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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in Fulfilment of 

the Requirement for the degree of Doctor of Philosophy 
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With the widespread increase of bacterial resistance to available antibiotics and the lack 

of resources for the discovery of new classes of antibiotics, the multidrug-resistant S. 

aureus has become a global concern. The methicillin-resistant Staphylococcus aureus 

(MRSA) has been reported as a serious threat in health settings. There is now a strong 

demand for new antibacterial agents as only a few antibiotics can combat MRSA 

infections. The notable development of transition metals for medicinal purposes and 
advanced designs of metal complexes as antibacterial agents have been extended in the 

research area. These offer good choices as alternative antibacterial agents despite the fact 

that they have not been explored intensively. Recent in vitro studies have highlighted the 

potential use of gold-based compounds to inhibit the growth of important pathogens, 

such as MRSA without classifying the mode of action (MOA) or explaining the potential 

of the growth inhibition mechanism. This research study was aimed at evaluating and 

investigating the antibacterial activity, anti-biofilm activity, synergistic interaction, and 

classification of the mode of action of the novel 3F2 phosphanegold(I) thiolate 

compound. Preliminary screening using the disc diffusion method showed that the novel 

3F2 gold compound possesses a noticeable antibacterial activity against MRSA strains 

with an average inhibition zone ranging between 8 mm to 12 mm. The minimum 

inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) of 
the 3F2 gold compound against MRSA strains was in range of 4 µg/mL to 8 µg/mL. 

Moreover, the dose-dependent 3F2 gold compound exhibited bactericidal activity 

against MRSA during the first twelve hours. The interaction of the novel 3F2 compound 

in combination with ciprofloxacin showed a partially synergistic activity with FICI = 

0.53 using the checkerboard method. Also, the 3F2 gold compound showed an anti-

biofilm activity, whereby cell viability was reduced by more than 50 percent. 

InCelligence technology and the CLSM microscopic results proved the 

inhibition/eradication of S. aureus biofilm formation with MIBC in the range of 3.125 

µg/mL to 12.5 µg/mL. Furthermore, the predicted mode of action (MOA) of the 3F2 

gold compound was classified based on a data analysis of the phenotypic microarray. 
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The Pearson correlation and clustering analysis showed that the mode of action was 

similar to that of vancomycin in targeting the MRSA cell wall. However, the TEM and 

RT-PCR results supported the predicted mode of action. Finally, all the findings showed 

promising antibacterial activity by the new 3F2 gold compound, with a unique potential 

MOA against MRSA. Overall, the thesis results are beneficial for both the development 
of antibacterial agents and gaining an understanding of the mechanism of action to 

minimize the multi-drug resistance, and to develop new methods of identifying and 

classifying the mode of action of new antibacterial agents 

.
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memenuhi keperluan untuk ijazah Doktor Falsafah

AKTIVITI ANTIBAKTERIA, ANTIBIOFILM DAN MEKANISME 

TINDAKAN LOGAM PERALIHAN PHOSPHANGOLD(I) THIOLATE

TERHADAP Staphylococcus aureus

Oleh 

ANMAR AMEER MOHAMMED SADEQ ALRAWAS 

Februari 2022 

Pengerusi :   Profesor Ts. Cheah Yoke Kqueen, PhD 

Fakulti :   Perubatan dan Sains Kesihatan 

Peningkatan tahap kerintangan bakteria terhadap antibiotik yang sedia ada secara meluas 

dan kekurangan sumber dalam penemuan kelas antibiotik baru telah menyebabkan 

S.aureus yang rintang pelbagai antibiotik menjadi kebimbangan global. Staphylococcus

aureus (MRSA) yang rintang metisilin telah dilaporkan sebagai ancaman serius terhadap

kesihatan. Kini, terdapat permintaan yang tinggi untuk penemuan agen antibakteria yang

baru kerana hanya beberapa antibiotik boleh menangani jangkitan MRSA.
Perkembangan penting logam peralihan untuk tujuan perubatan dan rekaan unggul

kompleks logam sebagai agen antibakteria telah diperluaskan dalam bidang

penyelidikan. Ini menyebabkan ia adalah pilihan yang baik sebagai agen antibakteria

alternatif walaupun hakikatnya ia belum diterokai secara intensif. Kajian in vitro terbaru

menekankan potensi penggunaan sebatian berasaskan emas untuk menghalang

pertumbuhan patogen yang penting, seperti MRSA tanpa mengklasifikasikan mod

tindakan (MOA) atau menjelaskan potensi mekanisme perencatan pertumbuhan. Oleh

itu, kajian ini bertujuan untuk menilai dan menyelidik aktiviti antibakteria, anti-biofilem,

