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Background: Cancer is a genetic disorder characterized by an uncontrollable cell 

growth caused by a malfunction in the genes responsible for controlling the growth 

and division phases of the cell cycle. The disease can either be hereditary or may 

develop due to carcinogen exposure. During cancer development, there is an increase 

in cellular oxidative stress, resulting from an imbalance in the production of reactive 

oxygen species (ROS) and the cell’s antioxidant defences. This plays a significant role 

in the development of cancer. Furthermore, normal or programmed cell death 

(apoptosis) is evaded, resulting in continual cell growth. Over the past century, metal-

based drugs have been investigated as therapeutic agents and the platinum drugs 

cisplatin and carboplatin are the two most widely used metal-based chemotherapeutic 

agents. In addition to platinum complexes, other metals including ruthenium and gold-

based complexes have been shown to have antiproliferative activity against melanoma 

cells.  

Methods: This study aimed to investigate the anti-cancer activity of fourteen novel 

gold and ruthenium metal complexes. The gold complexes were derived from two 

parent compounds (AE215 and AE207) and our research group previously showed 

that complex AE215 had anti-HIV activity. Therefore, different complexes were 

synthesized using the parent complexes as a starting point and these complexes were 

either glycosylated (G3 and G4) acetylated (G5 and G6), or thiolated (G8 and G8) gold 

complexes; while the ruthenium complexes were either just the ligand (R1), 

monometallic (R2), bimetallic trans-(R3) and cis-conformation (R4). Using Cisplatin 

as a control, the differences in the anticancer activity of these different complexes were 

investigated and the 50% cytotoxic concentrations (CC50) were obtained by treatments 

at concentrations ranging from 0.78 to 50 µM on the cancer cell lines. These cancer 

cell lines were HeLa, HepG2 and U937 cells; and the mammalian Vero cell line was 

used to determine the selectivity of each complex. The complexes were further 

investigated for their antioxidant activity using the DPPH and NO assays and the 

effects of the complexes on the induction of apoptosis was investigated through flow 

cytometry using propidium iodide and Annexin V at CC50 and twice the CC50. Finally, 
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the drug-likeness of the complexes was determined using Molinspiration to determine 

if the complexes complied with Lipinski’s rule of five for potential drug candidates. 

Results: Three of the gold complexes (AE215, G3, and G5) and two of the ruthenium 

complexes (R2 and R3) were cytotoxic and selective to the HeLa cells where they had 

CC50< 7 µM and SI> 1. AE215, G3, G5, R2, and R3 were more cytotoxic than cisplatin 

which had a CC50 of 9.92 µM and SI of 1.03. The gold complex G8 and all four 

ruthenium complexes were cytotoxic to HepG2 cells with CC50< 9 µM and SI> 1. These 

complexes were more cytotoxic than cisplatin, which had a CC50 of 26.74 µM and an 

SI of 0.38 for this HepG2 cell line. Three of the gold complexes (AE 215, G3, and G8) 

and the ruthenium complex R3 were cytotoxic to U937 cells with CC50< 9 µM and an 

SI> 1. None of the gold complexes showed DPPH-scavenging ability whereas the 

ruthenium complexes R2, R3, and R4 had slight DPPH-scavenging activity above 

20%. All complexes were able to inhibit NO production, where complexes G5, G6, G8, 

R2, and R3 were able to decrease NO concentration from 80 µM (untreated cells) to 

below 40 µM when tested on HeLa cells. Complexes R3 and R4 were able to decrease 

NO concentration from 97 µM (untreated cells) to just below 30 µM, and this reduction 

was better than that of Vitamin C which decreased NO concentration to just above 32 

µM when tested on HepG2 cells. Complexes R2, R3, and R4 were able to decrease 

NO production from just above 93 µM (untreated cells) to just above 23 µM at CC50. 

All of the complexes were able to induce apoptosis. Further investigation on the drug-

likeness of the complexes showed that only the two gold complexes (AE215 and 

AE207) abided to all five of Lipinski’s rules of oral bioavailability.  

Conclusion: The metal complexes presented herein display the potential of being 

developed into improved anticancer therapies. The complexes were able to inhibit 

cancer cell progression when tested on HeLa, U937, and HepG2 cancer cells and 

were more selective than cisplatin, which is currently available on the market. The 

complexes not only inhibited cancer cell growth, but complexes like R2, R3, and R4 

also had antioxidant activity, showing the added benefits of these complexes. The 

modifications and different conformations of these complexes showed that some 

complexes were only active against one cancer cell type, while other complexes 

showed activity against all the tested cancer cells.  
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CHAPTER 1: LITERATURE REVIEW 

1.1 Introduction 

“Cancer is a genetic disorder characterized by an uncontrollable cell growth caused 

by a malfunction in the genes controlling the growth and division phases of the cell 

cycle (Plaks et al., 2015). Cancer can be hereditary or may develop due to DNA 

damage by cancer-causing agents known as carcinogens. These carcinogens include 

tobacco use, UV exposure, medical treatment, and drugs that suppresses the immune 

system which causes genetic changes to normal cells (Vineis et al., 2014). Proto-

oncogenes (Figure 1), tumour-repressor genes and DNA-repair genes are affected by 

cancer-causing genetic changes (Plaks et al., 2015). The proteins encoded by these 

genes inhibit cell differentiation and halt cell death (Cantara et al., 2010). All these 

processes are important for normal human development and the maintenance of 

tissues and organs. These mutations often lead to increased oxidative stress, 

increased cell division, decreased cell differentiation, and inhibition of normal cell 

death (apoptosis) (Romeo et al., 2011). 

 

Figure 1: Oncogene development. Processes that change proto-oncogenes to oncogenes (transformation) may 

include simple mutations of the proto-oncogene where the gene now makes hyperactive proteins with altered 

structure and function. From: Selfors et al., 2017 

This study investigated the effects of 12 novel complexes for the reduction of oxidative 

stress and the induction of apoptosis in cancerous cells. The three cancer cell types, 

which were studied, were HeLa, HepG2 and U937 cells; and the mammalian Vero cell 

line was used to determine the selectivity of each complex. The three different cancers 

associated with these cell lines are discussed in more detail below. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

10 

 

1.2 Cervical cancer 

A virus called the Human Papillomavirus (HPV) (deMartel et al., 2015) causes cervical 

cancer.  The virus spreads through sexual contact and with time may lead to cervical 

cancer (Wright et al., 2015). Females who are at higher risk of developing cervical 

cancer are smokers, individuals who have had many children, women who use birth 

control pills for a long time or have HIV infection (Arbyn et al., 2015). Health care 

providers can find abnormal cells through a Papanicolaou (Pap) test to examine cells 

from the cervix or by having an HPV test. Individuals can find and treat any problems 

before they turn into cancer when they undergo regular screenings (Koliopoulos et al., 

2017). Treatment may include surgery where the tumour is surgically removed, 

radiation therapy, chemotherapy, or a combination of different treatments as seen 

when cancer patients undergo both chemotherapy and radiation therapy 

simultaneously. Metal complexes are currently being investigated for their ability to 

reduce cervical cancer progression (Gill and Vallis., 2019).  

1.3 Leukaemia 

Leukaemia is a cancer caused by the impairment of mutation of blood-forming tissues 

(Kipps et al., 2017). In people with leukaemia, the bone marrow produces abnormal 

white blood cells, which do not function properly (Neoh et al., 2015). DNA mutation 

causes acute myeloid leukaemia (AML) in the stem cells in the bone marrow. The 

mutation causes an overproduction of white blood cells. Treatment for leukaemia can 

be complex depending on the type of leukaemia and other factors. Treatment includes 

monitoring, chemotherapy, followed by radiation therapy and stem cell. Metal 

complexes are currently being investigated for their antitumor ability against chronic 

lymphocytic leukaemia cells (Silconi et al., 2015). 

1.4 Liver cancer 

Liver cancer (hepatocellular carcinoma) begins in the cells of the liver (Ryerson et al., 

2016). Other types of liver cancer, such as intrahepatic cholangiocarcinoma (a type of 

cancer, which forms in the bile ducts) and hepatoblastoma (cancer occurring in infants 

and children) are much less common (Bergquist et al., 2015). Cancer that spreads to 

the liver is more common than cancer that begins in the liver cells. Liver cancer 

treatment is available which includes and not limited to surgery or chemotherapy. The 

use of metal complexes to treat liver cancer has also been investigated over the past 
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decade (Liu et al., 2015). Chemotherapy and the use of anticancer metal complexes 

to combat the progression of cancer will be discussed in more detail below. 

1.5 Oxidative stress 

Normally there is a strict balance between the cell’s reactive oxygen species (ROS) 

and the production of antioxidant defences (Valco et al., 2006). Ros deregulate this 

balance or homeostasis ultimately leading to tumorigenesis (DeNicola et al., 2011). 

Ultraviolet (UV) exposures, and other carcinogens increase cancer ROS production 

leading to the inability of the cancer cells to undergo apoptosis (Prasad et al., 2017). 

Oxidative stress plays a significant role in in the development of various cancers such 

as liver cancer cervical cancer, leukaemia, and prostate cancer (Thanan et al., 2015). 

Nitric oxide (NO) is renowned for its role as a messenger or effector signalling 

molecule. This free radical is generated endogenously from the metabolism of L-

arginine to L-citrulline through a complex reaction catalysed by various NADPH-

dependent enzymes called nitric oxide synthase (NOS) (Wendehenne et al., 2004). 

Up-regulation of NOS and elevated NO activity is frequently detected in tumour 

microenvironments (Fukumuraet al., 2006). NO can be derived from tumour cells 

themselves and neighbouring cells (Chiribella., 2012). NO is lipophilic making it able 

to diffuse between cells to affect the tumour phenotypes of neighbouring cells (Postovit 

et al., 2005). It has been reported that NO at micromolar concentrations can promote 

cancer progression while a high NO concentration leads to the targeted decrease in 

cancer progression (Weiming et al., 2002). 

