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GOLD NANOSPHERE-THIOCTIC ACID-Zn(SALOPHEN) CONJUGATE: 

SYNTHESIS, CHARACTERISATION, TOXICITY AND PROTEIN 

INTERACTION 

 

ABSTRACT 

A novel inorganic metal complex gold nanoparticle conjugate was synthesised and 

characterised in this study. It was achieved by conjugating a Schiff base zinc complex, 

[N,N-bis(salicylidene)-1,2-phenylenediamine]zinc(II) or commonly known as 

Zn(salophen) (ZnS) to gold nanosphere with thioctic acid functioning as the linker.  The 

conjugate (AuNS-TA-ZnS) was characterised with FTIR, UV-visible spectroscopy, 

fluorescence spectroscopy, dynamic light scattering (DLS) analysis, zeta potential 

analysis, inductively coupled plasma mass spectrometry (ICP-MS) analysis and 

transmission electron microscope (TEM). Both AuNS-TA-ZnS and ZnS were confirmed 

to be the proposed structures. The diameter of AuNS-TA-ZnS was determined to be 17.73 

nm with 1785 ZnS conjugated to each gold nanosphere. The interactions of AuNS-TA-

ZnS with proteins were studied. It was found that the conjugate has strong affinity to 

Bovine Serum Albumin (BSA). AuNS-TA-ZnS is able to alter the secondary structure of 

BSA without causing conformational change to the tertiary structure of BSA. Apart from 

demonstrating the ability to generate reactive oxygen species (ROS), AuNS-TA-ZnS also 

inhibits proteasome activities specifically at the Trypsin-like site of mouse 20S 

proteasome. Cytotoxicity study with breast cancer cells shows that AuNS-Ta-ZnS is more 

cytotoxic than unconjugated ZnS. Transepithelial electrical resistance (TEER) 

measurement across Caco-2 cell monolayer found AuNS-TA-ZnS has higher efficiency 

than ZnS in permeating thru the cells. 

Keywords: gold nanosphere, conjugate, Zn(salophen), protein interaction, cytotoxic 
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KONJUGASI NANOSFERA EMAS-ASID THIOCTIC-Zn(SALOPHEN): 

SINTESIS, PENCIRIAN, KETOSIKAN DAN INTERAKSI PROTEIN 

 

ABSTRAK 

Dalam kajian ini, satu konjugasi baru antara komplex inorganik dan nanosfera emas telah 

disintesis dan ciri-cirinya dikaji. Komplex zink bes Schiff, [N,N-bis(salisilikena)-1,2-

fenilenadiamina] zink(II) atau lebih dikenali sebagai Zn(salophen) (ZnS) dikonjugasikan 

ke nanosfera emas dengan mengunakan asid tiotik sebagai media penghubung. Ciri-ciri 

AunNS-TA-ZnS telah dikaji dengan FTIR, spektroskopi sinar ultra-ungu-dilihat (UV-

visible), spektroscopi pendarflour, analisis penyebaran cahaya dinamik (DLS), analisis 

potensi zeta, analysis spektroskopi jisim plasma berganding induktif (ICP-MS) dan 

mikroskop electron penghantaran (TEM). Hasil analis mengesahkan bahawa  struktur 

AuNS-TA-ZnS dan ZnS adalah seiras dengan struktur yang dicadangkan. Diameter 

AuNS-TA-ZnS diukur sepanjang 17.73 nm dan sebanyak 1785 komplex ZnS dijumpai 

bagi setiap nonosfera emas. Interaksi AuNS-TA-ZnS dengan protein turut dikaji dan 

didapati bahawa AuNS-TA-ZnS mempunyai pertalian yang kuat terhadap albumin serum 

lembu (BSA). AuNS-TA-ZnS boleh mengubah stuktur sekunder BSA tanpa mengubah 

konformasi tertiari BSA. AuNS-TA-ZnS mampu menghasilkan spesies oksigen reaktif 

(ROS) dan menghalang aktiviti proteasome terutamanya di tapak Trypsin-like 20S 

proteasome tikus. Kajian sitotoksik dengan sel-sel barah payudara menunjukkan AuNS-

TA-ZnS lebih sitotoksik berbanding dengan ZnS. Bacaan rintagan elektrik 

trasnsepithelial (TEER) ke atas lapisan tunggal sel Caco-2 mendapati bahawa AuNS-TA-

ZnS mempunyai kebolehtelapan yang lebih tinggi daripada ZnS. 

Kata kunci: Nanosfera emas, konjugasi, Zn(salophen), interaksi protein, sitotosiksiti
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CHAPTER 1: INTRODUCTION 

Nanoparticles are gaining much attention lately. The usage of gold nanoparticles 

(GNP) in medical field is being welcomed due to its robustness in synthesis and surface 

modification, high stability and biologically inert.  

With its large surface area to volume ratio, GNP could be surface-functionalised with 

various molecules. This modification will alter the properties of these GNP, leading to 

multitude applications (Erik C. Dreaden et al., 2011; Egea et al., 2019). Although there 

are numerous different types of GNP conjugates; conjugates of inorganic metal complex 

to GNP do not get much attention. 

 Since metal complexes have its own tuneable characteristic properties, conjugates 

of metal complex to GNP are forming an emerging subclass of interesting nanoparticles 

consisting of a gold core with an outer shell of metal-containing structures (Dumur et al., 

2020). As far as we are concerned, there are few GNP-metal complex conjugates being 

reported (Beloglazkina et al., 2012).  

There is a continuous need to investigate the toxicity of nanoparticles as their 

popularity has caused both human and organisms to be exposed by these nanoparticles 

more frequently (Jeevanandam et al., 2018). Although GNP are useful for biological 

applications, however there are conflicting reports on their toxicity (Ellen E Connor et 

al., 2005; N. Khlebtsov et al., 2011).    

Besides, it is also crucial for us to understand how our biological system will response 

when it is exposed to nanoparticles and interacted with proteins (Dasgupta et al., 2016; 

Dell’Orco et al., 2014). Factors such as size, shape and charge are known to be affecting 

the permeability and cellular uptake of GNP (Carnovale et al., 2016). Moreover, the 
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conformation of proteins is important to their biological activities. Interaction of proteins 

with GNP might alter the conformation of proteins to varying degree (Lynch et al., 2008).  

In this study, an attempt was made to synthesise an inorganic gold nanosphere 

conjugated with metal complex. The gold nanosphere (AuNS) was synthesised by using 

Turkevich method with citrate ions as the reducing agent to obtain gold nanosphere with 

diameter around 14 nm. The citrate ions of the citrate capped gold nanosphere was then 

removed and replaced with thioctate ions as Au-S bonds were known to be stronger.  

Conjugation of zinc Schiff base complex, [N,N’-bis(salicylidene)-1,2-

phenylenediamine]zinc(II) or more widely known as zinc(II) salophen (ZnS) with gold 

nanosphere was then carried out to obtain the conjugate, AuNS-TA-ZnS. Herein, this 

dissertation also reported the characterisation of AuNS-TA-ZnS, its toxicity, cell 

membrane permeability and interaction with BSA and proteasome. 

 
Figure 1.1: Synthetic scheme of AuNS-TA-ZnS.  

 

The objectives of this study are  

(i) To synthesise and characterise AuNS-TA-ZnS. 

(ii) To investigate the cytotoxicity and permeability of AuNS-TA-ZnS. 

(iii) To investigate the interaction of AuNS-TA-ZnS with 20S proteasome and BSA. 

AuNS 
AuNS-TA AuNS-TA-ZnS 
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There is a total of 5 chapters in this dissertation. Chapter 2 presents the literature 

reviews of GNP conjugates, Schiff base and their metal complexes, toxicity and protein 

interaction. Chapter 3 outlines the experimental method of this study. Chapter 4 will be 

the presentation of the results obtained and its discussion. Chapter 5 concludes the study 

and offers suggestions for future works. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Gold Nanoparticles (GNP) Conjugates 

GNP are a cluster of gold atoms clumping together to form a particle with its size 

ranging from 1- 100 nm (Alanazi et al., 2010). The usage of GNP could be traced back to 

the Roman empire where a glass product named Lycurgus cup was made. It gives 

different colours when light is shine from different angles due to the present of GNP. 

(Slepička et al., 2019). During the Renaissance era, GNP were used to made ruby 

coloured glass. It was until latter, discovery found that the ability to project ruby colour 

is due to a phenomenon named surface plasmon resonance (SPR) effect. 

Unlike bulk gold, GNP own new and different set of properties due to its nano 

size which makes surface property becomes a dominant property (Xiaohua Huang et al., 

2006). Surface of GNP are covered with free electrons in the conduction bands (Maier, 

2007). When induced by light waves which have frequency in resonance with the 

oscillations of these free electrons, the electrons oscillate coherently causing the SPR 

effect (Amendola et al., 2017). This generates strong electric field at the surface of GNP. 

This unique property makes GNP an efficient catalyst in organic reactions such as 

oxidation of alcohol (Alanazi et al., 2010; Hu et al., 2007), increase the efficiency of 

polymerase chain reaction (PCR) (Huang et al., 2008) and sensors to detect tumour 

markers (Fu, 2007; Zhuo et al., 2005). 

The effect of SPR could be tuned as it is under the influence of the size, shape, 

surface charge and surrounding environment of the GNP (Navarrete et al., 2018). 

