). The key reason for their success, specifically in biomedical 

applications, lies in their diverse optical properties associated with surface 

plasmons (Amendola et al., 2017; Austin et al., 2015). The conduction electrons 

surrounding the surface of Au NPs are easily polarised, which is a crucial factor 

enabling their preferred interaction with electromagnetic fields and the generation 
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of nonlinear optical phenomena. As a result, Au NPs are capable of amplifying 

electromagnetic fields at nanometric distances (Amendola et al., 2017). 

Au NPs have an absorption peak in the region of 500–550 nm. This absorption 

band is known as a surface plasmon band, which results from the conduction 

electrons' collective oscillation caused by the incident photons' resonant 

excitation (Yeh et al., 2012). It was revealed that spherical Au NPs have the ability 

to exhibit the characteristic of a bright red colour  as a function of their size 

(Amendola et al., 2017; Colomban, 2009). Consequently, several factors can be 

used to determine nanoparticle growth by cluster aggregation, including a 

significant red shift for the LSPR, broadening the LSPR band, and changing of a 

gold suspension colour from red to blue due to interaction between particles as 

discussed earlier (A. Gomes et al., 2021; X. Huang & El-Sayed, 2010; Sharma et 

al., 2020). 

The LSPR absorption band originates from the collective oscillation collected by 

excited electrons. As demonstrated by Choi et al. (2011), the mechanism involves 

the absorption of photons by the free electrons surrounding the gold surface, a 

process attributed to thermal effects. These free electrons can flow between 

atoms but are unable to leave the surface of gold nanoparticles. This establishes 

gold as a plasmon composed of positively charged protons fixed in position and 

negatively charged electrons exhibiting high mobility. At plasma frequency, these 

free electrons can only oscillate rapidly once exposed to electromagnetic waves. 

This is because the electromagnetic waves impinge on the surface of Au NPs at 

a specific depth. Thus, the free electrons are collectively shifted by the electric 

field within the gold nanoparticles, and as a result, electrons with negative 
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charges are accumulated on the surface at one side of the gold nanoparticles, 

producing coherent oscillation in response to the electric field of incident light as 

demonstrated in Figure 1.4 (Choi et al., 2011).  

 

A notable enhancement in the thermal conductivity induced by the colloidal 

suspensions of gold nanoparticles has been reported in the literature (Patel et al., 

2003; Putnam et al., 2006; Shalkevich et al., 2010). The application of small-sized 

nanoparticles characterised by a large surface area has the ability not only to 

enhance heat transfer but also to improve the stability of nanoparticles in the 

colloidal solution by protecting them against particle sedimentation (Shalkevich 

et al., 2010). 

Recently, various types of metallic and non-metallic nanoparticles with different 

shapes were suspended in solution to be used as heat transfer nanofluids (Assael 

et al., 2006; T.-K. Hong et al., 2005; N. Jha & Ramaprabhu, 2008; C. H. Li & 

Peterson, 2007; Zhu et al., 2007). Shalkevich et al. (2010) conducted a study 

Figure 1. 4. Collective oscillation phenomenon of free conduction electrons, 

known as surface plasmon resonance, in gold nanoparticles (Choi et al., 2011). 
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involving the synthesis of gold nanoparticles covering various size ranges, from 

2 to 45 nm. Subsequently, they evaluated their thermal conductivity in nanofluids 

based on particle size and concentration ratio. Notably, findings indicated that Au 

NPs of 40 nm exhibited the highest thermal conductivity enhancement, reaching 

1.4%. In contrast, other experimental investigations focused on carbon 

nanotubes (CNTs) demonstrated even more substantial enhancements, 

exceeding 100% (Shalkevich et al., 2010). 

On the other hand, a significant enhancement in the electrical field has been 

observed for Au NPs due to their unique physicochemical properties. For 

instance, Tommalieh et al. (2020) investigated the effect of using various 

concentrations of gold nanoparticles to enhance the electrical conductivity 

performance of a mixture containing polyvinyl alcohol (PVA) and chitosan (CS). 

Au NPs can also be utilised in the solid state to improve the electrical conductivity 

of carbon fibre electrodes (Del Castillo-Castro et al., 2007; Demir et al., 2019). 

They exhibit high electrical conductivity and are resistant to oxidation and 

corrosion (Chan et al., 2019; Haruta & Daté, 2001; Tang et al., 2019). These 

chemical properties and compatibilities have increased the importance of Au NPs 

applications, particularly in the medical field (L. Dykman & Khlebtsov, 2012; 

Giljohann et al., 2010). 

1.6 Functionalisation of Au NPs with Thiol Containing Compound 

Gold nanoparticles have become a favoured choice for drug delivery vehicles due 

to their ease of functionalisation (Joshi et al., 2011; S. Liu & Lämmerhofer, 2019; 

Schulz et al., 2016; Thambiraj et al., 2018; Zhou et al., 2009). These 

nanoparticles are innovative materials in the realm of drug delivery systems (P. 
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M. Tiwari et al., 2011). The primary reason is that Au NPs, especially when 

modified with thiol-containing compounds, possess excellent stability properties 

as carriers (L. A. Dykman & Bogatyrev, 2007). The scientific literature contains 

numerous techniques for modifying Au NPs, considering factors such as their 

size and shape (Amina & Guo, 2020). The distinctive surface chemistry and 

strong affinity of Au NPs towards thiol groups play a vital role in their 

customisation with biomedical agents  (Shukla et al., 2005). Additionally, Au NPs 

have the capability to directly bind to drug molecules, proteins, DNA and RNA, 

enzymes, and even antibodies, as a result of their surface chemistry. For 

instance, Podsiadlo et al. (2008) discovered the synthesis of Au NPs and their 

functionalisation with the 6-mercaptopurine molecule for therapeutic purposes as 

an anti-leukemia drug. This type of functionalisation was based on the formation 

of a gold-sulphur bond (Au-S). This is a strong bond, and recently it has been 

exploited as molecular contact (Kokkin et al., 2015). Nanomaterials that show 

high stability, in particular with thiolate functionalities, are considered to be  highly 

promising components in nanotechnology devices (Negishi et al., 2013). However, 

Brust et al. (1994a) stated that thiolate-coated Au NPs exhibit a high degree of stability 

even at high temperatures after the functionalisation process, making them suitable for 

various applications in catalysis, sensing, and electronics. Furthermore, Whetten et 

al. (1996) demonstrated specific stable clusters, so-called nanocrystals, which 

can be made based on the reduction of metal ions at the oil-water interface by 

using alkyl thiolate as a surfactant with a reducing agent (Whetten et al., 1996). 

They also revealed that surface saturation and stabilisation can be modified by 

increasing the mole ratio of the thiol compound and by greater exposure to a 

reducing reagent. At their characterisation with high-resolution electron 
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microscopy, it was found that each particle has a compact crystalline gold cores 

up to 3.5 nm in diameter (Whetten et al., 1996). On the other hand, it has been 

noticed that the Au-S bond has an effective anti-proliferative effect against 

lymphoblast cells (K-562) in comparison to the effect of the fungal 

exopolysaccharides (EPS) alone (Hu et al., 2020). Furthermore, Awotunde et al. 

(2020) stated that the conjugation of free thiol groups present in human serum 

albumin with Au NPs enhances the stability and biocompatibility of the 

nanoparticles, making them promising candidates for drug delivery and targeted 

therapeutic applications. The protein has been modified by the addition of the 2-

iminothiolane called Traut’s reagent in order to increase the thiol-free groups at 

the surface of the protein and provide high-stability conjugation. Additionally, for 

medical applications and biological activities, it was described that Au NPs are 

also functionalised by polymers terminated with thiol groups. For example, 

Asadishad et al. (2010) employed folate-poly (ethylene glycol) functionalised gold 

nanoparticles for targeted drug delivery to cancer cells. Likewise, doxorubicin is 

a well-known anti-cancer drug that is proposed to be conjugated to hydrophilic 

polymers in order to reduce its toxicity, in comparison to doxorubicin used alone. 

This conjugation was also suggested to improve solubility and the short-life of the 

doxorubicin drug in the body (Veronese et al., 2005). It has  also been reported 

that cationic albumin has been conjugated to pegylated gold nanoparticles for 

gene target delivery via the blood-brain barrier (BBB) (W. Lu et al., 2006). The 

work revealed that the developed cationic albumin conjugated to pegylated gold 

nanoparticles are chemically stable and show higher accumulation in the brain 

than other albumin pegylated conjugations. Therefore, pegylated gold 
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nanoparticle conjugates are more desirable conjugates than liposomes because 

of their physicochemical stability and long-life storage (Perez et al., 2001; Lu et 

al., 2005). Among other materials, recently a significant interest has arisen in 

using 11-mercaptoundecanoic acid (MUDA) for functionalisation of Au NPs to be 

applied in the biomedical field due to the stability that can be provided through 

the formation of a gold-sulfur bond. In addition to the carboxylic acid group, it can 

be considered for further conjugation, especially with primary amine-containing 

drugs, by the formation of a strong amide bond (Ansar et al., 2018). The chemical 

interaction between the thiol group in the MUDA molecule and gold atom onto 

the surface of nanoparticles can enhance the solubility of nanoparticles. 

As illustrated in Figure 1.5 below, the interaction of Au-S formation bond involves 

the displacement of citrate residues from the surface of Au NPs by an organo-

thiol compounds such as 11-mercaptoundecanoic acid (DeVetter et al., 2015; Lin 

et al., 2004; López-Lorente et al., 2014; Perera et al., 2018; Weisbecker et al., 

1996). Also, the adsorption characteristics of three types of proteins onto gold 

surfaces modified with 11-mercaptoundecanoic acid. They found that all types of 

proteins, including bovine serum albumin (BSA), myoglobin (Mb), and 

cytochrome-C, were effectively adsorbed onto the MUDA functionalised Au NPs. 

However, among all proteins, it was noticeable that BSA has the highest affinity 

to the surface of gold nanoparticles due to the formation of a reversibly bonded 

protein (Kaufman et al., 2007). Shape, size and surface coating of nanoparticles 

also play a vital role in the functionalisation process with MUDA. Recently, the 

effect of MUDA functionalisation onto gold nanorods was studied by 

Vedhanayagam et al. (2022) in terms of shape influence. However, during 
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characterisation, they confirmed a clear bioconjugation between the negatively 

charged MUDA-gold nanorods and cytochrome-C for safe biomedical use. 

According to the TEM microscopic images, they found that the shape is 

completely changed to a monodispersed rod-shape due to the interaction with 

the MUDA cross-linker at high temperature. Moreover, pH values and HEPES 

buffer solutions also display a significant effect on effective functionalisation with 

thiol compounds (Vedhanayagam et al., 2022). 

1.7 Drug Delivery Systems  

A drug delivery system (DDs) can be described as a novel technology that 

supports drug transport throughout the human body (Mali, 2015; Shareef et al., 

2003; G. Tiwari et al., 2012). The traditional routes, such as pills or injections of 

drug delivery typically refer to established methods, which have been applied in 

the pharmaceutical industries. While these routes widely used for drug delivery, 

Figure 1. 5. Displacement of citrate residues from the surface of gold 

nanoparticles occurs due to the introduction of the thiol-containing compound, 

11-mercaptoundecanoic acid, during the functionalisation process. 
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they also come with certain limitations such as enzymatic degradation for orally  

administered medications (Homayun et al., 2019).  

The major disadvantage of the intravenous route is its short half-life, which limits 

the time that drugs remain in the bloodstream before being eliminated from the 

body (Bancsi et al., 2019; J. Kim & De Jesus, 2022; Mathaes et al., 2016). 

Additionally, this route carries the risk of overdose, necessitating precise dosing 

for patients (Rzasa Lynn & Galinkin, 2018). To address these challenges, 

researchers have developed advanced drug delivery systems that utilise 

nanomaterials as carriers (Langer & Peppas, 2003; Patra et al., 2018). 

Nanomaterials can enhance the pharmacokinetics of drugs by improving their 

stability, prolonging circulation time, and enabling targeted delivery. For example, 

nanoparticles can be engineered to evade the immune system, reducing 

clearance rates and extending their presence in the bloodstream. Furthermore, 

their ability to encapsulate drugs protects them from degradation, allowing for 

sustained release over time. 

Au NPs and polymeric nanoparticles are particularly promising, as they can easily 

penetrate the lipid bilayer of cell membranes, making them effective carriers for 

delivering various medicines to cells (Arvizo et al., 2010; Mazumdar et al., 2021). 

By leveraging these properties, nanomaterials have the potential to significantly 

improve the efficacy and safety of intravenous drug delivery systems. 

1.7.1 Enhancing Drug Delivery by Conjugation of Medicines to Au NPs 

Au NPs are novel nanocarrier extensively studied to be applied in drug delivery 

systems. For example, Au NPs as a nanocarrier can be considered a colloidal 
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drug delivery system that is typically smaller than 100 nm in diameter (Afzal et 

al., 2022). This typical size for Au NPs provides a promising system for the 

delivery of medicines and improves their bioavailability due to their high surface 

area-to-volume ratio (Afzal et al., 2022; Yafout et al., 2021). In addition to low 

toxicity, they have been shown to show improved drug release, and 

biodistribution (Farooq et al., 2018; Liang et al., 2014). In general, researchers 

found that drug pharmacokinetics have been significantly changed and improved, 

in particular after application of Au NPs. Therefore, in  recent years, drug 

conjugation systems using nanoparticles specifically gold nanoparticles draw 

attraction in the field of nanomedicine (Anik et al., 2022). Conjugation of 

medicines (chloroquine) containing a primary amine group to modified gold 

nanoparticles was applied by Joshi et al. (2011) in the presence of N-(3-

Dimethylaminopropyl)-N′-ethyl carbodiimide hydrochloride (EDC) and N-Hydroxy 

succinimide (NHS) coupling reagents. 

In the literature, other types of conjugation using several chemicals were 

mentioned. For example, divinyl pyrimidine reagents were reported for antibody 

drug conjugation in vivo. Walsh et al. reported the first in vivo work for the 

formation of safe antibody drug conjugates, which have been utilised against 

several cancer cell lines (Walsh et al., 2022). Additionally, Hanby et al. (2022) 

investigated the immunoglobulin G (IgG) anti-body dual functionalisation, which 

was accomplished  using a disulfide bridge technique. They demonstrated that 

this kind of conjugation strategy does not require metal catalysis, which may 

activate  cytotoxicity effects due to the unintended oxidation of amino acid 

residues (Stadtman, 1990; Hanby et al., 2022). 

https://www.sigmaaldrich.com/GB/en/substance/nhydroxysuccinimide115096066826
https://www.sigmaaldrich.com/GB/en/substance/nhydroxysuccinimide115096066826
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On the other hand, carbonyldiimidazole (CDI) is one of the carbodiimide cross-

linkers used in non-aqueous conditions to activate carboxylic acids for direct 

conjugation to primary amines (–NH2) via formation of amide bonds. For instance, 

Hage et al. introduced the first cross-linker called 1,1'-carbonyldiimidazole (CDI) 

to be utilised for conjugation between the primary amine and carboxyl groups in 

a protein under physiological conditions at pH between 7.2 and 8 (Hage et al., 

2017). However, CDI is one of the electrophilic reactive amides consisting of five-

membered heterocyclic rings attached by a carbonyl group in the centre (Figure 

1.6); therefore, due to the amide nitrogen in the five-membered rings, which can 

be considered a lone electron pair that exhibits CDI as an effective cross-linker 

for proteins, especially in aqueous solution at pH 7.2 (Hage et al., 2017). The CDI 

conjugation involves either the interaction of the primary amine in the lysine chain 

with the carboxyl group, resulting in urea compounds, or the interaction between 

the primary amines in lysine and the carboxyl group in the tyrosine side chain, 

leading to the formation of carbamates (Götze et al., 2014; Hage et al., 2017). 

Other carbodiimide cross-linkers, N-Ethyl-N′-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC) and N,N′-dicyclohexylcarbodiimide (DDC) 

(Figure 1.6), have been studied for primary amine and carboxyl group 

conjugation through the formation of an amide bond.  
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These are the most common carbodiimide compounds utilised for aqueous and 

non-aqueous cross-linking, respectively (Busch et al., 2019; Milan-Rois et al., 

2022). Although these provide suitable conjugation to carboxyl groups, in recent 

years, significant clinical success, drug conjugation to NMs, has been witnessed, 

in particular with the water-soluble EDC cross-linker, in order to provide a 

promising drug delivery system (Dhas et al., 2018; Sapsford et al., 2013; Tsolekile 

et al., 2017).  

The coupling protocol of EDC always involves the application of N-hydroxy 

succinimide (NHS) or its water-soluble analogue sulfo-NHS, as each of them can 

provide good stability for the active intermediate and prevent any hydrolysis that 

Figure 1. 6. Chemical structures of the carbodiimide cross-linkers used for drug 

conjugation: carbonyldiimidazole (CDI), N, N′-dicyclohexyl carbodiimide (DDC), 

and N-Ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC). 
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may occur during the formation of the reactive amine by coupling NHS to the 

carboxyl group, resulting in NHS-ester formation (Spicer et al., 2018). 

In the literature, many studies have been published for drug conjugation to NMs 

based on the application of the EDC/NHS coupling strategy. For example, 

Bartczak & Kanaras, (2011) represented an optimisation study for the coupling of 

peptides to gold nanoparticles. They studied the physicochemical properties of 

this conjugation in order to achieve stable peptide-gold nanoparticle conjugation. 

Also, Susumu et al. (2010) described the preparation and coupling modification 

of polyethylene-capped quantum dots with nickel-nitrilotriacetic acid via EDC 

reagent to form the QDs complex, which has been targeted to 5-His-tagged 

maltose binding proteins.  

On the other hand, TiO2 nanoparticles and streptavidin conjugation were reported 

by using both coupling reagents, EDC and sulfo-NHS, in order to be used as soft 

X-ray probes in combination with nanogold probes (Ashcroft et al., 2008; Susumu 

et al.,  (2007)). Moreover, Susumu, et al.  (2007) devised a novel ligand attached 

to quantum dots in order to enhance the biocompatibility of these modified QDs. 

This modification involves the application of single-chain polyethylene glycol 

terminated with dihydrolipoic acid (DHLA) attached directly to the QDs by a thiol 

group, and on the other end of the PEG chain there is a potential biological 

functional group (amine or carboxyl groups) to promote the further conjugation 

with an amine-terminated dye via EDC coupling (Susumu et al., 2007). 

As discussed in the literature, the mechanism of conjugation between a primary 

amine group and a carboxylic acid group involves the activation of the carboxylic 
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acid group terminated-gold nanoparticles by EDC cross-linker in order to form the 

active intermediate (O-acylisourea), which is unstable and will be replaced by 

NHS or sulfo-NHS via a nucleophilic attack to produce a stable ester (Asiaei et 

al., 2015; Crous & Abrahamse, 2020; L. Lu et al., 2021). The latter will 

considerably improve stable conjugation with medicines containing primary 

amine groups through the formation of an amide bond at physiological pH values. 

Despite the ability of EDC to activate the carboxylic acid group in modified gold 

nanoparticles, EDC cross-linkers can also provide conjugation systems for 

proteins and peptides due to the presence of both carboxylic acid and primary 

amine groups (L. Lu et al., 2021). Thus, EDC cross-linking or conjugation will be 

easier, especially with other molecules that comprise either an amino or carboxyl 

group in their chemical structure. For example, EDC/NHS cross-linking has been 

used for peptide coupling to carrier proteins. Therefore, the EDC will react with 

either the protein carrier or peptide molecule by activating the carboxyl group, 

leading to the formation of an active intermediate called o-acylisourea. Sulfo-NHS 

can then be added to prevent any hydrolysis that may occur during the 

interaction, which later leads to the conjugation by formation of an amide bond at 

low temperature with very low-cost techniques (L. Lu et al., 2021). 

1.7.2 Enhancing Drug Delivery via PLGA Nanoparticles 

The biodegradable polymer polylactic-coglycolic acid (PLGA) shows potential 

application in the biomedical field, especially as a drug delivery carrier (Makadia 

& Siegel, 2011). PLGA is known as a co-polymer of poly lactic acid (PLA) and 

poly glycolic acid (PGA) and typically can be defined as the most suitable 

biomaterial available to control drug release (Makadia & Siegel, 2011). Therefore, 



   

 

29 
 

PLGA can be considered one of the United States Food and Drug Administration 

(U.S. FDA) approved biodegradable polymer that is highly biocompatible and 

reasonably studied as safe drug vehicle (Makadia & Siegel, 2011). None the less, 

PLGA is also applied as a carrier for proteins and peptides (Allahyari & Mohit, 

2016; Derman et al., 2015; Pudlarz & Szemraj, 2018). 

Recently, it was revealed that PLGA can be employed for controlled drug release 

at desirable doses (Makadia & Siegel, 2011). For instance, the topical anti-

inflammatory analgesic effect of the trolamine salicylate (TS) was improved by 

the application of PLGA-based in situ bio-adhesive film (Y. Kim et al., 2019). 

Another study conducted by del Castillo-Santaella et al. (2019), which revealed 

the synthesis of PLGA nanoparticles as a carrier for the bone morphogenetic 

protein (BMP-2). In addition, the PLGA nanoparticles were also modified by 

chitosan at different concentration ratios in order to increase the drug 

encapsulation efficiency. It was found that the drug encapsulation efficiency has 

been increased to 87.1% and the drug release was faster at acidic conditions 

approximately at pH 5.5 (B. Lu et al., 2019). Simply, the controlled drug release 

using PLGA NPs, involves the diffusion, solvent penetration into the PLGA 

nanoparticles followed by degradation and erosion of the polymer matrix (Hines 

& Kaplan, 2013). 

1.7.2.1 Physicochemical Properties of PLGA Nanoparticles 

PLGA is a flexible material that can be modified as nanoparticles with different 

shapes and sizes. These nanoparticles are able to encapsulate molecules of 

almost any size (Makadia & Siegel, 2011; Rocha et al., 2022). PLGA is soluble in 

a variety of typical solvents, such as acetone, tetrahydrofuran (THF), and ethyl 
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acetate (Makadia & Siegel, 2011; Uhrich et al., 1999; X. S. Wu & Wang, 2001). 

However, PLGA degrades in water by hydrolysing its ester bonds in water (Yue 

Wang et al., 2022). The methyl group in the poly lactic acid (PLA) represents the 

hydrophobic part, which led PLGA NPs to absorb less water and thus degrade 

more slowly (Yue Wang et al., 2022) (Figure 1.7). The effect of the PLGA physical 

properties on the drug-controlled release is based on different variations such as 

molecular weight, temperature, the concentration ratio of lactic acid to glycolic 

acid, and its exposure to water (hydrolysis). The molecular weight and 

concentration ratio are directly related to the crystallinity of the PLGA polymer. 

For example, when the PGA is co-polymerised with PLA at a higher concentration 

ratio, this will increase the hydration effect of PLGA and reduce its crystallinity 

(Dodda et al., 2022; Makadia & Siegel, 2011; Yue Wang et al., 2022). 

In addition, the type of medicine is a key tool that may affect the PLGA's 

properties as a drug vehicle. Siegel et al., (2006) compared the drug release rate 

for six different drugs using polylactic-co-glycolic acid (PLGA) polymer pellets. 

They found that the drug controlled release rate between medicines are 

significantly different (Siegel et al., 2006). However, the PLGA NPs as a drug 

carrier can be considered as one of the most effective drug delivery systems 

because of their bioavailability and biocompatibility (Makadia & Siegel, 2011). 
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1.8 Cellular Uptake and Cell Interactions with Gold Nanoparticles   

Several processes for the cellular uptake of Au NPs have been reported in the 

literature, depending on size, shape, and surface coating. The mechanism of 

cellular uptake involves the penetration of Au NPs into cells, specifically the 

barrier of the plasma membrane (Behzadi et al., 2017; Yue et al., 2017). This 

plasma membrane is selectively permeable to allow molecules to enter and exit 

the cells. The cellular uptake process depends on molecular size.   Smaller 

molecules, such as sugars, ions, and amino acids, easily penetrate the 

Figure 1. 7. Chemical structure of the biodegradable polymer polylactic-co-

glycolic acid (PLGA), illustrating the hydrophobic part, poly lactic acid (PLA) and 

the hydrophilic component poly glycolic acid (PGA). In the diagram, x and y in 

PLGA and n in PLA represent the quantity of repeated units (Yue Wang et al., 

2022). 
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membrane by diffusion mechanisms. However, large molecules are generally 

carried across the membrane by endocytosis, as illustrated in Figure 1.8 (Alkilany 

& Murphy, 2010; Lafuente et al., 2020).Endocytosis is a type of active transport 

in which cells take up molecules intended for internalisation. Phagocytosis 

(“eating” of cells) and pinocytosis (“drinking” of cells) are two broad categories of 

endocytosis. In phagocytosis, cells (e.g., macrophages) engulf large particles, 

larger than 0.5 µm, such as bacteria and cell debris (Lafuente et al., 2020). 

Pinocytosis mostly describes the uptake of small molecules in the extracellular 

fluids by cells (e.g., eukaryotes), as illustrated in Figure 1.8 (Lafuente et al., 2020; 

Pathak et al., 2023).  

 

 

 

 

 

 

 

Figure 1. 8. Different endocytosis mechanisms. Pinocytosis and phagocytosis 

are two categories for endocytosis. While phagocytosis includes the 

internalisation of big particles or large molecules, whereas pinocytosis involves 

the internalisation of small molecules from the extracellular fluids (Alkilany & 

Murphy, 2010; (Lafuente et al., 2020). 
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However, the interaction between Au NPs and cells involves the formation of 

nanoparticle-protein complexes. In other words, Au NPs are interacting with 

proteins in biological fluids and forming a protein corona surrounding the surface 

of nanoparticles. This protein corona can be recognised by the receptors on the 

cell membrane, resulting in the uptake of nanoparticles by cells (Oh et al., 2011; 

P. Wang et al., 2015). 

1.9 Cytotoxicity Testing for Au NPs  

Although gold nanoparticles have emerged as a promising nanoparticle for drug 

delivery, it is very important to evaluate the impact of these nanoparticles on living 

cells (Kus-Liśkiewicz et al., 2021). Thus, several toxicity assays have been 

reported in the literature to expand our knowledge of the toxicity effects of gold 

nanoparticles. For example, the lactate dehydrogenase (LHD) assay indicates 

the toxicity of nanomaterials based on the level of the LDH enzyme in the blood 

stream, which can be secreted when living tissue or organisms are damaged as 

a result of a specific disease (Han et al., 2011). The influence of nanoparticles' 

shape, size, and functionalisation on toxicity and cellular uptake was elucidated. 

Gold nanoparticles permeate cells via endocytosis, traversing the cell membrane, 

and exit through exocytosis (Carnovale et al., 2019; Ng et al., 2015). Smaller 

nanoparticles are easily internalised by cells as they require less energy and a 

low number of receptors. In contrast, internalisation of larger particles will be 

limited due to the insufficient number of receptors at the surface of the cell 

(Carnovale et al., 2019). Therefore, various studies consider a smaller 
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nanoparticles are more toxic than large nanoparticles (Ai et al., 2011; Steckiewicz 

et al., 2019). 

1.9.1 Influence of Au NPs Characteristics on Toxicity and Cellular Uptake 

Key factors such as the shape, size, and surface functionalisation of Au NPs 

greatly impact their toxicity: 

1.9.1.1 Shape of Au NPs 

The shape of Au NPs, such as spherical, rod, or star shaped structures, affects 

their cellular uptake and toxicity. Studies show that rod shaped and other 

elongated particles might have higher toxic potential compared to spherical 

nanoparticles due to their greater surface area and unique interaction with the 

cell membrane, which could disrupt cellular processes (Hu et al., 2020). 

1.9.1.2 Size of Au NPs 

The size of Au NPs is a critical factor in their cellular uptake and potential toxicity. 

Smaller nanoparticles can enter cells more easily because they require less 

energy and fewer receptors to cross the cell membrane than large particles 

(Carnovale et al., 2019). 

1.9.1.3 Functionalisation of Au NPs 

The surface chemistry of functionalised Au NPs plays a significant role in cellular 

interaction and toxicity. AuNPs can be functionalised with various molecules to 

improve their stability, biocompatibility, and target specificity. For instance, 

coating Au NPs with biocompatible polymers, like PEG, can reduce toxicity by 

preventing undesirable protein adsorption and improving circulation time in the 

bloodstream. However, certain functional groups might increase toxicity by 
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enhancing the nanoparticle's interaction with cellular membranes, potentially 

leading to oxidative stress or inflammation, and cell death  as described by 

Boldeiu et al. (2019), Freese et al. (2012) and Vishwakarma et al. (2010). 

To summarise, Au NPs offered a great promise as drug delivery systems, 

therefore, their interactions with cells require evaluation using a range of toxicity 

assays as described in Chapter 2, section 2.5.3 to understand the behaviour of 

Au NPs in biological systems. 

1.10 J774 Cell Line Macrophages for Cellular Uptake and Toxicity Assays 

Macrophages are highly mobile cells with chemotaxis and pathogen engulfment 

abilities; they offer a significant role in delivering antigens to lymphocytes through 

immunological responses (Arango Duque & Descoteaux, 2014; Hirayama et al., 

2017).  

In cell biology and immunology, macrophage cell lines such as J774 and Raw 

264.7 can be considered an ideal model system for establishing cellular uptake 

and toxicity testing (Kant et al., 2002; Lam et al., 2009; Ralph & Nakoinz, 1975, 

1977; Unkeless et al., 1979; Dey et al., 2021). These cell line macrophages 

composed of Toll-like receptors (TLRs), which can be considered as a class of 

proteins, and they are essential components of the immune response system (El-

Zayat et al., 2019). J774 cell line macrophages can be easily maintained and 

genetically modified; interestingly, they are also being recognised as an ideal 

model system for quantitative biophysical studies (Santos et al., 2023). Cellular 

uptake of Au NPs using J774 cell line macrophages was reported in the literature 

by Dey et al. who found that there was no significant impact on the macrophage 
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cell line's functions (Dey et al., 2021). Indeed, it was revealed that Au NPs are 

found to be accumulated in macrophages due to their phagocytic ability to engulf 

nanomaterials. Thus, these cells have been considered an ideal cell macrophage 

to study the toxicity effects and cellular uptake, especially for Au NPs (Hussain et 

al., 2012). 

