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Abstract 

The burden of antimicrobial resistance is a daily challenge in clinical 

settings, especially in intensive care units. The escalating trends of 

multidrug-resistant (MDR) bacteria are reported on a global scale today, and 

the loss of effective antibiotics and disinfectants undermines the ability to 

fight infectious diseases. The development of novel antibacterial agents is 

urgently needed in healthcare settings to reduce bacterial resistance and 

potential nosocomial infections. 

This study aimed at assessing the antimicrobial effect of metal ions and 

graphene-based compounds against multidrug resistant (MDR) isolates of 

Pseudomonas aeruginosa, Staphylococcus aureus and Klebsiella 

pneumoniae. It also aimed at incorporating the successful combinations of 

metal ions and graphene composites into novel formulations of skin 

cleansers and nasal sprays/ointments that are effective against MDR 

chlorhexidine-adapted K. pneumoniae and mupirocin-resistant S. aureus in 

clinical settings.  

The antimicrobial efficacy of eighteen metal ion solutions, graphene and 

graphene oxide were tested, individually and in combination, against ten 

clinical isolates of Pseudomonas aeruginosa, Staphylococcus aureus and 

Klebsiella pneumoniae using minimal inhibitory concentration (MIC) and 

minimal bactericidal concentration (MBC). The antibiofilm activity of the 

compounds was tested using crystal violet biofilm assays (CVBA) and XTT 

assays. The synergistic effect between metal ions or combinations showing 

the best inhibitory activity against the three bacterial species and the 

excipients of the skin cleanser or nasal spray/ointment was assessed using 

fractional inhibitory concentration (FIC). Compounds that did not show any 

antagonistic effect were tested for their cytotoxicity using MTS assay against 

human skin fibroblast cell line, and were incorporated into different 

formulations of skin disinfectant, and nasal spray/ointment. The 

antimicrobial efficacy of the formulations was tested using the agar well 

diffusion method and CVBA assay. The organoleptic characteristics, 

uniformity, spreadability, thermal stability and other physical characteristics 

of each formulation were also evaluated. Morphological changes in bacterial 
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cells treated with the tested formulations were visualized using scanning 

electron microscopy (SEM).  

Results showed that platinum, palladium, gold, tin and molybdenum ions 

exhibited the best inhibitory effect against the planktonic cells of P. 

aeruginosa, S. aureus and K. pneumoniae. Graphene oxide demonstrated 

no antimicrobial effect (>500 mg/L) against the 10 isolates, whilst graphene 

showed an excellent against S. aureus and K. pneumoniae only. It was 

evident, however, that the addition of graphene or graphene oxide enhanced 

the antimicrobial effect of metal ions against the three bacterial species. 

Cytotoxicity readings revealed that gallium, indium, platinum, palladium, 

gold, graphene and graphene oxide were not toxic to the tested skin 

fibroblasts.  

Various formulations of skin disinfectants (14), topical ointments (9) and 

nasal sprays (9) containing metal ions and graphene composites were 

tested. The best inhibitory and antibiofilm activities were revealed by 

formulations containing gold/graphene, gold, platinum, platinum/graphene 

and palladium. The antibacterial effect of the different tested formulations 

was further confirmed by the clear morphological damages shown in 

bacterial cells characterized by the formation of deep grooves, pores, or cuts 

in their cell walls. 

In the light of the inefficacy of the currently used antibiotics and disinfectants, 

this study highlighted specific metal ions, used alone or in combination with 

graphene composites, owing their antibacterial activity, as promising 

potential novel antibacterial agents in clinical settings. 
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1.1 Antimicrobial Resistance 

Antimicrobial resistance (AMR) is the capability of a microorganism to resist 

the effect of one or multiple antimicrobial agents that once used to be 

successfully effective (ECDC, 2018). 

1.1.1 History and Response to Antibiotic Resistance 

The threat of antibiotic resistance dates back to 1940s, just a few years after 

the use of the first discovered antibiotic, penicillin (Demerec, 1948). In 

response to this, novel beta-lactams were developed and put into routine 

practice, restoring confidence in treating bacterial infections (Ventola, 2015). 