Fortunately, the size, shape and surface charge of GNP can be manipulated via different 

synthesis methods, with all the methods working under the same principle: reduction of 

gold(III) or gold(I) ions to gold atom.  
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GNP with different surfaces could be synthesis by using different methods as 

reported by literatures. One of the widely used protocol is Turkevich method which uses 

citrate ions as the reducing agent to yield gold nanosphere capped with citrate (Turkevich 

et al., 1951); Burst-Schiff method that produces hydrophobic gold nanosphere (Brust et 

al., 1994) and electrochemical method which reduced gold ions to nanoparticles at the 

electrode (Reetz et al., 1994). Apart from gold nanosphere, we could also get GNP in 

other shapes by using seeding growth method that produce gold nanorod (Jana et al., 

2001) or green synthesis method with reduction drives by plant extract to give shapes like 

nanotriangle and nanorod (Arunachalam et al., 2013; Chandran et al., 2006; Shankar et 

al., 2004; Sujitha et al., 2013). 

As scientists are in keen search on non-invasive technique to treat various diseases 

which at the same time would only bring minimal impact to the normal cells, GNP appear 

to be a suitable candidate. Owning to its large surface area to volume ratio and their 

surface could be engineered to bind with other molecules, this led us to the research on 

GNP conjugates.  

2.1.1 GNP-Antibody Conjugate 

GNP conjugated with antibody are studied widely. In immunohistochemistry, 

GNP-antibody conjugate is used as sensor electrode to detect antibody-antigen interaction 

(Wang et al., 2004). In the attempts of obtaining the balance between having more 

receptor binding sites versus avoiding inefficient endocytosis due to large particle size, 

the robustness of synthesizing GNP in different sizes becomes helpful. Eventually, Jiang 

et al. (2008) found that GNP conjugated with immune-globulin (IgG) antibody in the size 

of 40-50 nm would be suitable.  

Upon conjugation with antibody, the antibody on the GNP-antibody conjugates 

could carry out targeted deliver of GNP to targeted site for photothermal therapy (X. 
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Huang et al., 2006; Pitsillides et al., 2003). Upon reaching the targeted site, strong electric 

field at the surface of GNP improve the effectiveness in converting the radiation 

illuminated from laser into heat (X. Huang et al., 2006). The increment of temperature in 

cells will disrupt their usual cellular function such as denature of enzymes, metabolic 

signalling disruption and inhibited nucleotide synthesis which eventually lead to cell 

death (E. C. Dreaden et al., 2011).  

2.1.2 GNP-DNA / GNP-RNA Conjugate 

Lately, gene therapy has a promising future in curing disease by treating it at the 

molecular level (Duarte et al., 2012). One of the potential candidates to deliver DNA or 

RNA for gene therapy is the GNP-DNA or GNP-RNA conjugates (Bonoiu et al., 2009). 

In cancer treatment with gene therapy, one of the techniques employed is gene silencing 

where RNA is used to silence genes that initiate tumour growth and spreading (Deng et 

al., 2014; Fujita et al., 2015). Unfortunately, there was few setbacks while delivering these 

free RNA, mainly due to their short lifetime and degradation by the circulating enzymes 

(R. Mendes et al., 2017). The challenges could be overcome by conjugating DNA or RNA 

with GNP. As GNP have higher molecular weight, it is able to achieve the enhanced 

permeability and retention (EPR) effect. This helps the GNP conjugates to accumulate at 

the vicinity of tumour, thus prolonging their retention duration (Maheshwari et al., 2019; 

Sandoval et al., 2019). 

2.1.3 GNP-Organic Molecule Conjugate 

Apart from the two types of GNP conjugates mentioned above; GNP could also 

conjugate with organic molecules such as doxorubicin, chloroquine, ciproflaxin, 

tamoxifen and curcumin (Cui et al., 2017). Upon conjugation, GNP act as drug delivery 

vehicles for the delivery of these organic molecules.  Vigderman et al. (2013) reported 

that conjugates have higher toxicity than its free drugs, partly due to the EPR effect 
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mentioned above. Besides, the solubility of Paclitaxel, an organic molecule for 

chemotherapy was enhanced after conjugating with GNP which eventually increased its 

cytotoxicity (X.-Q. Zhang et al., 2011). Betulin, an anti-inflammatory drug has also 

overcome the same restriction thru forming conjugates with GNP. Mioc et al. (2018) 

reported that the solubility enhancement increased the bioavaibility of Betulin and 

boosted its therapeutic effect.  

2.1.4 GNP-Metal Complex Conjugate 

For inorganic metal complexes like Cisplatin, Min et al. (2010) found that its 

cytotoxicity was enhanced upon forming conjugates with GNP. It was explained as the 

cells could consume the conjugates easier via endocytosis when compared to the free 

Cisplatin. Most of the researches related to GNP-metal complex conjugates themed 

around platinum-based GNP conjugates (Craig et al., 2012; England et al., 2015; Ling et 

al., 2018; Parker et al., 2015) with other metal complexes received less attention. At this 

moment, there are few ruthenium-based GNP conjugates which were synthesized to 

function as bioimaging or photothermal agent (N. J. Rogers et al., 2014; P. Zhang et al., 

2017; P. Zhang et al., 2015); a copper-based GNP conjugate serves as anticancer drug 

(Pramanik et al., 2016) while Vitale et al. (2008) successfully synthesized a palladium-

based GNP conjugates. Researches on zinc-based GNP are mostly focusing on enhancing 

the photosenstitizer ability of zinc phthalocyanine and zinc porphyrins (Dube et al., 2018; 

Liang et al., 2019; Matlou et al., 2018; Mthethwa et al., 2013; Satake et al., 2009). Thus, 

with GNP carrying various unique properties that would alter the properties of metal 

complexes upon conjugation, GNP-metal complex conjugates have given us a huge space 

to discover more. 
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2.2 Schiff base  

Salophen is a Schiff base ligand, one of the oldest ligands discovered in 1933 (Leoni 

et al., 2018). It can act as a tetradentate ligand with its 2 nitrogen atoms and 2 oxygen 

atoms. Due to the ease in synthesis and modification of salophen and its derivative, they 

are often coordinated to metal ions to form metal salophen complexes and be used 

extensively as catalyst for organic reactions such as synthesis of cyclic carbonate 

(Decortes et al., 2010), oxidation of alcohols (Bahramian et al., 2006), oxygenation of 

heteroatoms (Venkataramanan et al., 2005), azrinidation reaction (Omura et al., 2004) 

and Diels-Alder reaction (Antonella Dalla Cort et al., 2005). The researches on metal 

salophen and its derivatives keep progressing. In 2004, 1-phenyl-1-propanol was 

synthesised by Maeda et al. with a chiral zinc salophen as the asymmetric catalyst for the 

addition of diethylzinc to aldehydes. Another asymmetric catalyse for the epoxidation of 

olefins was also made possible with manganese salen derivatives (Katsuki, 1996). In 

2010, Haak et al. reported various bimetallic salophen complexes as catalysts which 

performed more efficiently and selectively due to the simultaneous presence of Lewis 

acid and Lewis base in the same structure. 

Besides, Schiff base complexes are also applied as sensors. Mirzaei et al. (2015) used 

Schiff base to detect the presence of aluminium and cadmium via potentiometric method. 

In the other hand, Ganjali et al. (2004) found that cobalt(II) salophen is able to detect 

nitrite ions while Abdel-Haleem et al., 2016 shows that Schiff base complex of 

manganese(III) and manganate(IV) could detect the presence of thiocyanate. 

For biological applications of Schiff base metal complexes, nickel salophen (Lecarme 

et al., 2014) and platinum salophen derivatives (Wu et al., 2009) are able to bind and 

stabilize the G-quadruplex DNA structure, thus inhibit telomerase activities and cause 

cell death. Liu et al. (1994) found that manganese salen exhibits superoxide scavenging 
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activity; while Abdel-Haleem et al. (2016) discovered antibacterial property in gallium 

salophen. 

2.3 Zinc(II) Salophen (ZnS) 

The choice of metal ion in this study is zinc(II) ion due to its high abundancy in 

organism and its biocompatibility. They are highly bioavailable as metalloenzymes, 

where their flexibility in coordination geometry could aid the protein to carry out 

conformation changes in biological reactions. 

ZnS has a five coordinated square planar geometry with the Schiff base, salophen 

taking the basal plane while the apical position is left to the solvent which can be replaced 

with ease by another group. This phenomenon is due to the high Lewis acidity at the metal 

centre of ZnS and which enable ZnS to function as fluorescence probe of inorganic 

phosphates (Cano et al., 2009) and amines (I. P. Oliveri et al., 2011).  

Unfortunately, ZnS suffers from low solubility in water, thus limits their biological 

application. A. Dalla Cort et al. (2009) tried to overcome this difficulty by synthesizing a 

new ZnS derivative by attaching D-glucose at the 5,50 positions. Another attempt was 

made by Asadi et al. (2017) by conjugating lipophilic cation to the Schiff base ligand of 

the metal complex. 

2.4 Toxicity 

Toxicity of a drug was usually evaluated via in vitro cytotoxicity study, follow by in 

vivo animal testing before entering clinical trial on human (Lipsky et al., 2001). 