1.6 Chemotherapy 

The current cancer treatment methods as previously mentioned include 

chemotherapy, radiation, surgery, stem cell transplant, hormonal therapy, and 

immunotherapy. Chemotherapy mainly consists of the administration of a variety of 

drugs either orally, intramuscular, into the fluid that surrounds the spinal cord and 

brain, or intravenously (Reck et al., 2016). Chemotherapy is sometimes also combined 

with radiation therapy (Blanchard et al., 2015). Chemotherapy agents help increase 

the sensitivity to radiation (Karagianis et al., 2017). The administration of 

chemotherapy and radiation therapy at the same time offers the same benefits as 

sequential timing. Many anticancer drugs are designed to target DNA, and cisplatin is 

one most effective DNA-damaging agents (Jamieson and Lippard., 2006).  Ever since 

the discovery of cisplatin by Rosenberg et al in 1965, a lot of research focused on this 
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platinum complex. Cisplatin is also used for the treatment of various cancers including 

advanced bladder cancer, metastatic ovarian cancer, metastatic testicular cancer, and 

testicular cancers (Theon et al., 1993). Its mode of action is relatively simple; Cisplatin 

kills cancer cells by intercalating itself within the DNA causing the normal cell repair 

mechanism to be nonfunction leading ultimately to cell death (De Luca et al., 2019). 

The cisplatin-DNA complex attracts the attention of HMG (high mobility group)-one 

and other DNA repair proteins, which become irreversibly bound (Zhu et al., 2016). 

The resulting distortion to the shape of the DNA prevents effective repair. The trans 

isomer of cisplatin is unable to form two intra-strand links and lacks antineoplastic 

activity and that is why cisplatin, instead of transplatin is used for cancer treatment 

(Petrovic et al., 2016). Although cisplatin has been shown to target DNA, other metal 

complexes have been investigated for their various cellular-level targets. These 

targets include DNA synthesis by antimetabolites, DNA transcription and duplication 

targets by intercalating agents, and mitosis by spindle poisons (Fritzs et al., 2006).  

1.7 Cell death 

Multicellular organisms contain a number of cells that are connected part of an 

organized family (Garcia-Belinchón et al., 2015). All normal cellular functions are 

terminated by cell death (Garcia-Belinchón et al., 2015). Non-programmed cell death 

could be due to injury (Green et al., 2015). Clean up of cell debris by phagocytes of 

the immune system is more difficult during necrosis, as the disorderly death does not 

send signals, which tell nearby phagocytes to engulf the dying cell (Prasad et al., 

2017). The release of intracellular content after cellular membrane damage is the 

cause of inflammation in necrosis. Programmed cell death is called apoptosis, where 

the cell undergo suicide and lyse without damaging neighbouring cells. A variety of 

metal complexes are being investigated for their potential anticancer abilities, where 

the induction of apoptosis is one of the characteristics of anticancer metal complexes 

(Mitra et al., 2014). Metal complexes induce apoptosis by forming DNA crosslinks, 

which then form kinks in the DNA that are not repaired by the normal DNA repair 

mechanism. Alkylating agents like cisplatin causes DNA crosslinks that inhibit DNA 

replication and RNA transcription (Fu et al., 2012).  

1.8 The apoptotic pathway 

Apoptosis occurs via the intrinsic or the extrinsic pathways (Figure 2). Both pathways 

end at the execution phase (Beurel and Job., 2006). The intrinsic pathway is 
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modulated Bcl-2 and Bax molecules. Activation of Bax leads to the formation of Bax-

Bax dimers. These dimers enhance the cell’s susceptibility to apoptosis (Josefsson et 

al., 2014). The Bcl-2 family oversees the balance because it has both thee pro- and 

anti-apoptotic members (Josefsson et al., 2014). When a ligand binds to the external 

death receptors this triggers the extrinsic pathway (Fulda and Debatin., 2006). These 

receptors are members of the Tumour Necrosis Factor Receptor (TNFR) gene family, 

such as TNFR1 or FAS (Ji et al., 2019). This binding to the receptors leads to 

downstream caspase activation (Ji et al., 2019). 

 

Figure 2: The extrinsic and intrinsic apoptotic pathways. The extrinsic pathway is initiated by engagement of 

death receptors (DRs) via their respective ligands; tumour necrosis factor (TNF), FASL/CD95L, or TNF-related 

apoptosis-inducing ligand (TRAIL). Together with the adaptor Fas-associated death-domain (FADD) protein and 

the initiator procaspase-8 (or-10) they form the death-inducing signalling complex (DISC). This assembly enables 

the dimerization and autoactivation of the initiator caspases, which in turn cleave and activate the executioner 

caspase-3 and-7, ultimately leading to apoptosis unless they are inhibited by X-linked inhibitor of apoptosis protein 

(XIAP). The intrinsic pathway can be engaged by diverse intracellular stresses that modulate BCL-2 family protein 

interactions that control the activation of the BCL-2 effector proteins BAX and BAK. Once activated, BAX and BAK 

cause mitochondrial outer membrane permeabilization (MOMP), leading to the release of proapoptotic 

intermembrane space (IMS) proteins. Cytochrome c (Cyt c) engages Apoptotic protease activating factor 1 

(APAF1) and induces its oligomerization, leading to apoptosome formation that recruits and activates the initiator 
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procaspase-9. Active caspase-9 cleaves and activates the executioner caspase-3 and-7. Simultaneously with Cyt 

c, Smac is released from the IMS and inhibits XIAP. The extrinsic and intrinsic pathways are linked; caspase-8 can 

cleave the BH3-only protein BH3-interacting domain death agonist (Bid), leading to its active, truncated form tBid, 

which in turn activates BAX/BAK. Numbers in circles indicate the respective pro-and active caspase; interrupted 

circles represent active caspases (Buerel and Jobe., 2006).  

The metal complexes currently in clinical usage have been shown to induce apoptosis. 

These are discussed further in the paragraph below. 

1.9 Metal Complexes as potential anti-cancer agents 

Metal complexes have been used since 3500BC, where gold has been reported to 

reduce inflammation (Bergamo et al., 2015). Iron has been used for the treatment of 

anaemia while sodium vanadate has also been used in the 20th century for the 

treatment of rheumatoid arthritis (Bergamo et al., 2015). Gold metal complexes show 

great anti-tumour activity when compared to cisplatin where studies have been 

conducted showing the anticancer properties of gold-based metal complexes. Ndagi 

et al., (2017) reported a series of AuIII metal complexes with N-heterocyclic carbine 

ligands, which can be used as both thiol fluorescent probes and as anticancer agents. 

Metal complexes of platinum, ruthenium, titanium, and gold are the most studied and 

all these metal complexes have been reported to have anti-tumour activity (Jungwirth 

et al., 2011). Platinum complexes (Figure 3) as aforementioned have DNA-binding 

activity, while gold and titanium complexes have been reported to have antitumor 

activity when tested on cervical and human colon cancers (Wenzel et al., 2011). All 

these complexes after administration are metabolized into a pharmacologically active 

drug, where this activity improves the absorption, distribution, metabolism, and 

excretion (ADME) of the complexes (Graf et al., 2012). FDA-approved metal-based 

anticancer drugs currently in clinical usage are cisplatin, carboplatin, and oxaliplatin 

(Picone et al., 2017). Nedaplatin, lobaplatin, and heptaplatin are approved for clinical 

usage in Japan, China, and Korea respectively. When tested in vitro, most of the 

complexes demonstrated the highest cytotoxicity. When evaluated in vivo using nude 

mice bearing HeLa xenografts, the complexes showed a significant reduction in 

tumour volume. Islam et al., 2017 showed that AuIII dithiocarbamate complexes could 

be promising anticancer agents based on their ability to target deubiquitinases 

(proteases that cleave ubiquitin from proteins and other molecules) in breast 

carcinoma MCF7 cells. This gold complex is more cytotoxic than cisplatin with a CC50 
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of 1.04 µM and induced cell cycle arrest in S-phase and G2-phase. Hargrove et al., 

2015 reported AuI/AuII complexes with imidazole derivatives, which were evaluated 

against ovarian and breast carcinoma cell lines.  

 

Figure 3: Anticancer platinum-based metal complexes. These are some of the cisplatin analogues to date. 

They were created to reduce the dire side side-effects associated with cisplatin chemotherapy treatment. From: 

Picone et al., 2017 

1.10 Gold-based metal complexes 

Auranofin is an example of a gold-based metal drug currently available commercially. 

The World Health Organization (WHO) classifies auranofin as an anti-rheumatic agent 

(Fiskus et al., 2014) classifies this drug. The complex is used in the treatment of and 

the improvement of symptoms of arthritis, which is an inflammation of one or more 

joints (Harbut et al., 2015). Unlike cisplatin, the mechanism of action of Auranofin 

includes the inhibition of redox enzymes glutathione peroxidase (GPX) (Figure 4) and 

thioredoxin (TrxR). Auranofin has a thiol ligand that has a high affinity for thiol and 

selenol groups, which are physiological free radical scavengers. The side effects 
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include itching or skin rash, severe or ongoing diarrhoea, vomiting and stomach 

cramps. 

 

Figure 4: Auranofin mechanism of action. Inhibition of the antioxidant activity of (GPx) by Auranofin. The reaction 

of selenol with Auranofin produces the corresponding stable form of the gold-selenolate (GPx-Se-Au-PEt3) 

complex intracellular. From: Harbut et al., 2015 

Che et al., 2010 reported that the novel gold (III) exhibited strong cytotoxicity in some 

tumour cell lines. Gold 1a exhibited cytotoxic effects in vitro to human colon cancer, 

and the concentration of drug required to inhibit cell growth by 50% (CC50) values 

ranged from 0.2 µM to 3.4 µM, which represented 8.7-fold to 20.8-fold greater potency 

than that of cisplatin. Gold 1a significantly induced apoptosis and cell cycle arrest and 

cleaved the tumour promoters; caspase 3, caspase seven, and poly (ADP-ribose) 

polymerase; released cytochrome C, and up-regulated the tumour inhibitors p53, p21, 

p27, and Bax. In vivo, intraperitoneal injection of gold 1a at doses of 1.5 mg/Kg and 

3.0 mg/Kg significantly inhibited tumour cell proliferation, induced apoptosis, and 

suppressed colon cancer tumour growth. An acute toxicology study indicated that gold 

1a at effective antitumor concentrations did not cause any toxic side effects in mice.  