However, shortly after, the first case of methicillin resistant Staphylococcus 

aureus (S. aureus) was reported within less than a decade, particularly in 

1962 in the United Kingdom (UK), and in 1968 in the United States of 

America (USA) (Sengupta et al., 2013; Spellberg and Gilbert, 2014; Ventola, 

2015). Since then, escalating trends of AMR have been reported globally, 

and new antibiotics have been released to the market, in a continuous cycle 

by pharmaceutical companies. However, following 75 years of continuous 

antibiotic use and spread of bacterial resistance (Figure 1.1), the 

antibacterial pipeline has started to abate, becoming insufficient to deal with 

the current risks (Spellberg and Gilbert, 2014). The intensity of concerns and 

actions taken regarding antibiotic resistance were postulated into five 

historical eras:  

 Period between 1945 and 1963: known as the optimistic period since 

pharmaceutical industry was able to keep pace with the AMR race 

 Period between 1963 and 1981: notable for the growing concerns 

and awareness following the discovery of the plasmid-mediated 

transmission of antibiotic resistance  

 Period between 1981 and 1992: remarkable for the framing of AMR, 

for the first time, as a global concern 

 Period between 1992 to 2013:  where larger concerns of AMR have 

been demonstrated through an increase in attention for academic 

literature and funding 
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 Period between 2013 and present: acknowledging AMR as a “ticking 

time bomb” and “apocalyptic scenario” and understanding its linked 

health and economic consequences (Podolsky, 2018) 

 

Figure 1.1 Timeline depicting the antibiotic development and antimicrobial 
resistance. Figure adapted and reproduced from Taneja et al. (2019). 

1.1.2 Epidemiology of AMR  

Decades after the first patients were treated with antibiotics, antibiotic 

resistant bacterial infections became noted by the European parliament and 

the commission implementing decision, as a serious health cross border 

threat (Spellberg and Gilbert, 2014; ECDC, 2018). The European 

Antimicrobial Resistance Surveillance System (EARSS) estimates that 

670,000 infections occur every year due to antibiotic resistant bacteria in the 

European/European Economic Area (EU/EEA).  Consequently, AMR   

contributes directly to the death of 33,000 people and a healthcare cost of 

EUR 1.1 billion (ECDC, 2018; Cassini et al., 2019). AMR exhibits variable 

disparities within different countries in Europe depending on the dominant 

bacterial species, the antibiotic groups, and the geographical location. 

However, a north-to-south and west-to-east gradient can still be noted; 

whereby higher resistance rates were reported in the south and east of 

Europe, while lower rates were recorded in the north (WHO, 2014). 
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1.2 Main Causes of Antibiotic Resistance 

The development of antibiotic resistance is a multifactorial process that is 

directly linked to the antibiotic’s production, prescription, dispensing, and 

consumption (Ayukekbong et al., 2017). Such issues have been 

exacerbated further due to human causes, clinical use, public behaviour, 

commercial pressure, and agricultural applications (Michael et al., 2014). 

Inappropriate practice along this course will promote the development of 

resistance (Michael et al., 2014). 

1.2.1 Human Population 

Following the exponential increase in human population (8 billion people in 

few years), the increase in urbanization and the ease of travel, global 

humanity is now considered as a single biological population (Michael et al., 

2014; WHO, 2014). Not only did this enhance the rapid transport of microbes 

and pathogens across the globe, but also exposed the population to a 

broader range for microbial predators (Michael et al., 2014; WHO, 2014).  

1.2.2 Overuse of Antimicrobials 

Human use/misuse of antibiotics is still considered to be the principal risk 

factor contributing to AMR. Overconsumption of antibiotics has clearly put 

unnatural selective pressure on bacteria accelerating their evolutionary 

process (Fair and Tor, 2014). Virulence and pathogenicity also contribute in 

modulating the development of AMR. In fact, increased antibiotic exposure 

is associated with increased virulence, since virulent organisms exhibiting 

clinical symptoms are more frequently treated with antibiotics than 

nonvirulent ones (Martínez and Baquero, 2002). If eradication of the 

pathogen does not occur as a result of treatment, those strains will be 

subjected to increased antibiotic pressure (Martínez and Baquero, 2002). 

This can consequently lead to an acquired antibiotic resistance in which a 

minority of bacterial cells with resistant phenotype can find themselves in a 

less competitive and therefore more advantageous environment, as the 

phenotypically sensitive majority is killed (Fair and Tor, 2014). Furthermore, 

the treatment also alter the indigenous microflora who are challenged with 
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antibiotics only as an unwanted side effect of the therapy (Martínez and 

Baquero, 2002). 

The misuse of antibiotics can be broadly attributed to the universal 

effectiveness of antibiotics that created the belief among the general public 

that these drugs can be implemented in the first instance of any disease 

(Lipsitch and Samore, 2002; Michael et al., 2014). Another factor can be 

associated to the ease of purchase of antibiotics  over the counter even 

without a medical prescription in some countries, especially the developing 

countries (Ayukekbong et al., 2017). This situation has become even more 

aggravated with the online acquisition of antimicrobials facilitating self-

medication (Taneja et al., 2019).  