1.11 Aims and Objectives of Research 

Drug delivery is a multidisciplinary field focused on designing, developing, and 

optimising systems and techniques to deliver therapeutic agents, such as drugs 

and biomolecules, to specific target sites within the body. The goal of drug 

delivery is to enhance the efficacy and safety of treatments by controlling the 

release, distribution, and bioavailability of drugs, while minimising side effects 

and improving patient compliance (De Jong & Borm, 2008; Liang et al., 2014; 

Mahler & Roy, 2015; X. S. Wu & Wang, 2001). Drug delivery systems (DDs) 

encompass a wide range of technologies, including nanoparticles (Shilo et al., 

2015), liposomes (Düzgüneş et al., 2005), micelles (Kataoka et al., 2012), 

hydrogels (Yahia, 2017), implants (Chang et al., 2009), patches (Nazary 

Abrbekoh et al., 2022), and more. DDs includes various several challenges such 

as complex balance in release kinetics (Shilo et al., 2015). 

The fundamental objective of this doctoral research is to develop a thorough 

understanding of the effectiveness of nanomaterials for the active conjugation of 

two drug categories, which are amantadine (AMTD) as anti-Parkinson’s disease 

(PD) medication and remdesivir (REM) for treatment of viral infections.  
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Initially, this study centers on producing uniform batches of gold nanoparticles 

using different coating agents. The goal is to regulate their size within the range 

of 8 to 60 nm, aiming to examine and determine the most suitable size for drug 

delivery purposes. Then, the synthesised Au NPs were modified with thiol 

containing compound, 11-mercaptoundecanoic acid (MUDA), followed by their 

conjugation with amantadine and remdesivir drugs in the presence of a water 

soluble EDC carbodiimide cross-linker. Furthermore, the toxicity effects and 

cellular uptake of all forms of synthesised Au NPs and drug conjugated-Au NPs 

were evaluated using J774 cell line macrophages. 

1.12 Thesis Structure 

This thesis is divided into seven chapters. The first chapter provides an overview 

of the significance of Au NPs and their diverse applications in various fields, from 

nanotechnology to medicine. In chapter two, detailed experimental procedures 

are outlined and the materials, equipment and techniques used in synthesising 

and characterising gold nanoparticles are well described. 

Chapters 3, 4, 5 and 6 are presenting the outcomes of my research, these 

chapters showing the results obtained for the synthesis of gold nanoparticles, 

functionalisation and conjugation of both REM and AMTD medicines to Au NPs, 

evaluation of physicochemical properties of Au NPs and cellular uptake and 

cytotoxicity effects of Au NPs, respectively.  

In the concluding section (chapter 7), the key findings of my research on Au NPs 

size control and its implications on the conjugation process were summarised. 
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Also, the contributions made to this research and the potential avenues for future 

research are proposed in this chapter. 



   

 

   

 

 

 

 

 

 

 

Chapter (2): Materials and 

Methods 
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2.1 Introduction  

The initial stage of this work was to synthesise monodisperse batches of Au NPs 

with several coating agents, aiming to control size to sub-10nm in diameter, the 

methodology for which will be described here. The synthesis work was followed 

by the characterisation of the synthesised Au NPs through analytical and 

microscopic techniques. In addition, this chapter will also introduce the 

cytotoxicity and cellular uptake assays that have been utilised to investigate, 

respectively, the toxicity effect of gold nanoparticles and their internalisation into 

the J744 cell line macrophages. 

Characterisation of gold nanoparticles in this project involved measuring the 

particle size and size distribution using dynamic light scattering (DLS), studying 

the localised surface plasmon resonance (LSPR) shift by UV-Vis 

spectrophotometry,   the surface particle charge by zeta potential, fourier 

transform infrared (FTIR) was used to investigate the surface coating of the 

synthesised gold nanoparticles, and microscopic imaging by transmission 

electron microscopy (TEM) was used to describe nanoparticle morphological 

features. Another spectroscopic technique, nuclear magnetic resonance (NMR), 

was used to investigate the conjugation process of drug molecules to gold 

nanoparticles by determining the proton and carbon atoms in the chemical 

structure. The gold nanoparticle concentration in the colloidal solution was also 

determined by inductively coupled plasma-optical emission spectrometry (ICP-

OES). Additionally, a thermogravimetric analyser (TGA) was employed to 

determine the quantity of coatings loaded onto the surface of gold nanoparticles 
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by measuring the decomposition caused by varying temperatures over a 

specified duration. 

2.2 Chemicals  

All chemicals have been purchased from sigma-Aldrich at high level of purity and 

utilised without any modification. Trisodium citrate (≥99.0%, CAS 6132-04-3), 

tannic acid (C76H52O46, CAS 1401-55-4), Sodium dodecyl sulfate (CH3 

(CH2)11OSO3Na, CAS No. 151-21-3), polyvinyl pyrrolidone ((C6H9NO) n, CAS no. 

9003-39-8), poly ethylene glycol 6000 (H (OCH2CH2)nOH, CAS no. 25322-68-3), 

Gold(III) chloride hydrate or chloroauric acid (HAuCl4 · aq, CAS no. 27988-77-8), 

potassium carbonate (K2CO3, CAS no. 584-08-7) sodium carbonate (Na2CO3, 

CAS no. 497-19-8), 11-mercaptoundecanoic acid (HS(CH2)10CO2H, CAS no. 

71310-21-9), 4-mercaptobenzoic acid (99%, HSC6H4CO2H, CAS no. 1074-36-8), 

meso-2,3-Dimercaptosuccinic acid (HO2CCH(SH)CH(SH)CO2H, CAS no. 304-

55-2), ethanol absolute (99.5%, CH3CH2OH, CAS no. 64-17-5), sodium 

hydroxide (NaOH, reagent grade, ≥98%, pellets (anhydrous), CAS no. 1310-73-

2), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, C8H18N2O4S, 

CAS no. 7365-45-9), hydrochloric acid (HCl, CAS no. 7647-01-0). Amantadine 

hydrochloride or 1-Adamantanamine hydrochloride (C10H17N · HCl, CAS no. 665-

66-7), EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride)( 

C8H17N3 · HCl, 25952-53-8), N-Hydroxysuccinimide (C4H5NO3, CAS no. 6066-

82-6), 2-ethylbutyl (2S)-2 [(2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-

yl)-5-cyano3,4 dihydroxyoxolan-2-yl] methoxy phenoxy phosphoryl amino 

propanoate or can be called remdesivir (GS-5734)( C27H35N6O8P, CAS no. 

1809249-37-3, purity > 90%), poly (D, L-Lactide-co-glycolide) PLGA 

https://www.sigmaaldrich.com/GB/en/search/1401-55-4?focus=products&page=1&perpage=30&sort=relevance&term=1401-55-4&type=cas_number
https://www.sigmaaldrich.com/GB/en/search/151-21-3?focus=products&page=1&perpage=30&sort=relevance&term=151-21-3&type=cas_number
https://www.sigmaaldrich.com/GB/en/substance/goldiiichloridehydrate33979anhydrousbasis27988778
https://www.sigmaaldrich.com/GB/en/search/497-19-8?focus=products&page=1&perpage=30&sort=relevance&term=497-19-8&type=cas_number
https://www.sigmaaldrich.com/GB/en/search/7365-45-9?focus=products&page=1&perpage=30&sort=relevance&term=7365-45-9&type=cas_number
https://www.sigmaaldrich.com/GB/en/search/665-66-7?focus=products&page=1&perpage=30&sort=relevance&term=665-66-7&type=cas_number
https://www.sigmaaldrich.com/GB/en/search/665-66-7?focus=products&page=1&perpage=30&sort=relevance&term=665-66-7&type=cas_number
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(lactide:glycolide (50:50), mol wt 30,000-60,000, [C3H4O2]x[C2H2O2]y, CAS no. 

26780-50-7), acetone (ACS reagent, ≥99.5%, CAS no. 67-64-1), Pluronic® F-68 

non-ionic surfactant ((C3H6O.C2H4O)x, CAS no. 9003-11-6). Other tools were 

employed in the experimental work, such as 1.0 µm cellulose nitrate membrane 

filter and ultrapure water (Milli-Q 18.8 MΩ-cm).  

The cell culture media Dulbecco's Modified Eagle Medium with Ultra-glutamine 

(DMEM, Catalog no. 10569010) was provided by ThermoFisher scientific, Gibco-

Fetal Bovine Serum (FBS), penicillin/ streptomycin (10,000 U/ml, Catalog no. 

15140122), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide or 

called MTT (C18H16BrN5S, CAS no. 298-93-1), Lactate Dehydrogenase (LDH) 

Activity Assay Kit (product number: MAK066-1KT), 2,3-Bis-(2-Methoxy-4-Nitro-5-

Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (Cell Proliferation Kit II (XTT), 

product no. 11465015001), Sulforhodamine-B Assay (5g, product number, 

S1307), dimethyl sulfoxide ((CH3)2SO, CAS no. 67-68-5), sterile and filtered 

phosphate buffer saline (PBS, pH 7.4, product no. P4474-500ML), % 2.5 

glutaraldehyde prepared in 0.1 M PBS, aqua regia solution (in the ratio of 68% 

HNO3/1% HCl, freshly prepared in the Lab. all toxicity assays and cellular uptake 

studied were conducted on J774 cell line macrophages. 

Other solvents have been applied for characterisation purposes such as 

deuterated chloroform (CDCl3, the deuteration degree minimum 99.8% for NMR 

spectroscopy MagniSolv™), and deuterated dimethyl sulfoxide-d6 ((CD3)2SO, 

CAS no. 2206-27-1). 

https://www.sigmaaldrich.com/GB/en/search/2206-27-1?focus=products&page=1&perpage=30&sort=relevance&term=2206-27-1&type=cas_number
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2.3 Methods  

2.3.1 Synthesis of Cit-Au NPs Ranging from 20 to 60 nm in Size 

A method was published by Nikoobakht and El-Sayed for the synthesis of gold 

nanorods at low concentrations using a seed-mediated technique (Nikoobakht & 

El-Sayed, 2003). Herein, this method has been updated in terms of the 

concentration and type of reducing agent. Briefly, chloroauric acid (1 mL, 25 mM) 

was injected into a boiled trisodium citrate solution of 38.8 mM prepared in 150 

mL of deionised water. Once the colour of the mixture started to change to pink, 

which meant the formation of gold nanoparticles, 20 mL of this solution was 

extracted and replaced with the same amount of trisodium citrate solution (2.2 

mM). The mixture was left to boil for 15 minutes, and then a similar amount of 

chloroauric acid was added again to the solution mixture in order to form the 

second growth solution of gold nanoparticles with a larger size. This procedure 

was repeated four times, with the aim of producing various sizes of gold 

nanoparticles up to 60 nm. 

2.3.2 Synthesis of TA-Au NPs 15 nm 

Tannic acid (TA) is a polyphenolic compound with weak acidity due to the 

presence of phenol groups in its chemical structure (Jafari et al., 2022). Tannic 

acid can be considered a strong reducing and stabilising agent that provides very 

small and stable nanoparticles (Wrigglesworth & Johnston, 2017). 

In brief, 1 mL of 0.5 mM tannic acid solution was poured into 25 mL of deionised 

water containing 2.2 mM trisodium citrate. The solution mixture was left to boil at 

70°C under vigorous stirring for 30 minutes. Later, 1 mL of HAuCl4 (20 mM) was 

injected into the solution and left to boil for another 10 minutes. A change in colour 
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was observed from colourless to pink within a few minutes, resulting in the 

formation of tannic acid-gold nanoparticles (TA-Au NPs) with a size of 15 nm in 

diameter. 

2.3.3 Size Tuning of Au NPs 

In the literature, very small sizes of gold nanoparticles have been made. For 

example, Jiang et al. (2020) showed that the critical size of Au NPs to effectively 

overcome P-glycoprotein multidrug resistance is approximately 10 to 20 nm. This 

size range allows the nanoparticles to evade recognition and transport by P-

glycoprotein, enhancing their therapeutic efficacy in drug-resistant conditions. 

Thus, herein, two types of chemicals, potassium carbonate (K2CO3) and sodium 

carbonate (Na2CO3), were used to tune the size of gold nanoparticles, 

respectively, to approximately 8 nm and 10 nm diameter.  

2.3.3.1 Tuning size of Au NPs to 10 nm 

Using sodium carbonate involves dissolving 1.95 g of sodium carbonate, 0.087 g 

of trisodium citrate, and 0.66 g of tannic acid in 155 mL of deionised water. This 

mixture was boiled at 70°C for 30 minutes, followed by the addition of 1 mL of 

chloroauric acid (20 mM), and left to boil for another 20 minutes. The colour 

changed from colourless to dark blue and then settled on pink. The pH of this 

mixture was measured, and it was noted at pH 8.5. the size characterised by DLS 

at approximately 10 nm and TEM shows a little aggregation of nanoparticles.  

2.3.3.2 Size Control of Au NPs to 8 nm 

For ultra-small gold nanoparticles, potassium carbonate was used as an 

alternative agent to sodium carbonate to make a very strong alkali solution 
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mixture in order to tune the size of nanoparticles to 8 nm. In brief, trisodium citrate 

2.2 mM, tannic acid 2.5 mM, and potassium carbonate 150 mM were mixed in 

155 mL of deionised water and boiled at 70°C under vigorous stirring at 600 rpm 

for roughly 30 minutes. Then, 1 mL of HAuCl4 (20 mM) was added to this mixture 

and left to boil for another 20 minutes. Gold nanoparticles with a size of 8 nm 

were indicated by dynamic light scattering (DLS). In addition to the electron 

microscopic characterisation by TEM, which demonstrated very small, clear, and 

well-distributed nanoparticles that for the first time have been made in the 

literature through monitoring pH via potassium carbonate, the pH has been 

measured, and it was found at 10.0. 

2.3.4 Functionalisation and Drug Conjugation to Au NPs 

Functionalising Au NPs, especially with thiol-containing compounds, enhances 

their stability and biocompatibility. Furthermore, appropriate functionalisation 

facilitates dependable conjugation with drug molecules, enhancing their 

bioavailability (Vedhanayagam et al., 2022). In this study, thiol-containing 

compounds such as 11-mercaptoundecanoic acid (MUDA) have been 

investigated. 

2.3.4.1 MUDA Functionalisation to Cit-Au NPs 

MUDA is an organic compound that binds to the surface of gold nanoparticles 

through thiol ligands, forming Au-S bond. Numerous studies have reported the 

functionalisation of gold nanoparticles with mercaptoundecanoic acid using 

various techniques (Joshi et al., 2011; S. Liu & Lämmerhofer, 2019; Mazloomi‐

Rezvani et al., 2018; Thambiraj et al., 2018; P. M. Tiwari et al., 2011; W. Wang 

et al., 2013; Woehrle et al., 2005).  
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In this research, a 10 mM solution of MUDA was prepared in 10 mL of absolute 

ethanol (98.9%). Subsequently, 2 mL of the MUDA solution was mixed with 1 mL 

of cit-Au NPs (0.375 mg L-1) in a 15 mL centrifuge tube. This mixture was placed 

on a mini shaker and agitated at 150 rpm for 45 minutes. A slight colour change 

was observed, transitioning from deep red to pink. Following this, the 

functionalised nanoparticles underwent centrifugation at 7000 rpm and 20°C for 

55 minutes using a centrifugal system (Centrifuge 5430/5430 R - High-Speed 

Centrifuge). Subsequently, the particles were washed three times with 400 µL of 

deionised water and stored in the fridge at 4-6°C.  

2.3.4.2 Drug Conjugation to Cit-Au NPs 

The conjugation process was based on very simple, novel and inexpensive 

technique in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) coupling reagents. Some 

modifications to parameters such as pH, temperature, buffer solution, and etc., 

were very important to be applied particularly in the drug conjugation to gold 

nanoparticle. For example, herein, 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid also called HEPES buffer solution was utilised in 

all experimental work of drug conjugation to gold nanoparticles. HEPES is a 

zwitterionic or di-polar ion buffering agent that widely used in lab researches 

because it maintains the physiological pH despite the changes that may occurred 

in other bicarbonate buffers (Inam et al., 2022).  

2.3.4.2.1 Amantadine Conjugation to Cit-Au NPs 

The process of the conjugated amantadine to gold nanoparticles was 

investigated by the update for a method of chloroquine binding to gold 
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nanoparticles conducted in the literature by (Joshi et al., 2011). Thus, 200 µL of 

amantadine drug was mixed with 500 µL of 10 mM MUDA gold nanoparticles 

(MUDA-AuNPs) and left for approximately 2 minutes. Later, 50 µL of EDC (10 

mM) cross-linker was added followed by quick addition of 50 µL of NHS (45 mM) 

coupling reagent in order to avoid any hydrolysis reactions by formation NHS-

ester. This mixture was left for 2 hours to be well-mixed at room temperature and 

then centrifuged at 11500 rpm and 20°C for 10 minutes. The pellets of drug-Au 

NPs conjugates were collected, and the conjugation was investigated by various 

techniques as shown in Chapter 4 Section 4.3.1.1. 

2.3.4.2.2 Remdesivir Conjugation to Cit-Au NPs 

For the conjugation of remdesivir, the initial step of this study involved preparing 

a 100 mM HEPES buffer with a pH adjusted to 7.4. Subsequently, 2.5 mg of 

remdesivir was dissolved in dimethyl sulfoxide (DMSO). Following this, 500 µL of 

10 mM MUDA-AuNPs were combined with 100 µL of remdesivir in a 2 mL 

centrifuge tube. Subsequent to that, 50 µL of EDC (10 mM) and 50 µL of NHS 

(45 mM) were added. The mixture of remdesivir and gold nanoparticles (forming 

the REM-Au NPs conjugate) was then subjected to agitation on a mini-shaker at 

120 rpm for 2 hours. Ultimately, the conjugated nanoparticles were centrifuged, 

washed twice with 100 µL of deionised water, and subsequently collected for 

characterisation, the obtained results were illustrated in Chapter 4 Section 

4.3.1.2. 

2.3.5 Encapsulation of Amantadine into PLGA Polymeric Nanoparticles 

The United States Food and Drug Administration (US FDA) has approved the 

significant application of poly lactic-co-glycolic acid (PLGA) for drug delivery and 
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other medical purposes due to its distinct properties (Lü et al., 2009). Poly lactic-

co-glycolic acid nanoparticles (PLGA NPs) possess the capability to regulate 

drug release over extended periods (Hines & Kaplan, 2013). Thus, our objective 

was to investigate this characteristic by encapsulating amantadine for 

comparison with the AMTD-gold nanoparticle conjugation system. Prior studies 

have synthesised amantadine-based ion pair-amphiphiles utilising PLGA–PEG–

PLGA gel along with oleic acid as a surfactant (Hines & Kaplan, 2013).  

The encapsulation process of AMTD into PLGA-NPs was accomplished using a 

precipitation solvent evaporation technique. Initially, a mixture of 75 mg of PLGA 

and 2.5 mg of amantadine was dissolved in 5 mL of acetone to form the organic 

phase. Subsequently, this organic phase was added to 15 mL of Oleic acid and 

Pluronic F-68 oily phase mixture. Then, this mixture was gently stirred with a 

magnetic stirrer at room temperature overnight to facilitate acetone evaporation. 

After a 24-hour duration, the PLGA-NPs became visible. They were subsequently 

filtered from the suspension through a 1.0 µm cellulose nitrate membrane filter 

and collected. The remaining acetone was then removed via lyophilisation, and 

the resulting nanoparticles were stored at room temperature for further 

characterisation. 

2.4 Instrumentation and Characterisation Techniques 

Several characterisation techniques were applied in this lab work to investigate 

synthesised gold nanoparticles or their conjugates and study their 

physicochemical properties, such as shape, size, stability, surface chemistry, 

surface charge, solubility, and more. These techniques include UV-Vis 

spectrophotometric analysis, dynamic light scattering (DLS), zeta potential (ζ), 
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Fourier transform infrared (FTIR), transmission electron microscopy (TEM), 

nuclear magnetic resonance (NMR), inductively coupled plasma optical emission 

spectroscopy (ICP-OES), and thermogravimetric analysis (TGA). In addition, 

other equipment was used, such as a freeze dryer, used to remove any impurities 

suspended in the sample, and a sonication water bath employed to re-suspend 

the sample after centrifugation, ensuring the even distribution of all particles in 

the sample. All of these tools can be considered integral parts of the sample 

preparation prior to final characterisation. 

2.4.1 UV-Vis Spectrophotometer  

In general, UV-Vis spectroscopy refers to the measurement of absorption or 

reflection of light in the ultraviolet and visible range. A UV-Vis spectrophotometer 

is a quantitative technique used to measure the amount of light absorbed by 

substances within the UV-Vis region, typically ranging from approximately 400 to 

800 nm (Figure 2.1). The mechanism of absorption measurement for the 

prepared gold nanoparticles involves the evaluation of localised surface plasmon 

resonance (LSPR). The LSPR spectrum of gold nanoparticles is dependent on 

their size and shape. Consequently, an increase in size leads to an increase in 

the absorbance peak of LSPR at the maximum wavelength, as described by 

(Pedersen & Duncan, 2005). Furthermore, the LSPR spectrum of gold 

nanoparticles can be easily observed in the visible region, typically ranging from 

500 nm to 600 nm, with variations based on their size. 
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A LAMDA® UV-Vis spectrophotometer, supplied by PerkinElmer, has been 

utilised in this laboratory work for the characterisation of synthesised gold 

nanoparticles. It is an ultrafast UV-Vis instrument with high performance, capable 

of measuring the full spectrum in the range of 190 nm to 1100 nm. 

2.4.2 Dynamic Light Scattering (DLS)  

One of the main principles of dynamic light scattering is to provide precise particle 

size measurements for nanoparticles based on the Brownian motion of particles 

(Babick, 2020). According to Berne and Pecora (2000), the Brownian motion 

describes the variation in movement for both small and large particles in 

solutions. They explain that smaller particles exhibit faster movement in aqueous 

solutions compared to larger ones due to the random motion of particles 

suspended in a fluid. This is known as Brownian motion. Therefore, the light 

scattered by particles contains detailed information about the diffusion speed and 

the size distribution of particles in the sample suspension or solution (Berne and 

Figure 2. 1. Visible spectrum at wavelength between 400 nm and 800 nm. The 

LSPR spectrum of gold nanoparticles can be easily observed in the visible region. 
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Pecora, 2000). Technically, the size measurement mechanism in DLS can be 

demonstrated by measuring the motion of particles and optically recording the 

scattered light signal at a fixed angle, when the laser rays illuminate the 

nanoparticles, the light is scattered at a fixed angle and recorded.  The 

fluctuations recorded by DLS are related to the scattered light caused by particles 

moving towards each other (Babick, 2020; Berne & Pecora, 2000; Naiim et al., 

2015)(Figure 2.2). 

Figure 2. 2. Schematic illustrates the main components for dynamic light 

scattering (DLS) instrument. When the laser beam hits the particles, the light is 

scattered based on the particles' movement (Brownian motion) towards each 

other as a result of collisions. The DLS instrument records the temporal 

fluctuations by the detector, which contain all the information about particle 

movement in the sample suspension (Anton Paar, 2023). 
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The temporal fluctuations recorded by the DLS instrument encompass all the 

information regarding particle movement in the sample suspension. Furthermore, 

modern DLS devices have the capability to measure additional parameters such 

as zeta potential, molecular weight and concentration of numerous samples 

(Naiim et al., 2015). 

The DLS apparatus employed in this study is the Malvern Zetasizer Nano ZS 

(manufactured by Malvern, UK). The sample was prepared in deionised water at 

concentration of 1 mgL-1. Seven measurements were applied and then the 

average calculated. 

2.4.3 Zeta Potential 

Zeta potential (ζ) is a physical property that describes the surface charge of 

particles in a liquid or suspension (Samimi et al., 2019). Zeta potential 

characterisation plays a crucial role in providing information about the surface 

chemistry, morphology, coatings and films utilised to ensure stable nanoparticles 

(Arjmandi et al., 2012). It serves as a valuable tool for determining the stability of 

formulated nanoparticles, even during long-term stability studies. The magnitude 

of electrostatic repulsion or attraction between nanoparticles, particularly for 

stability assessments, is a fundamental parameter in zeta potential measurement 

that can aid in improving suspension formulation (Xu, 2008). Hence, in this 

research study, the focus was on measuring the surface charge of various types 

of synthesised gold nanoparticles, including tuned-size gold nanoparticles, 

functionalised gold nanoparticles, and drug-gold nanoparticle conjugates. 
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In this study, the surface charge measurement was carried out using one of the 

recent Zetasizer Malvern® instruments.  A total of seven measurements were 

performed, and their average was subsequently calculated. 

2.4.4 Fourier Transform Infrared (FTIR) 

Fourier transform infrared (FTIR) is a vibrational spectroscopy technique widely 

used in the pharmaceutical industry and other sectors. Its primary application is 

the identification of unknown materials by analysing the functional groups present 

in their chemical structures (Markovich and Pidgeon, 1991). The characterisation 

using FTIR varies depending on the material, as it involves the absorption of 

infrared (IR) light at specific frequencies directly related to the vibrational bond 

energies between atoms in the molecule, as explained by Markovich and Pidgeon 

(1991). 

Different bonds and molecules exhibit vibrations at different energies, leading to 

the absorption of different wavelengths of IR radiation and the display of varying 

intensities  (Chabal, 1988). In other words, if molecules A and B have different 

bond characteristics (such as shorter or longer bonds), they will absorb different 

wavelengths of IR radiation, resulting in distinctive spectra with varying 

intensities. Therefore, the FTIR instrument is a valuable tool for determining the 

functional groups within the chemical structure of compounds by analysing the 

absorbed IR radiation (Markovich and Pidgeon, 1991). It finds applications in 

pharmaceutical and food analysis, as well as in the quality screening of 

formulated products. FTIR is recognised as one of the most reliable, accurate, 

flexible and simple techniques employed for characterisation purposes in recent 

times (Tiernan et al., 2020; Van de Voort, 1992). 
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The FTIR instrument consists of an IR radiation source, an interferometer, a 

crystal sample stage and a detector. The process begins with the emission of an 

IR beam from the source, which passes through the interferometer. Inside the 

interferometer, the IR beam is split by a beam splitter into two different beams 

that recombine at the splitter, each having travelled a different path length. This 

recombination creates an interferogram. Subsequently, the combined beam 

passes through the sample, and the sample absorbs the beam at specific 

frequencies of energy (Figure 2.3). Each sample exhibits a unique frequency 

absorption pattern, which appears as an interferogram and is detected by the 

detector. To measure a sample accurately, the instrument typically includes a 

reference or background beam. The obtained spectrum of the sample is then 

subtracted from the background spectrum using the FTIR software, commonly 

known as the FTIR-Library (Chabal, 1988; Rao, 1971; Stuart, 2000; Thompson, 

2018).  
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In this research, samples were characterised using the FTIR instrument provided 

by PerkinElmer. The characterisation for liquid samples was conducted by 

applying 100 µL of the sample onto the crystal sample stage, whereas the 

samples in solid state characterised by placing 1 mg onto the crystal stage. 

2.4.5 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is an imaging technique that utilises a 

beam of high-energy electrons to penetrate a solid material (Franken et al., 2020). 

TEM is considered a cornerstone of modern-day science, made possible by 

Figure 2. 3. Schematic outlining the basic components of the FTIR 

interferometer,   including the beam splitter, moving and fixed mirrors and the 

detector which provide detailed information about the sample’s molecular 

composition and structural characteristics. 
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advancements in materials preparation techniques. The emergence of 

nanomaterials in the size range of 1-100 nm, which cannot be effectively 

investigated using conventional microscopes, necessitated the development of 

transmission electron microscopy as a powerful imaging technique for studying 

materials at the nanoscale with high magnification (Franken et al., 2020; Piludu 

et al., 2018). 

The concept of TEM imaging involves directing a beam of high-energy electrons 

through the sample. Basically, Figure 2.4 provides an overview of the working 

principle of TEM. The electron beam is generated by a tungsten filament within a 

vacuum chamber. The emitted electrons are then accelerated and focused using 

an electromagnetic field. Subsequently, the beam of high-energy electrons 

passes through the nanomaterial sample, interacts with a phosphor screen, and 

ultimately generates an image. It is important to note that a brighter image is 

produced when a greater number of electrons pass through the sample, 

indicating a lower sample density. Conversely, darker images indicate higher 

sample density, as the electrons become trapped and cannot pass through the 

sample (Franken et al., 2020). 
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A single drop of the well-distributed sample was placed onto a Formvar/carbon 

grid. Following this, the droplet was allowed to dry and subsequently examined 

using a Joel 1400 Bio Transmission Electron Microscope (TEM), employing an 

electron beam current of 80 kV. 

Figure 2. 4. Diagram illustrating the key components of a transmission electron 

microscope (TEM). The TEM utilises electron beam transmitted through the 

specimen to generate high-resolution images with detailed structures at the 

nanoscale (Franken et al., 2020). 
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2.4.6 Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for 

structural characterisation, providing insights into the composition of molecules 

and their connectivity (Charpentier et al., 2009; Forse et al., 2015). NMR is 

commonly employed to elucidate the chemical structure of samples, typically in 

liquid form and dissolved in a specific solvent (Abraham et al., 1998). Zeeman 

was among the first to investigate the peculiar behaviour of certain nuclei when 

subjected to a strong magnetic field (Schiff and Snyder, 1939). It is worth noting 

that isotopes containing an odd number of protons and/or neutrons possess an 

intrinsic nuclear magnetic moment and angular momentum, known as a nonzero 

nuclear spin, while nuclides with an even number of both protons and neutrons 

exhibit a total spin of zero (Abraham et al., 1998). In the laboratory work 

presented here, the most frequently utilised nuclei for sample characterisation 

were proton (1H) and carbon (13C). In general, nuclear magnetic resonance 

spectroscopy operates by examining the interactions between radiofrequency 

(RF) electromagnetic radiation and the nuclei of molecules when subjected to a 

strong magnetic field (J. W. Peng et al., 2001). The fundamental principles of 

nuclear magnetic resonance spectroscopy can be illustrated as described by 

Nakamura et al. (2015), wherein large superconducting magnets enable the 

material to exhibit superconductivity, facilitating the transfer of electrons without 

resistance. To facilitate sample analysis, the NMR instrument used for the work 

presented here is positioned vertically, opposite the magnetic resonance 

imaging (MRI), allowing samples to be introduced into the magnetic field from 

above, as depicted in Figure 2.5. 
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However, once the sample is prepared in specialised NMR tubes, in liquid form, 

it is referred to as the "solution state" in NMR. On the other hand, for solid-state 

NMR, where the sample is in the form of a very fine powder, it is placed in an 

NMR rotor. These rotors are small cylindrical containers with a diameter ranging 

from approximately 7 to 0.7 mm and a length shorter than 2 cm (Hu et al., 2015). 