interaksi sinergistik, dan klasifikasi mod tindakan sebatian novel phosphangold (I)

thiolate 3F2. Saringan awal menggunakan kaedah penyebaran cakera menunjukkan

bahawa sebatian novel emas 3F2 mempunyai aktiviti antibakteria yang ketara terhadap

strain MRSA dengan zon perencatan purata di antara 8 mm hingga 12 mm. Kepekatan
perencatan minimum (MIC) dan kepekatan bakteria minimum (MBC) sebatian emas 3F2

terhadap strain MRSA adalah di antara 4 µg/mL hingga 8 µg/mL. Selain itu, sebatian

emas 3F2 yang bergantung kepada dos menunjukkan aktiviti bakteria terhadap MRSA

dalam tempoh dua belas jam pertama. Interaksi sebatian novel 3F2 dengan kombinasi

ciprofloxacin menunjukkan aktiviti separa sinergistik dengan FICI = 0.53 menggunakan

kaedah papan dam. Selain itu, sebatian emas 3F2 menunjukkan aktiviti anti-biofilem, di

mana kehidupan sel berkurangan lebih daripada 50 peratus. Teknologi InCelligence dan

keputusan mikroskopik CLSM membuktikan perencatan/pembasmian pembentukan

biofilem S. aureus dengan julat MIBC sebanyak 3.125 µg/mL hingga 12.5 µg/mL.

Tambahan pula, mod tindakan (MOA) yang diramalkan bagi sebatian emas 3F2
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dikelaskan berdasarkan analisis data mikrotatasusunan fenotip. Analisis korelasi dan 

pengelompokan Pearson menunjukkan bahawa mod tindakan adalah serupa dengan 

vankomisin dalam menyasarkan dinding sel MRSA. Walau bagaimanapun, keputusan 

TEM dan RT-PCR menyokong mod tindakan yang diramalkan. Akhir sekali, semua 

penemuan menunjukkan aktiviti antibakteria oleh sebatian emas 3F2 dengan potensi 
MOA yang unik terhadap MRSA. Secara keseluruhannya, hasil tesis ini adalah 

bermanfaat untuk pembangunan agen antibakteria dan pemahaman tentang mekanisme 

tindakan untuk meminimumkan rintangan pelbagai antibiotik dan untuk membangunkan 

kaedah baru untuk mengenal pasti dan mengklasifikasikan mod tindakan agen 

antibakteria baru. 
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1 

CHAPTER 1 

1 INTRODUCTION 

1.1 Background 

Over the years, the World Health Organization (WHO), the Food and Agriculture 

Organization (FAO) and the World Organization for Animal Health (OIE) have become 

increasingly concerned about the serious health problems posed globally to humans and 

animals by multidrug-resistant (MDR) pathogenic bacteria. However, infectious 

diseases remain one of the main causes of many illnesses and deaths around the world. 

Microbes, such as multidrug-resistant bacteria, are the major cause of severe fever, 
sepsis, diarrhoea, respiratory diseases, skin infections, sexually transmitted diseases 

(STD) and many others, and very serious actions are required to stop or reduce the threat 

of these MDR pathogens and to save the lives of many people. The advance of 

phenotypic resistance in microorganisms, specifically MDR bacteria, to current 

antibiotics and the emergence of new infectious diseases have become global issues in 

the twenty-first century, thereby making it essential that novel, safe and effective 

antimicrobial agents be discovered (Rojas et al., 2003) 

The Gram-positive bacterium, S. aureus, is one of the main pathogenic bacteria that is 

emerging increasingly due to the rapid development of resistance against a series of first, 

second and third line antibiotics that are usually used to treat infectious diseases caused 

by the S. aureus (Harris et al., 2002; Theuretzbacher, 2011).  

The methicillin-resistant Staphylococcus aureus (MRSA) remains one of the most 

difficult infections to treat due to its ability to develop resistance against available 

antibiotics, despite the introduction of new derivatives, and the abuse of these antibiotics 

(Rodvold and McConeghy, 2014). Many of these antibiotics and their derivatives are 

linked to dose limitations, development of resistance, and expensive costs. This will be 

discussed in detail in Chapter 2. In addition, over the last two decades, there has been a 

noticeable increase in the number of cases of vancomycin intermediate-resistant 

Staphylococcus aureus (ViSA) and vancomycin-resistant Staphylococcus aureus 

(VRSA) around the world, and the resistance mechanisms of the aforementioned strains 

are quite different, thus, making it difficult to treat them with the same antibiotics 