1.11 Ruthenium complexes 

Ruthenium has two main oxidation states, Ru (II) and Ru (III) (Dharmaraj et al., 2001). 

Many metal complexes contain exchangeable ligands and require activation by the 

tumour microenvironment. The antitumor properties of the Ru (III) complexes occur 

when they are reduced to their corresponding Ru (II) counterparts in vivo (Noyori et 

al., 1997). Under cancerous conditions such as low oxygen concentration, acidic pH 
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and high levels of glutathione, the Ru (II/III) redox potential can be altered, and thus 

Ru (III) complexes can be reduced to Ru(II) complexes (Adam et al., 2016). NAMI-A, 

[ImH][trans-RuCl4(DMSO)(Im)] (Im = imidazole, DMSO = dimethyl sulfoxide; has low 

potency in terms of direct cytotoxicity towards cancer cells in vitro; however, in vivo, it 

has significant efficacy in inhibiting tumour metastasis (the development of secondary 

malignant growths at a distance from a primary site of cancer) (Leijen et al, 2015). 

Data has shown that NAMI-A is capable of binding to DNA and RNA (Agonigi et al., 

2015). It can bind to the histidine residues of serum albumin under physiological 

conditions indicating poor efficacy (Agonigi et al., 2015). However, the low therapeutic 

efficiency, progression of the disease in the clinical studies (phase I) and partial 

response (phase I/II) limited further clinical use of NAMI-A and failed the clinical 

investigations (Bergamo et al., 2017).Subsequently, KP1019 [trans-tetrachlorobis-

(1H-indazole) ruthenate (III)] designed by the Keppler group entered clinical trials but 

its low solubility limits its further development. A more soluble sodium salt, KP1339 

(trans-(tetrachlorobis (1H-indazole) ruthenate (III)), is currently undergoing clinical 

trials (Chang et al., 2016).  

The current cancer treatment using cisplatin has dire side effects. Therefore, in this 

project novel, gold and ruthenium complexes were investigated for potential anti-

cancer activity. 

1.12 The drug discovery pipeline 

Drug discovery consists of multiple steps and the process can go on for several 

decades (Van Dam et al., 2011). Phase 1: Target identification. This is the first phase 

in the long discovery pipeline (Wishart., 2007). Phase 2: Lead discovery. This is where 

chemical compounds are synthesized to interact with specific targets (Duffy et al., 

2012). Phase 3: Medicinal chemistry: this is where a library of compounds along with 

their analogues are developed. In this phase the structure-activity relationship (SAR) 

is evaluated as well as in silico studies (Lücking et al., 2013). Phase 4: In vitro studies. 

This is the lead optimization stage that occurs in vitro (Hochman et al., 2002). Phase 

5: In vivo studies. In vivo studies occur once the leads have been optimised (van der 

Greef and McBurney., 2005). Phase 6: Clinical Trials. Clinical trials in humans can be 

initiated once the leads have passed all the above-mentioned trials. (Mishra and 

Tiwari., 2011). Phase 7: FDA approval and commercialization. Once the lead 

compound passed clinical trials and have received adequate review the compound 
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can now be used clinically world-wide. (Patridge et al., 2016). This study falls in the 

fourth phase of the drug discover pipeline (Chen et al., 2011). Several in silico drug 

discover tools are available. Some of these tools include the protein docking algorithm 

EADock, Avogadro, Discovery Studio, Materials Studio, and Molinspiration (DeLano., 

2005). Molinspiration was chosen for this study because it is a freeware and it gives 

accurate results. Molinspiration calculations are based on Lipinski’s rule of 5 (Patela 

et al., 2016). The rule describes molecular properties important for a drug's 

pharmacokinetics in the human body, including their absorption, distribution, 

metabolism, and excretion ("ADME") (Lipinski., 2004). Lipinski's rule states that for 

drugs or drug candidates to be orally active they must not be larger than 500 daltons, 

they must not have more than 5 hydrogen donors, they must not have more than 10 

hydrogen acceptors, the partition coefficient (log P) must not be more than 5, they 

must not have more than 10 rotatable bonds, and the polar surface area must not be 

greater than 140 Å. These are the indicators that the complexes of the study were 

tested and evaluated on (Nogara et al., 2015).” 

The following research questions were generated for the study: 

• Can the metal complexes inhibit the growth of HeLa (cervical cancer), U937 

(Leukaemia), and HepG2 (liver cancer) cells? 

• What are the CC50 values of these complexes on the tested cancer cell lines? 

• Are the complexes selective for cancerous cells? 

• Do the complexes have antioxidant activity? 

• Are the complexes able to induce apoptosis? 

• What is the overall drug-likeness of the complexes? 

1.13 Hypothesis 

The hypothesis of the study was: 

H1: Gold and ruthenium complexes should have in vitro anti-cancer activity with 

significant antioxidant and apoptosis-induction activity. 

H0: Gold and ruthenium complexes should not have in vitro anti-cancer activity with 

significant antioxidant and apoptosis-induction activity. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

19 

 

1.14 Aims and objectives 

The project aimed to determine the anticancer activity of novel ruthenium and gold-

based complexes on HeLa, U937, and HepG2 cell lines. 

The objectives were therefore to: 

• Determine the 50% cytotoxic concentration (CC50) of the complexes using the 

MTT tetrazolium dye 

• Determine the antioxidant activity of the metal complexes using the DPPH and 

NO assays 

• Assess  drug-induced apoptosis through flow cytometry 

• Determine the drug-likeness of the complexes  
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CHAPTER 2: MATERIALS & METHODS 

All reagents used were of analytical and cell-culture grade. Please see Appendix I for 

the list of all reagents and company information. All used formulae are presented in 

Appendix II. 

2.1 Complex information 

The metal complexes were synthesized at the University of Johannesburg by Dr 

Christian Odokoh (gold metal complexes) and Dr Gershon Amenuvor (ruthenium 

complexes) under the supervision of Prof James Darkwa and Dr Banothile Makhubela. 

Some synthesis information is provided below. 

2.1.1 Synthesis of [2-(diphenylphosphino) ethyl] aminegold (I) chloride (AE215) 

The title complex AE215 was  prepared according to a literature procedure from [Au 

(tht) Cl], which was obtained by reacting H [AuCl4].3H2O with tetrahydrothiophene (tht) 

in ethanol. A dichloromethane solution of [Au (tht) Cl] (0.26 g, 0.87 mmol) was added 

to a solution of 2-(diphenylphosphino) ethanamine (L1) (0.20 g, 0.87 mmol) in 

dichloromethane (10 mL) and stirred for 3 hours. The solvent was reduced to half and 

hexane was added until white precipitate formed. The white solid obtained was filtered 

and dried in vacuo. 

2.1.2 Synthesis of [3-(diphenylphosphino) propyl] aminegold (I) chloride 

(AE207) 

Complex AE207 was prepared using similar method discussed for complex AE215 

with the following reagents:  three-(diphenylphosphino) propanamine (0.44 g, 1.8 

mmol) and Au (tht) Cl (0.58 g, 1.8 mmol). 

2.1.3  Synthesis of [2-gluconamidoethane-2-(diphenylphosphino) ethyl] amine 

gold (G3) 

The synthesis of G3 was performed according to the literature method with slight 

modifications. D-(+)-gluconic acid δ-lactone (0.1 g, 0.56 mmol) was dissolved in 

methanol (30 mL) at 50 °C. After allowing the solution to cool down to room 

temperature, [2-(diphenylphosphino) ethyl] aminegold (I) chloride (AE215) (0.26 g, 

0.56 mmol) was added. The mixture was then stirred overnight at room temperature 

and the solution reduced to half after which hexane was added until white precipitate 

formed. The white precipitate so obtained was filtered and washed successively with 

hexane (3 x 10 mL) to afford a white solid of G3. 
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2.1.4 Synthesis of [three-gluconamidoethane-3-(diphenylphosphino) propyl] 

amine gold (I) (G4). 

The synthesis of G4 was performed according to the method described for G3 with the 

following reagents: D-(+)-gluconic acid δ-lactone (0.06 g, 0.34 mmol) and [2-

(diphenylphosphino) ethyl] aminegold (I) chloride (AE215) (0.15 g, 0.34 mmol). 

2.1.5 Synthesis of [acetylated-2-gluconamidoethyl (diphenylphosphino)] gold 

(I) complex (G5) 

To a solution of G3 (0.12 g, 0.18 mmol) and acetic anhydride (0.10 mL, 1.10 mmol) 

(1:1 ratio to hydroxyl group) in pyridine (2 mL), was added catalytic amount of 

dimethylaminopyridine (DMAP). The solution was stirred at room temperature for 18 

h. The mixture was then diluted with dichloromethane (20 mL) and washed with 1M 

HCl (aq) solution (5 x 30 mL). The organic layer was dried using anhydrous MgSO4 after 

which solvent was pumped off using rotary evaporator to give white solid. 

2.1.6 Synthesis of [acetylated-3-gluconamidopropyl (diphenylphosphino)] gold 

(I) complex (G6) 

To a solution of G4 (0.10 g, 0.15 mmol) and acetic anhydride (0.08 mL, 0.75 mmol) 

(1:1 ratio to hydroxyl group) in pyridine (2 mL), was added catalytic amount of 

dimethylaminopyridine (DMAP). The solution was stirred at room temperature for 18 

h. The mixture was then diluted with dichloromethane (20 mL) and washed with 1M 

HCl (aq) solution (5 x 30 mL). The organic layer was dried using anhydrous MgSO4 after 

which solvent was pumped off using rotary evaporator to give white solid. 