Although recent NMR magnets no longer rely on liquid nitrogen and instead 

employ a liquid helium re-liquefaction system to reduce the frequency of liquid 

helium refills, it is important to note that this information may vary depending on 

the specific advancements and technologies implemented in NMR instruments. 

The characterisation process is explained by Hu et al. (2015), once the sample 

is inside the magnet, it is positioned within the probe, which is surrounded by a 

radio-frequency (RF) coil. This coil is constructed from superconducting material, 

allowing it to transmit radio-frequency pulses to the sample. It is crucial for the 

material to exhibit superconductivity within the NMR environment to enable the 

circulation of electrons and the creation of the magnetic field. To maintain the 

superconducting coil or magnet at a very low temperature, below -240 °C, it is 

immersed in a bath of liquid helium (He), as depicted in the light grey area in 

Figure 2.5.  

Additionally, liquid nitrogen (N) is utilised to create a buffer between the room 

temperature and the extremely cold temperature of the helium liquid. This 

arrangement serves to optimise the use of liquid helium, as it prevents excessive 

boiling and reduces the frequency of refills due to the high cost and limited 

availability of liquid helium resources, as noted by Hu et al. (2015). 
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In this study, the sample were dissolved in deuterated chloroform at concentration 

1 mgL-1, the 600 µL poured into a specific NMR tube (the Kimble Chase NMR 

Tube High Quality 5 mm 8 Inch Kg-33 500 MHz) and characterisation conducted 

by the Bruker 400 MHz NMR spectrometer “Puma” provided with Ultra-shield 

magnet, 5 mm BBFO “smart” probe, and Sample Case autosampler (24 

positions). 

Figure 2. 5. Schematic demonstrates the main components involved in the 

nuclear magnetic resonance (NMR) spectroscopy. The system includes a 

powerful magnet, helium and nitrogen ports, sample tube, vacuum chamber, 

gradient coil, and computer system. These components work collaboratively to 

generate NMR spectra, providing valuable insights into the molecular structure 

and composition of the analysed sample (Hu et al., 2015). 
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2.4.7 Inductively Coupled Plasma-Optical Emission Spectrometry 

Inductively coupled plasma-Optical emission spectrometry (ICP-OES) utilises a 

plasma torch. The main principle of the ICP-OES is to quantify certain elements 

in a sample. This is based on the utilisation of atoms and ions that absorb energy 

to excite electrons from lower to higher energy levels (Wilschefski & Baxter, 

2019). For example, when a lead (Pb) atom acquires energy from the heat from 

the plasma, electrons will be excited to the higher energy level (E1); when these 

electrons return to the lower energy level, called the ground state (E0), they will 

emit light of a specific wavelength based on the required energy (Khalid & Kontis, 

2008; Wilschefski & Baxter, 2019).  

ICP-OES operates by utilising energy from an argon plasma at high 

temperatures, typically around 10,000 kelvins. During the analysis, both the 

standards for calibration and the samples are introduced into the plasma through 

the nebuliser. The sample will be converted to very small droplets in size, called 

aerosols, once it arrives at the nebuliser and contacts the plasma torch at 10000 

kelvins. This will cause atoms in the sample molecules to be atomised and 

excited electronically. Once electrons return to the ground state, the instrument 

will measure the light emitted by each element in the sample at a specific 

wavelength as shown in Figure 2.6 (X. Hou & Jones, 2000; Yeung et al., 2017). 
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The ICP-MS (Perkin Elmer NexION 300x) was used to quantify the concentration 

of Au in the synthesised gold nanoparticles. In this study, elemental analysis 

using ICP-OES involved preparing a series of known concentrations of the 

analyte as standards, as well as the samples requiring analysis to determine the 

elements with unknown concentrations. 

Figure 2. 6. Diagram illustrating the primary components of an inductively 

coupled plasma-optical emission spectrometer (ICP-OES). The system 

comprises sample introduction system, an argon gas supply, spray chamber, 

torch assembly, radiofrequency coil, and data acquisition system. The emitted 

light from the excited ions providing valuable information about the elemental 

composition of the sample (Agilent, 2023). 
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2.4.8 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a technique that measures the mass of a 

substance as a function of time or temperature. When the substance is subjected 

to heating in the TGA instrument, its mass may either increase or decrease 

(Coats and Redfern, 1963; Saadatkhah et al., 2020). In the TGA instrument 

setup, there is a sample pan equipped with a balance to accurately measure the 

sample's weight before each analysis process. The instrument also includes a 

furnace and an inert sample purge gas that regulates the sample environment 

(Figure 2.7). Whether the gas used is inert or reactive, it flows over the sample 

and exits through the exhaust. 

In the work presented here, TGA was employed as a tool for quality assurance 

and quality control in the analysis of synthesised gold nanoparticles, as well as 

for assessing the conjugation of remdesivir and amantadine drugs to gold 

nanoparticles. The utilisation of TGA in these applications is supported by various 

Figure 2. 7. A hyphenated instrument, consisting of a thermogravimetric analyser 

(far right), a Fourier Transform Infra-Red system (middle) and a Gas 

Chromatography/Mass Spectrometry System (left) (TGA-IR-GC/MS). 
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studies documented in the literature. For instance, TGA has been suggested for 

analysing the amount of metallic catalytic residue remaining in carbon nanotubes 

(Pumera and Iwai, 2009). TGA can be used as a standalone technique or in 

combination with FTIR for comprehensive characterisation purposes (Ahluwalia, 

2023; Loganathan et al., 2017). 

TGA analysis in this study was conducted using a PerkinElmer TGA 8000 

instrument, employing the subsequent parameters: synthetic air flow rate set at 

20 mL/min and a heating rate of 20°C/min with heating effect from 100°C to 

900°C. 

2.5 Assessment of Cellular Uptake and Cytotoxicity Assay 

2.5.1 Cell Culture and Cell Lines 

Cell culture can be defined as the process of cell growth under controlled 

conditions (Mather & Roberts, 1998). Cells are either extracted directly from an 

organism or from a cell line that has been establish by researchers in the lab. Cell 

culture enables the study of the physiology and biochemistry of healthy and 

diseased cells (Mather & Roberts, 1998). 

Currently, cell lines are extensively used in cell culture labs due to their low cost, 

safer for experimentation compared to whole organisms and easy to work as well 

(Capes-Davis et al., 2019). Herein, J774 cell macrophages were cultured in 

DMEM cell culture media with ultra-glutamine. DMEM was supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin in a humidified 

incubator at 37˚C and 5% CO2. 
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2.5.2 Cell Growth and Seeding 

Firstly, cells were grown through a sequence of passages.  Passage number five 

was used for evaluation of both cellular uptake and cytotoxicity assays in 

triplicates. For toxicity testing 4.5 × 104 cells /well were seeded in 96 well plate at 

37˚C and 5% CO2 in the incubator for 24 hours. Cellular uptake was conducted 

by seeding 4 × 103 cells/ well in 6 well plate at 37˚C and 5% CO2 in the incubator 

for 48 hours. 

2.5.3 Cytotoxicity Assays 

In vitro, several types of cytotoxicity assays are utilised as toxicity indicators for 

drugs and other biological molecules that may work irreversibly on receptors, 

leading to undesirable cell membrane destruction or the prevention of protein 

synthesis (Adan, Kiraz and Baran, 2016). These assays are critical in evaluating 

the potential harmful effects of compounds by measuring cell viability, membrane 

integrity, and other cellular functions that could be compromised, providing 

valuable insights into the safety profile of the substances tested. Herein, various 

assays involved 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT), lactate dehydrogenase (LDH), 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide (XTT) cell proliferation assay, and 

sulforhodamine B (SRB) assay were applied for toxicity studies. 

2.5.3.1 MTT Assay 

It can be regarded as one of the most widely employed cytotoxicity assays for 

determining cell viability and proliferation rates. While the exact mechanism of 

this assay is not yet fully understood, it primarily relies on the reduction reaction 

carried out by active mitochondria within viable cells (Figure 2.8) (B. Jha et al., 
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2018; S. Wang et al., 2011). These cells contain NAD (P) H-dependent 

oxidoreductase enzymes that reduce MTT, resulting in the formation of formazan 

crystals on the cell surface (S.-W. Lim et al., 2015). An evaluation of cytotoxicity 

effects for the synthesised gold nanoparticles and drug conjugated Au NPs was 

conducted using MTT assay in triplicates. The procedure involves seeding 4.5 × 

104 cells per well in a flat-bottom 96-well plate, followed by incubation at 37°C 

and 5% CO2 for 24 hours. Subsequently, the media removed and replaced with 

fresh media containing a series of various concentrations (1, 2, 3, 5, 15, and 30 

µg L-1) of each form of synthesised gold nanoparticles. The plate is then 

incubated for an additional 24 hours under identical conditions. 

 

 

 

 

 

 

After the incubation period, 20 µL of MTT reagent is added to each well, and the 

plate is further incubated for approximately 4 hours. This led to the formation of 

formazan crystals on the cell surface. Following this, the solution mixture was 

removed, and 100 µL of DMSO was added to dissolve the crystals. The well plate 

Figure 2. 8. A schematic illustrates the Chemical reduction of MTT to form 

Formazan by the effect of mitochondrial enzymes (Lim et al., 2015). 
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was gently shaken, and the absorbance measured at 595 nm using a TECAN 

Spark® microplate reader. A control consisting of medium, and cells not treated 

with nanoparticles has been used for comparison. This experiment has been 

conducted in triplicates (n=3). 

2.5.3.2 LDH Assay 

Lactate dehydrogenase can be expressed as intracellular enzyme which 

responsible for production of body’s energy by converting sugars into energy. 

LDH can be found in most of body tissues and organs (Farhana & Lappin, 2022). 

LDH cytotoxicity test measures the level of LDH enzyme in the blood or other 

body fluids (e.g. cell culture media) that secreted from organs such as lungs or 

living organisms, respectively. When these organs damage, LDH released into 

the blood stream leading to formation of high levels of the enzyme and indicating 

that organ is damaged as a result of a specific disease (Farhana & Lappin, 2022). 

On the other hand, in vitro LDH cytotoxicity test has ability to determine LDH 

levels in cultured cell supernatants using UV colorimetric method. Though, this 

assay has been utilised to measure the released lactate dehydrogenase enzyme 

from the cytoplasm of damaged cells. After seeding 4.5 × 104 cells and incubation 

for 24 hours under similar conditions that has been utilised for MTT. Herein, on 

the same plate, untreated cells as control, and lysis control cells (termed as 

maximum LDH activity) were cultured as well overnight. Then, the media replaced 

with fresh media containing various concentrations 1, 2, 3, 5, 15, and 30 µg L-1 of 

prepared gold nanoparticles and incubated for another 24 hours. 

To the lysis control cells, 10 µL of the lysis solution was added and gently mixed. 

Then, the plate was returned back to the incubator for additional 45 minutes. 
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Following this, 50 µL of the LDH reaction mixture was added to each well and 

gently mixed for 30 seconds. The plate was then shielded from direct light by 

covering it with foil and left to incubate at room temperature for 30 minutes. Then, 

50 µL of the stop solution was introduced to each well and mixed thoroughly. 

Finally, the optical density was measured for both the control and experimental 

cells at a reference wavelength of 650 nm using a plate reader equipped with a 

450 nm filter. It's important to note that in certain scenarios, the absorbance can 

be measured before adding the LDH stop solution, depending on the reaction 

rate. For instance, in cases of slow reaction rates indicated by a gradual colour 

conversion, the addition of the LDH stop solution might not be necessary. This 

experiment has been conducted in triplicates (n=3). 

2.5.3.3 XTT Assay 

The XTT assay is generally considered to provide more reliable and consistent 

results, primarily due to the direct solubility of the formazan product. This makes 

the XTT assay more amenable to high-throughput screening and prolonged 

incubation periods. Unlike MTT, XTT does not require a subsequent solvent 

extraction step as the formazan product is directly soluble in cell culture media, 

eliminating the need for additional reagents (such as DMSO)(S. Wang et al., 

2011). However, the procedure involves measuring the absorbance of produced 

formazan dye at wavelength 450 nm. 

Overall, while both MTT and XTT assays are widely used and provide similar 

types of information, the XTT assay has gained popularity due to its improved 

reliability, simplicity, and elimination of the need for a solvent extraction step, 

making it a preferred choice in many research and high-throughput applications 
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(Grela et al., 2015; Šatkauskas et al., 2016; Simon-Deckers et al., 2008). This 

experiment has been conducted in triplicates (n=3). 

2.5.3.4 SRB Assay 

The sulforhodamine B (SRB) assay is a quantitative method based on the binding 

of SRB dye to specific proteins within cells. This interaction occurs through 

sulfonic groups that bind to amino acid residues under mildly acidic conditions, 

with dissociation occurring under basic conditions (Vichai & Kirtikara, 2006). SRB 

dye, characterised by its bright-pink colour, which can be extracted from stained 

cells. Consequently, the quantity of dye extracted directly corresponds to the 

number of cells (Vichai & Kirtikara, 2006).  

During absorbance measurements, the optical density (OD) obtained reflects the 

protein content within viable cells, serving as a proxy for cell count. In summary, 

the SRB assay is more sensitive, simple, and reliable assay than XTT and MTT 

assays due to its stable end point, and suitable signal to noise ratio. The OD of 

SRB in each well is directly proportional to the cell number so the OD values can 

be plotted against concentration and the CC50 determined (Voigt, 2005). 

Therefore, data was analysed based on measuring the absorbance at specific 

wavelength 540 nm for the SRB dye: 

The % cell viability = 
OD of the treated cells 

OD of the controlled cells 
 × 100 

 

After seeding cells 4.5 × 104 cells/well and incubation for 24 hours, without 

removing the media, 100 µL of fixation reagent solution to each well was added 

and left to be incubated in the fridge at 4°C protected from light for 1 hours. Then, 
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plate wells were washed several times (2-4 times) with deionised water and left 

to dry overnight. The main purpose of this wash is to remove any excess fixative 

reagent or serum protein around the wells. After dry, 100 µL of SRB day is added 

to every well and allowed to be stained at room temperature for two hours under 

dark conditions.  

Later, the SRB dye solution was removed by 0.1 M acetic acid solution or day 

wash solution provided by the supplier in the kit assay 2 times (make sure 

unbound dye is removed). This was followed by drying the well plate at room 

temperature until any moisture removed. Finally, dried SRB was solubilised by 

addition of 150 µL of the SRB buffer per well and gently has been shaken for 5 

minutes before reading the OD density at 590 nm. The background absorbance 

was measured with reference filter at 690 nm. This experiment has been 

conducted in triplicates (n=3). 

2.5.4 Quantification of Conjugated and Unconjugated Forms of Au NPs 

Gold nanoparticles in cellular uptake were measured by seeding cell 

macrophages 4 × 103 cells/ well in 6 well plate and incubated at 37°C and 5% 

CO2 for 48 hours. In the following day, cells were treated with synthesised gold 

nanoparticles and left to be incubated under similar conditions for another 24 

hours. Then, cells washed with PBS and stored at -20 °C for further use.  

For ICP-OES analysis, two concentrations of 68% HNO3 / 1% HCl, and 2% HNO3 

/ 1% HCl stock solution, were freshly prepared. First, the cells injected with 0.5 

mL of 68% HNO3 / 1% HCl solution mixture and left to be digested by cell line 
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macrophages for about 2 hours. After that, digested cells transferred into 15 mL 

metal free falcon tubes and diluted with 5 mL of 2% HNO3, 1% HCl stock solution.  

Herein, gold solutions of known standards were utilised to produce a variety of 

gold concentrations (ranging from 0.01 to 1.0 mg L-1) to calibrate the instrument. 

2.6 Data Analyses 

Several forms of gold nanoparticles have been synthesised, and their LSPR 

absorption peak shift, shape, surface chemistry, particle size distribution and zeta 

potential were determined by using UV-Vis spectrophotometer, TEM, FTIR, and 

DLS, respectively. Additionally, TGA was also applied to quantify the reagents 

capping amount based on the effect of temperature over period of time. The 

recorded experimental data were presented as mean values accompanied by 

their corresponding standard deviations, for example, as illustrated in Chapter 3 

Section 3.2.1 Table 3.1. The variation in size between prepared Au NPs was 

indicated using one-way ANOVA. 

For NMR (Nuclear Magnetic Resonance) spectral data analysis, MestreNova 

x64, a Chemistry Software Solution, was employed. Moreover, ChemDraw 

Professional 20.0 was used to draw the chemical structure of the drug molecules. 

The CC50 (half-maximal cytotoxic concentration) for the AMTD/AuNPs and 

REM/AuNPs was measured using EXCEL Microsoft. For DLS results, Farkas & 

Kramar, (2021) introduced a method for parameterisation and graphical depiction 

of dynamic light scattering (DLS) data. This approach aims to enhance the 

comprehension of DLS data analysis and mitigate potential confusion. In this 

research, data obtained from DLS were collected at different intensities, therefore 
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they have been adjusted at similar scale of intensity 1 or 100 as depicted in 

Chapter 4 Section 4.3.1.1 Figure 4.6. 

The Cronbach’s alpha, α (or coefficient alpha), developed by Lee Cronbach in 

1951, is a measure of internal consistency or reliability of a set of test or survey 

items, by ensuring that the items are correlated and provide consistent results. It 

is a powerful method utilised for data analysis to indicate the internal consistency 

of a set of measurement scales. 

All toxicity assays were conducted in triplicates (n=3). Data were represented as 

mean ±standard deviation (Stdev.). The significant variance using ANOVA was 

identified at values of **p < 0.01, and ***p < 0.001 as compared to the control 

(untreated cells). The cell viability was measured based on the following equation: 

 The % cell viability = Absorbance of treated cells / Absorbance of controlled cells 

× 100. 
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3.1 Introduction  

Many challenges remain in the synthesis and size tuning of Au NPs, since size 

precision can better ensure successful application of the produced particles. The 

size and properties of synthesised Au NPs also influence their stability and fate. 

A range of synthesis techniques are available, aiming to produce advanced Au 

NPs with exceptional characteristics, particularly for applications in the fields of 

medicine, engineering, physics and even environmental safety.  

Au NPs are well studied due to their stability, inert nature and limited toxicity. In 

this chapter, several techniques for the synthesis and size control of Au NPs 

down to 8 nm were employed. Particles of approximately 8 nm in size strike a 

balance between stability, loading capacity and the capability to evade the 

immune system. The technique of size control was based on monitoring the pH 

of chloroauric acid solution mixture in the presence of potassium carbonate 

(K2CO3) and in combination with trisodium citrate and tannic acid as the reducing 

agents. In addition to the 8 nm, a variety of particle sizes (up to 60 nm) were also 

produced. The larger Au NPs were synthesised using a standard sodium 

carbonate (NaNO3) capping method. The produced particles underwent 

comprehensive characterisation using various analytical techniques, including 

UV-Vis spectrophotometry, Dynamic Light Scattering (DLS), and Transmission 

Electron Microscopy (TEM). The aim of this characterisation was to perform a 

detailed comparison between the ultra-small Au NPs produced using the novel 

synthesis approach developed here, and the Au NPs capped with the standard 

technique involving sodium carbonate. 
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3.2 Results and Discussion  

3.2.1 Particle Size and Size Distribution of Synthesised Au NPs 

The methodology used to produce the particles was described earlier (Chapter 

2, Section 2.3). The results in Table 3.1 shows the nominal size, pH, and the 

capping agents used in the preparation of Au NPs. 

Table 3. 1. Primary synthesis conditions for the gold nanoparticles (Au NPs) 

produced by various capping agents potassium carbonate (K-Au NPs), sodium 

carbonate (Na-Au NPs), tannic acid (TA-Au NPs), trisodium citrate (cit-Au NPs), 

sodium dodecyl sulfate (SDS-Au NPs), and poly (ethylene glycol) (PEG- Au NPs). 

Au NPs Nominal size pH Capping agent 

K-TA-AuNPs  8 nm 10.0 K2CO3 & C76H52O46 

Na-TA-AuNPs 10 nm 8.5 Na2CO3 & C76H52O46 

TA-AuNPs (1.5 mM) 12 nm 6.6 C76H52O46 

TA-cit-AuNPs (0.5 mM) 13 nm 6.6 C76H52O46 & Na3C6H5O7 

TA-AuNPs (0.75) 14 nm 6.0 C76H52O46 

TA-AuNPs (0.5 mM) 15 nm 5.8 C76H52O46 

SDS-AuNPs 16 nm 6.2 NaC₁₂H₂₅SO₄ 

Cit-AuNPs (1 mM) 20 nm 6.0 Na3C6H5O7 

PEG-AuNPs 28 nm 5.6 (C2H4O)n 

Cit-AuNPs (0.8 mM) 40 nm 5.4 Na3C6H5O7 

Cit-AuNPs (0.6 mM) 60 nm 5.2 Na3C6H5O7 
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Nanoparticles prepared using potassium carbonate and sodium carbonate were 

adjusted to sizes of 8.77 ±0.92 nm and 10.68 ±0.68 nm at pH values 10.0 and 

8.5, respectively. In contrast, nanoparticles synthesised under acidic conditions 

exhibited particle sizes of 20.54 ±0.45 nm, 40.59 ±0.83 nm, and 60.67 ±0.71 nm 

at pH values 6.01, 5.4, and 5.2, respectively (Table 3.2). 

This research also involves an examination of how modifying the temperature 

while producing Au NPs can influence the rate at which their size increases. For 

instance, in this study, the impact of temperatures 120°C and 70°C during the 

synthesis of cit-Au NPs (20.54 ±0.45 nm) and TA-Au NPs (10.68 ±0.68 nm), 

respectively, was explored (Chapter 3, Section 3.2.7).  

The particle size distribution of the prepared gold nanoparticles, ranging from 8 

nm to 60 nm, were characterised using DLS, a technique that analyses the 

Brownian motion of nanoparticles in solution (Whitehead et al., 2021). Figure 3.1 

and Table 3.2 illustrate the characterisation of the Au NPs with different sizes. 

The results indicated that all peaks corresponding to the prepared nanoparticles 

exhibit a monodispersed pattern, as evidenced by the low polydispersity index 

(PDI) recorded by DLS (Table 3.2). 

In this study, poly (ethylene glycol) (PEG) was utilised as a capping agent for the 

synthesis of one set of Au NPs (Table 3.1). Previously, Manson et al. 

demonstrated how capping gold nanoparticles with PEG improves their stability 

both in vitro and in vivo (Manson et al., 2011a). Based on the results obtained, it 

becomes evident that PEG-6000, serving as the capping agent, effectively 
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contributes to the production of stable gold nanoparticles with a diameter of 

approximately 28.41 ±0.43 nm (Figure 3.1). 

Additionally, the anionic surfactant sodium dodecyl sulfate (SDS) was utilised to 

control the size and ensure long shelf-life stability of the gold nanoparticles. By 

using SDS as a surfactant to stabilise the nanoparticles' surface, their size was 

effectively controlled to approximately 16.31 ±0.38 nm, as confirmed by DLS 

characterisation. This result aligns with the findings of Cabrera et al. (2017) who 

conducted research on using SDS in a green synthesis method to control the size 

of gold nanoparticles. They observed that the majority of the particle diameters 

were found to be between 16 nm and 22 nm (Cabrera et al., 2017). The use of 

SDS in this study thus corroborates the earlier research regarding size control in 

Au NPs. 

In Figure 3.1, the results clearly demonstrate effective control of the size of gold 

nanoparticles to 16.31 ±0.38 nm with the presence of SDS surfactant. Such 

surfactants are known for their ability to disperse gold nanoparticles and prevent 

their aggregation, thereby enhancing the nanoparticles' shelf life (Morsy, 2014).  

Tannic acid was also employed to control the size of the nanoparticles, and its 

significant role in tuning the size of gold nanoparticles to less than 20 nm is 

depicted in Figure 3.1. At various concentrations 0.5, 0.75 and 1.5 mM, tannic 

acid yielded different sizes of gold nanoparticles at 15.11 ±0.64 nm, 14.35 ±0.75 

nm, and 12.57 ±0.88 nm, respectively. This technique demonstrated that tannic 

acid has the capability to control smaller sizes of gold nanoparticles compared to 

the use of citrate as the reducing agent. This effect is attributed to the presence 
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of hydroxyl groups in tannic acid's chemical structure, as described by Ide & Davis 

(2014). According to the results presented in Figure 3.1, it was observed that 

increasing the concentration of tannic acid as a reducing agent resulted in a 

reduction of nanoparticle size. This phenomenon can be attributed to the 

presence of multiple hydroxyl groups in tannic acid, which react with a constant 

ratio of gold ions in chloroauric acid, thereby accelerating the nucleation process 

and leading to the formation of smaller nanoparticles. 

A study by H. Kim et al. (2016) stated the concentration effect of the reducing 

reagent on synthesis of gold nanoparticles, where an increase in the reducing 

agent concentration resulted in smaller nanoparticle sizes. Additionally, tannic 

acid's antioxidant activity has been suggested as a reason for its ability to tune 

gold nanoparticles to very small sizes (Aromal and Philip, 2012; Gülçin et al., 

2010). The antioxidant properties of tannic acid enable the release of freely 

reactive hydrogen atoms, although the exact mechanism is still not fully 

understood (Ahmad et al., 2010; Ahmad, 2014). The polyphenolic structure of 

tannic acid, comprising hydrophilic and hydrophobic components, contributes to 

its antioxidant action and plays a significant role as a reducing agent in the 

formation of very small gold nanoparticles. 

The size of gold nanoparticles was further tuned to sub-10 nm using a novel 

technique that involved adjusting the pH of a gold solution mixture with potassium 

carbonate (K2CO3) in the presence of tannic acid and trisodium citrate agents. 

The effectiveness of this technique was compared with the use of sodium 

carbonate (Na2CO3) in achieving the synthesis of ultra-small nanoparticles 

through pH control at basic conditions (Figure 3.1). 
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Potassium carbonate and sodium carbonate are salts that contain only one 

carboxylate group, in contrast to trisodium citrate, which contains three 

carboxylate groups. This structural difference makes it easier for biomolecules to 

replace the single carboxylate group in nanoparticles synthesised with potassium 

carbonate, compared to those made with the trisodium citrate agent (Lambros et 

al., 2022). Additionally, gold nanoparticles synthesised with potassium carbonate 

exhibit a strong attachment to molecules with thiol or amine groups, displacing 

carbonate (Woehrle et al., 2005). Moreover, carbonate has been shown to 

provide high loading amounts of conjugation, especially with proteins (Lambros 

et al., 2022). 

Thus, based on the data shown in Figure 3.1, it can be observed that potassium 

carbonate successfully controlled the size of the nanoparticles to 8.77 ±0.928 nm 

diameter by controlling the pH at basic conditions (pH 10.0). Potassium carbonate 

can act as a pH regulator in nanoparticle solutions due to its ability to function as 

a buffering agent. When added to a solution containing nanoparticles, potassium 

carbonate can interact with acids or bases present, helping to maintain a stable 

pH level by resisting significant changes in acidity or alkalinity (Piella et al., 2016). 

The carbonate ions in potassium carbonate can react with acids, reducing the 

increase in acidity, or with bases, curbing excessive alkalinity, thereby assisting 

in stabilising the pH of the nanoparticle solution. Moreover, pH can influence the 

kinetics of the reduction process used to synthesise Au NPs. By adjusting the pH 

using potassium carbonate, the reduction rate can be changed, impacting the 

nucleation and growth of the nanoparticles. This, in turn, can affect the size of the 

Au NPs (Piella et al., 2016). 
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Overall, adjusting the pH of the solution with potassium carbonate indirectly 

affects the reduction kinetics, stability, and surface characteristics of Au NPs. 

These combined factors play a substantial role in governing the nanoparticle size 

during their synthesis. 

 

Figure 3. 1. DLS particles size measurements for synthesised Au NPs. A: 

trisodium citrate gold nanoparticles (Cit-Au NPs) 20 nm, 40 nm, and 60 nm 

prepared at various concentrations 1mM, 0.8mM, and 0.6mM, respectively. B: Au 

NPs capped by sodium dodecyl sulfate 0.38mM at 16 nm. In addition to 28 nm 

size of Au NPs capped with poly (ethylene glycol). C: nanoparticle sizes at 12 nm, 

14 nm, and 15 nm prepared by tannic acid 1.5mM, 0.75mM, and 0.5mM, 

respectively. D; tuned size gold nanoparticles (K-TA-Au NPs) and (Na-TA-

AuNPs) prepared in the presence of potassium carbonate and sodium carbonate, 

respectively, at different concentrations 0.2M and 0.12M. 
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Table 3. 2. Particle sizes, standard deviation, and zeta potential measured using DLS, and UV-vis. 

Synthesised 

Au NPs 

Capping 

agents  

Concentration DLS (nm) STD (d. 

nm) 

UV-Vis 

(λmax) 

DLS (zeta 

potential) 

DLS (PDI) 

K-TA-Au NPs  K2CO3, TA 0.2 M 8.77 nm ±0.92 516 nm -38.1 mV 0.127 

Na-TA-Au NPs Na2CO3, TA 0.12 M 10.68 nm ±0.68 520 nm -21.5 mV 0.214 

TA-Au NPs  TA 1.5 mM 12.57 nm ±0.88 520 nm -10.5 mV 0.381 

TA-cit-Au NPs  TA, Na3citrate 0.5 mM 13.11 nm ±0.44 520 nm -11.8 mV 0.110 

TA-Au NPs  TA 0.75 mM 14.35 nm ±0.75 520 nm -12.5 mV 0.431 

TA-Au NPs  TA 0.5 mM 15.11 nm ±0.64 520 nm -13.2 mV 0.341 

SDS-Au NPs SDS 0.38mM 16.31 nm ±0.38 522 nm -37.1 mV 0.173 

Cit-Au NPs  Na3citrate 1 mM 20.54 nm ±0.45 524 nm -33.1 mV 0.095 

PEG-Au NPs PEG  28.41 nm ±0.43 524 nm -33.6 mV 0.270 

Cit-Au NPs  Na3citrate 0.8 mM 40.59 nm ±0.83 532 nm -34.8 mV 0.219 

Cit-Au NPs  Na3citrate 0.6 mM 60.67 nm ±0.71 538 nm -33.8 mV 0.310 
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3.2.2 Zeta Potential in Stability Studies of Au NPs 

Zeta potential measurements are important in determining the stability of 

nanoparticles by providing a measure of the charge surrounding the surface of 

colloidal nanoparticles (Xu, 2008). While various techniques can be used for the 

synthesis of gold nanoparticles, there is a likelihood that the synthesised 

nanoparticles may be somewhat unstable or have a short shelf life. Suspended 

Au NPs with high surface charge are expected to repel one another, leading to 

stabilised nanoparticles with a long-term shelf life (Vijayakumar, 2014). It has 

been reported that the optimal zeta potential value for a stable nanoparticle 

suspension falls outside the range of -10 mV to +10 mV (Xu, 2008). 