(Fridkin, 2001; Hiramatsu et al., 2014). Vancomycin is still the drug of choice for the 

treatment of MRSA infections, despite the fact that resistance to this antibiotic has been 
increasing noticeably (Bérdy, 2012; Tegos and Hamblin, 2005; McGuinness et al., 

2017). Thus, the demand for active drug discovery approaches for the development of 

new antimicrobial agents is being highlighted. Moreover, infectious diseases associated 

with the Staphylococcus aureus biofilm are another challenge as it is well known that 

the biofilm population is physiologically different from its planktonic counterpart, and 

is better able to persist in the infected host, even under harsh environmental stress. As a 

result, the resistance mechanism of bacterial cell biofilms is different from that of 

planktonic cells (Petrelli et al., 2017; Pozo and Patel, 2007). 
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The ability of the S. aureus, specifically the MRSA, to form biofilms is one of the main 

factors for the virulence of nosocomial infections. Moreover, infections caused by S. 

aureus strains that possess the ability to form biofilms are more difficult to treat with 

existing antibiotics as these antibiotics have not been specifically designed to treat 

biofilm infections (Agarwal and Jain, 2012; Costerton, 2012; Lynch and Abbanat, 2010). 
Hence, there is now a strong demand for the discovery, design or synthesis of new 

antibacterial agents to treat biofilm-forming bacteria. 

In addition to the remarkable therapeutic success of some existing antibacterial agents, 

metal-based antimicrobial agents have shown promising results in the laboratory. 

Metallodrugs have been used for a long time prior to the discovery of organic antibiotics. 

Since then, there has been a general decline in the use of metal-based drugs, particularly 

antibacterial compounds, with the exception of silver compounds (Bharti and Singh, 

2009; Hobman and Crossman, 2015). The use of metal-based antibacterial agents is one 

of the strategies adapted by many researchers to combat the challenges of bacterial 

resistance to antibiotics worldwide. Metal-based agents in vitro, in the form of 

complexes or salt complexes, in particular, have been able to combat bacterial resistance 

(Hobman and Crossman, 2015).  

The gold element (Au) and its complexes have also been used in medicine throughout 

civilization until the present day. A gold complex was clinically used as treatment for 

rheumatic disease. Later on, in the middle of the 20th century, gold complexes were 

screened and evaluated for their potential use as antibacterial agents (Glisic and Djuran, 

2014). Interest in the potential antibacterial properties of gold(I) and gold(III) 

complexes was sparked by Robert Koch, who used potassium 

dicyanoaurate(I) to treat tuberculosis, a disease caused by the Mycobacterium 

tuberculosis (Tiekink, 2002). Later on, a great number of gold(I) and 

gold(III) complexes were used against a wide spectrum of bacterial 

pathogens, although the majority of the studies were carried out on gold(I) 

compounds, perhaps because of their greater stability compared to gold(III) 

compounds (Glisic and Djuran, 2014). 

Notwithstanding that metal-based antibacterial agents have been shown to be effective 

against a wide range of Gram-positive and Gram-negative pathogens, some studies have 

revealed that these pathogens have started to develop a resistance to metal ions, 

especially towards silver ions, but this is not the case with gold-based antibacterial agents 

(Hobman and Crossman, 2015). This resistance to metal ions is probably due to a lack 
of knowledge and understanding on the mechanism of action of metal-based antibacterial 

agents.  

There is a rising clinical demand for new antibacterial agents as the therapeutic efficacy 

of current antibiotics against Gram-positive cocci is very limited due to the emergence 

of MDR S. aureus strains, such as MRSA and VRSA (Fricker, 1996). Hence, the aim of 

this study was to investigate and evaluate in vitro the antibacterial activity of 
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phosphanegold(I) thiolate complexes against a wide range of pathogens, including S. 

aureus strains, as well as to investigate the ability of phosphanegold(I) thiolate to inhibit 

or remove the S. aureus biofilm. This study was also aimed at investigating and 

predicting the mechanism of action of phosphanegold(I) thiolate against S. aureus 

strains.  