Cytotoxicity study is an economical way to determine the toxicity of a drug on cells for 

further evaluation of their anticancer potential (Garle et al., 1994). Besides, it is useful in 

predicting the acute toxicity for in vivo study, thus reduces the number of animals used 

for in vivo testing (Halle, 2003). 
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2.4.1 Toxicity of Metal(salophen) 

It was learned that metal(salophen) exhibits different cytotoxicity level when salophen 

was coordinated to different metal ions. Routier et al. (1999) found that iron(III) salophen 

is able to generate reactive oxygen species via redox reaction of iron; and Lange et al. 

(2008) reported that iron(III) salophen could induce cell death and prevent cell 

proliferation on ovarian cancer. Derivatives of platinum(II) salophen are able to stabilize 

G-quadruplex DNA which eventually lead to cell death (Wu et al., 2009). Cytotoxicity 

studies show cobalt(III) salophen, nickel(II) salophen, derivatives of uranium(VI) 

salophen, oxovanadium(V) salophen are cytotoxic and posse potential to be anticancer 

drugs (Ambika et al., 2019,Rani et al., 2021, Ebrahimipour et al., 2017; Gomathi 

Sankareswari et al., 2014). For manganese(III) salophen there is a contradiction where 

Doctrow et al. (2002) found that it is able to protect the cells thru hydrogen peroxide 

scavenging; while Ansari et al. (2009) reported that it is able to kill breast cancer cells. 

ZnS is known to be less potent than the metal salophen mentioned earlier as ZnS could 

not carry out redox reaction (Brissos et al., 2013; Rani et al., 2021); however it is unknown 

how the toxicity of ZnS will be affected upon conjugating with GNP.  

2.4.2 Toxicity of GNP 

The toxicity of GNP shall be taken into consideration while synthesizing metal 

complexes gold nanoparticle conjugates. However, the inconsistency in experiment set 

up for research of GNP’s toxicity has led to conflicting data as the toxicity of GNP depend 

on various factors like shape, surface charge, species of stabiliser, and size (N. Khlebtsov 

et al., 2011).  

Goodman et al. (2004) shows that cationic GNP are more cytotoxic than anionic GNP. 

This is in line with E. E. Connor et al.’s (2005) study which shows that GNP with anionic 

charge (coated with biotin or citrate) are non-cytotoxic; GNP with cationic charge (coated 
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with CTAB) are cytotoxic.  Niidome et al. (2006) also support the finding by discovering 

anionic GNP (coated with anionic PEG) is less cytotoxic. In the other hand, there is some 

disagreement from the findings obtained from Y. Zhang et al. (2012) and Schaeublin et 

al. (2011). Both of their studies state that there is no difference in the cytotoxicity of 

cationic and anionic GNP. 

Besides, GNP are expected to show size depending toxicity as size is used to measure 

the uptake efficiency of GNP thru endocytosis (N. Khlebtsov et al., 2011). Pan et al. 

(2007) and Tsoli et al. (2005) reported that GNP with the diameter of 1-2 nm are highly 

cytotoxic; while 15 nm GNP are non-cytotoxic (Pan et al., 2007). Yah (2013) suggested 

that the toxicity of GNP increase when the size of GNP getting smaller. 

Various studies also indicate that GNP with diameter ranging from 10 to 20 nm are 

non-cytotoxic (E. E. Connor et al., 2005; J. A. Khan et al., 2007; Murawala et al., 2009; 

Salmaso et al., 2009; Villiers et al., 2010); however, Pernodet et al. (2006) observed cell 

death in 15 nm GNP. Kim et al. (2008) found that GNP with size 20-100 nm are non-

cytotoxic; while Mironava et al. (2010) found 45 nm GNP are more cytotoxic than GNP 

of 13 nm. Given the complexity of various physiochemical properties, this rises the need 

to examine the cytotoxicity of the new ZnS conjugated gold nanosphere. 

2.5 Protein Interaction 

Upon entering the blood circulation, drugs bind on plasma proteins to different extent 

where some binding is reversible and some binding establish an equilibrium (Vuignier et 

al., 2010). Among the proteins present in our plasma such as α1-acid glycoprotein, 

globulins and lipoproteins, serum albumin is the protein that present in the highest 

abundancy. The interaction between protein and drug will determine the fate of the drug 

as it will determine the availability of free drug. The availability in turn affects the 

pharmacodynamics and pharmacokinetics of the drug (Vuignier et al., 2010). The ability 
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to bind with albumin would improve the drug’s solubility in plasma which in return 

increases the drug’s plasma half-life and prevent them from encountering metabolic 

degradation (Ebrahimipour et al., 2017). Meanwhile, Ebrahimipour et al. (2017) also 

discovered that human serum albumin (HSA) tends to accumulate in cancer cells which 

could make protein act as an agent to deliver anticancer drugs.  

Since bovine serum albumin (BSA) has high similarity with HSA (Michnik et al., 

2006) and cost lesser, BSA is commonly used in laboratories to replace HSA in protein 

binding studies. Due to its high solubility, BSA are used to transport metal ions, steroids, 

fatty acids, metabolites and drugs (Asadi et al., 2016). Docking studies found that 

salophen complexes of nickel(II), uranium(VI), aluminium(III), gallium(III), indium(III), 

vanadium(IV) and manganese(III) could bind with BSA with strong affinity. (Asadi et 

al., 2016; Ebrahimipour et al., 2017; Gomathi Sankareswari et al., 2014; Mutua et al., 

2019; V. Oliveri et al., 2011; Rani et al., 2021). Hence, it might be interesting to find out 

how would AuNS-TA-ZnS conjugates bind and interact with proteins.  
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Chemicals and Materials 

All chemicals and solvents used were of analytical grade unless mentioned. 

Salicylaldehyde, 1,2-phenylenediamine, gold(III) chloride trihydrate, trisodium citrate 

dihydrate and thioctic acid were purchased from Sigma Aldrich. zinc(II) nitrate, absolute 

ethanol, methanol, acetic acid, hydrochloric acid, nitric acid, DMSO and chloroform were 

acquired from Fisher Scientific. 

For protein interaction studies, Elisa grade BSA was obtained from Biochem and 20S 

mouse proteasome was acquired from Boston Biochem,  

MCF-7 cell line (human breast cancer), MDA-MB-231 cell line (human breast cancer), 

MDA-MB-468 cell line (human breast cancer), and Caco-2 cell line (human colon cancer) 

were the cell lines used in the biological studies. All these cell lines were purchased from 

American Type Culture Collection (ATCC). Dulbecco’s modified Eagle Medium 

(DMEM), fetal bovine serum (FBS), trypsin-EDTA, Tris-HCl and Hanks’ buffer salt 

solution (HBSS) were purchased from Gibco. Trypan blue and 2ʹ,7ʹ-dichlorofluorescin 

diacetate (DCFH-DA) were obtained from Sigma Aldrich; phosphate buffer solution 

(PBS) and 4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT) were 

purchased from BioBasic. 

3.2 Synthesis 

3.2.1 Synthesis of Salophen  

The Schiff base ligand, salophen (Figure 3.1) was synthesised by modification of the 

condensation method described by (Ouari et al., 2015). Herein, 10 mmol of 

salicylaldehyde and 5 mmol of 1,2-phenylenediamine were dissolved in 10 mL of 

absolute ethanol. The solution was continuously stirred and heated for 3 hours in the 
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presence of 2 – 3 drops of acetic acid. The yellow microcrystals of salophen were 

collected, filtered and washed three times with absolute ethanol.  

 

Figure 3.1: Chemical structure of salophen. 

3.2.2 Synthesis of Zinc(II) Salophen (ZnS) 

0.5 mmol of zinc(II) nitrate was dissolved in water and 0.5 mmol of salophen was 

dissolved in 10 mL of methanol separately. A yellow precipitate (Figure 3.2) was formed 

after the two solutions were mixed together and heated for 2.5 hours. The precipitate of 

ZnS was collected, filtered and washed three times with methanol.   

 

Figure 3.2: Chemical structure of zinc(II) salophen. 

3.2.3 Synthesis of Gold Nanosphere (AuNS) 

A modification of the Turkevich method (Turkevich et al., 1951) was used to 

synthesise AuNS. All glass wares were cleaned with aqua regia before synthesise. 2.5 mL 

of 0.01M of gold(III) chloride trihydrate was added to 50 mL of ultrapure water and 

heated to boil. Upon boiling, 4 mL of 0.03 M of trisodium citrate dihydrate was added 

and the heating was continued for another 15 minutes.  
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Upon the addition of trisodium citrate dihydrate, the pale-yellow colour of gold(III) 

chloride solution changed from grey to purple and became wine red colour. The AuNS 

solution was cooled down to room temperature and ultracentrifuged (Beckmann Conter) 

at 11000 rpm for 20 minutes. The supernatant was removed and the AuNS pellet was 

recovered.  

3.2.4 Functionalisation of Gold Nanosphere with Thioctic Acid (AuNS-TA) 

The AuNS pellet was diluted with 10 mL of pH 14 ultrapure water which was pre-

adjusted with 1M sodium hydroxide solution. A 1 mL of 0.05 M thioctic acid was 

dissolved in absolute ethanol before being added to the AuNS solution. After stirring for 

24 hours in dark, the mixture was ultracentrifuged at 11000 rpm for 20 minutes. The 

supernatant was then removed and the AuNS-TA pellet was recovered. 