Herein, the zeta potential for the synthesised Au NPs involving, cit-Au NPs, PEG-

Au NPs, SDS-Au NPs, TA-Au NPs, K-TA-A uNPs and Na-TA-Au NPs was 

determined. Each form of synthesised Au NPs was measured six times, the 

mean, standard deviation, and variance were statistically indicated and 

introduced in Appendix 1. Notably, in Figure 3.2, the gold nanoparticles 

synthesised with tannic acid gold nanoparticles (TA-Au NPs), showed the highest 

zeta potential (or low negative surface charge) value at -11.45 ±0.34 mV, followed 

by sodium carbonate (Na-TA-Au NPs), having a size of 10.68 ±0.68 nm, exhibited 

zeta potential value of -21.58 ±0.13 mV compared to the other nanoparticles. In 

contrast, the gold nanoparticles synthesised with potassium carbonate (K-TA-

AuNPs), with a size of 8.77 ± 0.92 nm, displayed the lowest zeta potential (or 

highly negative surface charge) value of -38.33 ±0.28 mV. Additionally, both 
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PEG-AuNPs and cit-Au NPs displayed zeta potential at close values -33.81 ±0.35 

mV and -33.64 ±0.22 mV, respectively. 

 

 

Figure 3. 2. Zeta potential measured by Dynamic Light Scattering (DLS) for the 

synthesised gold nanoparticles, including Na-TA-Au NPs, cit-Au NPs, PEG-Au 

NPs, SDS-Au NPs, K-TA-Au NPs, and TA-Au NPs. Results were compared to 

the tuned size of nanoparticles K-TA-Au NPs with 8 nm size. The observed 

differences in zeta potential of prepared Au NPs represented as means ± 

standard deviation (SD) of six independent experiments. Bars with a symbol (*) 

show statistical differences (** p < 0.05, and *** p < 0.001) compared with the 

tuned size nanoparticles K-TA-Au NPs. 

 

were found to statistically significant. 
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3.2.3 Shifts in Surface Plasmon Resonance at Maximum Wavelength 

The surface plasmon resonance (SPR) phenomenon involves the interaction 

between the electric fields of electromagnetic waves, such as visible light, and 

the collective oscillation of electrons at the surface of gold nanoparticles (X. 

Huang & El-Sayed, 2010; Jain et al., 2008). The gold nanoparticles synthesised 

using various techniques, had their SPR absorption peaks determined, using a 

UV-Vis spectrophotometer. The results showed significant shifts resulting from 

size differences (Figure 3.3). The SPR absorption peaks for Au NPs prepared 

using potassium carbonate (K-TA-Au NPs), sodium carbonate (Na-TA-Au NPs), 

tannic acid (TA-Au NPs), trisodium citrate (cit-Au NPs), and polyethylene glycol 

(PEG-Au NPs) with particle sizes of 8.77 ±0.928 nm, 10.68 ±0.68 nm, 15.11 ±0.64 

nm, 20.54 ±0.45 nm, and 28.41 ±0.43 nm were detected at maximum 

wavelengths of 516 nm, 520 nm, 520 nm, 524 nm, and 524 nm, respectively. 

Furthermore, the cit-Au NPs with larger sizes of 40.59 ±0.83 nm and 60.67 ±0.71 

nm exhibited a significant shift in the SPR absorption peaks towards maximum 

wavelengths of 532 nm and 538 nm, respectively, as showed in Figure 3.3. 

 

 

 

 

 0

0.05

0.1

0.15

0.2

0.25

0.3

300 400 500 600 700 800

A
b

so
rb

an
ce

 (
a.

u
.)

Wavelength (nm)

K-TA-AuNPs  8 nm @ 516 nm

Na-TA-AuNPs 10 nm @ 520 nm

TA-AuNPs (0.5 mM) 15 nm @ 520 nm

PEG-AuNPs 28 nm @ 524 nm

cit-AuNPs (0.6mM) 20 nm @ 524 nm

cit-AuNPs (0.8 mM) 40 nm @ 532 nm

cit-AuNPs (1 mM) 60 nm @ 538 nm



   

 

83 
 

 

3.2.4 Morphological Transformation of Au NPs 

As described earlier, gold nanoparticles were synthesised using different 

methods, including potassium carbonate (K-TA-AuNPs), sodium carbonate (Na-

TA-AuNPs), tannic acid (TA-AuNPs), and trisodium citrate (cit-AuNPs) to control 

particle nucleation and/or act as capping agent. Figure 3.4 presents TEM images 

that offer detailed visualisation of the nanoparticles' morphology. The TEM 

images illustrate that gold nanoparticles tuned to a size of 8.77 ±0.928 nm 

possess a well-defined, homogenous, and spherical shape. These nanoparticles 

are evenly dispersed in the solution without any signs of aggregation, as depicted 

in Figure 3.4a. Conversely, gold nanoparticles tuned to a size of 10.68 ±0.68 nm 

using sodium carbonate in the presence of a combination of tannic acid and 

trisodium citrate reagents display significant clusters of nanoparticles (Figure 

3.4b). 

The size control of gold nanoparticles, whether achieved using tannic acid alone 

or in combination with trisodium citrate, was investigated through microscopic 

analysis. TA-AuNPs (15.11 ±0.64 nm) exhibited a characteristic linear chain and 

spherical shape, as shown in Figure 3.4c. Similarly, gold nanoparticles prepared 

using a combination of both tannic acid and sodium citrate reagents at various 

concentration ratios were also examined through TEM imaging. These 

nanoparticles displayed a variety of linear chains connected to each other, 

 Figure 3. 3. Surface plasmon resonance peaks for the synthesised Au NPs 

determined through UV-Vis spectrophotometry. Larger nanoparticles exhibit a 

high maximum wavelength, contrasting with the smaller nanoparticles. 
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influenced by the steric forces acting on the nanoparticle surfaces, as depicted in 

Figure 3.4d. Notably, the TEM images in Figure 3.4d & 3.4e demonstrated that 

these nanoparticles are well-monodispersed in the colloidal solution and can be 

identified as non-aggregated gold nanoparticles with specific sizes illustrated in 

Chapter 3 Table 3.1. Lastly, the gold nanoparticles prepared using the citrate 

reduction technique displayed monodispersity with homogeneous size and 

spherical shape of 20 nm (Figure 3.4f). 
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Additionally, TEM imaging was conducted for the nanoparticles prepared using 

several surfactants, including polyethylene glycol (PEG), polyvinyl pyrrolidone 

(PVP), sodium dodecyl sulfate (SDS), and ascorbic acid (AA) (Figure 3.5). The 

electron microscopic images illustrate the effect of using different agents on the 

morphology of the prepared nanoparticles. For instance, PEG-gold nanoparticles 

exhibit a narrow size distribution and do not aggregate (Figure 3.5a). When PEG 

Figure 3. 4. TEM images at different scale bars (200 and 500 nm), showing the 

morphology and homogeneity of the following prepared gold nanoparticles: a) 

potassium carbonate, b) sodium carbonate, c) tannic acid (alone), d & e) tannic 

acid & trisodium citrate (in combination), and f) trisodium citrate (alone). 
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molecules are coated onto the surface of gold nanoparticles, they form a 

protective layer around the particles. The long, flexible PEG chains create a steric 

barrier that prevents particles from coming into close contact and aggregating. 

This steric hindrance inhibits the attractive van der Waals forces that typically 

lead to aggregation (Suk et al., 2016). In the case of SDS-gold nanoparticles, it 

is evident that these nanoparticles appear in an aggregated form, forming clusters 

(highlighted with a red circle, Figure 3.5b).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 5. Transmission electron microscopic images at nanoscale bar 500nm, 

showing gold nanoparticles: a) PEG-gold nanoparticles, and b) sodium dodecyl 

sulfate (SDS-Au NPs). The red circle shows the aggregation of SDS-AuNPs. 
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Gold nanoparticles prepared using polyvinyl pyrrolidone were observed in various 

non-spherical shapes, such as triangles, pentagons, and hexagons as indicated 

by red arrows in Figure 3.6a. Conversely, gold nanoparticles synthesised using 

ascorbic acid (AA) were found to be well-defined, monodispersed particles with 

a uniform size distribution, as observed through TEM imaging (Figure 3.6b).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6. TEM images for a variety of gold nanoparticles: a) polyvinyl 

pyrrolidone (PVP-Au NPs), and b) ascorbic acid gold nanoparticles (AA-Au NPs) 

with different sizes at nanoscale bar 500 nm. 
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3.2.5 Analysis of Functional Groups for Identifying Functionalised Au NPs 

Fourier Transform Infrared Spectroscopy (FTIR) is a valuable analytical method 

was employed to characterise and analyse functionalised gold nanoparticles. In 

Figure 3.7, the FTIR spectra of the trisodium citrate (standard) and the produced 

cit-Au NPs nanoparticles have been illustrated, highlighting the main peaks. The 

bands at 1390 cm-1 and 1571 cm-1 are corresponding to the presence of 

asymmetric and symmetric carbonyl group (C=O) stretch of carboxylate ion in the 

structure of trisodium citrate after reduction and formation of gold nanoparticles, 

respectively (Ingole et al., 2010; Hu et al., 2012). 

The small band at 1241 cm-1 more likely relates to the presence of C-O group of 

trisodium citrate (Figure 3.7). Whereas the bands at 2924 cm-1 and 3300 cm-1  

correspond to the C-H and O-H stretch, respectively, which indicates effective 

capping of gold nanoparticles with trisodium citrate (Ingole et al., 2010; Hu et al., 

2012). Another effect concerning trisodium citrate-capped nanoparticles is the 

noticeable shift of the C-O stretch towards lower wavenumbers, specifically at 

1241 cm-1, accompanied by a peak of very low intensity, as illustrated in Figure 

3.7. 
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For gold nanoparticles produced using PEG compound, the peak at 1711 cm-1 is 

a distinctive feature indicating the formation of PEG-gold nanoparticles. This peak 

arises due to the formation of an ester group through the attachment of the 

carboxylate group of trisodium citrate to the end chain of polyethylene glycol, 

resulting in the formation of gold nanoparticles coated with PEG on the surface 

(Manson et al., 2011). Notably, in the FTIR spectra of standard PEG, this specific 

band is not present, as shown in Figure 3.8. In contrast, the bands observed at 

2850 cm-1 and 2919 cm-1 in the FTIR spectra of PEG-AuNPs correspond to the 

C-H stretching vibrations in the formulated PEG- AuNPs. Similar bands are also 

present in the FTIR spectra of the standard PEG (blue line in Figure 3.8), 

indicating the presence of C-H stretching in the PEG compound itself. 

 

 

Figure 3. 7. FTIR spectra illustrating the main peaks for both standard trisodium 

citrate (green) and cit-AuNPs (red). 
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Finally, gold nanoparticles were synthesised, and their surface was capped with 

tannic acid (TA). The main peaks observed for TA-gold nanoparticles, as shown 

in Figure 3.9 are located at 3205 cm-1, 2914 cm-1, 2851 cm-1, 1562 cm-1 and 1386 

cm-1. These peaks correspond to characteristic vibrations of functional groups 

present in the tannic acid coating. Notably, the fingerprint region of the FTIR 

spectrum for the TA-gold nanoparticles is entirely distinct from that of the 

standard tannic acid. 

The band at 3205 cm-1 is clearly attributed to the O-H stretching vibration present 

in both tannic acid (standard) and TA-gold nanoparticles (TA-AuNPs) due to the 

presence of multiple hydroxyl groups in their chemical structure. Furthermore, the 

bands observed at 2914 cm-1 and 2851 cm-1 are distinctive and indicative of the 

Figure 3. 8. chemical functional groups for both standard polyethylene glycol 

(blue) and PEG-gold nanoparticles (orange) investigated by FTIR. The ester 

group exhibited at the wavenumber 1711 cm -1 belongs to the PEG-AuNPs. 
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presence of C-H stretching vibrations in TA-AuNPs, as shown in Figure 3.9. The 

vibration band associated with the hydroxyl group (OH) is characterised by a 

broad and intense peak observed in the region of approximately 3200 cm-1 to 

3600 cm-1 in the FTIR spectrum. This specific spectral range is commonly known 

as the "hydroxyl stretching region" and indicates the stretching vibration of the O-

H bond in molecules containing hydroxyl groups (Filopoulou et al., 2021). 

The band at 1562 cm-1 is typically associated with the presence of carboxylate (-

COO-) stretching in that region, indicating the oxidation of polyphenol groups in 

tannic acid during the gold reduction process. This observation confirms the 

formation of gold nanoparticles capped with tannic acid. Additionally, the 

stretching peak appearing at 1386 cm-1 can also be attributed to the presence of 

the (-CH2) group, further supporting the evidence of tannic acid capping on the 

surface of gold nanoparticles (Figure 3.9).  

 

 

 

 

 

 

 

 

Figure 3. 9. FTIR spectra highlights the functional groups present in both 

standard tannic acid (green) and the prepared tannic acid-gold nanoparticles 

(purple). 
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In conclusion, FTIR is a reliable technique that can be used for identifying the 

chemical structure of molecules by determining the functional groups present in 

specific regions of the IR spectra. The technique has some limitations for 

characterising Au NPs involving, the sample to be in a solid or liquid form. 

Additionally, gold nanoparticles have a relatively low dipole moment, and their IR 

absorption bands can be weak or absent in the FTIR spectrum. This makes it 

challenging to directly identify Au NPs solely based on FTIR (Kamnev, 2013; 

Proniewicz et al., 2021). 

3.2.6 Quantification of adsorbed molecules onto Gold Nanoparticle Surface 

Thermogravimetric analysis (TGA) is a thermal analysis method that measures 

the change in weight of a sample as a function of temperature. When applied to 

the study of adsorbed ions on gold nanoparticles, it can provide information about 

the amount and thermal stability of the adsorbate species. Two different types of 

gold nanoparticles including, cit-AuNPs (20.54 ±0.45 nm) and TA-AuNPs (15.11 

±0.64 nm) were characterised using TGA to quantify the amount of surrounding 

agent loss from the surface of gold nanoparticles. The weight loss of citrate 

anions was firstly measured.  Previous studies have shown that trisodium citrate 

can form strong bonds with the gold surface through its central carboxylate group 

(Bajaj et al., 2020). Therefore, by characterising and quantifying the citrate ions 

adsorbed onto the gold nanoparticle surface using TGA, it was observed that the 

citrate decomposed with a mass loss of approximately 0.78 mg (> 90%) when 

subjected to controlled temperature for 50 minutes, as illustrated in Figure 3.10. 
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Tannic acid gold nanoparticles (TA-AuNPs) were prepared at smaller sizes 

ranging from 10 nm to 16 nm at various concentrations. The TA-capped gold 

nanoparticles synthesised using a 0.5 mM tannic acid reducing agent were 

analysed using the thermogravimetric analyser with a heating rate of 10°C/ min 

up to 1000°C. Based on the TGA results shown in Figure 3.10, it is evident that 

the weight loss commenced within the first twenty minutes, followed by complete 

decomposition at approximately 25 minutes of the sample run. Notably, the curve 

of the TGA results for TA-AuNPs started to fluctuate after about 30 minutes of the 

sample run. This could indicate that there are multiple thermal events occurring 

during the analysis. Each event is associated with specific weight changes in the 

sample, which are likely caused by different processes taking place at different 

temperature ranges. The fluctuation of the TGA analysis curve may also occur 

due to weight loss caused by the evaporation of solvent or removal of surfactants 

or capping agents (Bajaj et al., 2020). 

In conclusion, as described by Chairam et al. (2017), the first stage of weight loss 

after about 10 minutes usually involves the release of absorbed water. This is 

followed by a significant weight loss between 20 and 100 minutes. Additionally, 

tannic acid was completely decomposed after 25 minutes. 
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3.2.7 Effect of Temperature on Size Growth of Au NPs During the Reaction 

This study refers to investigating how changing the temperature during the 

synthesis of Au NPs may impact on the size growth rate. For example, herein, 

the effect of temperature 120°C and 70°C during the synthesis of cit-Au NPs and 

TA-Au NPs, respectively was studied. From Figure 3.11, tannic acid-gold 

nanoparticles (TA-Au NPs) showed an increase in size for up to 16 nm over time 

of 140 minutes at 70°C. Whereas the cit-AuNPs observed with fast growth rate 

approximately 60 nm at 120°C within 100 minutes. This variation in the size 

growth rate was statistically determined using one-way ANOVA at 37.5% and 

71.6% for the TA-Au NPs and cit-Au NPs, respectively (Figure3.11). 

Figure 3. 10. Thermogravimetric analysis (TGA) employed for the quantification of 

citrate and tannic acid ions on the surfaces of gold nanoparticles (AuNPs), 

illustrating the distinct profiles for citrate-gold nanoparticles (cit-AuNPs) and tannic 

acid-gold nanoparticles (TA-AuNPs). 
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3.2.8 The Influence of pH on the Size of the Synthesised Au NPs 

Through the process of gold nanoparticles synthesis, the pH value has been 

effectively monitored to control size. Herein, during size control to sub-10 nm, it 

was found that the size decreases by monitoring the pH value at basic conditions. 

The size decreased to very small nanoparticles 8 nm at pH 10.0 (Figure 3.12). 

The pH of the reaction solution is monitored and carefully controlled during the 

synthesis in the range of pH 8.0 and 10.0.  

At basic conditions, the pH (8.0-10.0) influences the reduction rate of gold ions 

and the interaction between the gold species and stabilising agents present in 

the solution (e.g., trisodium citrate). By altering the pH, the rates of nucleation 

Figure 3. 11. Monitoring the size growth rates of tannic acid-gold nanoparticles 

(TA-AuNPs) at 70°C (left) and trisodium citrate-gold nanoparticles (cit-AuNPs) at 

120°C (right) during the synthesis. A comparative analysis shows that TA-AuNPs 

exhibit a slower growth rate of 37.5%, while cit-AuNPs demonstrate a higher 

growth rate of 71.6%. This variation in the size growth rate was statistically 

determined using one-way ANOVA. 
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and growth were controlled, influencing the final size and morphology of the Au 

NPs (Jayalakshmi et al., 2014; Marciniak et al., 2020). In Figure 3.12, results 

show the size for the nanoparticles prepared by potassium carbonate and sodium 

carbonate was controlled to 8.77 ±0.92 nm and 10.68 ±0.68 nm at pH values 10.0 

and 8.5, respectively. In contrast to those nanoparticles synthesised at acidic 

conditions with particle sizes of 20.54 ±0.45 nm, 40.59 ±0.83 nm and 60.67 ±0.71 

nm at pH values 6.01, 5.4 and 5.2, respectively. This variation was significantly 

different at determined *P <0.05 and ***P < 0.001. 

 

 

 

Figure 3. 12. Investigating the pH variation and its impact on size control for 

various types of gold nanoparticles (AuNPs) including K-TA-Au NPs, Na-TA-Au 

NPs, TA-AuNPs, SDS-AuNPs, and PEG-AuNPs, and cit-AuNPs. The observed 

differences were found to be statistically significant at *P <0.05 and ***P <0.001. 
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3.2.9 How Coatings Affect the Size of Gold Nanoparticles 

Excipients are inactive substances added to formulated drugs, providing 

protection, stability, enhanced bioavailability, and improved patient compliance 

(Chaudhari & Patil, 2012). Their application by pharmaceutical manufacturers in 

drug formulation is considered integral to the drug manufacturing process, given 

their ability to enhance drug efficacy and patient acceptability (Chaudhari & Patil, 

2012). Herein, the effect of several types of coatings including sodium dodecyl 

sulfate (SDS), trisodium citrate, polyethylene glycol (PEG), polyvinyl pyrrolidone 

(PVP), ascorbic acid (AA) and starch was studied. These substances are aiding 

to provide stability by prevention of nanoparticle aggregation over the expected 

shelf-life. Characterisation was employed by dynamic light scattering (DLS) to 

measure the particles size and size distribution (Figure 5.4). 

As known that both PEG and PVP are considered as polymers with high 

molecular weight. Therefore, by their attachments to the surface of gold 

nanoparticles, the size will increase. Additionally, the application of starch as 

coating agent on gold nanoparticles results a significant size increase compared 

to polyethylene glycol and polyvinyl pyrrolidone as demonstrated in Figure 5.4. 

This difference can be attributed to the higher molecular weight of starch, which 

is classified as a polysaccharide composed of ten to thousands of 

monosaccharide molecules linked together by glycoside linkages (Castro et al., 

2005; Tester et al., 2004).  
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3.3 Conclusion  

This chapter explores various techniques utilised for the synthesis of gold 

nanoparticles with sizes ranging from 8 nm to 60 nm. The study employed 

different variations involving pH, temperature, concentration and reducing agents 

to achieve size control, particularly aiming for sub-10 nm diameters. The obtained 

results showed that the 20.54 ±0.45 nm trisodium citrate-gold nanoparticles (cit-

Au NPs) exhibited the most stability in the colloidal solution. Their morphology 

was investigated using electron microscopy, showing a monodispersed 

nanoparticles and homogeneous spherical shape. 

Figure 5. 1. DLS measurements investigating the impact of various coatings, 

including sodium dodecyl sulfate (SDS), trisodium citrate, polyethylene glycol 

(PEG), polyvinyl pyrrolidone (PVP), ascorbic acid (AA), and starch, on the sizes 

of gold nanoparticles. 
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Additionally, the results indicated that the surface charge plays a significant role 

in size control of nanoparticles in the presence of trisodium citrate at a high 

temperature of 150˚C. For example, the anionic surfactant called sodium dodecyl 

sulfate (SDS) showed size control for gold nanoparticles at 16.31 ±0.38 nm in 

diameter. 

Finally, uniform gold nanoparticles with a narrow particle size distribution were 

prepared based on monitoring the pH at basic conditions. Notably, the pH 

variation was found to have a significant effect on controlling the size of 

nanoparticles to around 8 nm in diameter.



   

 

 
 

 

 

 

 

 

 

 

Chapter (4): Strategies for 

Functionalisation of Au NPs, 

Drug Conjugation and 

Encapsulation 
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4.1 Introduction 

This chapter focuses on the three key steps involved in the development of drug 

delivery using Au NPs: functionalisation of Au NPs, drug conjugation, and drug 

encapsulation. Herein, three types of gold nanoparticles PEG-Au NPs, TA-Au 

NPs, and cit-Au NPs were selected for functionalisation with MUDA. The choice 

was based on the stability and biocompatibility conditions of the prepared Au NPs 

measured and showed in Chapter 3, sections 3.2.7 and 3.2.8, 

The first step is the functionalisation of Au NPs carried out by binding the thiol 

group in MUDA to the surface of PEG-Au NPs, TA-Au NPs, and cit-Au NPs. The 

trisodium citrate molecules on the gold nanoparticle surface can be readily 

displaced by other molecules with a stronger affinity for the gold surface through 

a nucleophilic attack by thiol groups (Bürgi, 2015).  

The functionalisation process involved the formation of Au-S bond between the 

gold atoms of the synthesised gold nanoparticles and thiol groups in the MUDA 

molecule. MUDA has a unique property and plays a significant role in the stability 

of gold nanoparticles (Laaksonen et al., 2006). Following this, the research 

presented in this chapter focused around the development of a novel conjugation 

technique for two types of medicines: amantadine (AMTD), used for the treatment 

of Parkinson's disease (PD), and remdesivir (REM), utilised for RNA viral 

infections. This conjugation technique involves the formation of an amide bond 

by adding a water-soluble carbodiimide cross-linker known as 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), in the presence of N-

hydroxysuccinimide (NHS). Furthermore, the process of encapsulating the 
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amantadine drug within PLGA polymeric nanoparticles has been 

comprehensively examined and presented in this chapter. 

4.2 Functionalisation of Au NPs with Thiol-Containing Compounds 

Gold nanoparticles are functionalised with thiol-containing compounds to 

enhance their stability and biocompatibility. This functionalisation enables reliable 

conjugation with drug molecules, leading to improved bioavailability 

(Vedhanayagam et al., 2022). 

11-mercaptoundecanoic acid (MUDA), a thiol-containing compound was 

employed for functionalising different forms of gold nanoparticles: cit-Au NPs, 

PEG-Au NPs and TA-Au NPs. The application of MUDA in the functionalisation 

of Au NPs provides exceptional stability to the synthesised nanoparticles. The 

functionalisation process mainly involved mixing the synthesised gold 

nanoparticles with MUDA dissolved in absolute ethanol. The choice of solvent 

was based on the high solubility of thiol compounds in organic solvents compared 

to the aqueous solutions (Howard, 1996). 

4.2.1 Results and Discussion  

The particle size and size distribution of the three forms of the synthesised gold 

nanoparticle involving, cit-Au NPs, PEG-Au NPs and TA-Au NPs were measured.  

As can be seen in Figure 4.1, after functionalisation with MUDA, the sizes 

increased to 78 nm, 60 nm and 165 nm. This increase in size can be attributed 

to the formation of strong Au-S bonds resulting from the attachment of thiol 

groups to the surface of Au NPs. The size increase for the MUDA-cit-AuNPs can 

be attributed to the interaction between the citrate ions surrounding the gold 
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nanoparticles and the thiol group in the MUDA molecule. The thiol group 

displaces the citrate ligands through a nucleophilic attack. Thiol groups are known 

to have a strong affinity for the surface of Au NPs leading to the formation of Au-

S strong bonds (Gao et al., 2012). 

In case of polyethylene glycol-gold nanoparticles (MUDA-PEG-AuNPs), the size 

change was observed after MUDA modification, by increasing from 30 nm to 

approximately 60 nm, with a PDI of 0.270 (Figure 4.1). This indicated the 

formation of PEG-MUDA on the surface of Au NPs. The PEG-MUDA provides 

excellent chemical stabilisation for the gold nanoparticles. The displacement of 

PEG ligands from the surface of the gold nanoparticles with a thiol-containing 

carboxyl monolayer remains challenging, and the mechanism behind this, still not 

fully understood (Heuer-Jungemann et al., 2019).  

TA-Au NPs were also functionalised with MUDA. According to the DLS data 

presented in Figure 4.1, the modified MUDA-TA-Au NPs exhibited the largest 

particle size approximately 165 nm. This phenomenon was explained by 

Mazloomi‐Rezvani et al. (2018), who proposed that the interaction between the 

hydroxyl groups in tannic acid and the thiol groups in MUDA leads to the 

formation of aggregated nanoparticles due to the reduction in repulsive forces 

between the surfaces of the nanoparticles. 
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The optical properties of modified gold nanoparticles were characterised using 

UV-Vis spectroscopy. The position and intensity of the LSPR peaks are 

influenced by the size, shape and surface chemistry of the gold nanoparticles. 

After functionalisation with MUDA, the LSPR peak position and intensity 

changed, indicating alterations in the nanoparticle's optical properties (Figure 

4.2). This involves the LSPR peak position shifted to a specific wavelength at 578 

nm, 572 nm and 566 nm for MUDA-TA-Au NPs, MUDA-cit-Au NPs and MUDA-

PEG-Au NPs, respectively. In a study conducted by S. Peng et al. (2010), it was 

observed that the shift in the LSPR peaks occurred along with noticeable 

Figure 4. 1. DLS (Dynamic Light Scattering) technique was employed to measure 

the particle sizes of three types of functionalised gold nanoparticles, each 

containing 11-mercaptoundecanoic acid (MUDA) thiol-based compounds: -

MUDA-cit-Au NPs, MUDA-TA-Au NPs, and MUDA-PEG-Au NPs. 
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broadening of the peaks at maximum wavelengths for all prepared gold 

nanoparticles. This broadening phenomenon was attributed to the increase in 

nanoparticle size or aggregation effects.  

 

 

 

 

 

 

The morphology of the synthesised gold nanoparticles, PEG-Au NPs, cit-Au NPs, 

and TA-Au NPs, along with their functionalisation by carboxylic acid group, were 

investigated using transmission TEM (Figure 4.3). The synthesised 

nanoparticles made by citrate, tannic acid, and polyethylene glycol reduction are 

all well-distributed and stable in the colloidal solution. This is attributed to the 

electrostatic repulsion between nanoparticles in the colloidal solution, as 

discussed in the investigation and assessment of the physicochemical properties 

of gold nanoparticles in Chapter 5. For cit-Au NPs, significant changes in particle 

size and size distribution were observed, with moderate aggregation as indicated 

Figure 4. 2. Localised Surface Plasmon Resonance (LSPR) peak shift for the 

modified Au NPs: citrate-gold nanoparticles, polyethylene glycol-gold 

nanoparticles and tannic acid-gold nanoparticles exhibited at specific 

wavelengths 572 nm, 566 nm and 578 nm, respectively. 
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by the red circle in Figure 4.3d. After functionalisation with MUDA, the MUDA-

PEG-AuNPs exhibited aggregation, noticeable in Figure 4.3e where certain 

nanoparticles, marked by red arrows, appeared to aggregate. This behaviour 

could potentially be attributed to the interaction between the hydroxyl group within 

PEG's chemical structure and the thiol groups present in MUDA. Despite the 

similarity in characteristics between thiol and hydroxyl groups (Reusch, 1999), 

the reduction in electrostatic repulsion between these groups might contribute to 

the observed aggregation effect, as illustrated in Figures 4.3e and 4.3f. 