1.2.3 Over/Inappropriate Prescription 

The prescription practice of antibiotics is not unified and vary vastly among 

physicians in different countries. Healthcare professional may play a major 

role in promoting AMR by prescribing a wrong antibiotic, an unnecessary 

drug or an inappropriate dose (Usluer et al., 2005; Ayukekbong et al., 2017).   

In other cases especially in developing countries, overwhelmed doctors are 

treating patients with broad spectrum antibiotics without a definitive 

diagnosis due to the high patient-doctor ratio and lack of time to properly 

inform the patient on adherence guidelines (Ayukekbong et al., 2017). For 

instance, Saleh et al. (2015) reported that 63.7% of cases treated were 

prescriptions with a wrong treatment duration, while 52% were dose-

inappropriate in a Lebanese population.  These practices can exert selective 

pressure not only on the pathogenic agent causing the disease, but also on 

a large proportion of the patient’s microbiota (Calva, 1996).  

1.2.4 Public Perception and Behaviour 

The public practice of non-compliance with the physician’s guidelines by 

skipping doses, deliberately or by mistake, has also been thought to be a 

major contributor to AMR (Michael et al., 2014). The sub-therapeutic 

concentrations of the antibiotic used may not have an immediate clinical 

consequence on the patient. However, it may definitely increase the 
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chances for misapplication of the same drug to non-susceptible organisms 

in the near future (Michael et al., 2014; Ayukekbong et al., 2017). 

1.2.5 Agricultural Applications of Antibiotics 

The use of antibiotics in animals and crops to prevent and treat infections 

has significantly improved their yield, however, this gross application has 

profound effects upon spreading resistant bacteria from animals to humans 

through food consumption (Michael et al., 2014). For instance, resistant 

bacteria have been isolated from meat, dairy products, and even humans in 

proximate contact with livestock (Kikuvi et al., 2010; Fortini et al., 2011). 

1.2.6 Commercial Pressures and Low availability of Novel Antibiotics 

During the last few years, an increase in advertising has been directed at 

the general public promoting the necessity to completely eradicate microbes 

from domestic surfaces and skin; which has led  to the production and use 

of a vast range of household antimicrobial products (antibacterial soaps, 

hand gels, wipes, sanitizers and foams)  (Round et al., 2010; Michael et al., 

2014). The over-insistence on “clean environment” and the routine public 

use of these products (from floor cleansers to eye drops)  may have 

enhanced cross resistance to bacteria against the effective disinfectants 

generally used in clinical settings (Michael et al., 2014).  

1.3 Overview and Modes of Action of Traditional Antibacterial Drugs 

To better address AMR challenge and explore alternative therapies, it is 

crucial to first understand the different mechanisms by which antibiotics kill 

bacteria. Current antibiotics that cover a large array of infections are 

grouped into two main categories: bacteriostatic and bactericidal (Pankey 

and Sabath, 2004). Bacteriostatic agents inhibit the bacterial growth by 

keeping the organism in the stationary phase, whilst bactericidal agents kill 

the bacteria at an efficiency > 99.9 %. In reality, this classification is not 

accurate, since bacteriostatic drugs also possess a bactericidal efficiency of 

90%-99% after 18 - 24h of a test, but does not exceed 99.9 % to be labelled 

as bactericidal (Pankey and Sabath, 2004). Antibacterial drugs are further 
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classified, according to their primary targets and modes of action, into 

subclasses including inhibitors of cell wall turnover, inhibitors of DNA 

replication and inhibitors of protein synthesis (Table 1.1) (Kohanski et al., 

2007). Despite the differences in their antibacterial mechanisms, a common-

mechanism for antibiotic-mediated cell death has been demonstrated 

(Kohanski et al., 2010). For instance, aminoglycoside, quinolone, and β-

lactam were confirmed to promote the generation of lethal hydroxyl radicals 

in both Gram-negative and Gram-positive bacteria. This antibiotic-induced 

stress response was suggested to be mainly due to the stimulation of NADH 

oxidation through the electron transport chain (Kohanski et al., 2007, 2010).
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Table 1.1 Classification of the main classes of antibiotics according to their mode of action 

Mode of Action Antibiotic Class Generic Name Mechanism of Action Reference 

Inhibitors of Cell 
Wall Synthesis  

β-lactams Penicillin, piperacillin, ampicillin, 
cloxacillin, cephalosporins 

Binds to penicillin-binding-protein to inhibit 
transpeptidation, leading to an increase in autolysins and 

cell death 

Tipper and 
Strominger 

(1965) 
 