3.2.5 Conjugation of ZnS with AuNS-TA (AuNS-TA- ZnS) 

The AuNS-TA pellet was diluted with 10 mL of pH 14 ultrapure water. 1 mL of 1 nM 

ZnS was dissolved in 1:1 DMSO: ethanol and added to the AuNS-TA solution. The 

mixture was stirred in the dark at room temperature for 24 hours before being 

ultracentrifuged at 10 000 rpm for 20 minutes. The supernatant was removed to recover 

the pellet of AuNS-TA-ZnS and followed by washing with chloroform for three times. 

3.3 Characterisation 

3.3.1 Fourier Transform Infrared (FTIR) Spectroscopic Analysis 

Prior to analysis, the solutions of AuNS, AuNS-TA, and AuNS-TA-ZnS were freeze 

under -80  ̊C for 24 hour and was later subjected to freeze drying with freeze dryer at -80 

mbar for 24 hours to obtain their respective powders The powdered samples were 

analysed with attenuated total reflectance (ATR) and the infrared transmission spectra of 

all samples were recorded from 400 cm-1 to 4000 cm-1 using Shimadzu Fourier Transform 

Infrared Spectroscopy IRTracer-100. 
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3.3.2 CHN Elemental Analysis 

Around 5 mg of sample was weight and wrapped in tin capsule manufactured by Perkin 

Elmer. After the decomposition of sample in the combustion chamber, the composition 

of Carbon, Hydrogen and Nitrogen was measured by Perkin Elmer Series II CHNS/O 

Analyzer. 

3.3.3 Ultraviolet-Visible (UV-Vis) Spectroscopic Analysis 

Salophen and ZnS were dissolved in a solvent mixture of DMSO: ethanol in a 1:1 ratio; 

while AuNS, AuNS-TA, and AuNS-TA-ZnS pellet were redispersed in pH 14 ultrapure 

water. The solution was filled into a Quartz cuvette with 1 cm path length and the 

spectrum was recorded from 200 cm-1 to 1000 cm-1 with Perkin Elmer UV/VIS 

Spectrometer Lamda 25. 

3.3.4 Fluorescence Spectroscopic Analysis 

   Salophen and ZnS were dissolved in a solvent mixture of DMSO: ethanol in a 1:1 

ratio; while AuNS, AuNS-TA, and AuNS-TA-ZnS pellet were redispersed in pH 14 

ultrapure water. The solution was filled into a Quartz cuvette and excited at different 

wavelength. The fluorescent emission spectrum was then recorded by Cary Eclipse 

Fluorescence Spectrophotometer from Agilent Technologies. 

3.3.5 Dynamic Light Scattering and Zeta Potential Analysis 

The size and Zeta potential of AuNS, AuNS-TA, and AuNS-TA-ZnS were measured 

at 25  ̊C with Malvern Zetasizer nano ZS particle size analyser with DTS1070 cuvette. 

During the analysis of nanoparticles size, DLS was detected at an angle of 173 ̊. Each 

analysis was carried out thrice with each measurement of 25 runs. 
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3.3.6 Transmission Electron Microscopy (TEM) 

AuNS, AuNS-TA, and AuNS-TA-ZnS nanoparticles were placed on graphene coated 

Copper TEM grids by immersing the grids into the nanoparticles sample solutions. After 

the grids has been air dried, it was then inserted into the Tecnai G2 20 TEM and images 

of the nanoparticles were captured at 200 kV. 

The diameter of 100 nanoparticles were measured with Image J to obtain the average 

size and standard deviation of AuNS, AuNS-TA, and AuNS-TA-ZnS nanoparticles 

3.3.7 Inductively Coupled Plasma Mass Spectroscopic (ICP-MS) Analysis 

AuNS-TA-ZnS pellet was redispersed in pH 14 water. 15 mL of 1 nM  AuNS-TA-ZnS 

was prepared in a 50 mL centrifuge tube. The amount of zinc atoms and gold atoms 

present in the solution was determined by using Perkin Elmer Elan 9000 ICP/MS. The 

loading capacity of ZnS on AuNS-TA-ZnS was then calculated as described in section 

4.1.7. 

3.4 Protein Interaction Studies 

3.4.1 Bovine Serum Albumin (BSA) Interaction Study via Fluorescence 

Spectroscopy 

A 10 µM of BSA was prepared in phosphate buffer solution (PBS) (pH 7.4) at room 

temperature. BSA was mixed with different volumes of 1 nM AuNS-TA-ZnS 

nanoparticles solution to obtain a series of AuNS-TA-ZnS solutuions with their 

concentrations ranging from 15.625 pM to 250 pM and a final volume of 4 mL. After 2 

hours of incubation, the fluorescence spectra of the above series were recorded at λex = 

280 nm and λem = 300 to 450 nm.  
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The fluorescence emission spectra of the AuNS-TA-ZnS series (at concentration 

ranging from 15.625 pM to 250 pM) without the presence of BSA were also obtained and 

subtracted with their corresponding spectrum of BSA and AuNS-TA-ZnS mixtures.  

Synchronous florescence scanning was carried out on mixture of BSA and AuNS-TA-

ZnS at Δλ = 15 nm and 60 nm for tyrosine and tryptophan residues respectively.  

3.4.2 BSA Interaction Study via Circular Dichroism (CD) 

 A solution of 10 µM BSA was prepared in PBS; while a stock solution of 50 pM 

AuNS-TA-ZnS was prepared at pH 14. 100 µL of 10 µM BSA was mixed with 100, 200, 

300, 400, 500 µl of stock AuNS-TA-ZnS solution. The resultant series of solutions were 

topped up to 1 mL with PBS to yield AuNS-TA-ZnS at final concentrations ranging from 

0.005 – 0.025 pM (0.005, 0.010, 0.015, 0.020, 0.025 pM). 

After 30 minutes of incubation, the CD spectra of the series of BSA and AuNS-TA-

ZnS mixture were recorded with Jasco J-815 CD spectrometer. The samples were read 

with a 1 cm cuvette at 0.2 nm intervals. Scans were performed from 185 - 300 nm and 

shown as ellipticity in millidegree. 

3.4.3 20S Mouse Proteasome Activity Study 

 Trypsin-like (T-L), chymotrypsin-like (CT-L) and caspase-like (C-L) proteolytic 

activities on 20S proteasome can be measured by using their respective fluorogenic 

peptide substrates which are Boc-Leu-Arg-Arg-AMC, Suc-Leu-Leu-Val-Tyr-AMC and 

Z-Leu-Leu-Glu-AMC (Suc: N-Succinyl; Z: benzyloxycarbonyl; Boc: t-

Butyloxycarbonyl; AMC: 7-amino-4-methylcoumarin). 

A solution of 14 µL of activated purified 20S mouse proteasome (2 nM per well), 20 

μL of 20 μM of fluorogenic peptide substrate (4 µM per well) and appropriate volume of 

AuNS-TA-ZnS at indicated concentration (2.5, 5.0, 10, 20, 30, 40, 60 x 10¬-6 nM) were 
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added into each well of the 96-well plate. The final volume of each well was made to be 

100 uL by the addition of 50 mM Tris HCl (pH 7.5). Control wells were also prepared 

with the materials mentioned above in the absence of AuNS-TA-ZnS. 

After 24 hours of incubation at 37 °C, SpectraMax M5 was used to measure the 

fluorescence intensity of the cleaved fluorogenic groups at an excitation wavelength of 

380 nm and emission wavelength of 460 nm. Proteolytic activity of each well was 

calculated with the following equation and the proteolytic activity for each site at different 

concentrations of AuNS-TA-ZnS was plotted on a graph. 

Proteolytic activity (%) =  
Fluorenscence intensity of sample

Fluorescence intensity of control
 𝑥 100       (3.1) 

3.5 Biological studies 

All the cell lines were cultured in T-25 or T-75 flask and maintained in an incubator 

with 5% carbon dioxide. When the confluency reached 80 to 90%, cells were detached 

from the flask with trypsin-EDTA and harvested into a 15 mL centrifuge tube for a 5 

minutes centrifugation at 1500 rpm. The cell pellet was collected and redistributed in the 

media. The cell number in the cell suspension solution was determined using 

hemacytometer with trypan blue staining the live cells. 

3.5.1 Cell Viability Assay 

Cells were seeded at the density of 1 x 104 cells/well in transparent 96-well plate. After 

an incubation of 24 hours in 5 % of carbon dioxide, the media in the wells were removed 

and treated with sample solutions at concentrations ranging from 0 – 1 nM. The cells were 

then incubated for another 48 hours. Upon the endpoint, 20 uL of 5 mg/mL MTT solution 

was inserted to each well and was incubated for another 4 hours to form formazan crystals. 

The mixture of solutions in each well was then removed and replaced with 80 µL of 

DMSO to dissolve the formazan crystals.  
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The ultraviolet absorbance of each well at 570 nm was then measured with Spectramax 

M3 with 630 nm as the reference wavelength. The cell viability of each well was 

calculated by using the following formula. 

Cell viability (%) = 
Sample Absorbance

Control Absorbance
 x 100%                                         (3.2) 

3.5.2 Intracellular Reactive Oxygen Species (ROS) Assay 

Cells were seeded at the density of 1 x 104 cells/well in black 96-well plate and 

incubated for 24 hours under 5 % of carbon dioxide. The media in the well was removed 

on the next day and replaced with sample solutions at different concentrations. After 24 

hours, the solution mixture was removed from the well, and each well was washed with 

80 µL of PBS. 100 µL of fresh media which contains 20 µM of 2ʹ,7ʹ-dichlorofluorescin 

diacetate (DCFH-DA) was added to each well.  