FTIR was also applied to study the chemical structure of the synthesised and 

MUDA-modified gold nanoparticles by identifying their chemical functional 

groups. First, MUDA (standard) and MUDA-citrate-gold nanoparticles (MUDA-cit-

AuNPs) were investigated as illustrated in Figure 4.4. From the FTIR spectra of  
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MUDA-cit-AuNPs, the carboxylate group in the citrate reagent is mainly 

characterised by two different C=O bands; the first can be seen in the region 

between 1510 cm-1 and 1650 cm-1 for the asymmetrical vibration and 1280-1400 

Figure 4. 3 TEM images for synthesised gold nanoparticles (left): (a) cit-Au NPs, 

(b) PEG-Au NPs, and (c) TA-Au NPs, in addition to the functionalised gold 

nanoparticles (right): (d) MUDA-cit-Au NPs, (e) MUDA-PEG-Au NPs, and (f) 

MUDA-TA-Au NPs. These images conducted at nanoscale bars 200 nm and 500 

nm. 
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cm-1 for the symmetrical vibration. The FTIR spectra for MUDA-cit-AuNPs in 

Figure 4.4 shows that only one strong band appears at wavenumber 1696 cm-1, 

which roughly belongs to the ester group (RCOOR′) (Smith, 2018). Whereas the 

two bands appearing at 2852 cm-1 and 2921 cm-1 are relatively representative of 

the (-CH) stretching in the MUDA. Thus, the absence of symmetrical and 

asymmetrical vibrations in the FTIR spectra and the presence of the carboxyl (-

COOH) and ester (-COO) groups in addition to the (-CH) stretching confirm the 

successful binding of MUDA to the citrate-gold nanoparticles as demonstrated by 

Maréchal (1987). Furthermore, the absence of thiol groups in the functionalised 

form (MUDA-cit-AuNPs) is compared to their presence in the MUDA spectra at 

2541 cm-1 as a result of their interaction with the gold atom to form a gold-sulfur 

bond. This would also confirm that the citrate on gold nanoparticles is displaced 

with MUDA molecules during the functionalisation process. However, in some 

cases, band positions of ligands attached to nanoparticles can be found at 

different wavenumbers due to interactions, or structural changes that occur 

during the functionalisation process (Araújo-Neto et al., 2014). 
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For MUDA modified polyethylene glycol (MUDA-PEG-Au NPs), it is known that 

the polyethylene glycol structure consists of a hydroxyl group (OH), which can be 

simply indicated by FTIR with a single broad band at wavenumbers between 3230 

cm-1 and 3550 cm-1 (Maréchal, 1987). In addition, the hydroxyl group for both 

forms of the synthesised PEG-gold nanoparticles and the modified MUDA-PEG-

AuNPs appeared at wavenumbers between 3040 cm-1 and 3622 cm-1 as shown 

in Figure 4.5. This confirms the functionalisation process of PEG gold 

nanoparticles with the MUDA molecule. Nonetheless, bands at 2883 cm-1 and 

1557 cm-1 represent the (-CH) stretching in the PEG standard, whereas the bands 

at 2923 cm-1 and 2883 cm-1 indicate the presence of (-CH) stretching at the 

MUDA modified gold nanoparticles (Figure 4.5). However, the single strong band 

at 1114 cm-1 has been suggested by Shameli et al. (2012) to be for the detection 

Figure 4. 4. FTIR spectra for the standard MUDA and MUDA-functionalised gold 

nanoparticles (MUDA-cit-Au NPs). The green line double arrow depicts the broad 

band for the carboxylic acid group in MUDA-functionalised Au NPs covering the 

region from 2500 cm-1 to 3500 cm-1. 
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of the (C—O-H) and (-OH) stretching presence in the FTIR for polyethylene 

glycol. This was also investigated by Venkatasubbu et al. (2013), when they 

conjugate PEG to TiO2 nanoparticles. Therefore, after MUDA functionalisation of 

PEG-coated gold nanoparticles, some changes in the FTIR spectra have been 

observed. It was noticed that various band positions shifted to the maximum 

wavenumber. For instance, two (-CH) stretching bands were detected at 2883 

cm-1 and 2923cm-1. Moreover, the single strong stretch at 1114 cm-1 for the 

standard PEG molecule has disappeared after MUDA functionalisation of the 

nanoparticles (Figure 4.5). Thus, this FTIR characterisation can show the binding 

mechanism between MUDA and PEG-gold nanoparticles. 

 

  

 

 

 

 

 

 

 

 

4.2.2 Quantification of MUDA Content Bound to Gold Nanoparticles 

The amount of the MUDA attached to the surface of gold nanoparticles can be 

quantified in different ways. For example, in a study conducted by Joshi et al. 

Figure 4. 5. FTIR spectra shows the main functional groups detected in the IR 

region for both synthesised PEG-AuNPs and MUDA modified gold 

nanoparticles. 
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(2011) for chloroquine drug bound to gold nanoparticles, the following equation 

was used: 

OD =
[(A − B)]

A
 × 100 

 

Where, OD is the optical density, A is the absorbance of the ligand molecule 

before attaching to Au NPs, and B is the absorbance of the ligand in the 

supernatant. 

This experiment was performed in triplicates by measuring the % MUDA loaded 

onto gold nanoparticle surface to each form of modified gold nanoparticles 

involving, MUDA-PEG-AuNPs, MUDA-cit-AuNPs and MUDA-TA-AuNPs and at 

concentration of MUDA (10 mM). As shown in Table 4.1, the surface of PEG-Au 

NPs was approximately covered by the largest amount of MUDA (64.31 ±1.6%), 

followed by TA-Au NPs (61.6 ±2%) and cit-Au NPs (53.9 ±0.7%). Hence, cit-Au 

NPs were observed to have the least amount of MUDA coverage on the 

nanoparticle surface. 

Table 4. 1: % Loaded amount of MUDA molecule onto the surface of cit-Au NPs, 

PEG-Au NPs and TA-Au NPs 

 

MUDA 

(10 mM) 

SD 

(%) 

MUDA-PEG-Au NPs 64.3% ±1.6% 

MUDA-cit-Au NPs 53.9% ±0.7% 

MUDA-TA-Au NPs 61.6% ±2% 

  



   

 

112 
 

4.3 Drug Conjugation onto Gold Nanoparticles 

4.3.1 Results and Discussion 

4.3.1.1 Conjugation of Amantadine to Gold Nanoparticles 

The conjugation process described here is based on a simple and cost-effective 

technique using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) and N-hydroxysuccinimide (NHS) coupling reagents. Certain modifications 

to parameters such as pH, temperature and buffer solution were crucial for the 

success of the conjugation system. For instance, some medicines exhibit 

physiological activity in their deprotonated form at pH 8.5, which decreases as 

the pH becomes more acidic. This highlights the significance of pH in drug 

development and formulation, as the membrane permeability of deprotonated 

forms is higher compared to protonated ones (Chua et al., 2017; Pellegrini et al., 

2014). 

In this study, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, commonly 

known as HEPES buffer solution, was used in all experimental work involving the 

conjugation of amantadine (AMTD) drug to gold nanoparticles. HEPES is a widely 

utilised zwitterionic or dipolar ion buffering agent in laboratory research due to its 

ability to maintain physiological pH unlike changes that may occur in other 

bicarbonate buffers (Inam et al., 2022). After the conjugation process (Chapter 2 

Section 2.3.4), the particle size and size distribution of amantadine conjugated to 

gold nanoparticles (AMTD/AuNPs) were measured using the ZetaSizer® DLS 

instrument. As shown in Figure 4.6, particle size has increased from 50 ±0.98 

nm to approximately 160 nm after drug conjugation. The narrow distribution of 

both MUDA-modified gold nanoparticles (MUDA-cit-AuNPs) and amantadine 
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drug-conjugated gold nanoparticles (AMTD/AuNPs) would indicate that all 

nanoparticles are interestingly monodispersed in the colloidal solution, resulting 

in stable drug-formulated nanoparticles. 

 

 

 

 

 

 

 

Moreover, the shift of the localised surface plasmon resonance (LSPR) 

absorption peaks for the synthesised gold nanoparticles, the MUDA-

functionalised gold nanoparticles and the AMTD/AuNPs was determined based 

on the LSPR spectra (Joshi et al., 2011). 

In Figure 4.7, the LSPR band of the synthesised citrate-gold nanoparticles (cit-

Au NPs) was analysed within the wavelength range of 300-800 nm, with a 

maximum wavelength observed at 530 nm. Upon functionalisation, it was 

observed that the LSPR band exhibited broadening and shifted towards a new 

Figure 4. 6. Particle size and size distribution for MUDA functionalised Au NPs 

(MUDA-cit-AuNPs) and amantadine conjugated to gold nanoparticles 

(AMTD/AuNPs) measured by dynamic light scattering. 
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maximum wavelength of approximately 572 nm, as depicted in Figure 4.7. This 

shift and broadening can be attributed to the increase in size and size distribution. 

 

 

 

 

 

 

 

The LSPR peaks for the AMTD/AuNPs were further characterised in the region 

between 200 nm and 800 nm. In Figure 4.8, gold nanoparticles in the 

AMTD/AuNPs show a significant shift in the LSPR absorption peak towards a 

maximum wavelength of 575 nm. In addition, amantadine (AMTD) itself exhibited 

a distinct LSPR peak shift at a lower wavelength (265 nm). In contrast, in the 

absence of EDC carbodiimide crosslinker, the LSPR peak shift was investigated 

again, and it was found that the results demonstrated the existence of 

aggregation. This is related to the basic nature of the amine, which can 

deprotonate the carboxylic acid, resulting in the formation of a highly inert 

(unreactive) carboxylate group. Therefore, heating the reaction mixture above 

Figure 4. 7. UV-Vis spectroscopy utilised to measure the localised surface 

plasmon resonance (LSPR) peak shifts for synthesised and functionalised 

gold nanoparticles at 530 nm and 572 nm, respectively.  
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100°C has been described as a method to facilitate the formation of an amide 

bond in the absence of the EDC cross-linker (Grieco et al., 1979). This 

comparison (Figure 4.8) serves to illustrate the critical role played by the EDC 

carbodiimide cross-linker in activating the carboxylic acid group, facilitating its 

reaction with the primary amine group in the amantadine drug molecule at room 

temperature. This activation process resulted in the formation of a sturdy amide 

bond, establishing a novel nanocarrier for potential application in combating 

Parkinson’s disease (PD). 

 

Figure 4. 8. LSPR peak shifts of amantadine conjugated to gold nanoparticles 

(AMTD/AuNPs) in the presence and absence of the EDC carbodiimide cross-

linker. The shift in LSPR peaks provided information about the interaction 

between amantadine and gold nanoparticles, emphasising the role of the EDC 

cross-linker in influencing these spectral changes. 
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Further characterisation was conducted using nuclear magnetic resonance 

(NMR), which is a spectroscopic technique used to determine the absorbed 

energy by molecules in their nuclear spin state as stated by Abraham et al. 

(1998). NMR is a powerful tool employed for detecting the unique structures of 

drug molecules, proteins, antibodies and other compounds, providing detailed 

structural information at the atomic level (Abraham et al., 1998). 

The NMR results for the amantadine-gold nanoparticles conjugated forms were 

obtained by observing hydrogen’s chemical shift using the proton nuclear 

magnetic resonance or 1H NMR. For example, Figure 4.9 shows the 1H NMR 

spectra for amantadine by indicating the hydrogen atom in the primary amine 

group (D), which can be observed with singlet (s) peak at low field (deshielded) 

at chemical shift 8.29 ppm. Whereas, both methyl groups (A and B) have  

emerged at high field (shielded) with chemical shifts at 1.68 ppm and 2.03 ppm 

as triplet (t) and double (d) peaks, respectively (Figure 4.9). The chemical shift 

of the hydrogen atom, termed as (C), has appeared as multiplet (m) peak at 

chemical shift 2.15 ppm. The difference in chemical shifts is usually related to the 

impact of electronegativity between atoms. When a proton is close to an 

electronegative atom or group, the proton will be de-shielded due to the removal 

of electron density (Abraham et al., 1998). 
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The MUDA molecule was also investigated by 1H NMR. The results showed that 

the hydrogen atom for the thiol group (-SH) in the MUDA molecule appeared at 

a high field or shielded as a triplet (t) signal peak at a frequency of 2.7 ppm 

(Figure 4.10). This triplet peak is typically associated with the influence of 

neighbouring hydrogen atoms at carbon (b). In Figure 4.10, there are two 

hydrogen atoms connected to the neighbouring carbon (b) of the thiol group, 

indicating that the signal peak for the hydrogen in the thiol group will be observed 

Figure 4. 9. 1H NMR spectra of the amantadine (AMTD) drug, providing 

insights into the specific chemical shifts and proton environments within the 

molecular structure. The spectra were acquired in a suitable solvent deuterated 

chloroform (CDCl3), providing information about the composition and 

arrangement of hydrogen atoms in the AMTD molecule. 
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as a triplet peak in accordance with the spin-spin splitting rule (n+1) described by 

(Abraham et al., 1998). The "n" represents the number of hydrogen atoms attached 

to any neighbouring carbon. Additionally, the signal peak of the protons at carbon 

(b)appears as a quartet peak due to the presence of the three hydrogen atoms 

attached to neighbouring sulfur and carbon atom (d). Applying the simple 

equation (n+1), the number of hydrogens attached to sulfur at position (a) and 

carbon at position (d) can be considered as 3+1, which equals 4. Therefore, the 

signal peak of the protons at carbon (b) in the 1H NMR spectra will be observed 

as a quartet (q) peak as shown in Figure 4.10, following the rule described by 

(Abraham et al., 1998). As mentioned earlier, the chemical shift of protons is 

influenced by the electronic environment around the proton being observed. 

Protons in a carboxylic acid group can show chemical shifts at relatively high ppm 

values (often around 10-12 ppm) due to the electron-withdrawing nature of the 

adjacent carbonyl group (C=O). The deshielding effect caused by the nearby 

electronegative oxygen atom in the carbonyl group pulls electron density away 

from the proton in the carboxylic acid, making it more shielded from the magnetic 

field. This leads to a high chemical shift value in the NMR spectrum. 
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The 1H NMR spectra after conjugation of AMTD to gold nanoparticles are shown 

in Figure 4.11. Several changes can be observed in the 1H NMR spectra after 

the amantadine conjugation. AMTD/AuNPs showed an increase in the chemical 

shift (3.39 ppm) for the proton at carbon (A) due to the electronegativity effect of 

the nitrogen atom in the amide bond. On the other hand, the protons of carbon 

(B) in the spectrum were also de-shielded, appearing in the downfield region as 

a triplet (t) peak with a high chemical shift at 2.36 ppm. This can be attributed to 

the presence of the electronegative carbonyl (C=O) group in the amide bond. As 

Figure 4. 10. 1H NMR spectra highlighting the thiol group (-SH) in MUDA with a 

distinctive triplet peak at a chemical shift of 2.7 ppm. The presence of this thiol 

group is crucial for functionalisation with gold nanoparticles (Au NPs), as it 

serves as a reactive site for binding to the gold surface. The spectra were 

obtained by dissolving MUDA in an appropriate solvent, deuterated chloroform 

(CDCl3). 1H NMR spectra showed CDCl3 peak at 7.26 ppm. 
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known from Little Jr and Jones, (1960), the nitrogen atom is more electronegative 

than the oxygen atom. Therefore, based on Figure 4.11, it is evident that nitrogen 

has a significant effect on the chemical shift of neighbouring protons attached to 

carbon atoms in the carbon-hydrogen system. Additionally, despite being far 

apart, both hydrogens D and E were de-shielded (downfield) with chemical shifts 

1.64 ppm and 1.48 ppm, respectively. This can be assigned to the 

electronegativity effect of the oxygen atom in the carbonyl group, which is greater 

than that of the sulfur atom bound to the surface of the gold nanoparticles. 

 

Figure 4. 11. 1H NMR spectra for amantadine drug in its conjugated form with 

MUDA-functionalised gold nanoparticles (MUDA-cit-Au NPs). Notable changes 

observed in the NMR spectra following amantadine conjugation, with a majority 

of peaks exhibiting shielding towards the upfield region, particularly between 0.5 

ppm and 3.5 ppm. These changes show the structural modifications and 

interactions induced by the conjugation process. 
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The conjugation of the amantadine drug to gold nanoparticles (AMTD/AuNPs) 

was also determined by investigating the carbon atoms in the chemical structure 

based on 13C NMR characterisation. As shown in Figure 4.12, the carboxylic acid 

(-COOH) group of the MUDA compound appears as a single peak at a chemical 

shift of 180 ppm (indicated as 1 in the 13C NMR spectra). Additionally, in Figure 

4.12, both carbon atoms (C2 and C10) for the MUDA molecule were located 

downfield from other carbon atoms at the chemical shift 34 ppm. This was 

expected due to the high electronegativity of the oxygen atom at carbonyl (C=O) 

group which has the ability to withdraw electrons from its neighbouring carbons 

and other close carbons leading to an increase in the de-shielding effect 

downfield. In contrast, carbon (C11) was observed with a chemical shift (δ) of 

approximately 25 ppm. This phenomenon is attributed to the thiol group's higher 

acidity compared to alcohols, resulting in more readily donated hydrogen atoms. 

Therefore, sulphur displaces hydrogen in hydroxyl groups. As a consequence, 

the diminished influence of negative charge results in weaker hydrogen bonds 

between thiols (Danehy & Parameswaran, 1968; Rayner, 1995). Furthermore, in the 

13C NMR spectra of MUDA, carbons C3 and C11 exhibit shielding effects towards 

the high field, appearing with chemical shift around 25 ppm (Figure 4.13). 
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For amantadine, before conjugation, carbon C1 exhibited a chemical shift around 

53 ppm, indicating its de-shielding in a downfield direction (Figure 4.13). This is 

because of the electronegativity of the nitrogen atom in the primary amine group, 

which has the ability to withdraw electrons from the neighbouring carbon (C1) 

more effectively than from any other carbons (Boeyens, 2008;  Abraham et al., 

1998). In Figure 4.13, carbons C2 and C3 which were observed at chemical shift 

40 ppm and 35 ppm, respectively towards high field. Moreover, carbon (C4) is 

observed at a relatively far position from the nitrogen atom with a single peak at 

chemical shift 30 ppm. This indicates the key role of the electronegative force of 

Figure 4. 12. 13C NMR characterisation for MUDA thiol containing compound. 
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nitrogen towards reducing electron density around chemical groups as described 

above. 

 

 

The conjugated form of amantadine-gold nanoparticles (AMTD/AuNPs) was also 

characterised under similar conditions. The chemical shift of carbonyl carbon 

atoms in molecules are typically shown in the range between 160 ppm and 220 

ppm as described by (Rakhmatullin et al. 2022). Herein, the 13C NMR spectra in 

Figure 4.14 shows that carbon C1, in amide bond (-NHCO-) in the drug-

conjugated Au NPs, existed at chemical shift 180 ppm.  

Figure 4. 13. 13C NMR spectra illustrates the chemical shift of carbon atoms in 

amantadine drug before the conjugation process.  
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Furthermore, despite carbon's higher electronegativity compared to sulfur, 

carbons C10 and C11, which are in neighbouring to sulfur, exhibit upfield shifts with 

very low chemical shift values of 34 ppm and 24 ppm, respectively. This can be 

attributed to their lower electronegative influence, as explained earlier (Boeyens, 

2008). 

The examination of the quantity of amantadine bound to the surface of gold 

nanoparticles was performed using a thermogravimetric (TGA) analysis. A 

sample weighing 27.78 mg was placed in the chamber of the TGA. Figure 4.15 

illustrates the decomposition process of amantadine approximately 20 minutes 

after reaching 200°C. During this timeframe, the sample experienced a weight 

loss of around 25.78 mg, equivalent to roughly 92.8% of the initial mass (27.78 

Figure 4. 14. 13C NMR spectra depicting the chemical shift of carbon atoms in 

the AMTD/AuNPs conjugated form. The carbonyl carbon of the amide bond is 

noticeably observable at a far chemical shift of 180 ppm. 
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mg). Notably, the remaining 7.2% of the initial mass underwent complete 

decomposition after 25 minutes, as shown in Figure 4.15. 

 

 

 

 

 

 

4.3.1.2 Conjugation of Remdesivir (REM) to Gold Nanoparticles  

Remdesivir (REM) is a nucleotide analogue with a broad-spectrum antiviral effect. 

When remdesivir penetrates the cell, its active metabolite (triphosphate analog) 

specifically attacks the ribonucleic acid (RNA) and interferes with the RNA-

dependent RNA polymerase (RdRp) enzyme, thereby preventing RNA 

production or replication (Daka et al., 2021; Eastman et al., 2020). As a drug, 

Remdesivir possesses certain side effects involving, decreased pulse rate, 

variations in heart rate, instances of shortness of breath and the potential for liver 

cell damage (Daka et al. 2021). Hence, the present research study is focused on 

conjugation of REM to gold nanoparticles as an innovative nanocarrier. The 

Figure 4. 15. Thermogravimetric Analysis (TGA) illustrates the decomposition 

process of amantadine bound to gold nanoparticles. Approximately 25.78 mg of 

the total amantadine drug decomposed within 20 minutes at 200°C. 
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particle sizes of cit-AuNPs, functionalised gold nanoparticles (MUDA-AuNPs) and 

remdesivir-conjugated gold nanoparticles (REM/AuNPs) were determined by 

DLS analysis. Notably, a variation in size was identified, starting from the initial 

size of 20 nm to 40 nm and ultimately reaching a diameter of 165 nm following 

conjugation (Figure 4.16). The particle size analysis by DLS in Figure 4.16 

showed well-defined and narrow size distribution peak for the remdesivir-

conjugated gold nanoparticles with diameter of 165 nm and a polydispersity index 

(PDI) of 0.323. The PDI is a useful parameter for assessing the uniformity or 

heterogeneity of nanoparticles in the colloidal suspension (Mudalige et al., 2019). 

Thus, according to obtained results in Figure 4.16, the REM/AuNPs show low 

polydispersity, which indicates a narrow distribution of particle sizes.  

 

The relationship between particles size and localised surface plasmon resonance 

(LSPR) is a fundamental concept in the field of nanotechnology. Herein, the 

Figure 4. 16. DLS shows particles size measurements for the synthesised cit-

AuNPs, MUDA functionalised cit-AuNPs and REM conjugated to Au NPs. 
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particles size increase was also determined by measuring the LSPR peak shift 

for the conjugated nanoparticles REM/AuNPs. For example, Figure 4.17 shows 

the surface plasmon resonance absorption peak of the synthesised citrate-gold 

nanoparticles where a significant shift can be observed following MUDA 

functionalisation (MUDA/AuNPs) from 522 nm to 570 nm. This observation 

strongly supports the phenomenon that the LSPR wavelength is highly sensitive 

to the size of the nanoparticles. As particles size increases, the LSPR wavelength 

typically shifts to longer wavelengths (red shift). In summary, the LSPR properties 

of metal nanoparticles play a critical role in determining the particles size. 

 

 

 

 

 

 

 

The LSPR of REM-conjugated gold nanoparticles (REM/AuNPs) exhibited 

remarkable broadening and a slight decrease in intensity when compared to the 

Figure 4. 17. Localised surface plasmon resonance peak shifts for the 

synthesised and functionalised gold nanoparticles determined by UV-Vis 

spectrophotometer at 522 nm and 570 nm for the citrate-gold nanoparticles and 

MUDA functionalised gold nanoparticles, respectively.  
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spectra of the synthesised citrate-gold nanoparticles. Specifically, a considerable 

shift of the LSPR absorption peak to 590 nm was observed (Figure 4.18). 

Furthermore, an additional LSPR absorption peak was detected at 249 nm, 

corresponding to the presence of the remdesivir drug molecule (Joshi et al., 

2011). This observation indicates that following the conjugation of gold 

nanoparticles with the remdesivir antiviral medicine, a significant shift in the 

nanoparticles' peak occurred, transitioning from 522 nm to approximately 590 nm. 

This shift is due to the increase in nanoparticles size. Consequently, both the 

absorption strength and the full width at half maximum (FWHM) of the absorption 

band are significantly influenced by the attachment of the remdesivir (ligand) to 

the surface of gold nanoparticles, as previously highlighted for the amantadine 

(Chapter 4 Section 4.3.1.1). 

 

 

 

 

 

 

Figure 4. 18. LSPR absorption peak shift for the remdesivir conjugated gold 

nanoparticles (REM/AuNPs) measured by UV-Vis spectrophotometer at 

wavelengths of 249 nm and 590 nm. 
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FTIR was also employed to investigate the absorption bands attributed to amide 

groups in the REM/AuNPs. These bands include amide I, covering the 

wavenumber range of 1600-1800 cm-1, amide II within 1470-1570 cm-1, amide III 

at wavenumber 1250-1350 cm-1 and amide A, positioned between 3300 cm-1 and 

3500 cm-1 as described by Ji et al. (2020). Herein, the FTIR results in Figure 4.19 

show that the -CH stretching observed at wavenumbers 2918 cm-1 and 2850 cm-

1 for both functionalised (MUDA/AuNPs) and remdesivir conjugated to gold 

nanoparticles (REM/AuNPs). Additionally, a broad band corresponding to the 

carboxylic acid group (-COOH) which indicated by a black double-line arrow, 

covering a wavenumber range approximately from 2526 cm-1 to 3150 cm-1 

(Figure 4.19). On the other hand, a single strong band at 1696 cm-1 is more likely 

to indicate the presence of both C=O and C=N groups. Moreover, bands that can 

be seen at 1412 cm-1 and 1226 cm-1 are, respectively, attributed to the presence 

of -CH3 and C-N groups. Finally, a band with very low intensity at 723 cm-1 was 

expected to be present, representing the -NH group in the remdesivir conjugated 

form. It was noticed that the characteristic stretching band for the primary amine 

(-NH2) group in remdesivir, was not detected in the region between 3250 and 

3400 cm-1. This can be due to the formation of an amide bond after the 

conjugation process. 
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For 1H NMR characterisation, deuterated chloroform was used as the solvent for 

proton characterisation. The main reason for utilising the deuterated solvents is 

to avoid interference from the solvent peaks in the NMR spectrum. For instance, 

deuterium, a stable and heavier isotope of hydrogen, does not possess a nuclear 

magnetic moment, and therefore it does not contribute to the NMR signal. By 

using deuterated solvents, such as CDCl3, the signals from the sample molecules 

can be observed without interference from the solvent peaks (Hanson, 2013). 

Remdesivir is a drug molecule that bears a positive charge under acidic 

conditions at pH 2.0. The presence of a positive charge can influence the 

chemical shifts and splitting patterns observed in the 1H NMR spectrum (Várnai 

Figure 4. 19. Fourier Transform Infrared Spectroscopy (FTIR) spectra revealing 

the main functional groups following remdesivir conjugation to gold nanoparticles 

(REM/AuNPs). Significant changes are observed, including the disappearance of 

the primary amine group in remdesivir, in the region between 3250 and 3400 cm-

1, after conjugation with functionalised Au NPs. 
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et al., 2022). Therefore, by characterisation of remdesivir using deuterated 

chloroform, any peaks corresponding to the drug molecule can only be observed 

without interference from the solvent peaks, providing valuable information about 

its chemical structure. Figure 4.20 shows the chemical shift of the protons 

influenced by the electronegativity of neighbouring atoms. As mentioned earlier, 

when more electronegative groups or atoms are connected to the carbon-

hydrogen (C-H) system, the electron density decreases, resulting in a higher 

chemical shift (ppm) downfield (Boeyens, 2008). The chemical shifts of the main 

proton signals can be attributed to H4 and H1. It is expected that H4 has undergone 

deshielding, exhibiting a downfield shift at approximately 4.3 ppm, whereas H1 

has been shielded and showed an upfield shift at 0.8 ppm. This is due to the 

presence of an electronegative oxygen atom directly attached to the carbon atom 

of the proton H4. Another example is the proton five (H5), which is positioned 

between two functional groups, namely an ester and a secondary amine group, 

as depicted in the chemical structure of remdesivir shown in Figure 4.20. 

Both the ester and secondary amine groups directly influence the chemical shift 

of H5, causing a de-shielding effect that shifts the peak downfield to approximately 

4.0 ppm. Similarly, the signals for H7, H8, H9 and H10 are observed as overlapping 

signals and are de-shielded at approximately the same chemical shift of 4.0 ppm. 

This de-shielding effect is due to the presence of neighbouring hydroxyl groups 

as indicated in Figure 4.20. Additionally, the primary amine group in remdesivir 

shows a chemical shift around 8.3 ppm. This is similar to the chemical shift of the 

primary amine in the amantadine drug, which was previously determined to be at 

around 8.29 ppm (Chapter 4 Section 4.3.1.1). It is worth mentioning that the 
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resonances of N-H protons can vary significantly due to differences in the 

strength of hydrogen bonding (John D. Roberts and Marjorie C. Caserio, 2021).  

From Figure 4.20, the (–NH) resonance is deshielded downfield at approximately 

4.6 ppm compared to H7, attributed to the higher electronegativity of nitrogen. 

However, the aryl protons H12 and H13, were observed in the region between 6.5 

ppm and 7.5 ppm. This region is specific to those protons attached to the aromatic 

ring in the remdesivir drug molecule as described by (Campbell et al., 1975) 

(Figure 4.20).  

 

 

Figure 4. 20. 1H NMR spectra shows the chemical shift of the standard 

remdesivir protons. 
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The appearance and characteristics of aryl protons in an NMR spectrum can vary 

significantly based on the unique molecular structure and its chemical 

environment. Therefore, the interpretation of 1H NMR spectra for aryl protons in 

the context of the remdesivir drug involves analysing chemical shifts, multiplicity 

patterns, integration values, and coupling constants. These analyses contribute 

to illustrating the structural information about the molecule's aromatic rings and 

their neighbouring functional groups or substituents within the remdesivir 

compound. 

The 1H NMR spectra of remdesivir conjugated to gold nanoparticles were also 

investigated under similar conditions. It was observed that the majority of peaks 

of the remdesivir showed shielding effects after conjugation, resulting in up field 

shifts at low chemical shifts between 0.5 ppm and 2.0 ppm (Figure 4.21). For 

instance, a double peak at a chemical shift of 1.77 ppm was used as a reference 

signal with an integral ratio of 1.0, as depicted in Figure 4.21. The aryl proton 

peaks (H11, H12 and H13), attached to the aromatic ring in the drug molecule 

disappeared from the NMR spectrum after the conjugation process. This could 

be due to the electrophilic aromatic substitution reactions (EAS) during the 

conjugation with gold nanoparticles. Kulshrestha, (2000) demonstrated the 

effects of various electrophilic aromatic substitution reactions such as 
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halogenation, nitration, and sulfonation with sulfur trioxide. Therefore, this 

significant shift of protons could be related to the EAS. 