Lipopeptides Polymyxin B, colistin Bind to the bacterial outer membrane via its cationic 
peptide ring and displaces magnesium and calcium ions 

destabilizing the lipopolysaccharides 

Zavascki et al. 
(2007) 

Glycopeptides Vancomycin Bind with peptidoglycan units and inhibit their synthesis 
reducing cellular mechanical strength 

Kahne et al. 
(2005) 

Inhibitors of 
DNA Synthesis 

Fluoroquinolones Ciprofloxacin, norfloxacin, nalidixic acid, 
levofloxacin 

Creates double-stranded DNA breaks by binding to 
topoisomerases leading to cell death 

Drlica et al. 
(2008) 

Sulfonamides Sulfamthaxozole, sulfapyridine, 
sulfamethazine, sulfadiazine 

 Inhibit the synthesis of dihydrofolic acid essentially used 
for DNA replication and bacterial growth 

Henry (1943) 

Intercalators of 
DNA Replication 

Anthracyclines Doxorubicin Have a chromophore moiety and inserts between adjacent 
DNA base pairs of DNA in the nucleus of the cell 

Westman et 
al. (2012) 

Inhibitors of 
RNA Synthesis 

Rifamycins Rifampicin, rifaximin, rifabutin Sterically inhibit RNA strand initialization by binding with 
high-affinity to the DNA-bound subunit and inhibit DNA-

dependent transcription 

Campbell et 
al. (2001) 

Inhibitors of 
Protein 

Synthesis 

Aminoglycosides Gentamicin, tobramycin, streptomycin, 
amikacin, spectinomycin 

Bind to the 30 S of the ribosome to cause misincorporation 
of amino acids into peptides and incorporation of 

misfolded proteins in the cell wall, leading to increased 
drug uptake and cell death 

Hancock 
(1981); 

Chopra and 
Roberts 
(2001) 

Tetracyclines Tetracycline, minocycline, doxycycline 

Macrolides Erythromycin, clarithromycin, 
azithromycin, spiramycin 

Bind to the 50 S ribosome to sterically inhibit the 
peptidyltransferse elongation reaction or block the 

initiation of protein translation 

Tenson et al. 
(2003); 

Mukhtar and 
Wright (2005) 

Lincosamides Clindamycin, lincomycin 

Amphenicols Chloramphenicol, thiamphenicol 
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1.4 Mechanisms of Antibacterial Resistance 

The bacterial response to an antimicrobial agent is the first example of 

bacterial adaptation (Munita et al., 2016). Therefore, understanding the 

basis for intrinsic and acquired resistance is of utmost importance to reduce 

AMR.   

1.4.1 Intrinsic Antimicrobial Resistance 

Since most antibiotics are naturally produced compounds, over time, co-

resident bacteria have developed mechanisms to overcome their mode of 

action (Munita et al., 2016). Therefore, some bacterial species are naturally 

resistant to antibacterial agents. Perhaps, the most prominent example of 

intrinsic resistance is the ability of Gram-negative bacteria to exhibit 

resistance towards several classes of clinically efficacious Gram-positive 

antibiotics (Nikaido, 1994; Cox and Wright, 2013). This type of resistance is 

not a result of selective pressure of antibiotic use, but it is more of a complex 

network involving several genetic factors (Cox and Wright, 2013). 

1.4.1.1 Outer-Membrane Permeability 

The outer membrane of Gram-negative bacteria is composed of an unusual 

arrangement of lipid molecules covalently linked to units of polysaccharides 

in a tightly packed layout (Cox and Wright, 2013). The full saturation of fatty 

acids within lipopolysaccharides will render the membrane more fluid (Obst 

et al., 1997). Consequently, Gram-negative bacteria are intrinsically tolerant 

to high doses of antibacterial agents due to the impermeability of the outer 

membrane serving as a self-sealing envelope (Vaara, 1992).  

1.4.1.2 Efflux Pumps 

Efflux pumps are normally present on the chromosomes of all eukaryotic 

and prokaryotic organisms. These proteins act as exporters of toxic 

substrates (including antibiotics) from within the cells to the external 

environment, allowing the bacterium to survive in a hostile milieu (Webber 

and Piddock, 2003). The first reported resistance mediated by efflux pumps 

was for tetracycline in 1970s (McMurry et al., 1980). 
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1.4.2 Acquired Antimicrobial Resistance 

Acquired resistance is a more complex phenomenon of greater concern in 

clinical settings (Munita et al., 2016).   