1.2 Problem Statement  

Bacterial infections caused by pathogens, such as the multidrug-resistant S. aureus, are 

still a global concern, and one of the main reasons for the increasing morbidity and 

mortality rates is bacterial resistance to current antibiotics, which is growing 
dramatically and threatening public health globally. Besides that, for many years now, 

no new classes of antimicrobial agents have been introduced into the market, and the 

rate of discovery of new antimicrobial agents has been very low and insufficient to 

counter the challenging growth of antibacterial resistance. The S. aureus has developed 

a resistance against a series of first, second and third-line antibiotics, including beta-

lactam and glycopeptide antibiotics, to be classified as methicillin-resistant 

Staphylococcus aureus (MRSA) and vancomycin-resistant Staphylococcus aureus 

(VRSA), respectively. Therefore, this pathogen is a risk factor for hospital-acquired and 

community-acquired infections. In addition, diseases associated with the S. aureus 

biofilm have displayed a greater resistance to antibiotics and combinations of different 

antibacterial agents. In contrast to organic antibacterial agents, less attention has been 
paid to inorganic antibacterial agents, such as metal-based drugs. Many attempts have 

been made to overcome the issue of bacterial resistance by the S. aureus. Researchers 

have investigated the antibacterial effectiveness of metal and metal-based medicines in 

vitro against several strains of the S. aureus. Silver, copper, lead, platinum, gold, and 

other metal complexes have been reported to have antibacterial properties. However, 

bacteria, including the S. aureus, may develop a resistance against some of these metal 

compounds. Moreover, lack of knowledge on the mode of action or mechanism of action 

of metal compounds has limited their usage recently as antibacterial agents. Indeed, a 

few gold-based drugs, such as gold(I) with phosphine ligand or N-heterocyclic carbene 

ligand complexes, have been reported to possess potential antibacterial properties against 

the S. aureus without having developed any resistance as yet. However, the mechanism 

of action of these gold compounds on bacterial cells is still not fully understood. Thus, a 
study that can provide enough information about the mechanism of action of gold-based 

antibacterial agents may help to reduce the bacterial resistance of the S. aureus. 

1.3 Justification for the Study 

Metal-based drugs are reported to have multiple uses in health settings due to their 
antimicrobial, anticancer, anti-inflammatory, and many other properties. It has been 

disclosed in the literature that gold-based drugs are purported to be promising 

antibacterial agents against critical human pathogens, including the S. aureus. 
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In this study, the novel phosphanegold(I) thiolate compounds known as the 3F series 

(containing 3F2, 3F3,3F4, 3F5, 3F6, and 3FL) were investigated for their antibacterial 

and antibiofilm properties individually or in combination with other standard antibiotics 

against S. aureus strains. Also, the mechanism of action of the phosphanegold(I) thiolate 

compounds was predicted and determined against the methicillin-resistant 
Staphylococcus aureus using new Phenotype MicroArray (PM) technology. The 

outcomes of this study may contribute richly to the further development of antibacterial 

agents derived from metal-based drugs. Moreover, the prediction of the mode of action 

using PM technology may open the door to a better understanding of the mechanism of 

action of metal-based drugs and, therefore, lead to the designing of more potent gold-

based compounds as antibacterial agents. 

1.4 Hypothesis 

Novel phosphanegold(I) thiolate compounds under the 3F series (3F2, 3F3, 3F4, 3F5, 

3F6, and 3FL), either individually or in combination, have a unique mechanism of action 

and potent antibacterial activity against S. aureus strains. Thus, an investigation into the 

antibacterial activity of the abovementioned phosphanegold(I) thiolate compounds was 

carried out in vitro, and subsequently, the anti-biofilm ability of the compounds against 

the S. aureus biofilm-producing strains and the synergistic interaction of the most potent 

phosphanegold(I) thiolate compound were investigated. Furthermore, the mechanism of 

action of the best phosphanegold(I) thiolate compound among the above six compounds 

was predicted and determined using Phenotype MicroArray technology.  

1.5 Objectives 

1.5.1 General Objective 

To investigate and characterize the biological properties of phosphanegold(I) thiolate 

complexes (3F series) as potential antibacterial agents against S. aureus strains, and to 

predict the general mechanism of action of the best phosphanegold(I) thiolate complex 

among the 3F series. 
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To achieve the above general objective, the following specific objectives were set.  

1.5.2 Specific objectives 

1- To conduct a preliminary screening and evaluation of the antibacterial 

properties of phosphanegold(I) thiolate complexes (3F series) in vitro against 

Gram-negative and Gram-positive pathogens. 

2- To investigate the synergistic activity of the 3F2 (phosphanegold(I) thiolate) 

complex in combination with antibiotics with a known mode of action against 

the methicillin-resistant Staphylococcus aureus (ATCC43300). 

3- To investigate the ability of the 3F2 (phosphanegold(I) thiolate) complex to 

inhibit/eradicate the Staphylococcus aureus (ATCC43300) biofilm. 

4- To predict the mechanism of action (MOA) of the 3F2 phosphanegold(I) 

thiolate complex by studying the phenotypic profile of the methicillin-

resistant Staphylococcus aureus (ATCC43300).  
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