The thermogravimetric analysis conducted under heating rate from 100°C to 

900°C. From Figure 4.22, it was found that remdesivir decomposes in two 

stages. First, only 1.1 mg (39.3%) of the total sample (2.79 mg) has decomposed 

after around 15 minutes. Then, this continued over time until remdesivir 

decomposed again approximately 0.9 mg (32.3%) after 40 minutes. This means 

that the total amount of REM decomposed within 50 minutes is roughly 71.6% of 

the initial mass (2.79 mg). The decomposition effect stopped at 50 minutes at the 

residual mass 0.79 mg (Figure 4.22). 

 

Figure 4. 21. 1H NMR spectra illustrating the conjugation of the remdesivir drug 

to gold nanoparticles. The majority of protons experience shielding, resulting in 

a shift towards the upfield region between 0.5 ppm and 2.0 ppm. Notably, aryl 

proton peaks (H12 and H13), attached to the aromatic ring in the drug molecule, 

disappeared from the NMR spectrum following the conjugation process. 
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4.4 Drug Encapsulation 

4.4.1 Encapsulation of Amantadine into Poly (lactic-co-glycolic acid) NPs 

The Food and Drug Administration of the United States (US FDA) has approved 

the essential application of poly lactic-co-glycolic acid (PLGA) for drug delivery 

and various medical purposes due to its distinctive properties such as drug 

release (Lü et al., 2009). Poly lactic-co-glycolic acid nanoparticles (PLGA NPs) 

demonstrate the ability to regulate drug release over extended periods (Hines & 

Kaplan, 2013).  

Thus, this study aimed to explore this property by encapsulating amantadine 

using PLGA NPs. Essentially, the encapsulation mechanism is explained in 

Figure 4. 22. Thermogravimetric Analysis (TGA) depicting the temperature-

induced decomposition of the remdesivir drug from the surface of Au NPs. 

Approximately 71.6% of the initial amount undergoes decomposition during the 

analysis. 
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chemistry as the interaction between the carboxyl group in the surfactant and the 

primary amine group in the amantadine drug. The amine group in amantadine 

possesses a high pKa, causing it to tend toward protonation at physiological pH 

7.0, resulting in a positive charge. Conversely, the carboxylic acid group exhibits 

a low pKa and tends to donate a proton, resulting in a negative charge at pH 7.0. 

Consequently, this approach can be referred to as a proton transfer method 

(Nugrahani & Jessica, 2021). Amantadine was successfully encapsulated within 

PLGA polymeric nanoparticles using the precipitation solvent evaporation 

method (Chapter 2 Section 2.3.5). To improve encapsulation efficiency, the 

additive, oleic acid, was introduced in conjunction with Pluronic F68. The 

inclusion of oleic acid in the formulation is aimed at enhancing drug release 

kinetics from the nanoparticles due to its inherent hydrophobic properties. This 

characteristic can potentially slow down drug diffusion from the nanoparticle 

matrix, thereby facilitating controlled and sustained drug release over an 

extended duration (Atef et al., 2022; Lee & Yeo, 2015). 

4.4.2 Results and Discussion 

The particle size and ζ-potential measurements were examined by DLS.  The 

scattering angles have been observed at 175° for particle size analysis, and at 

45° for ζ-potential study. 

The mean particle size and the polydispersity index of amantadine encapsulated 

into the poly lactic-co-glycolic acid nanoparticles (AMTD/PLGA-NPs) were 

determined at 190 nm and 0.451, respectively, indicating narrow particle size 

distribution in the sample (Figure 4.23, purple dash line). The red dash line in 

Figure 4.23 represents the amantadine conjugated to gold nanoparticles with size 
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of 165 nm. Polymeric nanoparticles are typically larger than metallic 

nanoparticles due to differences in their synthesis methods, molecular structure 

and material properties (Begines et al., 2020; Joudeh & Linke, 2022; Khan et al., 

2019).  

As can be seen in Figure 4.23, AMTD/PLGA- NPs are relatively larger than that 

amantadine conjugated to gold nanoparticles due to the molecular weight of the 

polymer. Additionally, it was observed that the microscopic images for 

AMTD/PLGA-NPs are well distributed without any sign of the aggregation 

(Chapter 4 Figure 4.26). This is related to the homogenous particle distribution in 

the sample during their preparation. A uniform distribution of nanoparticles can 

lead to enhanced material properties and performance. For example, in drug 

delivery applications, uniform dispersion of drug-loaded nanoparticles can result 

in more predictable and controlled drug release kinetics, leading to better 

therapeutic outcomes (Mitchell et al., 2021; Rizvi & Saleh, 2018). In this study, 

the primary amine group in amantadine drug contributes in polar interactions with 

the hydrophilic portion of oleic acid and Pluronic F68. This interaction led to 

increase the particle size while maintaining a homogeneous distribution of 

particle sizes (Prasanthan & Kishore, 2021). Furthermore, the Pluronic F68 

surfactant possesses the capacity to form micelles (amphiphilic molecules) at its 

critical micelle concentration (CMC) (Ahmed, 2020). 
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The optical properties for the three different forms of amantadine encapsulated 

into PLGA NPs: AMTD/PLGA-NPs (1) (red), AMTD/PLGA-NPs (2) (pink), and 

AMTD/PLGA-NPs (3) (purple) were measured at maximum wavelength 550 nm 

using UV-Vis spectrophotometer. The LSPR for AMTD/PLGA-NPs (1), 

AMTD/PLGA-NPs (2) and AMTD/PLGA-NPs (3) was determined at 526 nm, 528 

nm, and 536 nm, respectively (Figure 4.24). In contrast, amantadine conjugated 

to gold nanoparticles (green) was found at maximum wavelength 522 nm with 

low intensity peak. This significant difference in the absorbance peaks would 

explain the fact that amantadine encapsulated into PLGA polymeric nanoparticles 

has ability to absorb and scatter light more than that conjugated to gold 

nanoparticles. Thus, the shift of the LSPR absorption peaks will increase along 

with nanoparticle size increase (Yanjie Wang et al., 2016). 

Figure 4. 23. DLS measurements shows the difference in particle size 

distribution between amantadine-encapsulated nanoparticles and those 

conjugated to gold nanoparticles. 
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FTIR characterisation was employed here to discover the functional groups in the 

chemical structure of the AMTD/PLGA-NPs. Herein, the standard poly lactic-co-

glycolic acid (PLGA std.), amantadine drug (AMTD std.), and the amantadine 

encapsulated into PLGA nanoparticles (AMTD/PLGA NPs) were analysed using 

FTIR. Figure 4.25 shows the changes in the FTIR spectra for the AMTD/PLGA 

NPs after the encapsulation process. For instance, the intensity (T%) of the 

carbonyl stretching peak at 1750 cm-1 has been notably reduced as a result of 

encapsulation, unlike the C-O-C stretching peak at 1020 cm-1, which appears 

identical for both AMTD/PLGA NPs and standard PLGA. Furthermore, it can be 

seen that the (-CH) stretching peaks appeared at 2860 cm-1 and 2920 cm-1 for 

the standard poly lactic-co-glycolic acid (PLGA std.), amantadine (AMTD) drug 

Figure 4. 24. LSPR absorption peak shifts for three different types of amantadine 

encapsulated into PLGA-NPs: AMTD/PLGA-NPs (1) (red), AMTD/PLGA-NPs (2) 

(pink), and AMTD/PLGA-NPs (3) (purple). The green absorption peak represents 

the amantadine conjugated gold nanoparticles prepared by the carbodiimide 

cross-linking chemistry. 
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and amantadine encapsulated into PLGA nanoparticles (AMTD/PLGA NPs) 

respectively. Moreover, bands that observed at 1412 cm-1 and 1226 cm-1 are, 

respectively, for the -CH3 and C-N groups. 

 

 

 

 

 

 

 

 

 

 

The morphology of drug encapsulated nanoparticles (AMTD/PLGA NPs) was 

investigated using TEM imaging. The amantadine was encapsulated in the 

presence of the Pluronic F68 (non-ionic surfactant) and oleic acid (anionic 

surfactant) by formation of micelles through trapping cationic amantadine inside 

these micelles. This is mainly based on providing sufficient concentration ratios 

of both surfactants at the critical micelle concentration (CMC)(Esmaeili et al., 

2021). As can be seen in Figure 4.26, almost all nanoparticles are spherical and 

distributed uniformly, with approximate size 190 nm as determined earlier by 

dynamic light scattering and at low polydispersity index (PDI). The TEM image 

Figure 4. 25. FTIR spectra illustrating variations in the positions of functional 

groups after the encapsulation of amantadine into PLGA-NPs. 
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showed well-distributed nanoparticles. These nanoparticles displayed a smooth 

external layer, which was assumed to be due to the encapsulation (Figure 4.26).  

 

 

 

 

 

 

 

 

 

 

The PLGA (standard) and amantadine encapsulated into PLGA nanoparticles 

were also characterised by the 1H NMR. For the standard PLGA, Figure 4.27 

illustrates a peak at a chemical shift of 1.6 ppm, attributed to the methyl group in 

poly lactic acid (PLA). Additionally, peaks within the chemical shift range of 4.5 

ppm to 5.5 ppm correspond to the -CH and -CH2 groups, respectively, associated 

with lactic acid and glycolic acid (Pereira et al., 2016). Following encapsulation 

and in the presence of both oleic acid and Pluronic F68 surfactant, changes were 

observed in the 1H NMR spectra of the formulated PLGA polymeric nanoparticles 

loaded with amantadine, as depicted in Figure 4.27. The signal from the primary 

amine group emerged at a chemical shift of 7.2 ppm. A study conducted by Yang 

Figure 4. 26. TEM microscopic image for the amantadine encapsulated into 

PLGA NPs. This image was conducted at a nanoscale bar at 5000 nm. 
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et al. (2014) discovered that the primary amine group after conjugation would 

emerge as an upfield chemical shift at 2.10 ppm. 

The signal peak of the methylene group of lactic acid was shifted from 1.5 ppm 

to 1.0 ppm after the encapsulation process as shown in Figure 4.27. 

Furthermore, signal peaks of the -CH and -CH2 for lactic acid and glycolic acid 

respectively were moved away from each other in the 1H NMR spectrum. 

Additional new peaks that emerged after encapsulation are suggested to be for 

Pluronic F68. For instance, the hydrophobic part polypropylene oxide (PPO) is 

expected to exhibit characteristic peaks within the chemical shift range of 1.0 ppm 

to 3.5 ppm. Specifically, the methyl group (-CH3) was predicted to appear at a 

chemical shift of 1.3 ppm, as reported by Y. Liu et al. (2016). Similarly, the -CH2 

group was observed at a chemical shift of 3.8 ppm. Furthermore, the chemical 

shift of the -CH in polypropylene oxide (PPO) has been identified at 3.34 ppm. 

Additionally, minor intensity peaks correspond to the -CH2 groups in the 

hydrophilic part named polyethylene oxide (PEO) were determined at 

approximately 3.6 ppm. Therefore, based on the 1H NMR analysis, it can be 

stated that the encapsulation of amantadine into the poly lactic-co-glycolic acid 

nanoparticles was successful, with no indication of aggregation, as evidenced 

earlier by the microscopic imaging in Figure 4.26. 
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The thermal degradation properties of the AMTD/PLGA-NPs were examined 

using thermogravimetric analysis. Herein, the sample experienced a heating from 

Figure 4. 27. Shows the 1H NMR spectra for standard PLGA (top panel), while 

the bottom panel highlights the chemical shift peaks specific to AMTD/PLGA 

NPs after amantadine encapsulation. 
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100°C to 900°C at a rate of 20°C/ minute. As depicted in Figure 4.28, the thermal 

degradation of the polymeric nanoparticles loaded with amantadine begins 

gradually until the temperature reaches 450°C. At this point, the loaded 

nanoparticles undergo complete decomposition by losing 12 mg within 25 

minutes at 450°C of TGA running (Figure 4.28). 

 

 

 

 

 

 

 

4.5 Conclusions 

This chapter focused on the functionalisation of citrate-gold nanoparticles (cit-Au 

NPs with 11-mercaptoundecanoic acid (MUDA). This was carried out by attaching 

the thiol group of the MUDA molecule to gold atoms at the surface of the gold 

nanoparticles resulting in the formation of strong gold-sulfur (Au-S) bonds. 

Through characterisation, it was found that the functionalised gold nanoparticles 

(MUDA-cit-AuNPs) with 10 mM of the MUDA molecule, are reasonably stable at 

Figure 4. 28. Thermogravimetric analysis (TGA) of amantadine encapsulated 

within PLGA nanoparticles (AMTD/PLGA-NPs) demonstrates a reduction in 

mass with increasing temperature. 
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low polydispersity index indicating narrow size distribution of the particles. 

Additionally, two types of medicines amantadine and remdesivir were conjugated 

to the functionalised gold nanoparticles using the carbodiimide cross-linking 

chemistry technique in the presence of the EDC and NHS coupling agents. 

Obtained results showed a significant increase in size for both AMTD/AuNPs (160 

nm) and REM/AuNPs (165 nm) with low polydispersity index. 

The 1H NMR and 13C NMR characterisation enabled identification of the 

conjugation system via determination of the amide bond formation.  

The encapsulation of amantadine into the PLGA-NPs using both Pluronic F68 

and oleic acid aimed to enhance the encapsulation efficiency by formation of 

amphiphilic molecules using the proton transfer method. Finally, TEM 

characterisation, showed that the polymeric nanoparticles (AMTD/PLGA-NPs) 

were uniformly monodispersed in the colloidal suspension without any sign of 

aggregation, the drug has been entrapped into the polymeric nanoparticles using 

the precipitation solvent evaporation technique. 
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5.1 Introduction 

Stability assessment is a crucial step following nanoparticles synthesis and drug 

conjugation to ensure the desired functionality has been achieved (Busch et al., 

2019; Male et al., 2008; Shah et al., 2014; Shon et al., 2009; Vijayakumar, 2014). 

This assessment involves studying the physicochemical properties of the 

synthesised nanoparticles (Chapter 3 Table 3.1) in vitro under specific conditions. 

In this chapter, the stability of the synthesised gold nanoparticles and their 

conjugates was determined by investigating the impact of temperature, pH 

variation, various buffer solutions, and chemicals (e.g., reducing agents) used in 

the synthesis techniques. 

The influence of the biological medium Dulbeccos Modification of Eagles Medium 

(DMEM), commonly used for cellular uptake was also examined. Citrate 

functionalised gold nanoparticles may undergo changes in the cell culture 

medium due to the presence of nutrients, proteins, and electrolytes (Sangwan & 

Seth, 2021). In addition, the binding of gold nanoparticles to the free cysteine 

residue in bovine serum albumin (BSA) was considered in this study. For 

example, the bonding between cit-AuNP (20.54 ±0.45 nm) and BSA may occur 

via electrostatic or hydrophobic interactions or by chemisorption of thiols onto the 

gold surface (Bolaños et al., 2019). 

This chapter also demonstrates the concentration of gold ions released in various 

media, such as buffer solutions, ultrapure water (Milli-Q 18.8 MΩ-cm), and cell 

culture media. The ionic strength of sodium (Na+) and potassium (K+) ions was 

examined for its effect on size at different concentration ratios of sodium nitrate 
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and potassium nitrate salts, respectively. Furthermore, different coatings of gold 

nanoparticles (as described in Chapter 3 Table 3.1) were tested for their impact 

on Au ion release in different media. 

5.2 Results and Discussion  

5.2.1 Studying the Ions Release in Different Media  

Dissolution expresses the transfer of ions from particles to the surrounding media 

to form a homogenous ionic solution; dissolution rate expresses the speed of this 

process (Aziz et al., 2017; Bhatt et al., 2011). The behaviour of gold nanoparticles 

in different media can be complex and vary based on factors such as 

nanoparticles size, shape, surface charge, concentration, and media content. 

Understanding the interactions between nanoparticles and different media is 

crucial for their successful application in various fields, particularly in biological 

and biomedical research (Mbanga et al., 2021; Y. Huang et al., 2022). 

5.2.1.1 Citrate-Gold Nanoparticles 

The dissolution test of this type of citrate gold nanoparticles (20.54 ±0.45 nm) 

was verified in four different types of media involving, phosphate buffer solution 

(PBS), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 

ultrapure water (Milli-Q 18.8 MΩ-cm), and Dulbecco's Modified Eagle Medium 

(DMEM) cell culture media. Herein, the dissolution test has been conducted in an 

incubator at 37°C under moderate stirring at five intervals 0, 6, 12, 24, and 240 

hours.  

Figure 5.1 shows that there was an increase in the release of gold ions with time, 

which reached a similar steady state into both PBS buffer solution and ultrapure 
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water at 0.121 mgL-1 and 0.102 mgL-1 respectively within 240 hours. The release 

of ions is due to the interaction between the nanoparticle surface and the buffer 

solution content. The purpose of performing the release over time studies is to 

investigate the stability of these nanoparticles in different biological media. For 

example, a very low release of ions will indicate longer shelf life and more stable 

nanoparticle formulation (Mbanga et al., 2021).  

Figure 5.1 shows that there was a steady increase in the release of the gold ions 

of citrate-Au NPs 20.54 ±0.45 nm, starting after 6 hours in both ultrapure water 

(Milli-Q 18.8 MΩ-cm) and PBS buffer solution at concentration of 0.099 mgL-1 and 

0.98 mgL-1, respectively. The release of these ions continued to reach the 

concentration of approximately 0.101 and 0.99 mgL-1 respectively in the ultrapure 

water and PBS after 12 hours. Noticeably, within 24 hours, the concentration of 

the ions in both ultrapure water and PBS buffer solution remained steady at 

approximately 0.101 mgL-1 as end point of gold ions release. 

The release of ions from citrate-gold nanoparticles in DMEM cell culture media 

and HEPES buffer solution was also studied. The final concentration of these 

ions in DMEM was higher compared to that in HEPES buffer. As shown in Figure 

5.1, in DMEM, it reaches 0.468 mgL-1 after the first six hours followed by 

approximately 0.588 mgL-1 after twelve hours. Then, the released concentration 

is steadied at roughly 0.732 mgL-1 after 240 hours. In HEPES buffer, a significant 

difference in the release was observed, showing a significantly lower 

concentration of 0.122 mgL-1 after six hours. This increased to 0.232 mgL-1 at 12 

hours. The final concentration reached was 0.279 mgL-1 at 240 hours (Figure 

5.1). Consequently, the data analysis employing Cronbach’s alpha (see Appendix 
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2, Figure S.1) showed a high level of consistency and reliability, reflected by a 

Cronbach’s alpha value of α = 0.98. 

 

 

 

 

 

 

 

 

 

 

5.2.1.2 Polyethylene Glycol-Gold Nanoparticles 

Polyethylene glycol (PEG) is widely used in the pharmaceutical industry due to 

its unique properties, which include prolonged blood circulation time and 

enhanced drug efficacy (Harris, 1992; Hutanu et al., 2014). Moreover, it has 

received approval for medical use in drug delivery by the United States Food and 

Drug Administration (FDA)(U.S. Food & Drug Administration, 2023). PEG can be 

attached to gold nanoparticles either directly on the surface of the nanoparticles 

Figure 5.1. ICP-OES measurements of the gold ions release from citrate gold 

nanoparticles (20.54 ±0.45 nm) in four different media: DMEM cell culture 

medium, ultrapure water, PBS, and HEPES buffer at pH 7.4. Data was measured 

and analysed using Cronbach’s alpha, showing high level of consistency and 

reliability at α = 0.98. In the meantime, one-way ANOVA used to measure the 

significant difference of gold ion release at P < 0.001. 
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or through various modification techniques tailored to specific biomedical 

applications (Mbanga et al., 2021). 

The results shown in Figure 5.2 indicated the release rate of gold ions in four 

different media PBS, ultrapure water, DMEM, and HEPES buffer. DMEM cell 

culture medium and ultrapure water, the gold ions started being released after 6 

hours at similar concentration 0.090 mgL-1. This increase was continued until 

reached to 0.093 mgL-1 and 0.092 mgL-1, which can be considered as the 

maximum release that was observed within 240 hours of the release test. This 

difference in the released concentration may be due to the affinity forces between 

the gold ions in PEG-AuNPs and the contents of the cell culture media, such as 

proteins, which can interact and form complexes. In contrast, the interaction of 

these ions in the ultrapure water may be less noticeable, making it more 

challenging for PEG-AuNPs to dissolve due to the lower affinity forces in the 

aqueous environment (Abuchowski, 1977; Padín-González et al., 2022). 

Furthermore, Deol et al. (2015) have discussed how the behaviour of 

nanoparticles in cell culture media can be influenced by a range of forces and 

changes, stemming from their interactions with components within the media, 

including electrolytes, lipids, and proteins (Deol et al., 2015). 

In HEPES and PBS buffers, under similar conditions at pH 7.4, it was observed 

that the gold ions in PEG-gold nanoparticles were released at concentrations 

exceeding 0.2 mgL-1 in both PBS and HEPES buffers after 240 hours (Figure 

5.2). These changes may be attributed to the formation of complexes that occur 

when the nanoparticles interact with the components of the PBS and HEPES 

buffers, resulting in the detachment from the particle surfaces and their release 
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in the media (T. Wang et al., 2020; Mulder et al., 2019). However, the release of 

gold ions in the four different media was compared and shown statistically to have 

a high consistency at Cronbach’s alpha value of α = 0.98 (see appendix 2, Figure 

S.2). 

 

 

 

 

 

 

 

5.2.1.3 Tannic Acid-Gold Nanoparticles 

Tannic acid comprises multiple phenol groups that can potentially exhibit a strong 

affinity for the surface of gold nanoparticles (Ahmad, 2014). The release 

concentration of gold ions is mainly based on the properties of both gold 

Figure 5. 2. Concentration release test of gold ions measured by ICP-OES for 

PEG-gold nanoparticles in PBS, ultrapure water, DMEM cell culture medium, and 

HEPES buffer at pH 7.4. the The data was evaluated using Cronbach’s alpha, 

which demonstrated a high level of reliability and internal consistency with α = 

0.98. Additionally, a one-way ANOVA was conducted to assess the significant 

differences in gold ion release PEG-Au NPs, with results indicating a significance 

level of P < 0.05. 
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nanoparticles and employed media. For example, it has been reported that the 

more significant release in the presence of DMEM is due to the protein content in 

this media, whereby proteins attach on the particles potentially displacing tannic 

acid molecules and then causing the detachment of gold ions from the particles.  

In other words, the interaction between the tannic acid-gold nanoparticles and the 

components in the cell culture medium (such as proteins) might lead to the 

release of gold ions from the nanoparticle surface (P. Wang et al., 2015). Another 

study by Deol et al., (2015) suggested the dissociation possibility to tannic acid 

molecules on the surface of gold nanoparticles due to the effect of affinity force 

of the contents in PBS buffer solution leading to faster release of gold ions at an 

early stage. 

Herein, Figure 5.3 explains the release rates of gold ions in tannic acid gold 

nanoparticles in four different media: DMEM cell culture media, ultrapure water, 

PBS, and HEPES buffer at different time intervals 0, 6, 12, 24, and 240 hours. As 

shown in Figure 5.3, the gold ions in HEPES and PBS commenced releasing 

after 6 hours, reaching concentrations of approximately 0.098 mgL-1 and 0.189 

mgL-1, respectively. Importantly, there was a significant difference in the release 

of the gold ions within the first 6 hours, with the release concentration being 

approximately two times (2X) higher in the PBS buffer compared to the HEPES 

buffer. After twenty-four hours, the release concentration of these ions stabilised 

at about 0.257 mgL-1 in both buffers and then slightly increased to 0.274 mg L-1 

in HEPES and 0.259 in PBS buffer after 240 hours.  

In DMEM cell culture media, the TA-AuNPs began releasing gold ions at a 

concentration of 0.345 mgL-1 after 6 hours. Notably, over 240 hours, the TA-
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AuNPs exhibited a significant release of gold ions, reaching a maximum 

concentration of 0.781 mgL-1, which was the highest compared to other media. 

On the other hand, in ultrapure water, TA-AuNPs demonstrated the lowest gold 

ion release concentration, measuring at 0.231 mgL-1 after 240 hours. The 

comparison of gold ion release across the four different media was statistically 

analysed, showing a good consistency with a Cronbach’s alpha value of α = 0.87 

(see appendix 2, Figure S.3). 

 

 

 

 

 

 

 

Figure 5. 3. ICP-OES measurements for gold ion release concentration in four 

different media: DMEM cell culture media, ultrapure water, PBS, and HEPES 

buffer at pH = 7.4. Cronbach’s alpha was utilised to analyse the data, illustrating 

low consistency with a value of α = 0.87. Furthermore, a one-way ANOVA was 

performed to determine significant differences in gold ion release of TA-Au NPs, 

yielding a significance level of P < 0.001. 
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5.2.2 Impact of K+ and Na+ Ionic Strength on the Surface of Au NPs 

A series of concentrations (0.01, 0.05, 0.1, 0.2, 0.3, and 0.5 M) of potassium 

nitrate (KNO3) and sodium nitrate (NaNO3) were prepared in ultrapure water 

(Milli-Q 18.8 MΩ-cm) and mixed with different forms of synthesised gold 

nanoparticles: TA-Au NPs, cit-Au NPs and PEG-Au NPs at fixed concentration 

(3.75 mgL-1). The aim of the study was to confirm the suitability of the formulated 

gold nanoparticles for further functionalisation and conjugation by examining the 

impact of K+ and Na+ ions on the size of gold nanoparticles (García-Garabal et 

al., 2021). Characterisation involved measuring the particle size using DLS. For 

example, a negligible increase in size was observed after mixing of gold 

nanoparticles with KNO3 and NaNO3 salts at low concentrations (0.01-0.05 M). 

This may be due to the weak and homogenous impact of ions on nanoparticle’s 

surface. In contrast, at high concentrations (0.1-0.5 M) aggregation of gold 

nanoparticles was determined due to the strong affinity force of potassium and 

sodium ions to the surface of gold nanoparticles (Alba-Molina et al., 2017). The 

nanoparticles aggregated after adsorption of K+ and Na+ ions onto their surfaces 

(Table 5.1). 

Table 5. 1: The effect of the ionic strength of sodium and potassium ions on 
gold nanoparticles’ size 

 Original size  

(d. nm) 

Mean size (nm)  

(0.01 M-0.05 M) 

Mean size (nm) 

(0.1 M-0.5 M) 

TA- AU NPS 

(NANO3) 

15.11 ±0.64 nm 41.1 ±0.68 nm 90 ±0.76 nm 

TA- AU NPS 

(KNO3) 

15.11 ±0.64 nm 39 ±0.87 nm 110 ±0.89 nm 

CIT-AU NPS 

(NANO3) 

20.54 ±0.45 nm 30 ±0.67 nm 200 ±1.43 nm 
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5.2.3 The interaction between Bovine Serum Albumin and Au NPs 

Understanding the interaction between citrate-gold nanoparticles (20.54 ±0.45 

nm) and bovine serum albumin (BSA) can be regarded as one of the most 

significant in vitro investigations to discover the ability of gold nanoparticles to 

bind to proteins containing amino acids. This study aims to offer a comprehensive 

understanding of the binding mechanism between Au NPs and BSA. 

The BSA protein molecule comprises 17 cysteine residues, which form eight 

disulfide (S-S) bonds and one unbound thiol (-SH) group. This unbound thiol can 

lead to side reactions that modify other functional groups in the protein (Maulik et 

al., 2009). In Figure 5.5, the yellow sphere indicates the location of this unbound 

thiol within a cysteine residue. However, certain metals can interact with BSA, 

causing a disruption in the protein's structure by breaking the disulfide bonds  

(Maulik et al., 2009). 

CIT-AU NPS 

(KNO3) 

20.54 ±0.45 nm 32 ±1.23 nm 195 ±1.32 nm 

PEG- AU NPS 

(NANO3) 

28.41 ±0.43 nm 25 ±0.32 nm 300 ±1.54 nm 

PEG- AU NPS 

(KNO3) 

28.41 ±0.43 nm 21 ±0.92 nm 365 ±1.86 nm 
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Figure 5. 2. Highlights the bovine serum albumin (BSA) structure (left) and the 

location of the unbound thiol group (the yellow sphere, right) within the cysteine 

residue in the structure of bovine serum albumin. 

 

The mechanism of interaction between cit-Au NPs (20.54 ±0.45 nm) and BSA 

was studied by measuring the particle size (dynamic light scattering) and 

conducting fluorescence measurements (UV-Vis spectrophotometry to monitor 

the fluorescence changes upon binding of gold nanoparticles with BSA. For 

instance, Figure 5.6 demonstrates that the particle size increased by 

approximately tenfold (191.1 ±1.6 nm) compared to the original size of the citrate-

gold nanoparticles (20.54 ±0.45 nm) before the BSA conjugation. Moreover, a 

positive correlation coefficient at around 0.83 was observed, indicating that 

particles size tends to increase as time progresses (Figure 5.6). 
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The zeta potential for the BSA/Au NPs was also measured using DLS. Various 

concentrations (30, 50, 100, 150, 200 µM) of BSA were applied in this 

examination of their interaction with a fixed concentration (3.75 mgL-1) of cit-

AuNPs (20.54 ±0.45 nm). 

The results presented in Table 5.2 indicate that all measurements of surface 

charge were outside the critical range of aggregation (-10 mV to +10 mV). 