1.4.2.1 Genetic Basis of AMR  

Bacteria use one of two genetic strategies to counteract the effect of an 

antibacterial agent. One genetic strategy through developing mutations in 

genes indispensable for the activity of the antibiotic, resulting in a resistant 

mutant bacteria (Santajit and Indrawattana, 2016). In general, genetic 

mutations leading to AMR are able to reverse the effect of the antibiotic via 

i) alteration or inactivation of the drug (β-lactamases), ii) modification of the 

drug binding site (mutation in gene encoding for penicillin binding protein), 

(iii) reduction in the uptake of the antibiotic, or (iv) alteration of metabolic 

pathways (Munita et al., 2016). The second mechanism follows bacterial 

acquisition of foreign DNA through horizontal gene transfer. The bacterial 

genetic exchange takes place through transformation, transduction, or 

conjugation (Thomas and Nielsen, 2005). Transformation is the simplest 

type of horizontal gene transfer involving incorporation of naked DNA. 

However, conjugation is reported in hospital settings and involves the 

transfer of mobile genetic elements following cell-to-cell contact (Thomas 

and Nielsen, 2005; Manson et al., 2010). The incorporation of vehicles 

carrying valuable genetic information play a crucial role in the dissemination 

of resistant cell structure or enzymes capable of bypassing toxic drugs 

(Munita et al., 2016).  

1.4.2.2 Mechanistic Basis of AMR 

1.4.2.2.1 Modification of the Antibiotic Molecule 

This occurs through the production of enzymes capable of introducing 

chemical alterations in the antibiotic molecule. The end result is steric 

hindrance of the drug decreasing its activity (requiring higher MICs) (Munita 

et al., 2016).  For instance, aminoglycoside modifying enzymes inhibit the 

aminoglycoside molecules by modifying the amino or hydroxyl groups 
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(Ramirez and Tolmasky, 2010). β-lactamases, on the other hand, deactivate 

the antimicrobial molecule by destroying the amide bond of the β-lactam ring 

(Schwarz et al., 2004; Dcosta et al., 2011). 

1.4.2.2.2 Decreased Antibiotic Penetration  

This is particularly significant in Gram-negative bacteria where the outer 

membrane acts as a first line of defence against the antibacterial drugs. The 

permeability change in the bacterial membrane will avert hydrophilic 

antibiotics (tetracycline, quinolones and β-lactams) that use water-filled 

diffusion channels from reaching the cytoplasmic milieu of Pseudomonas 

spp. and Acinetobacter baumannii (Hancock and Brinkman, 2002; Pages et 

al., 2008). The reduced penetration of the drug is also linked to a porin-

mediated resistance, that can be achieved through modification of (i) type, 

(ii) level or (iii) function of porins expressed. For instance, mutations in OrpD 

is a classic example of porin-mediated resistance towards imipenem in P. 

aeruginosa, and have been shown to increase among the clinical samples 

(Quinn et al., 1986; Munita et al., 2016).  

1.4.2.2.3 Changes in Target Sites 

To avoid being recognized by antibiotics, resistant bacteria can modify their 

target sites (Santajit and Indrawattana, 2016). This mechanism often results 

from a spontaneous mutation of a bacterial gene on the chromosome in light 

of the selective pressure exerted by an antibiotic. Examples include 

mutations in RNA polymerase and DNA gyrase, causing resistance to 

rifamycins and quinolones, respectively (Lambert, 2005). Other effective 

means of antibiotic resistance that does not require a mutational change in 

the genes encoding the target molecules involve enzymatic alterations of 

the binding sites or replacement of the original target (Blair et al., 

2015)(Floss and Yu, 2005; W. Li et al., 2013; Munita et al., 2016). For 

instance, the erythromycin ribosome methylase (erm) family of genes modify 

the drug-binding site by methylating 16S rRNA  and prevent the binding of 

macrolides, lincosamines and streptogramins. Another example is the 

chloramphenicol–florfenicol resistance (cfr) methyltransferase, which 
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confers resistance to streptogramins, phenicols, oxazolidonones and 

pleuromutilins by methylating A2503 in the 23S rRNA (Blair et al., 2015). 