2.1.7 Synthesis of [2-(diphenylphosphino) ethyl] amine acetyl-2-

gluconamidoethane thiolate gold (I) complex (G7) 

Complex AE215 (0.2 g, 0.43 mmol) and acetylated 2-gluconamidoethane thiol (0.2 g, 

0.43 mmol 1 equiv.) were dissolved in 20 mL dichloromethane and 0.06 mL of 

triethylamine was added. The reaction mixture was allowed to stir overnight at ambient 

temperature.  A white precipitate formed upon addition of hexane, which was filtered 

by suction filtration and dried under vacuo to afford white solid. 

2.1.8 Synthesis of [3-(diphenylphosphino) propyl] amine acetyl-2-

gluconamidoethane thiolate gold (I) complex (G8) 

Complex AE207 (0.20 g, 0.42 mmol) and acetylated 2-gluconamidoethane thiol (0.20 

g, 0.43 mmol 1 equiv.) were dissolved in 20 mL dichloromethane and 0.06 mL of 

triethylamine was added. The reaction mixture was allowed to stir for overnight at 
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ambient temperature.  A white precipitate formed upon addition of hexane, which was 

filtered by suction filtration and dried under vacuo to afford white solid. 

2.1.9 Synthesis of R1 

To a toluene solution (30 mL) of 2.53 mmol (0.90 g) of dimethyl 4,4'-((ethane-1,2-

diylbis(azanediyl)) bis(methylene)) dibenzoate stirring at 0-5 ºC under argon 

atmosphere, was added triethylamine (20.00 mmol, 2.80 mL). The mixture was stirred 

for 10 minutes followed by addition of chlorodiphenylphosphine, (5.03 mmol, 0.38 mL) 

in a dropwise manner. The mixture was stirred at room temperature for 1 h and the 

precipitates obtained were filtered off using a filter paper and washed with 20 mL of 

toluene. The precipitates were dissolved in 50 mL of chloroform and washed 

successively with water (3x50 mL) to remove the triethylammonium chloride. The 

organic phase was dried over anhydrous MgSO4 and filtered through a filter paper. 

The pure product was obtained as white solids in 55% yield upon evaporation of the 

solvent followed by drying.  

2.1.10 Synthesis of R2 

A dichloromethane solution (15 mL) of [Ru(p-cymene) Cl2]2 (0.0413 mg, 0.067 mmol) 

was mixed with a 15 mL dichloromethane solution of ligand R1 (0.098 mg, 0.135 

mmol). The solution was stirred at room temperature for 2 h. The resulting solution 

was concentrated, and the products precipitated with hexane and filtered off as a 

reddish brown solid.   

2.1.11 Synthesis of R3 

A dichloromethane solution (15 mL) of [Ru(p-cymene) Cl2]2 (0.084 g, 1.380 mmol) was 

mixed with ligand R1 (0.100 g, 0.140 mmol) dissolved in 15 mL of dichloromethane. 

The solution mixture was stirred at room temperature for 2 h. The resulting solution 

was concentrated, and the products precipitated with hexane and filtered off as a 

reddish brown solid. 

2.1.12 Synthesis of R4 

A dichloromethane solution (15 mL) of [Ru(p-cymene) Cl2]2 (0.0413 mg, 0.067 mmol) 

was mixed with a 15 mL dichloromethane solution of ligand R1 (0.098 mg, 0.135 

mmol). The solution was stirred at room temperature for 2 h. The resulting solution 

was concentrated, and the products precipitated with hexane and filtered off as a 

reddish brown solid.   
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 Table 1 indicates all gold complexes that were synthesized and tested in this study 

whereas the ruthenium complexes are shown in Table 2 

Table 1: The molecular structures of the gold metal complexes tested, where cisplatin was used as a control.  

Code Molecular 

weight 

Structure Novelty 

AE215 461.67  Known (Khan et al., 

1993) 

G3 639.81  Novel 

G5 850.00  Novel 

G7 890.68  Novel 

AE207 475.70  Novel 
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G4 653.84  Novel 

G6 864.02  Novel 

G8 904.71  Novel 

Cisplatin 300.05 

 

Control 

Auranofin 679.49 

 

Control 
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Table 2: Ruthenium metal complexes. R1 is a ligand while complexes R2, R3, and R4 are the derivatives.  

 

Code Molecular 

weight 

Structure  Novelty 

R1 (ligand for R2 R4, 

and R3) 

724.76 

g/mol 

 

Novel 

R2 1030.95 

g/mol 

 

Novel 

R3 1352.18 

g/mol 

 

Novel 

R4 1353.19 

g/mol 

 

Novel 
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2.2 Cell culture and propagation 

Three cancer cell lines were chosen for the project based on the type of cancers which 

are cause the most cancer-related deaths in southern Africa and the cell lines were 

HeLa, HepG2, an U937 cell lines. These are cell lines derived from the three types of 

cancers, which are closely related to HIV infection (Coghill et al., 2015). HepG2 cells 

are an immortalized human liver cancer cell line. This is an adherent cell line most 

commonly used to evaluate drug metabolism and hepatotoxicity (Huang et al., 2017). 

The HeLa cell line is an immortalized cell line derived from a cervical cancer patient. 

Over the years, these cells have furthered the understanding of not only cancer but 

cell morphology in general (Duan et al., 2016). These cells are widely used to grow 

viruses and for the evaluation of new anticancer medicines (Li et al., 2015).  The 

human monoblastic leukaemia cell line, U937 has been the subject of studies of 

hemopoietic cell differentiation in vitro. This is a nonadherent acute leukaemia cell line 

(Bidovec et al., 2017). Derived from the kidney of an African green monkey in the 

1960s, Vero cells are one of the most common mammalian cell lines used in research 

(Zeng et al., 2015). These Vero adherent cell lines were used as a control cell line in 

this study (Menezo et al., 1989). 

2.2.1 Thawing, culturing and passaging of Cell lines 

The HepG2 and Vero cell  lines were thawed in Dulbecco Modified Eagle Medium 

(DMEM) supplemented with 5% HEPES buffer (v/v), 1.1 % sodium pyruvate (v/v), 1% 

Gentamicin (v/v) and 20 % foetal bovine serum (v/v) (FBS) and incubated overnight 

(37 °C; 5% CO2, 95% humidity) in a 75 cm3 aerated culture flask. The next day the 

spent media was removed and DMEM media supplemented with 10% FBS (v/v) was 

added (15 mL). The cells were incubated for 2-4 days and upon reaching 80% 

confluence, and they were trypsinized and detached from the bottom of the flask. The 

media was discarded and the cells were washed with pre-warmed 1% PBS (v/v) to 

remove residual media. Three millilitres of Trypsin-EDTA (Sigma-Aldrich, USA) was 

then added to the flask and left for 30 seconds at room temperature. After that, the 

trypsin was removed and the flask was incubated for 3 minutes (37 °C; 5% CO2, 95% 

humidity). The cells were resuspended using fresh media and were counted using a 

haemocytometer and re-suspended at 1x105 cell/mL. This method was only used for 

HepG2 and Vero cells, while Modified Eagle Medium (MEM) supplemented with 20% 
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FBS and 5% antibiotic/antimitotic was used for HeLa cells and Roswell Park Memorial 

Institute medium (RPMI) supplemented with 10% FBS (v/v) was added (15 mL) was 

used for U937cells. The U937 cells were suspension cells, passaging did not require 

the trypsinization step.  

2.2.2 Effects of metal complexes on cell growth using the MTT assay 

MTT assay is a colourimetric dye that is used for assessing metabolic activity and cell 

viability. The dye is light sensitive; therefore, all tests using MTT are conducted in the 

absence of light. MTT is based on the ability of nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent cellular oxidoreductase enzymes to reduce the 

tetrazolium dye MTT to its insoluble formazan, which has a purple color (Gerlier et al., 

1986). MTT forms solid crystals when it reacts with the enzyme and the crystals are 

solubilized by acid and an absorbance of 550 nm with a reference of 690 nm was used 

in this assay. 

Method: A volume of 100 µL media (supplemented with 10% FBS) was added to a 

96-well plate where a dilution series of the complexes was performed to get complex 

concentrations of 0.78- 50 µM. A cell concentration of 1×105cells/mL was used per 

final volume of 200 µL in each well. The cells were then incubated for 72 hours (37 °C; 

5% CO2, 95% humidity) after that the residual media was discarded and 100 µL of 

MTT solution (5mg/mL) was added to each well. The cells were then incubated for a 

further 24 hours (37 °C; 5% CO2, 95% humidity). After 24 hours all produced formazan 

crystals were solubilized with 100 µL Solubilisation buffer (1mL 1M HCl: 9 mL 

Isopropanol) and the absorbance of the samples was measured at 550 nm with a 

reference at 690 nm.  A background control (media only), as well as untreated controls 

(cells only), were included in each experiment. Cisplatin was used as the standard 

cytotoxic control. 

2.3 Determination of antioxidant activity using the DPPH assay. 

This assay is based on the theory that a hydrogen donor is an antioxidant and it 

measures complexes that are radical scavengers of active oxygen species (Zhang et 

al., 2016). The complex 2, 2-diphenyl-1-picrylhydrazyl (DPPH) is one of the few stable 

and commercially available organic nitrogen radicals and the antioxidant effect of the 

free radical scavenger is proportional to the disappearance of DPPH in test samples. 

Monitoring DPPH with a UV spectrometer has become the most commonly used 
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method because of its simplicity and accuracy. This reaction from purple to yellow is 

stoichiometric concerning the number of hydrogen atoms absorbed. Therefore, the 

antioxidant effect can be easily evaluated by following the decrease in UV absorption 

at 550 nm. Vitamin C was used as the positive control. 

Method: The complexes which were cytotoxic towards the cancerous cell lines and 

not cytotoxic towards the non-cancerous cell line were investigated for potential radical 

activity using DPPH. The assay was performed as described by Le Roux et al., 2011 

and complex concentrations ranging from 1.6-100 µM were investigated. These were 

prepared with absolute ethanol in a 96-well microtiter plate (50 µL/well) and DPPH (0, 

1 mM, 50 µL) was pipetted to each well. The plates were incubated in the dark for 30 

minutes to allow scavenging; the absorbance was read using a 96-well microplate 

reader at 550 nm. 