Table 5. 2: Zeta potential measurements for various sizes of BSA/Au NPs: 

BSA concentration (µM) Zeta potential 
(mV) BSA/Au NPs  

STD 
(mV) 

200 µM -33.9 ±1.3 

150 µM -35.3 ±0.9 

100 µM -22.8 ±1.7 

50 µM -16.3 ±2.1 

30 µM -31.0 ±0.8 

cit-Au NPs in the absence 
of BSA (mV) 

-33.1 ±1.1 

 

 

Figure 5. 3. DLS measurements depicts the particle size distribution and 

correlation data between particle size and time (µs) for BSA-gold nanoparticles. 
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The fluorescence measurements for the standard BSA (BSA std.), citrate-gold 

nanoparticles (20.54 ±0.45 nm) and BSA-gold nanoparticles (BSA/Au NPs) were 

measured using UV-Vis spectroscopy. The fluorescence intensity of BSA-gold 

nanoparticles increased by increasing BSA concentration, while the cit-Au NPs 

are non-fluorescent. This suggests that the interaction of cit-Au NPs with BSA is 

likely to induce fluorescence due to the presence of tryptophan residues in BSA 

(Shalaeva et al., 2019) (Figure 5.7). 

 

 

 

 

 

 

 

 

 

5.2.5 Investigating the Influence of Temperature Control on BSA/Au NPs 

Sodium dodecyl sulfate (SDS) can be classified as an anionic surfactant with both 

electrostatic and hydrophobic properties when interacting with proteins (J. Zhang 

et al., 2021). This research topic involves the investigation of temperature impact 

on three types of synthesised gold Au NPs: citrate-gold nanoparticles (cit-

AuNPs), SDS-gold nanoparticles (SDS-Au NPs), and SDS-BSA-gold 

nanoparticles (SDS-BSA-Au NPs). The main reason of this examination is to 

Figure 5. 4. Fluorescence intensity of citrate-gold nanoparticles after interaction 

with bovine serum albumin measured by the UV-Vis spectrophotometer. 
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study how temperature can significantly impact the structure of BSA. Proteins like 

BSA have a specific three-dimensional structure that is crucial for their function. 

At moderate temperatures, the protein might undergo minor alterations, affecting 

its stability. However, as temperatures rise further, the hydrogen bonds, 

hydrophobic interactions, and other weak forces that maintain the protein's 

structure can become disrupted leading to the loss of its function, for example, its 

ability to bind to other molecules, such as drugs or metal ions. A study by 

Chodankar et al (2008) reported that the BSA protein can be influenced by 

temperatures exceeding 60°C, resulting in protein denaturation (unfolding of the 

protein by breaking the intramolecular bonds) and subsequent aggregation to the 

nanoparticles. 

Herein, the structural changes in Bovine Serum Albumin (BSA) have been 

measured using a spectrophotometer based on absorbance (Figure 5. 8). These 

measurements were conducted by controlling the temperature over 360 minutes 

of the synthesis of nanoparticles.  In the beginning, it was observed that all forms 

of the prepared Au NPs were stable up to 50 minutes. Noticeably, SDS-Au NPs 

and SDS-BSA-Au NPs exhibited a gradual increase in the absorbance over time 

and with increasing temperature (Figure 5.8). These changes in absorbance at 

specific wavelengths, typically in the UV range (200-280 nm) are assigned to the 

changes in BSA's structure, particularly alterations in its aromatic amino acid 

environments, which can affect its absorption spectra. The results observed in 

Figure 5.8 were recorded at various temperatures (e.g., from 0 temperature to 

elevated temperatures up to 80°C) by measuring the absorbance. Figure 5.8 

illustrates the changes in peak intensities (absorbance) over 360 minutes. 
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Statically, results were compared with each other by measuring the Cronbach’s 

alpha. The statistical results (appendix 2, figure S.4) showed that SDS-BSA-

AuNPs and SDS-AuNPs are not highly correlated with each other with poor 

consistency at low (α) value = 0.01. 

 

5.2.6 Enhancing the Physicochemical Properties of Au NPs 

Gold nanoparticles have been widely used in the development of new diagnostic 

devices, engineering, and environmental safety. They can be easily 

functionalised, particularly with thiol-containing compounds, through the 

Figure 5. 5. An impact of temperature on the absorbance intensity of dodecyl 

sodium sulfate-gold nanoparticles (SDS-Au NPs), and SDS-BSA-Au NPs over 

time, as measured by a UV-Vis spectrophotometer. The data illustrates the 

dynamic changes in absorbance intensity over time under the effect temperature. 



   

 

162 
 

formation of gold-sulfur bonds (Au-S). Herein, three types of thiol-containing 

compounds, specifically 11-mercaptoundecanoic acid (MUDA), 4-

mercaptobenzoic acid (4-MBA), and meso-2,3-Dimercaptosuccinic acid (DMSA), 

were employed for the functionalisation of citrate-gold nanoparticles (20.54 ±0.45 

nm) size. The localised surface plasmon resonance (LSPR) peak shifts of MUDA, 

4-MBA, and DMSA-functionalised gold nanoparticles were determined at various 

wavelengths. In Figure 5.9, MUDA/AuNPs displayed well distributed and narrow 

LSPR peak shift at maximum wavelength 542 nm. Whereas, 4-MBA/AuNPs and 

DMSA/AuNPs presented as a broadening peak at two maximum wavelengths of 

528-645 nm and 540-642nm, respectively. 

 

 

 

 

 

 

DLS characterisation in Table 5.3 illustrates the increase in size of Au NPs after 

each form of functionalisation using MUDA, 4-MBA, and DMSA. A significant size 

increase for all three different forms of functionalisation: MUDA/AuNPs, 4-

Figure 5. 6. Localised surface plasmon resonance peak shifts of functionalised 

gold nanoparticles: MUDA/Au NPs, 4-MBA/AuNPs and DMSA/AuNPs at different 

maximum wavelengths measured by UV-Vis spectrophotometry. 



   

 

163 
 

MBA/AuNPs, and DMSA/AuNPs. Additionally, low polydispersity index (PDI) 

suggests a narrow size distribution of MUDA-functionalised gold nanoparticles, 

indicating that most of the particles in the sample are homogeneously distributed 

around a mean value. 

Table 5. 3: Gold nanoparticles size distribution, poly dispersity index (PDI), zeta 

potential and the % loaded amount measurements before and after 

functionalisation with thiol containing compounds. 

Thiol 

compo

-unds 

Size before 

functionalisation 

Size after 

functionalisation 

DLS 

(PDI) 

DLS 

(ζ) 

% loaded  

11-

MUDA 

20.54 ±0.45 nm 50.39 ± 0.82 nm 

 

0.260 -27.2 53.9% 

 

4-MBA 20.54 ±0.45 nm  142.67 ± 1.45 nm 

 

0.356 -40.9 37.5% 

 

DMSA 20.54 ±0.45 nm 164.89 ± 1.92 nm 

 

0.428 -50.4 

 

31.5% 

 

 

5.2.7 Microscopic Examination of Functionalised Gold Nanoparticles 

The microscopic imaging was conducted by transmission electron microscopy 

(TEM) for the synthesised and functionalized gold nanoparticles: cit-Au NPs, 

MUDA-Au NPs, 4-MBA-Au NPs and DMSA-Au NPs. Figure 5.10 illustrates an 

increase in particle size after functionalisation, accompanied by significant 

morphological changes in the nanoparticles. Notably, severe aggregation was 

observed when nanoparticles were functionalised with DMSA and 4-MBA thiol 

compounds. The aggregation observed in the case of 4-MBA/AuNPs is linked to 

a nucleophilic aromatic substitution (NAS) reaction, which involves the 

replacement of atoms or groups on an aromatic ring by a nucleophile, breaking 
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bonds within the molecule (Caron et al., 2003). In contrast, the MUDA/AuNPs 

exhibited uniform distribution after functionalisation, forming linked chains of 

nanoparticles. This phenomenon can be attributed to the strong affinity between 

the thiol group in MUDA and the gold atoms in Au NPs, as depicted in Figure 

5.10. 

 

5.2.8 Effect of HEPES Buffer on Functionalised Au NPs 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer is widely 

employed in numerous biomedical applications because of its unique ability to 

Figure 5. 7. TEM images displaying particle appearance and aggregation state 

for the synthesised and functionalised gold nanoparticles: cit-AuNPs, MUDA-

AuNPs, 4-MBA-AuNPs, and DMSA-AuNPs. The images demonstrated at two 

different nanoscale bars 200 nm and 500 nm. 
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maintain stable pH conditions and preserve the integrity of biological samples 

(Good et al., 1966; Stoll & Blanchard, 1990). In this study, three types of 

functionalised gold nanoparticles, namely MUDA/Au NPs, 4-MBA/Au NPs, and 

DMSA/Au NPs, were prepared in HEPES buffer at six different concentrations: 5 

mM, 10 mM, 30 mM, 50 mM, 75 mM, and 100 mM. The HEPES buffer displayed 

minimal changes in particles size for MUDA/Au NPs across the six different 

concentrations (Figure 5.11).  These observations can be attributed to the 

zwitterionic nature of HEPES in relation to MUDA/Au NPs (P. Liu et al., 2023; 

Taha et al., 2014). Consequently, the particles size distribution of MUDA/AuNPs 

remained consistently stable, with an average diameter (50.39 ± 0.82 nm). In 

contrast, 4-MBA/Au NPs displayed varying fluctuations in particle size 

distribution, especially at 30 mM of HEPES buffer solution. 

Figure 5. 11.  Impact of the HEPES buffer solution (5 mM, 10 mM, 30 mM, 50 

mM, 75 mM, and 100 Mm) on the functionalised gold nanoparticles: 

MUDA/AuNPs, 4-MBA/AuNPs, and DMSA/AuNPs. The variation was measured 

and compared with MUDA-cit-Au NPs by one-way ANOVA and it was found 

significant at ***P < 0.001. 
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5.3 Conclusions 

This chapter involved the investigation of the physicochemical properties of 

synthesised and functionalised gold nanoparticles by measuring the 

concentration release of gold ions in various media, including DMEM cell culture 

media, PBS, HEPES, and ultrapure water (Milli-Q 18.8 MΩ-cm). All results were 

statistically compared by measuring the Cronbach’s alpha or coefficient alpha (α) 

to indicate their consistency. For example, both cit-AuNPs (20.54 ±0.45 nm) and 

PEG-AuNPs (28.41 ±0.43 nm) showed a high consistency of data analysis at α 

values 0.98. Whereas the data analysis for TA-AuNPs (15.11 ±0.64 nm) show a 

good consistency with a Cronbach’s alpha value of α = 0.87. Additionally, the 

coefficient alpha (α) has been used to analyse the correlation between the 

functionalisation of AuNPs with the anionic surfactant sodium dodecyl sulfate 

(SDS) and bovine serum albumin (BSA). It was found that SDS provides more 

stability for Au NPs than BSA particularly at higher temperatures up to 80°C. This 

relates to how temperature can significantly impact the structure of bovine serum 

albumin (BSA) leading to disruption of the hydrogen bonds in its structure. The 

Cronbach’s alpha data analysis indicated that SDS-BSA-AuNPs and SDS-AuNPs 

are not highly correlated with each other at lower consistency with Cronbach’s 

alpha (α) value 0.01. 

Often, gold nanoparticles are functionalised with ligands or molecules carrying 

different surface charges. These ligands or molecules provide stability for gold 

nanoparticles. In some cases, adsorbed ions can influence the surface charge 

and reactivity of the nanoparticles leading to their aggregation. For example, ions 

can promote nanoparticle aggregation by reducing the electrostatic repulsion 
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between particles. Therefore, in this chapter, the impact of the ionic strength of 

Na+ and K+ ions was also studied. It was found that at high concentrations (0.1-

0.5 M) of these ions, the electric double layer around particles was suppressed, 

leading to the formation of aggregated nanoparticles.  

Other compatibility studies were also conducted on the functionalised gold 

nanoparticles: MUDA-cit-AuNPs,4-MBA-cit-AuNPs, and DMSA-cit-Au NPs. This 

study includes the interaction of the thiol group in the thiol containing compounds 

MUDA, 4-MBA, and DMSA with gold atoms in cit-Au NPs (20.54 ±0.45 nm), 

resulting in the formation of a strong gold-sulfur (Au-S) bonds. Furthermore, the 

TEM microscopic images showed that both 4-MBA/AuNPs and DMSA/Au NPs 

were significantly influenced by HEPES buffer (100 mM), in contrast to MUDA-

cit-AuNPs, which maintained well-defined particle size distribution and is thus 

highly compatible for drug conjugation. Furthermore, the UV-Vis spectroscopy 

examination displayed well distributed and narrow LSPR peak shift at maximum 

wavelength 542 nm for MUDA-cit-AuNPs, whereas, 4-MBA-cit-AuNPs and 

DMSA-cit-AuNPs presented as a broadening peak at two maximum wavelengths 

of 528-645 nm and 540-642nm, respectively.  

In summary, the selection of citrate-gold nanoparticles (20.54 ± 0.45 nm) for 

functionalisation and further conjugation with amantadine (AMTD) and remdesivir 

drugs was determined based on their unique properties. These nanoparticles 

serve as an optimal platform for effective drug conjugation. 

 

 



   

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter (6): Cellular Uptake 

and Cytotoxicity 
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6.1 Introduction 

Nanotechnology has experienced rapid development, particularly in the delivery 

of medicines for treating various diseases and for diagnostic purposes. This 

progress is attributed to a large extend on the development of nanomaterials, and 

their exceptional and effective properties resulting from operating at the 

nanoscale (Patra et al., 2018).  For instance, current applications of gold 

nanoparticles involve imaging, diagnostics, drug delivery systems, food safety, 

and cosmetics (Kaul et al., 2018; Rastogi et al., 2021). 

Nanomaterials, however, may also exhibit distinct toxic effects, whether on 

human organ systems or other living cells. Therefore, this study centres on the 

biological impact of formulated and drug-conjugated gold nanoparticles, 

specifically on J774 cell line macrophages, representing immune cells. 

The toxicity mechanism of nanoparticles can be understood through the 

production of excess reactive oxygen species (ROS). For instance, Sharifi et al., 

(2012) proposed that one of the toxicity mechanisms of nanoparticles involves 

the formation of COOH• and OH• radicals through the reduction of hydrogen 

peroxide (H2O2) via the Fenton reaction. It was reported that during this reaction, 

damage to cell biological membranes occurs due to high levels of ROS. This may 

result in alterations to protein structure, DNA disruption, interference with 

biological functions, or undesirable gene mutations, ultimately culminating in cell 

death (Sharifi et al., 2012). However, this type of reaction varies from one 

nanoparticle (NPs) to another depending on their ability to reach mitochondria 

(Jin et al., 2021). Thus, ROS levels play a crucial role in inducing toxicity in cells. 

N. Li et al (2008) described that low levels of ROS stimulate the defence genes, 
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whereas higher levels of oxidative stress can lead to the activation of 

inflammation genes, resulting in mitochondrial DNA damage. Conversely, the 

toxicity of targeted cell tissues can be influenced by various factors, including 

nanoparticle size, shape, surface charge, composition and coating. This chapter 

will present an in-depth investigation of cellular uptake and the comprehensive 

evaluation of toxic effects induced by the formulated and conjugated gold 

nanoparticles. The toxicity assessment encompassed the utilisation of two 

toxicology assays, including 1-(4,5-Dimethylthiazol-2-yl)-3,5-diphenylformazan 

(MTT) and Sulforhodamine-B (SRB). 

 

 

 

 

 

 



   

 

 
 

6.2 Cellular Uptake 

6.2.1 Results and Discussion  

6.2.1.1 Cellular Uptake Utilising J774 Cell Line Macrophages 

J774 cell line macrophages have been considered as an ideal model for 

establishing macrophage functions in vitro (Lam et al., 2009). Cellular uptake can 

be influenced by factors such as particle size, concentration, incubation time, or 

cell type (Augustine et al., 2020).  

6.2.1.2 Evaluating Cellular Uptake: Au NPs with Citrate, PEG, and TA 

Coatings 

The impact of the synthesised citrate, PEG, and TA-gold nanoparticles on cellular 

uptake using J774 cell line macrophages was investigated, considering various 

factors such as surface charge, shape, and size (Kettler et al., 2014; Petithory et 

al., 2021). Firstly, two different sizes, 15 and 30 nm of citrate-gold nanoparticles 

were introduced into J774 cells seeded in a 6-well plate and incubated at 37°C 

with 5% CO2 for 48 hours. Subsequently, the cells were washed with phosphate-

buffered saline and fixed with 2 ml of 2.5% glutaraldehyde prepared in 0.1 M 

phosphate-buffered saline (PBS) at room temperature. Following cell sectioning, 

TEM imaging was employed to investigate the intracellular uptake of these 

synthesised NPs. 

The size of citrate-gold nanoparticles can significantly influence the cellular 

uptake into macrophages. Generally, smaller nanoparticles tend to be 

internalised more readily compared to larger ones due to several factors such as 

surface area to volume ratio. For example, smaller nanoparticles have a higher 



   

 

 
 

surface area to volume ratio, which facilitates better diffusion and penetration 

through cell membranes. This enhanced surface area allows for more 

interactions with the cell membrane, aiding in cellular uptake. As can be seen in 

Figure 6.1, TEM images shown that nanoparticles with a small size of 15 nm 

interacted with the cell membrane of the macrophages leading to their 

internalisation within cell vesicles. In addition, nanoparticles with 30 nm size were 

also internalised, potentially at slower rates.  Notably, the cellular uptake 

mechanisms can be size-dependent, as well as dependent on the surface 

properties of nanoparticles, or the biological environment. 

 

Herein, J774 cell macrophages were also exposed to two different concentrations 

(1 mgL-1 and 6 mgL-1) of three types of prepared gold nanoparticles: citrate-gold 

nanoparticles (20.54 ±0.45 nm), PEG-gold nanoparticles (28.41 ±0.43 nm), and 

TA-AuNPs (15.11 ±0.64 nm). The surface coating of nanoparticles plays a crucial 

Figure 6. 1. TEM images illustrate the interaction and internalisation of 15 nm 

and 30 nm cit-Au NPs into J774 cell line macrophages. The red arrows indicate 

the location of nanoparticles at the cell membrane and inside the cell vesicles. 

The cellular uptake of these nanoparticles imaged at nanoscale bar 2000 nm. 



   

 

 
 

role in their cellular uptake, influencing how they interact with biological systems. 

Surface coatings can affect the physicochemical properties of nanoparticles, 

determining their stability, biocompatibility, and ability to interact with cell 

membranes. Polyethylene glycol, trisodium citrate, and tannic acid reagents were 

applied to gold nanoparticles, which were subsequently introduced (1 and 6 mgL-

1) into the cells and incubated for 24 hours at 37˚C with 5% CO2 under similar 

conditions. As depicted in Figure 6.2, PEG-gold nanoparticles, and citrate-gold 

nanoparticles were observed to be entirely internalised into J774 cell vesicles at 

both concentrations of 1 mgL-1 and 6 mgL-1. Whereas, the tannic acid-

nanoparticles showed a low cellular uptake, particularly at 6 mgL-1. The cellular 

uptake of gold nanoparticles at different concentrations can have distinct effects 

on the internalisation process by cells. At a lower concentration, such as 1 mgL-

1, the number of gold nanoparticles available for uptake by cells is comparatively 

limited. Therefore, cells will encounter fewer nanoparticles in their vicinity, 

resulting in a slower rate of internalisation. With a higher concentration of 6 mgL-

1, there's a greater abundance of gold nanoparticles in the surrounding 

environment of the cells. This will provide more nanoparticles for potential 

interaction with the cells, leading to higher rates of internalisation (Figure 6.2). 

 

 

 

 



   

 

 
 

 

Figure 6. 2. TEM images at nanoscale bar 2000 nm, depict the cellular uptake of 

three forms of coated gold nanoparticles: tannic acid gold nanoparticles (TA-Au 

NPs), citrate gold nanoparticles (cit-Au NPs), and polyethylene glycol gold 

nanoparticles (PEG-Au NPs) introduced into J774 cell line macrophages at two 

different concentrations (1 mgL-1 and 6 mgL-1). Red arrows presenting the 

accumulation of Au NPs inside the macrophage cells.  



   

 

 
 

6.2.1.3 Cellular Uptake of Amantadine (AMTD)-Conjugated Gold 

Nanoparticles 

Most therapeutic pharmaceuticals must be effective, particularly in targeting 

infected cells (Zhao et al., 2020). One major challenge in cell-targeted 

therapeutics is the lack of cell selectivity (Y. Wu et al., 2022). Consequently, 

efforts have been made in the development of drug delivery systems to overcome 

these limitations by precisely controlling the delivery of medicines to specific sites 

without adversely affecting normal cells (Mitragotri et al., 2014). 

The transportation of foreign nanoparticles into the body can be considered 

challenging due to the reticuloendothelial system (RES) (Gunatillake et al., 2003). 

The RES is a network of cells or tissues that play a crucial role in the immune 

system in the clearance of foreign substances (Baas et al., 1994). In this study, 

the transmission electron microscopy (TEM) investigation of amantadine 

conjugated to Au NPs in Figure 6.3 showed that gold nanoparticles were 

completely internalised into vesicles within cell macrophages. The larger particles 

surrounding the cell macrophages appeared to correspond to the drug molecules, 

which were released due to the action of specific enzymes present in the 

intracellular environment. For instance, cell macrophages produce enzymes 

within the intracellular environment that trigger the release of the drug by cleaving 

certain bonds in the nanoparticle structure, leading to drug release (Cao et al., 

2019; M. Zhang et al., 2021).  

The mechanism of delivery is not yet fully understood; however, Bahrami et al 

(2017) described the ligand-receptor interaction. Ligands attached to 

nanoparticles have an affinity to bind to targeted cells through ligand-receptor 



   

 

 
 

interactions. Subsequently, the drug is released at these targeted cells, allowing 

nanoparticles to become free and bind with proteins, making them recognisable 

by phagocytic cells. This recognition facilitates the clearance of nanoparticles out 

of the body (Song et al., 2014). 

 

Figure 6. 3. TEM microscopic images demonstrating cellular uptake of the 

amantadine conjugated Au NPs at two different magnifications (scale bar 5000 

nm.) 

 

6.2.1.4 Cellular Uptake of Remdesivir (REM)-Conjugated Gold 

Nanoparticles 

Remdesivir has been classified as an inhibitor of RNA-dependent viruses, 

particularly capable of inhibiting the viral activity of SARS-CoV (Gordon et al., 

2020). Understanding the clinical effectiveness of remdesivir necessitates an 

assessment of its uptake and intracellular conversion into the active antiviral 

agent known as GS-441524 triphosphate. As depicted in Figure 6.4, the cellular 

absorption of remdesivir is evident and diminished. Various factors can influence 

the cellular uptake of remdesivir, whether extracellular or intracellular. Research 

indicates that under hypoxic and inflammatory conditions, the cellular uptake of 



   

 

 
 

remdesivir may decrease due to a reduction in the expression of adenosine 

transporters (Rasmussen et al., 2021).  Extracellular and intracellular adenosine 

levels during critical illnesses, has the potential to competitively delay the cellular 

uptake rate and phosphorylation of the remdesivir drug molecule. 

 

6.3 In Vitro Approaches to Cytotoxicity Testing 

Toxicity evaluation of nanoparticles is crucial, whether conducted in vitro or in 

vivo (Kus-Liśkiewicz et al., 2021). In this study, J774 cell line macrophages were 

employed to assess the toxicity effects of formulated and drug-conjugated gold 

nanoparticles. Two different toxicity assays, including 1-(4,5-Dimethylthiazol-2-

yl)-3,5-diphenylformazan (MTT) and sulforhodamine B (SRB), were utilised to 

ensure accuracy and generate reliable results. 

Figure 6. 4. TEM microscopic images illustrating the cellular uptake of remdesivir 

(REM)-conjugated to gold nanoparticles. The red arrows highlight the 

accumulation of nanoparticles at the cell membrane of JJ7 cell line 

macrophages. 



   

 

 
 

6.3.1 MTT Assay 

The MTT assay, also known as the 1-(4,5-Dimethylthiazol-2-yl)-3,5-

diphenylformazan assay, is used to assess the cytotoxicity of gold nanoparticles 

(Chapter 2, Section 2.5.3.1). The test measures the insoluble formazan 

generated by the mitochondria in viable cells (Vijayakumar & Ganesan, 2012). 

Herein, various formulations of synthesised and drug conjugated Au NPs: citrate-

gold nanoparticles (20.54 ±0.45 nm, 40.59 ±0.83 nm, and 60.67 ±0.71 nm), PEG-

gold nanoparticles (28.41 ±0.43 nm), TA-AuNPs (15.11 ±0.64 nm), AMTD/AuNPs 

(160 nm), and REM/AuNPs (165 nm) were employed for toxicity assessment.  

Figure 6.5 depicted the effects of two distinct sizes, 40.59 ±0.83 nm and 60.67 

±0.71 nm, of citrate-gold nanoparticles on J774 cell macrophages. It was 

observed that at approximately 15 µgL-1, roughly half of the total macrophage cell 

population experienced cell death, especially when exposed to nanoparticles of 

larger size (60.67 ±0.71 nm). Conversely, fewer than 40% of cells were killed due 

to the toxicity induced by nanoparticles of 40.59 ±0.83 nm size. Upon analysing 

the statistical variation between these sizes, a significant difference in toxicity 

effects was observed at the concentration of 15 µg L-1, with a reported p-value of 

0.162. However, Carnovale et al. proposed that existing literature does not 

provide clear evidence to solely attribute toxicity dependency to nanoparticle size 

(Carnovale et al., 2019). 

 

 

 



   

 

 
 

 

 

 

 

 

 

 

In Figure 6.6, the toxicity effect of three coatings, citrate, PEG, and TA, was 

investigated using the MTT assay. The impact of various coatings on gold 

nanoparticles (Au NPs) can significantly influence their interaction with cell 

macrophages and subsequent toxicity. They can alter the physicochemical 

properties of nanoparticles, inducing their cytotoxic effects. Whereas 

biocompatible coatings can reduce the interactions between nanoparticles and 

cellular components, potentially lowering cytotoxic effects.  

Citrate-gold nanoparticles (20.54 ±0.45 nm) exhibited the lowest level of toxicity 

among the various coatings, notably at a concentration of 5 µgL-1. The maximum 

toxicity effect was observed at 30 µgL-1 where about 70% of the cells were killed. 

In contrast, PEG-gold nanoparticles (28.41 ±0.43 nm) and TA-gold nanoparticles 

Figure 6. 5. MTT assay measurements for citrate-gold nanoparticles of two 

different sizes, 60 nm and 45 nm. A one-way ANOVA was used to assess the 

differences in variation relative to control cells. The toxic effects observed showed 

a significant difference, with a ***P value < 0.001. 



   

 

 
 

(15.11 ±0.64 nm) displayed high levels of toxicity effects. Macrophage cells 

exhibited an over 80% impact in terms of toxicity at a concentration of 15 µgL-

1(Figure 6.6). The observed toxic effects displayed significant variation, as 

indicated by a P value < 0.001. These results are supported by various studies in 

the literature, highlighting that citrate-gold nanoparticles larger than 10 nm are 

typically safe, non-toxic, and suitable for medical applications at low 

concentrations, as outlined by Boldeiu et al. (2019), Freese et al. (2012), and 

Vishwakarma et al. (2010). 

 

 

 

 

 

 

 

 

Figure 6. 6. MTT assay measurements for gold nanoparticles with various 

coatings including, citrate (cit) (20.54 ±0.45 nm), polyethylene glycol (PEG) (28.41 

±0.43 nm), and tannic acid (TA) (15.11 ±0.64 nm). One-way ANOVA utilised to 

measure the variation compared to control or untreated cells. The observed toxic 

effects displayed significant variation, as indicated by a ***P value < 0.001. 



   

 

 
 

Moreover, the toxicity impact of the drug conjugated to gold nanoparticles on 

J774 cell line macrophages was measured using the MTT assay. In Figure 6.7, 

when amantadine was administered alone, it exhibited high toxicity to cell 

macrophages, particularly at a concentration of 5 µgL-1, where over 50% of cells 

were adversely affected and killed. However, this toxicity was notably reduced to 

less than 20% when amantadine was conjugated with Au NPs. Therefore, it is 

evident that modifying nanoparticles with the amantadine drug significantly 

reduced its toxicity. This observation aligns with the research conducted by De 

Jong & Borm (2008), which demonstrated that the conjugation of drug molecules 

to nanoparticles resulted in a notable reduction in the toxicity and associated side 

effects of these therapeutic agents.  

 

 

 

 

 

 

 

Figure 6. 7. Comparative toxicity impact of amantadine when used alone and 

when conjugated to gold nanoparticles on cell macrophages. The measurement 

was conducted using the MTT assay. 



   

 

 
 

The conjugation of remdesivir to gold nanoparticles (REM/AuNPs) demonstrated 

a notable reduction in toxicity effects. At a concentration of 5 µgL-1, both REM 

(used alone) and REM/AuNPs exhibited significant toxicity, affecting more than 

50% of cells, resulting in reported cell death (Figure 6.8). Consequently, based 

on the obtained results, it can be assumed that AMTD/AuNPs were comparatively 

less toxic than REM/AuNPs at a similar dose (5 µgL-1) under equivalent 

conditions. However, toxicity represents a complex field that demands 

comprehensive assessment, and it cannot be assessed by only one type of cell 

because some cells show high sensitivity to a certain type of nanoparticles while 

others do not (Freese et al., 2012). 

 

 

 

 

 

 

 

6.3.3 Sulforhodamine-B (SRB) Assay 

This assay is primarily used to measure cell density to assess cell proliferation or 

cytotoxicity. The assay is based on the binding of SRB, a bright-pink 

Figure 6. 8. Toxicity effects of the remdesivir (REM) drug and its conjugation 

form REM/AuNPs, evaluated using the MTT assay. 



   

 

 
 

aminoxanthene dye, to cellular proteins under mild acidic conditions (Chapter 2, 

Section 2.5.3.2). Herein, SRB assay was applied to determine the inhibition of 

cell proliferation rate (% cell viability) of both remdesivir, and amantadine drugs 

conjugated to citrate-gold nanoparticles (20.54 ±0.45 nm). Data was analysed 

based on measuring the absorbance at specific wavelength 540 nm for the SRB 

dye.  

The % cell viability = 
OD of the treated cells 

OD of the controlled cells 
 × 100 

This equation was employed to quantify the impact of REM/AuNPs and 

AMTD/AuNPs on cell viability or proliferation. However, the cytotoxicity 

concentration (CC50) represents the concentration of a substance required to 

reduce cell viability by 50% compared to untreated control cells. In Figure 6.9, it 

can be observed that the cell proliferation rate for REM/AuNPs was significantly 

reduced particularly at concentration (2.8 µgL-1), which can be indicated as the 

cytotoxicity concentration required to reduce cell viability by 50%.  