When excited at 485 nm, the intensity of the fluorescent emitted at 535 nm for each 

well was measured by TECAN microplate reader and the readings were labelled as T0. 

The cells were incubated for another 30 minutes, and the previous steps were repeated 

again with the readings labelled as Tf. The ROS level of each well was calculated with 

the following equation. 

ROS level =
Fluorescence intensity at Tf− Fluorescence intensity at T0

Cell viability percentage
                (3.4) 

 Upon obtaining the ROS level of each well, fold change of ROS can be calculated 

by using the following equation. 

Fold change of ROS =  
ROS level of well with treated cell

ROS level of well with untreated cell
                                (3.5) 
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3.5.3 TEER Measurement Assay 

Caco-2 cells were seeded at 1 x 106 cells/well on each Corning transwell insert made 

of polycarbonate membrane with a growth area of 0.33 cm2 and pore size of 0.4 µm. Cells 

were cultured continuously for 21 days where the media in each well was changed every 

2 days. The integrity of the cell monolayer was evaluated by measuring the TEER with 

EVOM2 Epithelial Volt/Ohm Meter. 

After 21 days, the cells were washed with HBSS and replenished with fresh media. 

AuNS-TA-ZnS and ZnS of different concentrations were added to the apical chamber of 

the transwell insert and the cells were incubated again. TEER readings of each well were 

taken every 30 minutes for 8 times and plotted on a graph. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1 Characterisation 

4.1.1 Fourier Transform Infrared (FTIR) Spectroscopy  

The spectrum of salophen (Figure 4.2) shows a band at 3055 cm-1 indicates the 

presence of phenolic OH group. A strong band presents at 1608 cm-1 is ascribed to the 

combination of C=N stretching and C=C aromatic vibration stretching (Mota et al., 2012). 

Other bands of C=C aromatic vibration stretching are found at 1558 cm-1 and 1190 cm-1 

(Mota et al., 2012). The strong band which emerges at 1275 cm-1 could be assigned to 

phenolic C-O stretching (Dong et al., 2012; Mota et al., 2012); while the other band at 

754 cm-1 is reported to be an aromatic C-H stretching (R. A. Mendes et al., 2018).  

From the ZnS spectrum (Figure 4.3), the combination of C=N stretching and C=C 

aromatic vibration stretching band has shifted to a higher frequency, 1612 cm-1 upon the 

formation of ZnS. Bands of C=C aromatic stretching shift to a lower frequency (1529 cm-

1 and 1174 cm-1) (Tverdova et al., 2009) and the same goes to the phenolic C-O stretching 

band which undergoes a redshift to 1244 cm-1. Hence, Dong et al. (2012) and More et al. 

(2017) suggest that Zn-O bond has been established between zinc(II) ion and the free 

ligand. The aromatic C-H bending of the free ligand which is initially at 754 cm-1 shifted 

to 746 cm-1 after the formation of ZnS. A metal-oxygen (M-O) stretching band (More et 

al., 2017) at 532 cm-1 further suggests the coordination of salophen to zinc(II) ion. 

As the surface of AuNS is covered with a layer of citrate ions, the OH group of citrate 

acid gave rise to a broad O-H stretch in the spectrum of AuNS (Figure 4.4) at 3298 cm-1. 

Bands at 1614 cm-1 and 1348 cm-1 are assigned to the asymmetric and symmetric 

stretching of the free carboxylate group (O=C=O) (Aryal et al., 2006; Kalimuthu et al., 

2010). These bands are absent in the spectrum of AuNS-TA (Figure 4.5) upon the 

replacement of citrate acid by thioctic acid.  
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From AuNS-TA spectrum (Figure 4.5), the broad peak at 3233 cm-1 is due to the O-H 

stretch of thioctic acid. The spectrum also exhibits a C-H stretching band at 2922 cm-1 

(Young et al., 2007); while peaks at 1743 cm-1 and 1649 cm-1 are symmetric and 

asymmetric C=O stretching (Ikuta et al., 2014; Kataby et al., 1999). O-H stretching band 

can be found at 1045 cm-1. According to Rosenthal-Kim (2013), the bands at 663 cm-1 

and 457 cm-1 are a result of C-S  stretch and S-S stretch of thioctic acid respectively. 

The absence of the broad O-H band at the 3000-3300 cm-1 region of AuNS-TA-ZnS 

spectrum (Figure 4.6) suggests the deprotonation of the carboxylic group of thioctic acid 

in AuNS-TA and the coordination of the carboxylate oxygen with ZnS. Peaks located 

within 1600 – 1700 cm-1 might be the bands of C=O stretch from thioctic acid and C=N 

& C=C stretch of ZnS. The sharp peaks around 822 cm-1 could be assigned to C-H stretch 

of both thioctic acid and ZnS that shifted to a higher frequency upon conjugation of 

AuNS-TA with ZnS. The blueshift also happened to C-S stretching band which moved to 

710 cm-1 after coordination.  

Thus, with the aid of TA as linker, AuNS-TA-ZnS was synthesised. The corboxylate 

end of TA conjugated with ZnS; while the thiol ends of TA anchored on AuNS via the 

strong gold-thiol covalent bond (Yeh et al., 2021) as illustrated in Figure 4.1. 

 

Figure 4.1: Illustration of AuNS-TA-ZnS structure 
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Figure 4.2: FTIR spectrum of salophen. 

 

Figure 4.3: FTIR spectrum of ZnS. Univ
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Figure 4.4: FTIR spectrum of AuNS.  

 

Figure 4.5: FTR spectrum of AuNS-TA. Univ
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Figure 4.6: FTIR spectrum of AuNS-TA-ZnS. 
 

4.1.2 CHN Elemental analysis 

Table 4.1: Stoichiometries, colour and elemental analysis of salophen and zinc(II) 
salophen. 

Compound Stoichiometries Colour 

Analysis Calculation (Found) % 

C H N 

Salophen C20H16N2O2 Yellow 75.93 (75.55) 5.10 (5.21) 8.86 (8.98) 

Zinc(II) 

Salophen 
[Zn(C20H16N2O2)].2H2O Yellow 57.77 (57.77) 4.36 (4.99) 6.74 (7.56) 

  

 The CHN elemental analysis results are in good agreement with the postulated 

chemical formulae. The difference in %C, %H and %N values between postulated and 

found values were within 1%, and the postulated formulae are therefore acceptable. The 

chemical formula of Salophen is determined to be C20H16N2O2 (molecular weight: 316.36 
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g mol-1); while the chemical formula for ZnS is [Zn(C20H16N2O2)].2H2O (formula weight: 

417.77 g mol-1). 

4.1.3 UV-Vis Spectroscopic Analysis 

Both salophen and ZnS consist benzene rings and imine groups. In the UV-vis 

spectrum of salophen (Figure 4.7), the benzene rings exhibit a π -> π* electronic transition 

at 274 nm (Ouari et al., 2015); while the absorption band at 333 nm could be assigned to 

the n -> π* electronic transition of the  non-bonding electron from imine groups (Gusev 

et al., 2020). Both bands experienced a blue-shift to 260 nm and 295 nm after coordinating 

with zinc(II) ion which resembles the observation from  El-Medani et al. (2005) amd 

Shaghaghi et al. (2020). 

The peak at 395 nm (Figure 4.7) which only emerged after the formation of ZnS may 

be assigned as metal-ligand d-> π* charge transfer (MLCT) transition (Dumur et al., 

2014). Since zinc(II) ion has a d10 electronic configuration, thus d-d transition would not 

be observed (Shaghaghi et al., 2020).  

Table 4.2: Electronic spectral assignment. 

Compound Electronic 
spectrum (nm) Electronic Transition Molar absorptivity, 

ϵ (M-1 cm-1) 

Salophen 
274 
333 

π -> π* 
n -> π* 

2.8 x 103 

1.6 x 103 

Zinc(II) 
Salophen 

260 
295 
393 

π -> π* 
n -> π* 
MLCT 

5.6 x 103 

1.4 x 104 
1.2 x 104 

 

The spectra of AuNS, AuNS-TA and AuNS-TA-ZnS nanoparticles (Figure 4.7) exhibit 

an absorption peak around 521 nm due to the SPR effect (Haiss et al., 2007). Plasmon 

can be understood as the coherent oscillation of free d electrons in the gold metal (Eustis 
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et al., 2006) from its equilibrium position (Navarrete et al., 2018). When the wavelength 

of the light received by the nanoparticles is in resonance with the frequency of oscillation, 

the electron cloud will polarise to one end of the surface and oscillation starts (Amendola 

et al., 2017). 

The SPR peak of AuNS-TA-ZnS experienced a red shift to 523 nm when compared to 

AuNS. The decrease in the resonance frequency is a result of the alteration on the surface 

electron density which could be due to the present of chemically bonded molecules 

(Eustis et al., 2006). This may suggest that the conjugates of AuNS-TA-ZnS have been 

synthesised. Besides, the presence of a small and broad peak at 403 nm might be related 

to the red shift of MLCT band of ZnS upon conjugation of ZnS with AuNS-TA.  

 

Figure 4.7: UV-visible spectrum of (a) salophen (b) ZnS (c) AuNS (d) AuNS-TA         
(e) AuNS-TA-ZnS 

4.1.4 Fluorescence spectroscopy 

From figure 4.8, it was observed that ZnS excites at 393 nm and emits fluorescent at 

503 nm. The fluorescence of ZnS was greatly enhanced after salophen coordinated with 

zinc(II) ion to form ZnS. T. Khan et al. (2016) with a similar finding explained that this 
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is due to ZnS is unable to carry out imine-enamine tautomerization like salophen. Thus, 

ZnS becomes more rigid after the coordination which results to an increase in quantum 

yield and fluorescence enhancement. 