2.4 Determination of antioxidant activity using the NO assay. 

Nitrite is a central homeostatic molecule in NO biology and serves as an important 

signalling molecule in its own right. Nitrite and nitrate in blood have been widely used 

as an index of endothelial NO synthase activity as routine indirect measures of NO 

levels. Excessive NO can also cause disease, It may damage brain cells leading to 

neurodegenerative diseases like Parkinson disease, Alzheimer disease, Huntington 

disease and amyotrophic lateral sclerosis. Metal containing proteins can catalyse the 

oxidation of NO to nitrite. The recent discoveries that nitrite can be reduced back to 

NO under appropriate physiological conditions and nitrite itself can directly nitrosate 

thiol to form S-nitrosothiols (RSNOs), has caused intense interest in this molecule. 

The concentration of nitrate produced depends mostly on the specific tissue culture 

media and biological fluids used (Murphy et al., 1994). The reaction takes place in a 

microtiter plate (Murphy et al., 1994). 

Method: The active complexes (CC50<10 µM; SI>1) were further assessed for their 

effects on NO levels of HeLa, HepG2 and U937 cells. The complexes which were 

cytotoxic towards the cancerous cell lines and not cytotoxic towards the non-

cancerous cell line were tested at CC50 and 2XCC50 were the dose-response of the 

complexes was evaluated. Cells were cultured in a 96-well plate. Untreated cells were 

used as controls. The nitrate standard (0,1M) was diluted to 100 µM and a serial 

dilution was made. The cancerous cells were treated with the complexes to inhibit NO 
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production (for 72 hours). The plate containing cells was centrifuged. The 

supernatants were collected, and a volume of 50 µL of each treatment was transferred 

to a new 96-well plate. A volume of 50-µL sulphanilamide solution (1% in 5% 

phosphoric acid) was added to each sample including the controls and mixed well. 

The mixture was incubated at room temperature for 10 minutes in the dark. N-1-

naphtylethylenediamene dihydrochloride solution (50 µL) was added to all samples 

and mixed well. The mixture was incubated in the dark at room temperature for 10 

minutes and the absorbance was read using a microplate reader at 550 nm. 

2.5 Apoptosis induction 

Rationale: A common feature of apoptosis is the transfer of phosphatidylserine (PS), 

which ordinarily reside on the cytoplasmic surface of the membranes, to the cell 

surface. The PS that is externalized not only contributes to the recognition and 

subsequent removal of apoptotic bodies by phagocytes but also provides a binding 

site for the anionic lipid-binding protein Annexin V, which is widely used to detect 

apoptotic cells. In addition to its use in laboratory studies in vitro, Annexin V binding is 

being explored as a potential early marker of treatment efficacy in cancer patients. 

Method: Cells were treated in a 24-well microtiter plate and treated with the active 

metal complexes at CC50 and 2xCC50 for 72 hours (37°C; 5% CO2). Post-incubation 1 

mL 1XPBS was added to the cells to wash off any residual media. A volume of 50 µL 

trypsin was added to each well to help the cells detach. After 10 seconds, trypsin was 

removed from the wells and a volume of 500 µL culture media was pipetted into each 

well. A volume of 500 µL of cells was added to tubes flow tubes (BD Biosciences; 

USA) after the incubation and was centrifuged (250×g; 5 minutes). The supernatants 

were discarded and a volume of 200 µL binding buffer was pipetted into each tube.  

FITC-Annexin V and Propidium iodide were added to each tube. The controls used 

were unstained cells, cells stained with FITC-Annexin V only cells stained with 

Propidium iodide (BD Biosciences; USA), and cells stained with both FITC-Annexin V 

and propidium iodide. The cells were then vortexed and incubated in the dark for 15 

minutes. A volume of 200 µL binding buffer was then pipetted into each tube. Flow 

cytometry for each sample was performed using the BD Accuri G6. 

2.6 In-silico ADME studies 

An in-silico ADME computational study of the synthesized compounds was performed 

by determination of Lipinski’s parameters. Lipinski rule of 5 helps in distinguishing 
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between drug-like and non-drug like molecules. It predicts a high probability of success 

or failure due to drug-likeness for molecules complying with 2 or more of the following 

rules. Calculations were performed using “Molinspiration online property calculation 

toolkit” (http://www.molinspiration.com). The values of miLogP, as (octanol/water 

partition coefficient) and TPSA of the investigated cephalosporins, were determined 

using the method developed by Molinspiration. Drug-likeness scores were calculated 

to represent the number of fragments based on contributions and correction factors. 

2.7  Data Analysis 

The percentage viability calculations were performed using Microsoft Excel 365 

(2017). GraphPad Prism version 5.00 was used to determine complex CC50. A 

Student’s t-test for unpaired observations was conducted using Microsoft Excel 365 

This statistic method helps to compare the means of two independent sets of data. A 

p < 0.05 was considered significant. All data are presented as mean ± SEM where n 

=4. 
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CHAPTER 3: RESULTS 

3.1 Complex Cytotoxicity 

The first step taken when testing our hypothesis was to determine the CC50 of the 

metal complexes on HeLa, HepG2, and U937 cells. The MTT assay was used for this 

test. The results obtained in Table 3 and Figure 5 showed that after 72 hours of 

treatment all of the complexes had CC50< 25 µM. From these results, active complexes 

that had CC50<10 µM across all cell lines were selected. Nine of the tested complexes 

were actively inhibiting HeLa cell progression as their CC50 were below 10 µM. Only 

complexes G4, G6, G8, and Cisplatin had CC50 of above 10 µM. The results obtained 

on HepG2 cells showed that 11 of the tested complexes were actively inhibiting cell 

progression with CC50 values being below 10 µM in this cell line. Only complex G6 had 

a CC50 of above 10 µM showing that this complex was the least cytotoxic to this cell 

line with a CC50 of 12 µM. Finally, the cytotoxicity of the complexes was tested on 

U937 cells and it was seen that complexes G5, G4, G6 and R1 were the least cytotoxic 

with CC50 values of above the 10 µM cut-off concentration. A comparison between the 

parent complexes to their derivatives was made and it was seen that complex G3 was 

the most cytotoxic compared to its parent AE215. The parent complex AE207 was 

more cytotoxic than any of its three derivatives G4, G6, and G8. Complex R3 was the 

most cytotoxic compared to the derivative R1.  

The ruthenium complexes were more cytotoxic than the gold complexes when tested 

on all three cell lines. These complexes were even more cytotoxic than cisplatin. 
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Table 3: The complex CC50. The table below shows the CC50 values obtained after 72 hours of treatment on 

HeLa, HepG2, and U937 cells. 

Complex HeLa CC50 HepG2 CC50 U937 CC50 

AE215 7.53±1.32 10.03±1.01 7.02±2.30 

G3 4.64±1.11 7.25±0.35 5.03±1.86 

G5 6.84±0.12 7.29±1.32 5.03±4.32 

G7 5.28±1.32 8.66±1.82 8.53±1.89 

AE207 6.12±2.36 6.02±2.36 4.24±0.32 

G4 20.24±0.37 7.24±1.72 8.63±1.72 

G6 10.01±1.62 14.25±1.38 13.24±1.30 

G8 13.24±3.39 9.72±2.52 9.84±1.11 

R1 2.63±1.24 6.01±1.33 11.24±1.42 

R2 1.34±2.32 2.01±1.14 5.23±1.67 

R3 6.01±0.12 1.01±0.62 4.48±1.72 

R4 6.32±1.30 3.23±1.67 8.63±0.58 

CIS 10.02±1.02 6.24±2.58 5.01±0.31 

AUR 2.12±0.13 1.02±0.42 3.24±1.11 
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Figure 5: The CC50 values of the complexes across all cancer cell lines.  CC50 values of the metal complexes 

after 72-hour treatments across the three tested cancer cell lines. Complexes G3, R2, R3, and R4 were more 

cytotoxic than their parent complexes respectively across all tested cancer cell lines. n=4, ±SEM, *(p<0.05). 

3.2 Complex selectivity index 

An ideal drug is toxic to cancer cells and not toxic to noncancerous cells. Based on 

the literature, metal complexes should have SI values of greater than one indicates 

non-toxicity to noncancerous cells (Savic et al., 2016). After obtaining the CC50 of the 

complexes on all the three cancer cell lines, the selectivity for each complex was 

determined by diving the CC50 values obtained from treatments on Vero cells by the 

CC50 obtained from the cancerous cell lines in the study. For this, Vero cells were 

used for selectivity and these cell lines were treated with the complexes for 72 hours. 

The results obtained in Table 3 showed that complexes G3, G8, R3, and R4 had  the 

desired SI values of above one across all cell lines. That meant that the four complexes 

were selective for the noncancerous cell line. The rest of the complexes were not 

selective for the noncancerous cell line. Also, complex R1, that showed selectivity 

against both HeLa and HepG2 cells was not selective against U937 cells. This shows 

that these complexes affected the three cancer cell lines differently. 
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Table 4: The SI values obtained after treatment on the Vero cell line. Complexes G3, G8, R3, and R4 had SI>1 

showing that they are relatively selective against the noncancerous cell line. 

Complexes HeLa HepG2 U937 

AE215 0.57 0.78 0.54 

G3 1.23 1.66 1.97 

G4 0.23 0.56 0.43 

G5 0.84 0.93 0.42 

G6 0.71 0.56 0.54 

G7 0.76 0.48 0.49 

G8 1.90 1.14 1.11 

AE207 0.10 0.08 0.15 

R1 1.48 2.77 0.61 

R2 0.27 1.18 0.60 

R3 1.18 2.52 2.24 

R4 1.84 2.48 1.31 

CIS 1.03 0.38 2.10 

AUR 0.13 1.18 0.11 

 

Based on the cytotoxicity and SI results, the complexes were inhibiting cancer cell 

progression where some of the complexes were selective against the noncancerous 

cells. Based on the literature review It was further investigated whether the manner of 

cell death shown in in the CC50 table was linked to any antioxidant activity. The study 

specifically focused on whether the  complexes were able to act as free radical 
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scavengers and decrease the cellular NO concentration. For this, the DPPH and NO 

assay were chosen to test our hypothesis.  