1.5 Terminology and Definition of Different Resistance Patterns 

Synchronized and consistent definitions with which to classify multidrug 

resistant (MDR), extensive drug resistant (XDR), and pan-drug resistant 

(PDR) bacteria were needed. Therefore, a standardized international 

terminology was suggested during a meeting that was initiated by the Centre 

for Disease Prevention and Control (CDC) in Stockholm in 2008 

(Magiorakos et al., 2012). A bacterial isolate was designated as MDR if it 

exhibited resistance to at least one agent in three or more antimicrobial 

groups. XDR was defined as resistance to at least one agent in all 

antimicrobial categories, whilst PDR is the resistance to all agents in all 

antimicrobial classes (Magiorakos et al., 2012).   

1.6 Biofilm Formation and Antimicrobial Resistance 

Biofilm formation represents an alternative microbial lifestyle in which 

microorganisms can survive in diverse environments, resist antimicrobial 

therapy, and persist in varied infections (Kostakioti et al., 2013). Bacterial 

biofilms are immobile microbial communities that can colonize the host, or 

grow on biotic and abiotic surfaces in community and clinical settings, 

causing serious persistent infections (Kostakioti et al., 2013). The National 

Institute of Health estimated that biofilm formation is responsible for around 

65% and 80% of the total microbial infections and chronic infections, 

respectively (Jamal et al., 2018).  

The formation of a biofilm is a complex dynamic process occurring in 

response to environmental factors (Kostakioti et al., 2013). The matrix of 

bacterial biofilms engulfing the cells accounts for almost 90% of the total 

biomass, and is composed of three stabilizing scaffolds including 

exopolysaccharides, extracellular DNA (eDNA) and proteins (Kostakioti et 

al., 2013; Sharma et al., 2019). Although nutrients and water are efficiently 

retained within the matrix, the polysacchrides’ structure is being constantly 

modified by bacterial enzymes according to the nutrient access and 

availability (Sauer et al., 2004; Kostakioti et al., 2013). The developmental 
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process of biofilm formations involves a complex regulatory network and a 

series of steps including (1) adhesion of free floating bacterial cells to 

surfaces, (2) aggregation of bacterial cells to form small colonies and 

release of exopolysaccharide, (3) multi-layer biofilm formation, and (4) 

biofilm detachment and dispersion (Crouzet et al., 2014). Mature biofilms 

provide protection to its bacterial inhabitants from altered pH, temperatures, 

nutrient deprivation, mechanical forces, and most importantly from immune-

mediated clearance and antimicrobial action (Sharma et al., 2019; Yamada 

and Kielian, 2019). The resistance mechanisms in biofilm communities are 

different from the ones employed by planktonic cells. The genetic and 

molecular basis of these mechanisms are not fully understood, however, 

biofilm resistance can be associated with four main factors: 

1.6.1 Failure of Antimicrobial Penetration to the Biofilm 

Studies have demonstrated that biofilm components can reduce the 

transport of the antimicrobial agents to the intracellular biofilm matrix (Figure 

1.2.a) (Hoyle et al., 1992; Stewart, 1996). Several hypotheses were 

postulated to explain this process since mathematical explanations 

proposed that antibiotics should be able to diffuse easily into the biofilm 

(Mah and O’Toole, 2001; Stewart, 2002). Nevertheless, Suci et al. (1994) 

demonstrated that a colonized bacterial surface was able to diminish the 

diffusion rate of ciprofloxacin compared to a sterile surface. Similar reaction-

diffusion interactions were also able to sequester penicillin from entering 

bacterial biofilms (Anderl et al., 2000). Evidence has suggested that the 

penetration of the positively charged penicillin was retarded by the 

negatively charged biofilm matrix (Nichols et al., 1988; Stewart, 2002). 

1.6.2 Slow Growth and Altered Environment 

Slow bacterial growth, which is normally observed upon deprivation of 

certain nutrients, has been detected in mature biofilms and has been linked 

to biofilm antimicrobial resistance. This is associated with the fact that the 

biocidal action of many antibiotics is growth-dependent. For instance, 

penicillin’s are known to act and kill bacteria in their growing phase only. 
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Furthermore, previous studies have demonstrated that the sensitivity of 

planktonic and biofilm cells of P. aeruginosa, S. aureus and E. coli towards 

ciprofloxacin and tobramycin have increased with increasing growth rate, 

proposing that slow growth is indirectly protecting biofilm cells from 

antibiotics (Mah and O’Toole, 2001).  

The antibiofilm potency of the antibiotics can also be modified by chemical 

gradients such as oxygen and pH (Stewart, 2002). For instance, bacterial 

cells that inhabit an anaerobic region of a biofilm are distinctively protected 

from the action of aminoglycosides, which necessitate the presence of 

oxygen to be effective (Stewart, 2002). Another limiting factor is the 

heterogeneity of the cells within a biofilm ranging from metabolically inactive 

to rapidly growing cells. Therefore, bacterial cells within a dormant zone or 

far from the exposed zone of the biofilm can preferentially endure the 

antimicrobial attack (Korber et al., 1994; Stewart, 2002) (Figure 1.2.b). 