 

Figure 4.8: Emission spectra of 50 uM of ZnS (red) and 50 uM of salophen (green) 
excited at 393 nm. 
 

 

Figure 4.9: Emission spectra of 50 uM ZnS (excited at 393 nm) in the presence of 
AuNS-TA in various concentration. 
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transfer, staging a better metal enhanced fluorescence (MEF) to occur (Han et al., 2011; 

Kondon et al., 2008; Pompa et al., 2006). 

Unfortunately, in this study, the above phenomenon does not occur although ZnS (the 

fluorophore) emits at 503 nm; while AuNS-TA features an excitation peak at 520 nm. As 

shown in figure 4.9, the fluorescence of ZnS decreases when more AuNS-TA 

nanoparticles were added to form AuNS-TA-ZnS.  

Various studies (Chen et al., 2007; Dulkeith et al., 2005; Reineck et al., 2013) 

explained that the enhancement or quenching of fluorescence depends on the distance of 

fluorophore to the metal nanoparticle. When the distance is below 5 nm (Anger et al., 

2006), non-radiative decay occurs. This causes the energy of the fluorophore being 

channelled from the excited dipole to the nanoparticles where plasmon are excited, 

leading to quenching in emission (Kochuveedu et al., 2014; Yuan et al., 2020).  This 

resembles the finding obtained in this study as AuNS and ZnS are connected by thioctic 

acid which its distance is less than 5 nm.  

4.1.5 DLS and Zeta Potential Analysis 

DLS technique was employed in this experiment to give an estimation on the diameter 

of the GNP. Table 4.3 shows that the average diameter of AuNS is measured to be 20.94 

nm, which become slightly larger, 21.94 nm after surface functionalisation with thioctic 

acid.  

Although the surface charge of nanoparticles could not be measured directly via zeta 

potential; however, it is seen as a function of surface charge (Bruce B. Weiner, 1993). 

AuNS and AuNS-TA exhibit a negative potential of -45.87 mV and -54.9 mV due to their 

surfaces are capped with citrate and thioctate groups which bear negative charges. Zeta 

potential with a magnitude greater than +/- 30 mV symbolises that the nanoparticles have 
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sufficient repulsive force to ensure its’ physical stability (Bhattacharjee, 2016; Joseph et 

al., 2019). 

For AuNS-TA-ZnS, since some of the thioctate groups on the surface of AuNS-TA 

have conjugated with ZnS, the zeta potential decreases to -28.5 mV which indicates that 

the repulsive forces between nanoparticles decreased. As a result, aggregation could 

happen and nanoparticles form clusters. From Table 4.3, we could observe the 

polydispersity index of AuNS and AuNS-TA which range between 0.15 - 0.21 increases 

to 0.54 for AuNS-TA-ZnS, indicates that AuNS-TA-ZnS has a higher particle size 

population than AuNS and AuNS-TA (Danaei et al., 2018).  

The AuNS-TA-ZnS nanoparticles which aggregated to form clusters will scatter more 

light (Bhattacharjee, 2016; Sergeev et al., 2013), causing DLS analysis to assign AuNS-

TA-ZnS a larger diameter, 58.66 nm. Bhattacharjee (2016) and B. N. Khlebtsov et al. 

(2011) also reported that the particle size obtained from DLS analysis often appear to be 

larger than TEM analysis.  

Table 4.3: DLS and zeta potential analysis of GNP 
 

Diameter (nm) Polydispersity Index Zeta Potential (mV) 

AuNS 19.55 0.15 -46.4 

21.45 0.20 -48.1 

21.83 0.21 -43.1 

Average 20.94 + 1.22 0.19 -45.87 + 2.54 
    

AuNS-TA 21.34 0.19 -55.0 

22.24 0.17 -54.4 

22.23 0.20 -55.3 

Average 21.94 + 0.52 0.18 -54.9 + 0.5 
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Table 4.3, continued 

 Diameter (nm) Polydispersity Index Zeta Potential (mV) 

AuNS-TA-ZnS 59.79 0.53 -28.1 

59.34 0.53 -29.1 

56.85 0.57 -28.4 

Average 58.66 + 1.58 0.54 -28.5 + 0.5 

 

4.1.6 TEM Analysis 

 
Figure 4.10: TEM image of AuNS. 

 
Figure 4.11: TEM image of AuNS-TA. 

 
Figure 4.12: TEM image of AuNS-TA-ZnS. 

From the TEM images, it is observed that most nanoparticles are spherical in shape. 

Nanoparticles of AuNS and AuNS-TA are separated from each other while AuNS-TA-

ZnS nanoparticles exhibit sign of aggregation. The average diameter of AuNS is 14.97 ± 

1.69 nm. It increases to 17.54 ± 1.60 nm after surface modification with thioctic acid to 
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form AuNS-TA and further increases to 17.73 ± 1.52 nm after conjugating with ZnS to 

form AuNS-TA-ZnS.  

4.1.7 ICP-MS Analysis 

Concentration of Au atom and Zn atoms found from ICP-MS analysis are 499.86 ug/L 

and 1.72 ug/L respectively. By assuming all the AuNS-TA-ZnS nanoparticles are 

spherical in shape and have a density resembling face-centred cubic GNP (Mucic et al., 

1998), the following equation is used to calculate the average gold atoms in each 

nanoparticle, N: 

N = 
𝑁𝐴𝜋ꝓ𝐷3

6𝑀
                                                                                                             (4.1) 

where NA is the Avogadro constant, ꝓ is the density for face-centred cubic GNP (1.93 

x 10-20 g/nm3) (H. Zhang et al., 2004), D is the diameter of nanoparticle and M is the 

atomic weight of gold.  

In the above calculation, AuNS-TA-ZnS which has an average diameter of 17.73 nm 

have approximately 1.7 x 105 gold atoms per nanoparticle. By comparing the 

concentration of AuNS-TA-ZnS with the concentration of zinc atom found in the test 

sample, we may conclude that there are 1785 ZnS molecules conjugated to each single 

AuNS-TA nanoparticle. 

4.2 Protein Interaction Studies 

4.2.1 BSA Interaction Study via Fluorescence Spectroscopy 

BSA protein molecule contains around 600 amino acids residue which were arranged 

into three helical domains. Among these domains, there are six binding sites with different 

binding affinity (Ng et al., 2013). In order to study the interaction between the binding of 

BSA and AuNS-TA-ZnS, residues that emit intrinsic fluorescence, such as tryptophan 
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(Trp), tyrosine (Tyr) and phenyalanine (Phe) become our main interest. However, the 

quantum yield of Phe is too low to be investigate; while Tyr which excites at the same 

wavelength as Trp often has its emission quenched in native protein (Ghisaidoobe et al., 

2014). Thus, Trp becomes the dominant residue that excite at 280 nm and emit 

fluorescence at 350 nm.  

There are two Trp residues in each BSA molecule, namely Trp134 and Trp213. The 

former is located in a hydrophobic pocket on the domain I’s surface; while the latter is in 

a hydrophobic pocket in domain II (Carter et al., 1994). According to X. Shi et al. (2012), 

Trp residue has a relatively large excited state dipole moment which causes the 

fluorescence emission of Trp to be highly sensitive to the environment’s polarity.  

Therefore, by monitoring the fluorescence emission of Trp, the protein conformational 

behavior around Trp residues could be predicted (Shang et al., 2007).  

Figure 4.13 shows the fluorescence emission at 350 nm decreases gradually as 

concentration of AuNS-TA-ZnS increases. This indicates the presence of AuNS-TA-ZnS 

has quenched the fluorescence of Trp residues due to GNP behaving like an excited state 

quenchers through its energy transfer behaviour. No blue-shift or red-shift is being 

observed. Blue-shift will happen when BSA undergoes tertiary structural change to make 

the environment around the Trp residues become more hydrophobic; while red-shift 

happens when Trp residues are more exposed to the hydrophilic (solvent) environment 

(Shang et al., 2007). With that, we could assume that there is no conformational change 

happened upon binding of AuNS-TA-ZnS to BSA. 
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Figure 4.13: Fluorescence spectra of BSA + AuNS-TA-ZnS at concentration ranging 
from 0- 250 pM. 

 

Figure 4.14: Stern-Volmer Plot. 
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Figure 4.15: Scatchard Plot. 

The fluorescence quenching was analysed with the Stern-Volmer equation (4.2) and 

Scatchard equation (4.3) (Sułkowska, 2002) to obtain more parameters. 

𝐹0

𝐹
= 1 +  𝑘𝑞𝜏0[𝑄] = 1 +  𝐾𝑠𝑣[𝑄]                                                                           (4.2) 

log (
𝐹0−𝐹

𝐹
) = log 𝐾𝑏 + 𝑛 log[𝑄]                                                                           (4.3) 

Where F0 is the relative fluorescence intensity in the absence of quencher, F is the 

relative fluorescence intensity in the presence of quencher, kq is the bimolecular 

quenching rate constant, τ0 is the average lifetime of BSA in the excited state 5 x 10-9 s, 

Ksv is the Stern-Volmer dynamic quenching constant, [Q] is the concentration of quencher, 

Kb is the binding constant of quencher with BSA and n is the number of binding sites. 