3.3 Radical scavenging activity using the DPPH assay 

The DPPH assay (Figure 6) showed that none of the gold metal complexes exhibited 

any positive DPPH scavenging activity as their scavenging percentages were below 

1%. The complexes R2, R3, and R4 had positive DPPH scavenging with scavenging 

percentages of above 10% at complex concentrations of 25 µM and above. The DPPH 

scavenging was minimal when compared to the results of Vitamin C. 

 

Figure 6: DPPH scavenging. Only the ruthenium complexes R2, R3, and R4 showed DPPH scavenging above 

10%. The gold complexes did not exhibit any positive DPPH scavenging after exposing the complexes to DPPH. 

n=4, ±SEM  

3.4 Antioxidant activity using the NO assay 

The results obtained for NO inhibition at CC50 showed that the gold complexes G3, 

G5, and G4 were able to decrease HeLa NO concentration to below 40 µM and the 

ruthenium complexes R2, R3, and R4 decreased HeLa NO levels to below 20 µM after 

72 hours of treatment (Figure 7). The complexes G3, G5, and G7 were able to inhibit 

NO concentration better than their parent complex AE215 across all cell lines resulting 

in NO concentrations of below 58 µM. Only complexes G6 and G8 were able to inhibit 

NO production better than the parent AE207 was. The statistical analyses using the 

unpaired students T-test showed that the NO inhibition of these complexes was 
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significant when compared to untreated cells. The p-values of these complexes were 

all below 0.03.  

 

Figure 7: The NO inhibition levels at CC50. The complexes were all able to decrease cellular NO concentration 

where the ruthenium complexes R2, R3, and R4 were able to decrease NO production better than their parent 

complex and better than ascorbic acid indicating a similar mechanism of action to ascorbic acid. N=4, ±SEM, *(p≤0, 

05),  

The complex concentrations were increased to 2XCC50 (Figure 8). It was then 

evaluated if increasing the complex concentration would also cause an increase in NO 

inhibition. As can be seen in the figure below, an increase in complex concentration 

caused a statistically significant decrease in NO concentration when compared to the 

untreated cells. The ruthenium complexes except R1 had p-values of below 0.01. With 

the cellular NO below 25 µM in the presence of these complexes. 

0

20

40

60

80

100

120

N
O

 C
o

n
c
e
n

tr
a
ti

o
n

 µ
M

Complexes (CC50)

HeLa

HepG2

U937

** 
*  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

37 

 

 

Figure 8: The NO inhibition levels at 2xCC50.   Higher doses further decreased NO production to just under 20 

µm concentration. The ruthenium complexes R2, R3, and R4 were able to reduce NO concentration better than 

the rest of the complexes. N=4, ±SEM, * (p≤0, 01). 

Based on the obtained results it was observed that the active metal complexes for the 

study were G3, G8, R3, and R4 based on their CC50, SI values, and their ability to 

inhibit NO concentration. These complexes were investigated further in the study for 

the induction of apoptosis.  

3.5 Apoptosis-induction 

After 72-hour treatments on HeLa cells the active complexes were able to induce 

apoptosis (Figure 9). All the quadrant plats are in the Appendix III. In the presence of 

complex G3, 68% of the cells were in apoptotic phase while a percentage of 77% of 

HeLa cells were apoptotic in the presence of G8. A percentage of 69% of cells were 

apoptotic in the presence of R3 and a percentage of 68% of cells were apoptotic in 

the presence of R4. The complex apoptosis-induction was statistically significant with 

p-values of below 0.01. All of the active complexes induced HeLa apoptosis better 

than cisplatin and Auranofin. 
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Figure 9: Apoptosis induction in HeLa cells:  All of the complexes were able to induce apoptosis when compared 

to untreated cells. Auranofin resulted in mostly necrosis while complex G8 induced the most apoptosis at 77% cells 

being apoptotic in the presence of this complex. N=4, ±SEM, *(p≤0, 01). 

After 72-hour treatments on Hepg2 cells the active complexes were able to induce 

apoptosis (Figure 10). A percentage of 72% of HepG2 cells were apoptotic after 72 

hours of treatment with G3 where 81% of cells were apoptotic after treatment with G8. 

A percentage of 67% cells were apoptotic when exposed to R3 and 79% cells were 

apoptotic after treatment with R4. The complexes induced apoptosis better than 

cisplatin and Auranofin. The statistical evaluation that the apoptosis induction was 

statistically significant with p-values of below 0.01 compared to the untreated cells.   
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Figure 10: Apoptosis induction in HepG2 cells. The above-figure shows the results obtained after treating 

HepG2 cells with the active complexes for 72 hours. The untreated cells were still alive (blue) and the cells were 

apoptotic (gravy) in the presence of the active complexes. Complex G8 induced the most apoptosis in these cell 

lines. N=4, ±SEM, * (p≤0, 01). 

Lastly, the U937 cells were treated with the active complexes for apoptosis-induction 

(Figure 11). Compared to untreated cells, all of the cells were in an apoptotic phase 

in the presence of the active complexes. A percentage of 69% cells were apoptotic in 

the presence of G3, 79% cells were apoptotic in the presence of G8, and 88% cells 

were apoptotic in the presence of R3. A percentage of 66% cells were apoptotic in the 

presence of R4. The apoptosis-induction was statistically significant with p-values of 

below 0.01 for all the active complexes. 
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Figure 11: Apoptosis induction in U937 cells.: The above image shows the apoptosis results obtained after 

treating U937 cells with active metal complexes. When comparing untreated cells and cells treated with the active 

complexes, it was seen that all of the active complexes were able to induce apoptosis. N=4, ±SEM, * (p≤0, 01). 

The next step was to determine the drug-likeness of the metal complexes used in our 

study.   

3.6 Molecular Drug-likeness predictions using Molinspiration 

The Molinspiration software was used to compute the molecular properties of each 

complex as based on Lipinski’s Rule of Five. The only complexes that abided by all 

the stipulated rules are complexes AE215 and AE207 (Table 4). Complex AE215 had 

a molecular weight of 461.68 g/mol, LogP value of 0.41, 2 hydrogen donors, one 

hydrogen acceptor, a TPSA of 26.02, and 5 rotatable bonds. Complex AE207 had a 

molecular weight of 475.71 g/mol, a LogP value of 0.69, 2 hydrogen donors, one 

hydrogen acceptor, a TPSA of 26.02, and 6 rotatable bonds. Most of the tested 

complexes had molecular weights above 500 g/mol. Only the gold complexes had logP 

values below five while the ruthenium complexes had logP values above nine. Most 

of the complexes had hydrogen donors below five except complexes G3 and G4 with 

seven hydrogen donors each. Most of the complexes had hydrogen accepters below 

10 except complexes G5, G6, G7, and G8, which had more than 11 hydrogen 

acceptors. None of the tested metal complexes had rotatable bonds lower than five 

except AE215 and AE2017. 
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Table 5: Molecular drug-likeness of the tested metal complexes obtained using Molinspiration. The 

complexes highlighted in red are the active complexes which were evaluated in the apoptosis assay. 

Name MW logP H 

Donors 

H 

Acceptors 

TPSA Rotatable 

bonds 

AE215 461.68 0.41 2 1 26.02 5 

G3 640.83 -1.65 7 7 134.82 11 

G4 654.86 -1.38 7 7 134.82 12 

G5 851.02 1.44 2 12 165.20 21 

G6 865.04 1.70 2 12 165.20 22 

G7 891.71 -1.22 4 13 191.22 23 

G8 905.73 -0.95 4 13 191.22 24 

AE207 475.71 0.69 2 1 26.02 6 

R1 869.00 9.65 0 6 59.09 21 

R2 1126.14 10.09 0 4 32.78 20 

R3 1418.32 10.52 0 4 32.78 19 

R4 1503.40 10.65 0 6 59.09 26 

Aur 679.49 1.407 0 10 134.68 14 

CIS 300.05 -2.83 4 2 52.05 0 
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CHAPTER 4: DISCUSSION 

Chemotherapy and radiation therapy can cause long-term side effects on the brain, 

spinal cord, and nerves (Blanchard et al., 2015). These side effects include Hearing 

loss from high doses of chemotherapy, especially of drugs like cisplatin (Haugnes et 

al., 2018). The main objective of this research was to study potential drug leads that 

could act against multiple types of cancers. Eight gold complexes (AE215, AE207, 

G3, G4, G5, G6, G7, and G8) and four ruthenium complexes (R1, R2, R3, and R4) 

were tested on cervical cancer, liver cancer, and leukaemia. To facilitate cell entry, the 

derived gold metal complexes contained glucose molecules where we expected the 

complexes to be easily taken up by the cellular glucose-sodium symporter which forms 

part for the cells’ active transport mechanism of cell entry (Gorraitz et al., 2017).. 

Although metal complexes are being investigated as probes and therapeutics, there 

are relatively few studies on their mechanism of uptake. The main routes into a cell 

are either endocytosis, active transport, facilitated diffusion, and passive diffusion 

(O'donoghue et al., 2016). The cellular accumulation of cisplatin has received the most 

scrutiny and has been recently reviewed where platinum drugs were shown to enter 

the cell by passive diffusion through organic cation transporters such as the copper 

transporter Ctr1. It has also previously been shown that upon cell entry, ruthenium 

complexes accumulate in the cell cytoplasm. Cellular uptake of some ruthenium (III) 

complexes appear to be mediated by the iron transport protein transferrin. KP1019 

(indazolium trans- [tetrachlorobis (1H-indazole) ruthenate (III)]) binds transferrin with 

the displacement of a chloride ligand and is transported into cells with transferrin by 

receptor-mediated endocytosis. Ruthenium complexes lacking a labile ligand such as 

chloride are unlikely to be able to enter cells in this manner, and their mechanism of 

entry has not been established. 