1.6.3 General Stress Adaptive Response 

Recent studies associated the slow bacterial growth in biofilms to an 

adaptive stress response rather than nutrients deprivation. This stress 

response, initiated by regulator factors, is thought to protect the cells from 

damaging factors such as pH fluctuations, chemical attacks, and extreme 

temperatures (Figure 1.2.c) (Mah and O’Toole, 2001; Xu et al., 2001). The 

central regulator of the stress adaptive response is the alternate ó factor, 

RpoS, which is induced by high cell density. Cochran et al. (2000) also 

showed that an additional ó factor, AlgT, acted in concert with RpoS to 

control this response (Mah and O’Toole, 2001). 

1.6.4 Persisters 

This small population of cells, called “persister cells”, are a subset of 

metabolically inactive, phenotypic variants of regular bacteria that can 

tolerate toxic concentrations of antibiotics without undergoing genetic 

changes (Gebreyohannes et al., 2019). This biofilm-specific phenotype was 

first reported in 1942 in one of the first studies on the mechanism of action 
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of penicillin by Hobby et al. (1942) who noted that 1% of S. aureus cells were 

not killed by penicillin and survived its effect. 

Persister cells constitute 1% of the total bacterial population. These cells are 

formed in response to harsh environmental factors (nutrient and oxygen 

depletion), DNA damage and antimicrobials’ action (Gebreyohannes et al., 

2019). Persister cells play a major role in highly recalcitrant infections, since 

they are able to repopulate in biofilms when the level of antibiotics drops, 

accounting for an increased biofilm tolerance to all known antimicrobials 

(Figure 1.2.d) (Lewis, 2007). The reason behind this tolerance is that 

persister cells do not undergo cellular activities that can be corrupted by 

antibiotics, instead, they produce multidrug resistance proteins to halt the 

antibiotic targets (Gebreyohannes et al., 2019).  

On the genetic basis, the formation of persister cells and their induction into 

a state of dormancy were associated with the toxin-antitoxin (TA) systems. 

TA systems mainly involve a stable toxin (a protein) which disrupts vital 

cellular processes such as translation via mRNA degradation, and a labile 

antitoxin (being RNA or a protein) that averts toxicity (Wood et al., 2013, 

2019). It seems evident that ceasing protein production visa ribosome 

activity and producing toxic proteins contribute to a significant increase in 

persistence (Wood et al., 2019). Therefore, it is apparent that the increased 

dormancy in biofilms and the substantial reduction in growth rates of 

persister cells are the two major reasons for the reduced susceptibility of 

biofilms towards antibiotics, skin cleansers and chemical disinfectants 

including chlorhexidine and glutaraldehyde (Mah and O’Toole, 2001; Wood 

et al., 2013). Mutants associated with high persistence were identified in 

different genera including E. coli, P. aeruginosa, S. aureus, Lactobacillus 

acidophilus and Gardnerella vaginalis. The well-known high persistence 

mutants comprise hip, YafQ/DinJ, RelE/RelB and MazF/MazE genes (Wood 

et al., 2013, 2019). 
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Figure 1.2 Suggested mechanisms for biofilm antimicrobial resistance (a) The 
slow or incomplete penetration of the biocide (purple dots) limits the cells’ uptake 
of the agent (b) Adapted cells in altered or extreme microenvironments develop 
greater tolerance (shown as a gradient of green) to antibiotics (c) bacterial cells 
can trigger can adapt a stress response (cells marked in red) to endure 
environmental instabilities (d) Persister cells (dark cells at the bottom) can enter a 
highly protected state and exhibit multidrug resistance. Figure drawn based on 
information from Mah and O’Toole (2001).  

 
1.7 Reduced Incentives to Develop New Antibiotics  

The antibiotic revolution was distinctive for two main phases: the first phase 

(1930s – 1960s) that was remarkable for the continuous discovery of 

antibiotics and full control of bacterial infections, whilst the second one since 

1965 where only one class of new antibiotics (oxazolidinone) has been 

introduced (Davies and Davies, 2010). Since then, the production of new 

antimicrobials has been reduced and development of new drugs has been 

mostly limited to synthetic tailoring of a few core scaffolds to generate 

second and third generation analogs of first generation compounds (Wong 

et al., 2012). 