These parameters are obtained by plotting the Stern-Volmer plot and Scatchard plot as 

shown in figure 4.14 and figure 4.15. 

The quenching rate constant, kq obtained from the Stern-Volmer plot is 1.86 x 1018 

mol-1 s-1 which is much greater compare to the maximum value for a diffusion-controlled 

quenching (~ 2 x 1010 mol-1 s-1). This suggests that the quenching mechanism was initiated 

by a static quenching process instead of a dynamic quenching process (Suryawanshi et 
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al., 2016) where a ground state conjugate is formed between AuNS-TA-ZnS and BSA 

(Comby et al., 2011; Ghisaidoobe et al., 2014; Kang et al., 2004). 

The calculated Stern-Volmer quenching constant, Ksv is 9.3 x 109 M-1, implying that 

AuNS-TA-ZnS has a strong quenching ability (X. Shi et al., 2012). A material is called 

as a superquencher when its Ksv is at 104 M-1 or higher (Achyuthan et al., 2005). 

Conjugated polymer that was synthesized by Kumaraswamy et al. (2004) is labelled as a 

superquencher with its Ksv at 7.7 x 107 M-1. With its superquenching ability, conjugated 

polymer was used as sensor to detect protease activity (Kumaraswamy et al., 2004).  

Conjugated polymer-GNP pair by Fan et al. (2003) has a Ksv around 1011 M-1. It is several 

times more efficient than any reported conjugated polymer-quencher pairs and even more 

efficient than the typical small molecule-dye quencher pairs. Hence, AuNS-TA-ZnS 

might have the potential to be a biosensor owning to its high Ksv value. 

Besides, the binding constant, Kb is determined to be 6.7 x 1011 M-1. This value appears 

to be higher than the binding constant of metal(salophen) complexes and its derivatives 

which are in the range of 103 – 106 M-1 (Ambika et al., 2019; Gurusamy et al., 2022; Rani 

et al., 2021), implicating AuNS-TA-ZnS bind to BSA better than the free metal 

complexes. 

The number of binding sites, n found is 1.19 which is almost equal to 1. Hence, it can 

be understood as BSA and AuNS-TA-ZnS formed a complex with 1:1 ratio where AuNS-

TA-ZnS binds with BSA at 1 binding site (Naveenraj et al., 2010; X. Shi et al., 2012).  

Synchronous fluorescence scanning is a useful technique to allow the detection of 

weak Tyr fluorescence signal in BSA (Miller, 1983) The microenvironment of Tyr and 

Trp residues could also be studied with synchronous scanning by setting the wavelength 

interval, Δλ at 15 nm and 60 nm respectively.  
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Figure 4.16 and figure 4.17 illustrate the fluorescence intensity for both Tyr and Trp 

decreases when the concentration of AuNS-TA-ZnS increases. There is no red-shift or 

blue-shift observed from the emission wavelength, indicates no change in the 

hydrophobicity around both Trp and Tyr residues, The folding state of BSA is not affected 

during its interaction with AuNS-TA-ZnS (J.-h. Shi et al., 2016). 

 

Figure 4.16 Synchronous fluorescence spectra of BSA + AuNS-TA-ZnS in 
concentration ranging from 0 - 250 pM at Δλ = 15 nm. 

   

Figure 4.17: Synchronous fluorescence spectra of BSA + AuNS-TA-ZnS in 
concentration ranging from 0 - 250 pM at Δλ = 60 nm. 
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4.2.2 BSA Interaction Study via CD 

CD is commonly used to elucidate the modifications on the secondary structure of 

protein when protein interacts with small molecule (Lu et al., 1987). BSA consists 62% 

of alpha-helices, 13% of beta-sheets, 14% of beta-turns and 11% of random structures 

(Bourassa et al., 2011). The CD spectrum of BSA at pH 7.4 usually shows two negative 

minima in the UV region of 208 and 222 nm. These are the characteristic peaks for α-

helical configuration of BSA (Buddanavar et al., 2017; Dasgupta et al., 2016). The 

negative band at 208 nm is due to the exciton splitting of the lowest peptide π - π* 

transition; while the negative band at 220 nm is due to the peptide n - π* transition (D. 

M. Rogers et al., 2019). 

 

Figure 4.18: CD spectra of BSA interaction with AuNS. 
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Figure 4.19: CD spectra of BSA interaction with AuNS-TA-ZnS. 
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nanoparticle with BSA (Dasgupta et al., 2016). From figure 4.19, the intensity of these 

two bands decreases appreciably with increasing concentration of AuNS-TA-ZnS. This 

implies significant loss of BSA’s α-helicity. The decreased content of the α-helical 

structure indicates that AuNS-TA-ZnS nanoparticles might have bound with the amino 

acid residues in the main polypeptide chain and interact with the hydrogen bonding 

networks of the protein (Shaikh et al., 2007; Sood et al., 2018). 

4.2.3 20S Mouse Proteasome Inhibition Assay 
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of proteasome may help to overcome drug resistance (Patra et al., 2015, Kucuksayan et 

al., 2021) and stimulate apoptosis in cancer cells (Kucuksayan et al., 2021). 

After 24 hours incubation of AuNS-TA-ZnS with 20S mouse proteasome, the 

proteolytic sites which were not inhibited by AuNS-TA-ZnS bound with their respective 

fluorogenic peptide substrate. Proteolysis of these peptide substrates released AMC (7-

amino-4-methylcoumarin) units which emitted fluorescence that is used to quantify the 

proteolytic activities at each site.   

 

Figure 4.20: Proteolytic activity (%) of Chymotrypsin-like (CT-L) site, Trypsin-like 
(T-L) site and Caspase-like (C-L) site upon treatment with AuNS-TA-ZnS 

As shown in figure 4.20, the proteolytic activity at Trypsin-like (T-L) site drops below 

50% at 2 x 10-3 pM. This suggests that AuNS-Ta-ZnS may be a specific inhibitor for the 

T-L site. As Kisselev et al. (2003) and Mirabella et al. (2011) have reported that different 

proteolytic sites have different specificities depending on their respective binding 
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For the chymotrypsin-like (CT-L) site, upon reaching treatment concentration of 0.01 
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proteolytic activity was enhanced for one-fold at 0.005 pM and decreased gradually to 

70% at 0.032 pM before recovering at a higher concentration.   

With AuNS-TA-ZnS being an inhibitor specific to the T-L site it might be an efficient 

cancer drugs. This is due to Mirabella et al. (2011) found that cytotoxicity of inhibitors 

was correlated with the inhibition of T-L site in most multiple myeloma cell lines. In 

2009, Britton et al. discovered that co-inhibition of T-L site and CT-L site would give a 

higher cytotoxicity level than inhibiting CT-L site solely. The study suggests T-L site 

should be made as a co-target for anticancer agents, where AuNS-TA-ZnS might be a 

potential candidate. Besides, AuNS-TA-ZnS have antiprotozoal potential as protozoal 

proteasome shows high T-L activity; while mammalian (rat) proteasome exhibits low T-

L activity (Hua et al., 1996). 

4.3 Biological studies 

4.3.1 Cell viability assay 

In the cell viability assay, growth inhibitory effect of AuNS, AuNS-TA, AuNS-TA-

ZnS and ZnS were studied on human breast cancer cells MDA-MB-231, MDA-MB-468, 

MCF-7, and human intestinal cancer cell Caco-2 for 48 hours. The percentage of cell 

viability at different treatment concentrations are shown in figure 4.21 – figure 4.24 and 

the IC50 values are tabulated in Table 4.4.  

Table 4.4: IC50 of AuNS-TA-ZnS and ZnS on various cell lines. 

Compounds 
IC50 

MCF-7 MDA-MB-231 MDA-MB-468 Caco2 

AuNS-TA-ZnS 565 pM 510 pM 530 pM 405 pM 

ZnS 60 µM 42.3 µM 41.5 µM 42 µM 
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Figure 4.21: Cell viability of various cell lines after 48 hours treatment with AuNS 

 
Figure 4.22: Cell viability of various cell lines after 48 hours treatment with AuNS-
TA. 

0

20

40

60

80

100

120

140

0 15.63 31.25 62.5 125 250 500 1000

C
el

l v
ia

b
ili

ty
 (

%
)

Comcentration (pM)

MCF-7

MDA-MB-468

MDA-MB-231

Caco-2

0

100

200

300

400

500

0 15.63 31.25 62.5 125 250 500 1000

C
el

l v
ia

b
ili

ty
 (

%
)

Comcentration (pM)

(b) MCF-7

MDA-MB-468

MDA-MB-231

Caco-2

Univ
ers

iti 
Mala

ya



58 

 
Figure 4.23: Cell viability of various cell lines after 48 hours treatment with AuNS-
TA-ZnS. 

 
Figure 4.24: Cell viability of various cell lines after 48 hours treatment with ZnS 
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The result from 20S mouse proteasome inhibition study suggests that the cytotoxicity 

of AuNS-TA-ZnS might be due to its ability to inhibit specifically at the T-L site. Besides, 

high surface to volume ratio of the nanoparticle is one of the factors that contribute to the 

enhancement of cytotoxicity in AuNS-TA-ZnS, as more free ZnS molecules are able to 

bound on a single nanoparticle.  