 

 

 

 

 



   

 

 
 

 

On the other hand, AMTD/AuNPs have been indicated with concentration toxicity 

(CC50) at 4.5 µgL-1 (Figure 6.10). This means that AMTD/AuNPs has lower levels 

of toxicity effect on the J744 cell macrophages compared to REM/AuNPs. In other 

words, the results in SRB assays indicated that J774 cell macrophages exhibited 

lower sensitivity to amantadine drug-conjugated gold nanoparticles compared to 

remdesivir-conjugated gold nanoparticles. This observation could be linked to 

differences in drug potency. 

In summary, as mentioned above the main purpose of this toxicity assay is to 

determine the cytotoxicity concentration (CC50), which indicated the potency of 

each drug-NPs conjugates at 2.8 µgL-1 and 4.5 µgL-1 for REM/AuNPs and 

AMTD/AuNPs, respectively. 

 

 

 

 

 

Figure 6. 9. Measuring the cytotoxicity concentration (CC50) required to reduce 

the cell viability by 50% for REM/AuNPs, as determined by Sulforhodamine-B 

(SRB) assay. 

 



   

 

 
 

 

 

6.4 Conclusions  

In this chapter, the cellular uptake and toxicity effects of various forms of 

synthesised and drug conjugated gold nanoparticles including citrate-gold 

nanoparticles, TA-gold nanoparticles, PEG-gold nanoparticles, REM/AuNPs, and 

AMTD/AuNPs were investigated based on several factors such as size, shape, 

ligands attached on the surface of gold nanoparticles.  

The cellular uptake of these nanoparticles was investigated by TEM imaging. 

Citrate-gold nanoparticles with smaller size (15 nm) tend to be internalised to cell 

macrophages more readily compared to larger ones (30 nm) due to their high 

surface area. The cellular uptake for other coated-gold nanoparticles such as 

PEG-AuNPs and TA-AuNPs was microscopically investigated using TEM. The 

results showed that PEG-gold nanoparticles (28.41 ±0.43 nm) were observed to 

be entirely internalised into J774 cell vesicles at both concentrations of 1 mgL-1 

and 6 mgL-1. Whereas, TA-gold nanoparticles (15.11 ±0.64 nm) showed a low 

cellular uptake, particularly at 6 mgL-1. It was observed that the cellular uptake of 

gold nanoparticles varies depending on their concentration. Notably, at a lower 

concentration (1 mgL-1), there was fewer gold nanoparticles around the cell 

macrophages. Consequently, cells encounter a limited number of nanoparticles 

nearby, leading to a slower internalisation process. In contrast, higher 

Figure 6. 10. Cytotoxic concentration (CC50) measurement for amantadine-

conjugated gold nanoparticles (AMTD/AuNPs) determined by the SRB assay. 



   

 

 
 

concentration (6 mgL-1) results in a greater number of nanoparticles surrounding 

the cells, leading to a faster rate of internalisation. 

The cellular uptake for drug-conjugated nanoparticles, it is hypothesised that the 

release of amantadine drug molecules occurs due to the action of specific 

enzymes present in the intracellular environment. This enzymatic action is 

believed to cause the cleavage of certain bonds within the nanoparticle structure, 

facilitating drug release (Cao et al., 2019; M. Zhang et al., 2021).  

The cytotoxicity studies using the MTT assay discovered that the synthesised 

citrate-gold nanoparticles (20.54 ±0.45 nm, 40.59 ±0.83 nm, and 60.67 ±0.71 

nm), PEG-gold nanoparticles (28.41 ±0.43 nm), and TA-AuNPs (15.11 ±0.64 nm) 

show various toxicity effects. For example, observations showed that at around 

15 µgL-1, about half of the macrophage cell population underwent cell death, 

notably when exposed to larger-sized nanoparticles (60.67 ±0.71 nm). In 

contrast, fewer than 40% of cells killed due to toxicity from smaller-sized 

nanoparticles (40.59 ±0.83 nm). This significant variation was statistically 

measured at p-value of 0.162. On the other hand, PEG-gold nanoparticles (28.41 

±0.43 nm), and TA-AuNPs (15.11 ±0.64 nm) showed high levels of toxicity effects 

over 80% at concentration of 15 µgL-1. The REM/AuNPs and AMTD/AuNPs 

conjugates notably reduced the toxicity effects to less than 20% and 50%, 

respectively, compared to the use of these medicines alone. 

Finally, according to the SRB assay, the cytotoxicity concentration (CC50) for 

REM/AuNPs and AMTD/AuNPs was determined at 2.8 µgL-1 and 4.5 µgL-1, 

respectively. This indicates that a higher dose of AMTD/AuNPs is required to 



   

 

 
 

achieve a 50% reduction in cell viability compared to REM/AuNPs. In other words, 

The drug conjugation process to gold nanoparticles reduces the potency of each 

drug at 2.8 µgL-1 and 4.5 µgL-1 for REM/AuNPs and AMTD/AuNPs, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 
 

 

 

 

 

 

Chapter (7): General 

Discussion, Conclusions and 

Future Work 
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7.1 General Discussion and Conclusions 

This thesis involves a number of research topics described separately in chapters 

3-6. The first topic was about the synthesis of gold nanoparticles in the size range 

8-60 nm (Chapter 3, Table 3.1). This synthesis involved application and 

modification of several techniques, such as the citrate reduction method and size 

tuning based on controlling pH  or concentration ratios of the reduction agents 

(Chapter 2, Section 2.3). In addition, three different types of thiol-containing 

compounds specifically 11-mercaptoundecanoic acid (MUDA), 4-

mercaptobenzoic acid (4-MBA), and meso-2,3-Dimercaptosuccinic acid (DMSA), 

were employed for the functionalisation of citrate-gold nanoparticles (20.54 ±0.45 

nm) size (Chapter 4, Section 4.2). Furthermore, these MUDA functionalised gold 

nanoparticles (50 ±0.98 nm) were utilised for both amantadine (AMTD) and 

remdesivir (REM) drug conjugation showing an increase in the particles size at 

160 nm and 165 nm, respectively (Chapter 4, Section 4.3).   

As explained in Chapter 1, Section 1.7 gold nanoparticles exhibit several unique 

properties, including low toxicity, uniform morphology, and a large surface-to-

volume ratio. One of the significant physical properties of Au NPs is the localised 

surface plasmon resonance (LSPR), which is closely related to their optical 

properties. Herein, in this research, an extensive examination for the prepared 

gold nanoparticles was employed using various characterisation techniques 

(Chapter 2, Section 2.4). The obtained results measured by DLS showed that 

most of the prepared nanoparticles are stable in the colloidal solution at various 

zeta potential values outside the critical range for aggregation of -10 mV to +10 

mV (Chapter 3, Table 3.1). The LSPR characterisation of the prepared gold 
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nanoparticles (60.67 ±0.71 nm) showed a significant absorption peak shift to 

maximum wavelengths at 538 nm. In contrast to the smaller nanoparticles, K-TA-

Au NPs (8.77 ±0.928 nm), showing absorption peak shift at maximum wavelength 

516 nm. 

The stability of the prepared citrate-gold nanoparticles (20.54 ±0.45 nm) was also 

studied and compared with other gold nanoparticles, PEG-AuNPs (28.41 ±0.43 

nm) and TA-AuNPs (15.11 ±0.64 nm), based on their ion concentration release 

in four different media: DMEM cell culture media, ultrapure water (Milli-Q 18.8 

MΩ-cm), PBS, and HEPES buffer (Chapter 5, Section 5.2.1). Cronbach’s alpha 

or coefficient alpha (α) has been used for data analysis to indicate the consistency 

or data reliability between all forms of gold nanoparticles. For example, both 

citrate-gold nanoparticles and PEG-gold nanoparticles show that they have high 

level of consistency at α = 0.98 (Chapter 5, Sections 5.2.1.1 and 5.2.1.2). 

Whereas, TA-gold nanoparticles showed good consistency at Cronbach’s alpha 

value of α = 0.87 (Chapter 5, Section 5.2.1.3). Statistically all measurements were 

also fully described and icompared in Appendix 2, Figures S1, S2, and S3. 

The impact of the Na+ and K+ ionic strength on the citrate-gold nanoparticles 

(20.54 ±0.45 nm) was investigated and it was observed that at high 

concentrations (0.1-0.5 M), aggregation of gold nanoparticles was determined 

due to the strong affinity force of potassium and sodium ions to the surface of 

gold nanoparticles. The nanoparticles aggregated after adsorption of K+ and Na+ 

ions onto their surfaces. In contrast, a negligible increase in size was observed 

after mixing of gold nanoparticles with KNO3 and NaNO3 salts at low 

concentrations (0.01-0.05 M) as demonstrated in Chapter 5, Table 5.1. The effect 
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of bovine serum albumin (BSA) to citrate-gold nanoparticles (20.54 ±0.45 nm) 

and the impact of temperature on BSA/AuNPs were investigated and 

demonstrated in this thesis (chapter 5, Section 5.2.5). Observations show a 

significant increase for the size of citrate-gold nanoparticles by ten folds (from 

20.54 ±0.45 nm to approximately 191.1 ±1.6 nm). This would explain the 

mechanism of interaction between cit-Au NPs (20.54 ±0.45 nm) and BSA, 

through the unbound thiol (-SH) group. This unbound thiol can lead to side 

reactions that modify other functional groups in the protein.  

This study paved the way for the next step in this research, which involved 

functionalising citrate-gold nanoparticles (20.54 ± 0.45) with the MUDA thiol-

containing compound. The main insight from this functionalisation is the formation 

of gold-sulfur (Au-S) bonds through the interaction between the thiol group and 

gold atoms (Chapter 4, Section 4.2). The prepared MUDA-cit-AuNPs have been 

characterised using several techniques. For example, TEM imaging of these 

functionalised gold nanoparticles in Chapter 4, Figure 4.3d, showed a significant 

change in particles size and size distribution with moderate aggregation after 

functionalisation with MUDA. Further characterisation was conducted by FTIR to 

observe whether any changes occurred in the chemical structure of MUDA-cit-

AuNPs after the functionalisation process (Chapter 4, Figure 4.4). The  FTIR 

spectra showed that MUDA-cit-AuNPs display an additional strong band  at 

wavenumber 1696 cm-1, which belongs to the ester group (RCOOR′). In addition, 

the two bands appearing at 2852 cm-1 and 2921 cm-1 are  representative of the (-

CH) stretching in the MUDA. Hence, the absence of symmetrical and 

asymmetrical vibrations in the FTIR spectra and the presence of the carboxyl (-
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COOH) and ester (-COO) groups’ stretching indicate successful binding of MUDA 

to the citrate-gold nanoparticles as shown in Chapter 4, Figure 4.4. Finally, the 

drug conjugation system in this research involved the application of two different 

types of medicines amantadine (AMTD) and remdesivir (REM). This conjugation 

was employed in the presence of EDC/NHS coupling reagents (Chapter 2, 

Section 2.3.4). Both EDC carbodiimide cross-linker and NHS play a crucial role 

in the reactivity of the carboxyl groups and preventing the hydrolysis of the active 

intermediate, respectively. Figure 7.1 illustrates the process of functionalisation 

for citrate-gold nanoparticles (20.54 ± 0.45) with MUDA, a thiol-containing 

compound, followed by its conjugation with the amantadine drug. Similar 

Figure 7. 1. Schematic representation of the conjugation system depicting the 

attachment of amantadine (AMTD) drug to the functionalised MUDA-cit-Au NPs 

facilitated by EDC (carbodiimide cros-linker) and NHS coupling reagent. 
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procedure was conducted for the remdesivir drug under similar conditions 

(Chapter 2, Section 2.3.4). 

Both forms of drug conjugated-gold nanoparticles, AMTD/AuNPs and 

REM/AuNPs, were characterised using various techniques such as DLS, FTIR, 

NMR, TGA and UV-Vis  (Chapter 2, section 2.4). The results showed that 

AMTD/AuNPs and REM/AuNPs have well size distribution measured by DLS at 

different sizes 160 nm and 165 nm, respectively (Chapter 4, Figures 4.6 and 

4.16).  

The LSPR spectra for the AMTD/AuNPs and REM/AuNPs were further 

characterised in the region between 200 nm and 800 nm. AMTD/AuNPs showed 

a significant shift in the LSPR absorption peak towards a maximum wavelength 

of 575 nm. In addition, amantadine (AMTD) itself exhibited a distinct LSPR peak 

shift at a lower wavelength (265 nm). Whereas, REM/AuNPs displayed LSPR 

peak shifts at maximum wavelengths 249 nm for remdesivir drug and 590 nm for 

the cit-AuNPs (20.54 ± 0.45) as shown in Figures 4.8 and 4.18, Chapter 4. 

Notably, the LSPR for the conjugated form (AMTD/AuNPs) was investigated in 

the absence of EDC carbodiimide cross-linker (Chapter 4, Figure 4.8). It was 

observed that under these conditions Au NPs underwent significant aggregation. 

However, the basic nature of the amine group in amantadine’s chemical structure, 

which can deprotonate the carboxylic acid in the MUDA-cit-AuNPs, resulting in 

the formation of unreactive carboxylate group. In addition, NMR characterisation 

was conducted to track the structural changes of AMTD and REM after their 

conjugation with MUDA functionalised-gold nanoparticles (Chapter 4, Sections 

4.3.1.1 and 4.3.1.2). The NMR results for the amantadine-gold nanoparticles 
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(AMTD/AuNPs) conjugated forms were obtained by observing hydrogen’s 

chemical shift using proton nuclear magnetic resonance or 1H NMR (Chapter 4, 

Figure 4.11). Notably, a significant change in the 1H NMR spectra was observed 

for the AMTD drug after its conjugation with MUDA-cit-AuNPs, indicating the 

formation of amide bond via interaction between the primary amine in AMTD and 

carboxylic acid group in MUDA-cit-AuNPs. The result was similar for the 

remdesivir drug-conjugated to MUDA-cit-AuNPs. In short, the 1H NMR and 13C 

NMR characterisation were very useful to identify the conjugation system via 

determination of the amide bond formation.  

Finally, the amount of loading for both drugs remdesivir and amantadine was 

determined by TGA analysis. The results showed the decomposition process of 

amantadine approximately 20 minutes after reaching 200°C. The sample 

experienced a weight loss of around 25.78 mg, equivalent to roughly 92.8% of 

the initial mass (27.78 mg) (Chapter 4, Figure 4.15). The thermogravimetric 

analysis for REM/AuNPs exhibited two stages of remdesivir decomposition, the 

first after 15 minutes, involving the loss of only 1.1 mg (39.3) of the total sample, 

followed by approximately 0.9 mg (32.3%) after 40 minutes (Chapter 4, Figure 

4.22).  

This thesis also involved the investigation of the cellular uptake and cytotoxicity 

assessment of unconjugated and drug-conjugated gold nanoparticles using J774 

cell line macrophages (Chapter 6, Sections 6.2 and 6.3). The findings in Chapter 

6, Section 6.2.1, demonstrated that several factors (e.g. size, shape, or 

concentration) can impact the internalisation of particles into cellular vesicles. For 

example, J774 macrophage cells were exposed to two different concentrations 
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(1 mgL-1 and 6 mgL-1) of citrate, PEG, and TA-gold nanoparticles. It was found 

that there was a limited number of the prepared gold nanoparticles surrounding 

the cell macrophages, leading to a slower rate of internalisation. Conversely, at 

higher concentration of NPs, the internalisation rate into cell vesicles increased 

by approximately two folds (Chapter 6, Figure 6.2).  

For amantadine (AMTD)-conjugated gold nanoparticles, gold nanoparticles were 

completely internalised into vesicles within cell macrophages, releasing the larger 

particles (AMTD drug molecules) surrounding the cell macrophages. This drug 

release was attributed to the action of specific enzymes present in the intracellular 

environment. For instance, cell macrophages produce enzymes within the 

intracellular environment that trigger the release of the drug by cleaving certain 

bonds in the nanoparticle structure as illustrated in Chapter 6, Section 6.2.1.3, 

and Figure 6.3. However, the remdesivir (REM)-conjugated gold nanoparticles 

displayed a distinct cellular uptake mechanism indicating a slower internalisation 

rate due to a reduction in the expression of adenosine transporters (Chapter 6, 

Section 6.2.1.4, Figure 6.4). To conclude, gold nanoparticles play a pivotal role 

in targeting cells and safeguarding conjugated drugs from enzymatic 

degradation. 

In this research, J774 cell line macrophages were also used to evaluate the 

toxicity impacts of formulated and drug-conjugated gold nanoparticles (Chapter 

6, Section 6.3). In comparison between citrate-gold nanoparticles (20.54 ±0.45 

nm), PEG-gold nanoparticles (28.41 ±0.43 nm), and TA-gold nanoparticles 

(15.11 ±0.64 nm), the MTT assay showed that citrate-gold nanoparticles (20.54 

±0.45 nm) exhibited the lowest level of toxicity among the various coatings, 
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notably at a concentration of 5 µgL-1 (Chapter 6, Figure 6.6). This variation was 

statistically indicated at p-value < 0.01. In addition, the sulforhodamine-B (SRB) 

Assay was applied to determine the inhibition of cell proliferation rate (% cell 

viability) of both remdesivir (REM), and amantadine (AMTD) drugs-conjugated to 

citrate-gold nanoparticles (20.54 ±0.45 nm). Data was analysed based on 

measuring the absorbance at specific wavelength 540 nm for the SRB dye. SRB 

indicated the cytotoxic concentration for AMTD/AuNPs and REM/AuNPs at 4.5 

µgL-1 and 2.8 µgL-1, respectively. Specifically, in this scenario, 2.8 µgL-1 indicates 

that REM/AuNPs is more cytotoxic to the 50% of macrophage cells than 

AMTD/AuNPs at 4.5 µgL-1. 
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7.2 Future work 

This study shows a promising conjugation for amantadine (AMTD) to citrate-gold 

nanoparticles (20.54 ±0.45 nm). The impressive results and unique properties of 

this form of conjugation (AMTD/AuNPs), could pave the way to develop this 

research to advanced stages by investigating the interaction between 

amantadine (AMTD) conjugated-gold nanoparticles and Organic Cation 

Transporter 3 (OCT3 or SLC22A3) in the brain. Within the brain, OCT3 is involved 

in the regulation of neurotransmitter levels. It contributes to the uptake of 

neurotransmitters from the synaptic cleft back into neurons and astrocytes, 

influencing neurotransmission and maintaining appropriate neurotransmitter 

concentrations. OCT3 plays a role in the disposition of drugs by facilitating their 

movement across biological barriers, such as the blood-brain barrier (BBB). This 

transporter can influence drug absorption, distribution, metabolism, and 

excretion.  

Amantadine is a weak base and a cationic compound, and organic cation 

transporters like OCT3 typically transport positively charged molecules. It is 

important to note that the transport of amantadine across the BBB and its 

interaction with OCT3 may involve a combination of passive diffusion and active 

transport processes. In addition, amantadine could potentially compete with 

endogenous substrates for binding to OCT3.  

Amantadine recently classified as anti-Parkinson's drug that affects the brain by 

several mechanisms. One of its primary actions is to block the NMDA (N-methyl-

D-aspartate) glutamate receptors, which modulates the release of 

neurotransmitters such as dopamine, serotonin and norepinephrine, leading to 
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alleviate symptoms of Parkinson's disease. The interaction between medications 

and transporter proteinsssuch as OCT3 can sometimes be complex and might 

not be extensively studied or understood, especially in terms of direct interactions 

with specific drugs such as amantadine. However, any future research could 

further centre on the investigation of interaction between the amantadine 

(AMTD)-conjugated gold nanoparticles and OCT3 protein transporter using 

innovative microfluidic devices.  

This study not only supports drug delivery systems but also presents a substantial 

advantage, particularly for elderly Parkinson's patients. Furthermore, this 

pioneering therapeutic research stands to significantly diminish healthcare 

expenses for this age group. 
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Appendix 1: Zeta potential in stability studies of gold nanoparticles: 

Six measurements were conducted by DLS to measure the zeta potential for the 

synthesised Au NPs: K-TA-AuNPs (8.77 ±0.92 nm), SDS-AuNPs (16.31 ±0.38 

nm), PEG-AuNPs (28.41 ±0.43 nm), cit-AuNPs (20.54 ±0.45 nm), Na-TA-AuNPs 

(10.68 ±0.68 nm), and TA-AuNPs (15.11 ±0.64 nm) (described in Chapter 3, 

Section 3.2.2). Then, the mean (―µ) and standard deviation (σ) were indicated 

statistically using Orange Data Mining as following: 

K-TA-
AuNPs 

SDS-
AuNPs 

PEG-
AuNPs cit-AuNPs 

Na-TA-
AuNPs 

TA-AuNPs 
(0.5mM 

 

-38.10 mV -37.10 mV -33.80 mV -33.61 mV -21.50 mV -11.80 mV  

-38.12 mV -37.12 mV -33.70 mV -34.60 mV -21.52 mV -10.90 mV  

-38.45 mV -37.13 mV -33.80 mV -33.60 mV -21.55 mV -11.20 mV  

-38.23 mV -37.16 mV -33.90 mV -33.67 mV -21.86 mV -11.54 mV  

-38.91 mV -37.98 mV -33.33 mV -33.68 mV -21.57 mV -11.90 mV  

-38.14 mV -37.31 mV -33.33 mV -33.68 mV -21.45 mV -11.33 mV  

-38.33 mV -37.30 mV -33.81 mV -33.64 mV -21.58 mV -11.45 mV Mean 
(―µ) 

0.28 0.31 0.35 0.22 0.13 0.34 STD (σ) 
0.099 0.117 0.063 0.152 0.021 0.142 Variance 

 

Appendix 2: Data analysis using Cronbach’s alpha: 

Cronbach’s alpha, α (or coefficient alpha), developed by Lee Cronbach in 1951. 

It is a powerful method for assessing the reliability or internal consistency of a set 

of measurement scales or survey items. Cronbach's Alpha is a statistical tool 

used in social sciences and research. The formula for Cronbach’s alpha is: 

Cronbach’s alpha (α) =
𝑁. 𝑐̄

𝑣̄ + (𝑁 − 1) · 𝑐̄
  

 

Where:  



   

 

 

N = the number of items, c̄ = average covariance between item-pairs, and v̄ = 

average variance. 

Cronbach's Alpha value is typically ranging from 0 to 1, and a higher (α) value 

indicates greater consistency among the items, suggesting a stronger reliability 

of the measurements: 

Cronbach’s alpha Internal consistency ‘’ or Reliability’’ 

α ≥ 0.9 Excellent  

0.9 > α ≥ 0.8  Good  

0.8 > α ≥ 0.7 Acceptable  

0.7 > α ≥ 0.6 Questionable  

0.6 > α ≥ 0.5 Poor  

0.5 > α  Unacceptable  

 

In this study, the consistency of results of Au ions releases of the synthesised 

gold nanoparticles cit-AuNPs (20.54 ±0.45 nm), PEG-AuNPs (28.41 ±0.43 nm), 

and TA-AuNPs (15.11 ±0.64 nm) in four different media ultrapure water, DMEM 

cell culture medium, PBS and HEPES buffer solution was indicated and 

statistically compared by measuring the Cronbach’s alpha, α (or coefficient 

alpha). Results showed that cit-AuNPs and PEG-AuNPs (Figure S. 1 and S. 2) 

have a high coefficient alpha at α = 0.98, followed by TA-AuNPs (Figure S. 3) 

with lower consistency at Cronbach’s alpha (α) value = 0.87. 



   

 

 

 

 

 

 

 

Figure S. 1. Comparison for Au ion concentration release of cit-AuNPs in four 

different media: DMEM cell culture media, ultrapure water, PBS, and HEPES. 

This comparison statistically employed by measuring the Cronbach’s alpha, α (or 

coefficient alpha) at 0.98. The first column compares the concentration release 

of Au ions in MDEM, HEPES, PBS, and ultrapure water. The second column 

involves the comparison between ultrapure water, HEPES, and PBS, and the 

third column compares the concentration Au ion release in PBS and HEPES. 

 



   

 

 

 

 

 

 

 

Figure S. 2. Comparison for Au ion concentration release of PEG-AuNPs in four 

different media: DMEM cell culture media, ultrapure water, PBS, and HEPES. 

This comparison statistically employed by measuring the Cronbach’s alpha, α (or 

coefficient alpha) at 0.98. The first column compares the concentration release 

between MDEM, HEPES, PBS, and ultrapure water. The second column involves 

the comparison between ultrapure water, HEPES, and PBS, the third column 

compares the concentration Au ion release in PBS and HEPES. 

 

 



   

 

 

 

  

Appendix 3: The impact of temperature control on unconjugated and BSA-

conjugated gold nanoparticles: 

 

The impact of temperature on the unconjugated and BSA protein conjugated-gold 

nanoparticles was measured as described in Chapter 5, Section 5.2.5. Figure 

S.4, compares between the influences of temperature on SDS-AuNPs versus 

BSA-SDS-AuNPs over 360 minutes at temperature range from 25˚C up to 80˚C. 

Figure S. 3. Comparison for Au ion concentration release of TA-AuNPs in four 

different media: DMEM cell culture media, ultrapure water, PBS, and HEPES. 

This comparison statistically employed by measuring the Cronbach’s alpha, α (or 

coefficient alpha) at 0.87. The first column compares the concentration release 

between MDEM, HEPES, PBS, and ultrapure water. The second column involves 

the comparison between ultrapure water, HEPES, and PBS, the third column 

compares the concentration Au ion release in PBS and HEPES. 

 



   

 

 

Data were analysed by measuring the Cronbach’s alpha, α (or coefficient alpha) 

to indicate their consistency. The statistical results in Figure S.4 showed that 

SDS-BSA-AuNPs and SDS-AuNPs are not highly correlated with each other with 

poor consistency at low (α) value = 0.01. 

 

Figure S. 4. Data analysis illustrating the comparison between the synthesised 

SDS-gold nanoparticles and BSA conjugated-gold nanoparticles by measuring 

their consistency via Cronbach’s alpha or coefficient alpha. 

 

Appendix 4: Quantification of Au ions in the unconjugated and drug-

conjugated gold nanoparticles: 

In the cellular uptake assessment, the J774 exposed to 1 mL of two distinct 

concentrations 1 mgL-1 and 6 mgL-1 of the unconjugated and drug-conjugated 

gold nanoparticles: K-TA-AuNPs (8.77 ±0.928 nm), cit-Au NPs (20.54 ±0.45 nm), 



   

 

 

MUDA-cit-Au NPs (50 ±0.98 nm), AMTD/AuNPs (160 nm), and REM/AuNPs (165 

nm). The gold content has been determined by ICP-OES as shown in the 

following table:  

cit-AuNPs MUDA-cit-
AuNPs 

AMTD/AuNPs REM/AuNPs 
 

1.1290 mgL-1 1.0850 mgL-1 0.3534 mgL-1 0.4110 mgL-1 
 

1.1310 mgL-1 1.0950 mgL-1 0.3544 mgL-1 0.4210 mgL-1 
 

1.1128 mgL-1 1.0020 mgL-1 0.3634 mgL-1 0.4190 mgL-1 
 

1.1208 mgL-1 1.0993 mgL-1 0.3594 mgL-1 0.4130 mgL-1 
 

1.1320 mgL-1 1.0010 mgL-1 0.3694 mgL-1 0.4110 mgL-1 
 

0.9890 mgL-1 0.8842 mgL-1 0.3514 mgL-1 0.4010 mgL-1 
 

1.1024 mgL-

1 
1.0277 mgL-1 0.3586 mgL-1 0.4127 mgL-1 Mean 

0.0561 0.0836 0.0069 0.0071 STD (σ) 

 

 

Appendix 5: High magnification TEM images for the unconjugated and 

drug-conjugated gold nanoparticles:  

TEM investigation with high magnification images for the prepared gold 

nanoparticles: Na-TA-AuNPs (10.68 ±0.68 nm), K-TA-AuNPs (8.77 ±0.928 nm), 

TA-AuNPs 0.5 mM (15.11 ±0.64 nm), cit-AuNPs (20.54 ±0.45 nm), 4-MBA-cit-

AuNPs, and MUDA-cit-AuNPs, were measured at various nanoscale bars (50 nm, 

100 nm, 200 nm, 500 nm, 1000 nm, and 2000 nm), and introduced here in Figures 

S. 5, S. 6, S. 7, S. 8, S. 9, and S. 10), respectively.  

These images can clarify one of the main reasons of choosing the citrate-gold 

nanoparticles (20.54 ±0.45 nm) to be functionalised with MUDA and further 

conjugated with amantadine and remdesivir. These type of nanoparticles showed 

a unique properties and they have been observed at high level of stability 

compared to the other prepared NPs, particularly over the assessment of their 



   

 

 

physicochemical properties. In addition to their lower level of toxicity on J774 

macrophage cells, the optimal size (20.54 ±0.45 nm) of these nanoparticles (cit-

AuNPs) exhibited the lowest level of toxicity among the various NPs, notably at a 

concentration of 5 µgL-1. 

 

Figure S. 5. TEM images at various nanoscale bars (200 and 500 nm) for the 

prepared Na-TA-AuNPs. 



   

 

 

 

 

 

 

 

 

 

 

 

Figure S. 6. TEM high magnification images at various nanoscale bars at 50, 

100, 200, and 500 nm for the K-TA-AuNPs. 



   

 

 

 

 

 

Figure S. 7. High magnification TEM images at nanoscale bars 100, 200, and 

2000 nm, illustrate the aggregation effect of TA-AuNPs (0.5 mM, 15 nm). 



   

 

 

 

 

 

 

 

 

 

 

Figure S. 8. TEM high magnification images for the synthesised citrate-gold 

nanoparticles (20.54 ±0.45 nm) at various nanoscale bars (100 nm, 200 nm, and 

500 nm). 



   

 

 

 

 

 

 

 

 

 

 

Figure S. 9. High magnification TEM images for the functionalised-gold 

nanoparticles 4-MBA-cit-AuNPs at various nanoscale bars (50, 100, 200, and 

1000 nm).  



   

 

 

 

 

 

 

Figure S. 10. High magnification TEM images illustrate the size distribution of the 

MUDA-cit-AuNPs. These images conducted at different nanoscale bars 100, 200, 

and 500 nm. 