4.1 Complex cytotoxicity 

The chemical structure of a drug determines its physicochemical properties, its 

ADME/Tox properties, and ultimately affects its pharmacological activity. Medicinal 

chemists can regulate the pharmacological activity of drug molecules by modifying the 

structure. The first step in testing our hypothesis was to determine the CC50 of our 

complexes. The parent complexes were compared to their derivatives. In HeLa cells, 

G3 was more cytotoxic to AE215. Comparing their structures shows that G3 is not 

only larger in length that AE215 but it also has hydroxyl functional groups attached to 
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it. The chemical properties of OH groups include being able to form intermolecular 

interactions with water, high polarity, and increased solubility in organic solvents, 

which might have led to the complex being more toxic to the HeLa cells compared to 

AE215. The complexes were dissolved in DMSO, therefore, G3 may have dissolved 

better than the parent complex facilitating a better uptake by HeLa cells compared to 

AE215, resulting in a decrease in the viability of these cells. Additionally, since HeLa 

cells are adherent a complex that easily dissolves increases the cytotoxic surface area 

(Krishnamoorthy et al., 2011). 

Complex AE207 was more cytotoxic than its derivatives. This could be linked to its 

size as smaller complexes diffuse readily into the lipid bilayer.  

The ruthenium complex R2 was the most cytotoxic of the ruthenium complexes. When 

comparing their structures to the ligand R1 we could see that the presence of the metal 

(Table 2) greatly influences its activity. The ruthenium complexes have benzene rings, 

and this makes them to biochemically possess delocalized pi-electrons leading to 

lower overall energy of the molecules, making them more stable (Frasca et al., 1996).  

When comparing R3 (trans-) and R4 (cis) ruthenium complexes we could already see 

that there was a difference in their cytotoxicity (Figure 5). This phenomenon is not 

entirely new as cisplatin and transplatin have been shown to be different in their activity 

as well. Transplatin produces much fewer DNA adducts than cisplatin but both have 

been shown to be cytotoxic causing DNA restriction when attacking cells (Bernal-

Méndez et al., 1997). In transplatin, the leaving groups, which are two Cl- ions, are in 

trans position and cannot perform well as compared to the leaving Cl- ions of cisplatin. 

With that said, our results showed that the trans- ruthenium complex was on the 

contrary more cytotoxic than the cis conformation complex. This could be because 

none of the transition group metal behave the same. Just because cisplatin or its 

derivatives behaved in a certain manner, we could not assume that our ruthenium 

complexes would also behave the same. Therefor this was the first time that it was 

reported that these novel ruthenium complexes behaved in this manner. 

Generally, the ruthenium complexes were more cytotoxic than the gold complexes. 

This cytotoxicity could be linked to the logP and TPSA values of these complexes. 

Larger molecules do not have difficulty in crossing the cell membrane and they have 

been shown to bind tighter to their molecular targets (Bouet and Funnel., 2000). Upon 
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cell entry, these complexes could be binding to key cellular elements like tubulins, 

microtubules and these bindings could be strong enough to stop mitosis. 

 In the drug discovery process, drug candidates are screened not only for cytotoxicity 

but also for selectivity. The selectivity index of a compound is a widely accepted 

parameter used to express the in vitro efficacy of the compound in the inhibition of 

cancer progression. As previously mentioned, an ideal drug must have a high SI 

(Kissin., 2013). From the results obtained only complexes G3, G8, R3, and R4 had 

high selectivity for all cancer cell lines (SI >1). This basically means that based on 

these results these complexes are very suitable to be used in chemotherapy as they 

would not harm the patient with adverse side effects. The complexes would generally 

target the cancerous cells more than the healthy cells. 

4.2 Antioxidant activity using the DPPH assay 

The hypothesis of the study was tested by evaluating the DPPH-scavenging ability of 

the complexes. After analysing the DPPH-scavenging results (Figure 6) it was seen 

that none of the gold complexes showed any positive DPPH scavenging ability above 

10%. The ruthenium complexes showed minimal DPPH-scavenging ability where R3 

showed the highest scavenging ability. Since the DPPH assay is a cell-free assay the 

inactivity of the gold complexes is linked to their oxidation state where gold complexes 

have been previously shown to be inactive when exposed to DPPH (Tzeng., 2004). 

4.3 Antioxidant activity using the NO assay 

After obtaining the CC50 of the complexes, the hypothesis of the study was tested 

further by determining if the complexes were able to inhibit cellular NO production and 

this was to try to link it to apoptosis. The results showed that all the complexes were 

able to inhibit NO levels in cancer cells. On a biochemical level, NO inhibition is linked 

to mitochondrial activity where high levels of NO actively inhibit cytochrome c oxidase 

leading to decreased respiration, increasing cancer progression (Brown., 2001). 

Cytochrome c links both the NO inhibition part of the study to the apoptosis section 

because cytochrome c can function as an activator of the intrinsic pathway of 

apoptosis (Yang et al., 2011). Our complexes could be directly or indirectly interacting 

with the nitric oxide synthase pathway where they could be L-Arginine inhibitors. The 

complexes could be taken up by the mitochondria and interacts with mitochondrial 

DNA or mitochondrial proteins, or even initiate mitochondrial-dependent cell death 

signalling by unbalancing the cellular redox state (Tomas-Gamasa et al., 2016).  
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4.4 Apoptosis-induction 

Four complexes were selected from the initial group of complexes based on their 

acceptable CC50 and SI values (give the table reference here) and these were 

investigated for their ability to induce apoptosis in all three cancer cell lines. This was 

conducted because as previously mentioned the evasion of apoptosis is linked to 

cancer progression. It was previously reported by Srdić-Rajić et al 2011 that metal 

complexes induce apoptosis in cancer cells via activation of the mitochondrial pathway 

in a time- and dose-dependent manner; and result in changes in the cell-cycle 

distribution of cells. The results obtained upon treatment of cancer cells for 72 hours 

show that the selected complexes indeed exerted their anticancer activity through the 

induction of apoptosis. The two ruthenium complexes (R3 and R4) were able to induce 

apoptosis the most. At this point in the research it cannot be concluded whether the 

apoptosis seen is via the intrinsic or extrinsic pathway. However, if the complexes 

induce apoptosis via the intrinsic pathway, the complexes could be binding or 

interacting with the mitochondria to activate the pro-apoptotic proteins leading to the 

release of cytochrome c. If the complexes induce apoptosis via the extrinsic pathway 

the complexes could be binding to and activating the death receptors on the death 

domains. These results correlate to the findings by Chen et al, 2011 where the 

researchers demonstrated that [Ru(phen)2-p-MOPIP] (PF6)2•2H2O (RuPOP), a 

ruthenium complex with potent antiproliferative activity, was able to induce 

mitochondria-mediated and caspase-dependent apoptosis in human cancer cells 

compared to the other tested metal complexes including gold complexes. Based on 

these results, we hypothesise that our complexes cause apoptosis by interacting with 

the NO signalling pathway because as seen from the results, a clear trend was seen 

showing that the complexes that reduced the most NO production (Figure 7 and 8) 

during cancer progression induced the most apoptosis (Figures 9, 10, and 11). 

4.5 Molecular drug-likeness 

We used Molinspiration to evaluate the drug-likeness of our complexes. Based on the 

results obtained in our study we could see that complexes AE215 and AE207 were 

the only complexes that abided by all five of Lipinski’s rules. This means that these 

complexes were not only just water-soluble but they also had faster absorption and 

action due to not having too many hydrogen bond donors. Complexes G3 and G4 had 

MW>500 however, it has been shown that complexes that have MW<700 also readily 
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diffuse through the cell membrane (Nama et al., 2005). Both complexes had low logP 

values, low hydrogen-bond acceptors, and PSA values of less than 140 making these 

complexes soluble in water and fat. These complexes would be ideal for oral 

administration as they would be able to pass through the intestinal lining after 

consumption and be carried to aqueous blood and penetrate the lipid-based cell 

membrane to reach the inside of the cell (Sharma et al., 2011). Complexes G4, G5, 

G6, G7, and G8 have high MW rendering them difficult to diffuse through the cell 

membrane. The complexes have low logP values and low hydrogen bond donors 

meaning that they are actively absorbed upon administration. The complexes are also 

lipophylic. The ruthenium complexes are regarded as large molecules (MW>700 

g/mol) and in principle, this makes these complexes difficult to passively diffuse into 

the cell membrane. However, these complexes have exceptionally low hydrogen bond 

donor’s PSA values meaning that they are actively absorbed and have good oral 

bioavailability. There is several drugs currently in clinical usage and available on the 

market which also do not abide by all five rules, Auranofin is an example of such drugs 

(Table 4). This shows that the rule of five may not necessarily be used as a stringent 

drug disqualifier, but rather as a guide in the broader drug discovery pipeline 
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CHAPTER 5: CONCLUSION AND FUTURE PERSPECTIVES 

In conclusion, six gold and three ruthenium complexes were successfully synthesized, 

and their anticancer activity were tested on HeLa, U937, and HepG2 cells. These 

complexes were then compared to their parent complexes. G3, G6, and R4 of the 

complexes were selective against cancer cells when treated against the mammalian 

Vero cell line. The DPPH scavenging ability of the complexes was very weak, and the 

NO inhibition results obtained on just two concentrations were not enough to give 

conclusions, but the results give an idea of the potential antioxidant ability of the 

complexes 

Furthermore, three of the complexes with NO inhibition were able to induce apoptosis 

better than its parent complex in all the tested cancer cell lines. This indicates the 

potency of the complex and indicating that modifications of the complex structure 

ultimately influence its activity.  

The active complexes were able to induce apoptosis where the ruthenium complexes 

showed better apoptosis-inducing ability better than the gold complexes 

The future perspectives of the study include determining the specific protein-drug 

interactions, to fully understand the complexes’ mechanism of anticancer activity. 

These proteins would be the proteins of the intrinsic apoptotic pathway (BCL-2 

proteins). By determining the protein expression levels of these proteins in the 

presence and absence of the complexes we could then make more definitive 

conclusions as to what the mechanism of action is of the complexes in the study. The 

same method could be carried out by determining the expression of Cyt-c both in the 

presence and absence of the metal complexes. These finding would be able to link all 

the results obtained in the study in order to tell a better more substantiated narrative.  