Another advantage that nanoparticles possess is the engagement of endocytosis 

pathway to deliver drugs into the cells which increases the effectiveness of drug delivery 

(Ahn et al., 2013; Siew et al., 2012). Upon entering the cells, the disulfide bonds of TA 

can be reduced easily by the cells into dihydrolipoic acid (Handelman et al., 1994, Saito 

et al., 2003). This helps to release ZnS from the surface of AuNS-TA-ZnS and increase 

the bioavailability of ZnS in cells. Hence, this could also be a reason of AuNS-TA-ZnS 

being more potent than ZnS.  

4.3.2 Intracellular Reactive Oxygen Species (ROS) Assay 

ROS are mainly generated in the mitochondria as products from cellular metabolism 

(Valko et al., 2004). Cancer cells could be killed by inducing a high level of ROS in the 

cells which surpasses its lethal level and leads to an irreversible oxidative damage to the 

cells (Zhu et al., 2014). AuNS-TA-ZnS are able to generate a similar level of ROS as ZnS 

at a relatively lower concentration which might be due to the possibilities discussed in 

chapter 4.3.1.  

Table 4.5: Fold change of ROS generated in each cell line at various concentrations. 

 
Fold Change of ROS 

MCF-7 MDA-MB-231 

Concentration of           
AuNS-TA-ZnS (pM) 

250 1.0134 +/- 0.1516 0.7578 +/- 0.0316 

125 0.8410 +/- 0.0061 0.9406 +/- 0.0963 
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Table 4.5, continued 

 Fold Change of ROS 

MCF-7 MDA-MB-231 

Concentration of           
AuNS-TA-ZnS (pM) 62.5 0.7101 +/- 0.1045 1.2243 +/- 0.0216 

Concentration of ZnS 
(uM) 

25 1.2211 +/- 0.0473 0.8921 +/- 0.0064 

12.5 0.9579 +/- 0.1074 0.7088 +/- 0.0286 

6.25 0.9585 +/- 0.0801 1.3631 +/- 0.2274 

 

In MCF-7 cell line, both AuNS-TA-ZnS (figure 4.25) and ZnS (figure 4.26) induced 

ROS in a dose dependent manner. An increase in the concentration of test compound 

stimulated the production of more ROS. When ROS exceeded the cellular level of ROS, 

it may damage the nucleic acids, protein, membranes and organelles, leading to cell death 

(Redza-Dutordoir et al., 2016). For MDA-MB-231 cell line, cells treated with AuNS-TA-

ZnS generated ROS at a reverse dose dependent manner despite its dose dependent 

cytotoxicity. This suggests that the cell death of MDA-MB-231 may not follow the ROS-

dependent pathway. 

 

Figure 4.25: Fold Change of ROS in MCF-7 and MDA-MB-231 after treatment with 
AuNS-TA-ZnS. 
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Figure 4.26: Fold Change of ROS in MCF-7 and MDA-MB-231 after treatment with 
ZnS. 

4.3.3 TEER Measurement 

The availability of orally taken drug is highly dependent on the quality of the 

gastrointestinal tract’s barrier function (Srinivasan et al., 2015). In this study, we 

differentiated the human colon cancer cells, Caco-2 cells to mimic the intestinal barrier 

which controls the passage of macro molecules, water, solutes and ions in our 

gastrointestinal tract (Gao et al., 2017). As mentioned by Guha et al. (2021) and Artursson 

et al. (2001), there are four main routes that can be used to transport nutrients and drugs 

across Caco-2 cells namely i) passive paracellular route via the tight junction complexes, 

ii) active transport by transporter iii) transcytosis and iv) passive transcellular route 

through the cell. 

In this experiment, we have studied the passive paracellular route. A polarised 

monolayer with intercellular tight junction was formed upon differentiation. The tight 

junction consists of several proteins such as claudin and occuludin which regulate the 

diffusion or transport process through intracellular pathway (Benson et al., 2013). By 

using this model, studies have shown that different nanoparticles can be transported 

across the epithelial monolayer (Chai et al., 2016; Fröhlich et al., 2012). 
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Figure 4.27: Setup of cell permeability study via TEER measurement. (Adapted 
from Benson et al., 2013) 

The integrity of tight junction could be evaluated by measuring the TEER across the 

monolayer (Benson et al., 2013). It is a non-invasive method and suitable for continuous 

monitoring of the barrier integrity (Srinivasan et al., 2015).  

AuNS-TA-ZnS and ZnS were treated to the differentiated Caco-2 cells by releasing 

the drug into the apical chamber at concentrations lower than their IC50. Prior to the 

treatment, initial TEER value in each well was measured and the values were between 55 

– 60 Ω cm2. TEER reading was monitored every 30 minutes for 3 hours and the percent 

change from their initial TEER was tabulated and shown in figure 4.28. 

 

Figure 4.28: TEER measurement of Caco-2 cells for 3 hours. 
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An increment in TEER at the beginning of the treatment is observed for both AuNS-

TA-ZnS and ZnS which may be due to cell swelling (Chapman et al., 2012). The TEER 

value for chamber treated with AuNS-TA-ZnS decreased below its initial TEER value at 

the 75th minute. This implicates that the integrity of tight junction was disrupted 

(Chapman et al., 2012; Gao et al., 2017), offering drugs a monolayer with higher 

permeability to pass through (Amin et al., 2009; Franke et al., 1999; Hasegawa et al., 

1999).   

The TEER value kept decreasing to 15.5% lesser than its initial TEER before changing 

its trend to increasing which indicates that the barrier has started to recover (Wagner et 

al., 2010). At this stage, barrier integrity started to strengthen and paracellular 

permeability across the Caco-2 monolayer decreased (N. Khan et al., 2017). This 

observation resembles the finding from Benson et al. (2013) where 

poly(butyl)cyanoacrylate nanoparticles was able to open the blood-brain barrier 

temporarily. For ZnS, the TEER value falls below its initial TEER reading at the 136th 

minute and reached a maximum change of 1% before recovering. 

It is also observed that treatment with AuNS-TA-ZnS offers a longer window (70 

minutes) than ZnS (24 minutes) for the drugs to permeate through the Caco-2 monolayer. 

Besides, the percentage change in between the initial TEER value and the minimum 

TEER value for AuNS-TA-ZnS is greater than ZnS. This suggests that AuNS-TA-ZnS 

could induce a weaker barrier integrity and allow more drugs to pass through the cell 

monolayer when compared to ZnS. 
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CHAPTER 5: CONCLUSION 

The formation of the inorganic gold nanosphere-thioctic acid-Zn(salophen) conjugate 

(AuNS-TA-ZnS) is supported by FTIR spectra and UV-vis. The conjugate exhibits SPR 

at 521 nm. ZnS has a stronger fluorescence than its ligand; however, the fluorescence of 

ZnS was quenched after the formation of AuNS-TA-ZnS. This was due to the 

fluorescence emission of ZnS experienced non-radiative decay, instead of having the 

MEF effect which will enhance the fluorescence of ZnS upon conjugating with AuNS-

TA. 

TEM images confirm the nanoparticles are spherical in shape. The diameter of AuNS 

is 14.97 nm while AuNS-TA-ZnS has an average diameter of 17.73 nm. DLS analysis 

suggests that the size of the AuNS nanoparticles grew larger after forming conjugates 

with ZnS; however, it appeared larger than those measured with TEM. From zeta potential 

analysis, it is observed that AuNS-TA-ZnS is less stable than the unconjugated AuNS. 

This leads to the aggregation of AuNS-TA-ZnS which caused the excessive scattering 

that results to an overestimation in size. The loading of ZnS on AuNS-TA was calculated 

from ICP-MS where 1785 ZnS molecules is found to bound on a single AuNS-TA. 

AuNS-TA-ZnS bounds to BSA at one site with high affinity. Synchronous 

fluorescence scanning of the BSA and AuNS-TA-ZnS mixture shows that the tertiary 

conformation of BSA was not affected by AuNS-TA-ZnS; while CD spectral analysis 

shows that AuNS-TA-ZnS interacted with the secondary structure of BSA. 

Study with another protein, 20S proteasome indicates that AuNS-TA-ZnS inhibits 

proteolytic activities at the T-L site more selectively than the other two proteolytic sites 

of 20S proteasome.  
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AuNS does not possess cytotoxic effect on the MCF-7, MDA-MB-231, MDA-MB-

468 and Caco-2 cell lines. On the other hand, AuNS-TA-ZnS are more potent than the 

unconjugated ZnS. Both ZnS and AuNS-TA-ZnS were able to generate ROS when tested 

on MCF-7 and MDA-MB-231 cell lines, with AuNS-TA-ZnS induced ROS at a 

concentration of pM while ZnS at a concentration of µM. By monitoring TEER of the 

Caco-2 cell monolayer, AuNS-TA-ZnS are found to be more able to weakened the 

monolayer’s integrity and might allow more drugs to permeate through the cell monolayer 

when compared to ZnS. 

5.1 Suggestion 

It was understood that the enhancing and quenching of the fluorophore’s fluorescent 

by GNP is highly depending on the distance between them. Thus, conjugating ZnS and 

gold nanosphere by using a longer linker, for example thiolated-polyethylene glycol 

(PEG) may help the conjugates achieve metal enhanced fluorescent (MEF) effect (Chen 

et al., 2007; Dulkeith et al., 2005; Reineck et al., 2013). By combining with the ability of 

AuNS acting as a drug delivery scaffold with high payload, this may allow future 

conjugates to serve as theranostic drugs for cancer cell imaging and therapy.  
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