ANSWERS TO RESEARCH QUESTIONS 

The alternative hypothesis of this study was that “Gold and ruthenium complexes 

should have in vitro anti-cancer activity with significant antioxidant and apoptosis-

induction activity.” In order to test this hypothesis a number of research questions were 

posed. Responses to these questions are provided below.  

Can the metal complexes inhibit the viability of HeLa (cervical cancer), U937 

(Leukaemia), and HepG2 (liver cancer) cells? 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

48 

 

All of the tested complexes were able to inhibit cancer cell viability. Where the gold 

complexes G3 and G6 and the ruthenium complex R4 inhibited HeLa cell viability 

better than their parent complexes at the lowest tested concentrations (0.78 µM). In 

HepG2 cancer cells, the complexes G4, G5, and R3 were able to inhibit cancer viability 

better than their parent complexes respectively. Complexes G3, G6, and R4 were able 

to inhibit U937 cell viability better than their parent complexes respectively. This led to 

the realization that these complexes are cancer-specific and might have different 

mechanisms of anticancer action. 

What are the CC50 values of these complexes on the tested cancer cell lines? 

The complexes varied in their level of cytotoxicity in all tested cancer cell lines. 

Complexes G3, G7, and all the ruthenium complexes were the most cytotoxic to HeLa 

cells with (CC50<7 µM). These complexes were more cytotoxic than cisplatin. The 

treatment results obtained on U937 cells show that the complexes G3, G5, and the 

ruthenium complexes were more cytotoxic against this cell line. Complexes G3, G4, 

and the ruthenium complexes were cytotoxic against HepG2 cells. These results 

showed how complex G3 and the ruthenium complexes remained consistent in their 

cytotoxicity across all the tested cell lines. 

Are the complexes selective against non-cancerous mammalian cells? 

The complexes were toxic to the tested cancer cells as seen by their ability to decrease 

cancer cell viability. However, only complexes G3, G8, R3, and R4 were selective 

against the noncancerous Vero cell line with SI values above one.  

Do the complexes have antioxidant activity? 

None of the gold metal complexes had positive DPPH scavenging ability meaning that 

their activity is dependent on the complexes interacting with a specific molecular target 

inside the cancer cells. The ruthenium complexes R2, R3, and R4 had positive DPPH-

scavenging activity indicating that there can act as antioxidants regardless of cellular 

interactions. All the active complexes were able to reduce cellular NO production 

across all cancer cell lines, indicating that not only can the complexes inhibit cancer 

cell viability, but there can reduce cell ROS production too.  

Are the complexes able to induce cell apoptosis? 
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All of the active metal complexes were able to induce cell apoptosis across all cell 

lines. 

What is the overall drug like-ness of the complexes? 

Unfortunately, none of the modified complexes abided by all five of the rules of drug-

likeness as they only abided by 3 of the rules. However, this does not disqualify them 

completely from being pursued further for their anticancer activities, as many of the 

currently used drugs in the market do not abide by all five rules. 

Finally, the current use of metal complexes in medicine reveals the extensive potential 

for metal complexes. The significant identification of complexes, which are cytotoxic 

to cancer cells and non-toxic to non-cancerous cells show the potential of these 

complexes in the chemotherapeutic drug pipeline. All of these complexes were able 

to reduce cancer ROS production by the inhibition of NO supporting the hypothesis of 

this study.   
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CHAPTER 7: APPENDIX 

1.15 Appendix I: List of reagents and company information 

The following Reagents were used in this study 

Table A1: Information of reagents used in the study 

Reagent Catalogue number Company Country 

DMEM  Media 41966029 Sigma-Aldrich USA 

HEPES Buffer 15630056 Gibco, Life 

Technologies 

USA 

Sodium Pyruvate SH30239.01 Hyclone, Thermo 

scientific 

USA 

Gentamicin G1272-10ML Sigma-Aldrich USA 

Foetal-Bovine Serum 10270106 Gibco, Life 

Technologies 

USA 

Trypsin-EDTA T4049-500ML Sigma-Aldrich UK 

RPMI Media R6504-10X1L Sigma-Aldrich USA 

Antibiotic/Antimitotic SV30079.01 Separations SA 

Thiazol Blue 

Tetrazolium Bromide 

(MTT) 

M5655-1G Sigma-Aldrich GER 

Auranofin A6733 Sigma-Aldrich GER 

MEM Media SH30024.01 Separations SA 

DMSO D2650-100ML Sigma-Aldrich GER 

 

The following instrumentation software programs were used in the study 

Table A2: List of important instruments used in the study 

Instrumentation Company Country 

Allegra 25R centrifuge Beckman Coulter USA 

Multiskan Ascent plate reader  Thermo Lab Systems USA 

BD Accuri™ C6 Plus flow 

cytometer 

Accuri Cytometers Inc. USA 

 

Table A3: Software programs used for data analysis 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



 

 

66 

 

Program Company Country 

Chemsketch Freeware version 

11.01 

Advanced Chemistry 

Development Inc. 

Canada 

GraphPad Prism 5 GraphPad Software Inc. USA 

Microsoft Excel 365 Microsoft Corporation USA 

Molinspiration Freeware Molinspiration USA 

 

1.16 Appendix II: Formulae for Data Analysis 

Formula 1: Calculating cell concentration using a haemocytometer: 

Cell Concentration = (
𝑇𝑜𝑡𝑎𝑙 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
) × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 × 104 

Formula 2: Calculating cell viability 

% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
(𝐴𝑣𝑒 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑎𝑏𝑜𝑠𝑟𝑏𝑎𝑛𝑐𝑒)−(𝐴𝑣𝑒 𝑏𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)

(𝐴𝑣𝑒 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)−(𝐴𝑣𝑒 𝑏𝑙𝑎𝑛𝑘 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)
)×100 

% Cytotoxicity = 100-%Viability 

Formula 3: Calculating selectivity index (SI) 

SI=
𝐶𝐶50 𝑁𝑜𝑟𝑚𝑎𝑙 𝑐𝑒𝑙𝑙

𝐶𝐶50 𝑐𝑎𝑛𝑐𝑒𝑟 𝑐𝑒𝑙𝑙
 

Formula 4: Calculating DPPH scavenging activity 

 % Scavenging = (𝐴0 −
𝐴0

𝐴𝑠
)×100 

Where A0 is the average absorbance of the DPPH only control and AS is the average 

absorbance of DPPH in the presence of each metal complex. 

Formula 5: Student’s T-test for statistical significance 
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1.17 Appendix III: Cell Viability 

The metal complexes exhibited the following effects on the growth of HeLa cells. 

These results were used to calculate the CC50 values. 

 

Figure A1: HeLa cell viability. The above figure shows the HeLa cell viability after treatments with the metal 

complexes. There was a dosage response when the tested concentration increased from 0.78 um to 50 um with a 

decrease in cell viability when we increased the complex concentration. The ruthenium complexes were more 

cytotoxic than the gold complexes. N=4, ±SEM 

The metal complexes were then treated on HepG2 cells and their cell viability were 

shown in the figure below.  
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Figure A2: U937 Cell Viability. The above figure shows the cell viability after treating U937 cells with the complexes 

for 72 hours. After treatments, we observed that the complexes were quite toxic to this cell line with viabilities of 

just under 100% for all tested concentrations. N=4, ±SEM 

Lastly, we treated the HepG2 cells with the complexes then we recorded the results in 

the figure below. 
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Figure A4 HepG2 cell viability. The above-figure indicates HepG2 cell viability in the presence of the complexes. 

The complexes were less cytotoxic in this cell line compared to HeLa cells. Treatments were for 72 hours and we 

saw that the ruthenium complexes were more toxic than the gold complexes. N=4, ±SEM 

Appendix v: Apoptosis induction 

The active metal complexes were tested for their apoptosis-inducing abilities. We saw 

that all of these complexes were able to induce apoptosis in all cell lines. The untreated 

controls showed that when cells were not treated they were still live after 72 hours. 

The ruthenium complexes induced the most apoptosis across all cell lines. 
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Figure 12: HeLa apoptosis-induction. The above images show flow cytometry data obtained from treating HeLa cells G3, G8, R2 and R4 complexes at the CC50 and 2CC50. All complexes were able 

to induce apoptosis at both tested concentrations. G8 was unable to induce apoptosis at both tested concentrations. R2 was able to induce apoptosis to over 70% at 2CC50. 

G3 CC50                                                      G3 2CC50                                   R2 CC50                                              R2 CC50 

G8 CC50                                                      G8 2CC50                                   R4 CC50                                              R4 CC50 
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7.1 Contour diagrams of FITC-Annexin V/PI flow cytometry of treatments on U937 cells 

Controls 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: The above image shows Flow cytometry data of the tested complexes on U937 cells. The same controls were used. 
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Figure 14: Flow cytometry plots obtained from U937 cells. The above image shows the data obtained after treating the cells with the active metal complexes for 72 hours and staining them with PI and 

Annexin V. All complexes were able to induce apoptosis where G3, R2, R4 were able to induce apoptosis to over 70%. 

G3 CC50                                                      G3 2CC50                                   R2 CC50                                              R2 CC50 

G8 CC50                                                      G8 2CC50                                   R4 CC50                                              R4 CC50 
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7.2 Contour diagrams of FITC-Annexin V/PI flow cytometry of treatments on HepG2 cells 

Controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: HepG2 flow cytometry control data. The above image shows the data obtained from staining the cells with PI, Annexin V, and PI+ Annexin V. There is 

no clear difference between untreated and PI-stained cells compared to the previous cell lines. 
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6

Figure 16:HepG2 flow cytometry data. The above image shows the results obtained from treating the cell line with the active complexes at CC50 and 2XCC50.  Only G3 was able to induce 

apoptosis over 60% compared to other complexes. N=4. 

G3 CC50                                                      G3 2CC50                                   R2 CC50                                              R2 CC50 

G8 CC50                                                      G8 2CC50                                   R4 CC50                                              R4 CC50 
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