The European Society of Clinical Microbiology and Infectious Diseases 

(ESCMID) reported, with great concern, that a new era has just began where 

very few new antibiotics are being developed (Cornaglia et al., 2004; Norrby 

et al., 2005). For instance, out of all the novel antibiotics introduced during 

the last 10 years, none showed a good efficacy against MDR Gram-negative 
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bacteria (Norrby et al., 2005). Therefore, several major pharmaceutical 

companies, including Roche, Merck and Abbott, stated that they are 

substantially reducing/stopping the active research on the development of 

new antibiotics. Whilst other companies (GlaxoSmithKline) continued their 

antibiotic developmental progress, they have refocused their efforts into 

more profitable prospects (Norrby et al., 2005).  

The main reasons behind the “big pharma” decision to leave the 

antimicrobials market is that it is financially unattractive to developers. First, 

antibiotics are less profitable than other drug categories. Due to the high 

demands from regulatory authorities and strict pricing controls enforced by 

governments, antibiotics have a high cost of development and a poor return 

on investment (Norrby et al., 2005). Second, the high sales figures achieved 

by industry from antibiotics are threatened by the rapid emergence of AMR, 

which would have a negative effect on future sales (Renwick et al., 2016). 

In addition, unlike other drugs, anti-infective agents are normally given for a 

short period of time, which limits the return per treatment, makes these drugs 

more susceptible to competition and increases marketing efforts (Norrby et 

al., 2005). Other factors contributing to a cautious attitude towards 

developing new antibiotics are the uncertain and the continuously changing 

regulatory requirements for market approval in the United States and 

European Union (Projan, 2003; Renwick et al., 2016). Third, many 

pharmaceutical firms have reallocated their scientific talent and capacity to 

more profitable opportunities, targeting long-term treatment for chronic 

diseases, in a way to diminish their antibiotic expertise and economies of 

scale (Renwick et al., 2016; Towse et al., 2017). 

1.8 Call for Alternatives 

The reluctance of pharmaceutical companies to invest in research for 

evolving new antibacterial drugs pushed researchers who are focused on 

medical therapeutics, to look beyond antibiotics (Wong et al., 2012; 

Sengupta et al., 2013).  

Advancements within synthetic chemistry, genetic engineering and 

biotechnology have opened up new therapeutic avenues. Numerous 
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antimicrobial alternatives are being currently explored and investigated. 

These approaches can be grouped into three broad categories including 

naturally occurring alternatives (phage therapy, antimicrobial peptides, 

bacteriocins, probiotics and antibiodies), synthetically designed strategies 

(synthetic mimics of antimicrobial peptides (SMAMPs), antibacterial 

oligonucleotides, innate defence regulatory peptides) and biotechnology-

based approaches (genetically modified bacteriophages, lysins, CRISPR-

Cas 9 and antibiotic inactivators) (Ghosh et al., 2019).  

Some of these strategies have advanced offering significant promise to be 

used as alternatives, while others are still at the laboratory level (Ghosh et 

al., 2019). For instance, bacteriophages have been approved for treatment 

of infections and use in food industry. Synthetic membrane-active agents 

also showed a great promise as topical agents. However, none of the new 

approaches have proven to be consistently efficient comparable to antibiotic 

treatment so far (Ghosh et al., 2019). Most importantly, most of the 

alternative strategies are strain or species specific, as opposed to the broad-

spectrum traditional antibiotics (Ghosh et al., 2019). This constitutes a major 

disadvantage in their development due to their poor return on investment. 

Therefore, different therapeutic approaches or a combination of some might 

be needed for the treatment of different infections (Wong et al., 2012; Ghosh 

et al., 2019).  

The following section will present an overview of the use of metal ions and 

graphene-based compounds as alternative antimicrobials with broad-

spectrum activity against Gram-positive and Gram-negative bacteria. The 

focus on metal ions relies on the fact that these molecules have access to 

modes of action that are difficult or even impossible to achieve with 

traditional organic molecules (Frei, 2020). They also have a unique 3D 

character that has repeatedly been associated with higher clinical success 

rates (Galloway et al., 2010).  

1.8.1 History of Use of Metals as Antimicrobials 

Historical evidence indicates that ancient civilizations prompted the use of 

heavy metals such as arsenic, bismuth and mercury to treat infections 



19 
 

(Gould, 2016). The antimicrobial effect of metals and metalloids have been 

investigated and applied since the Persian Kings, and later on the 

Phoenicians, Greeks, Romans and Egyptians used silver and copper 

vessels for water decontamination and food preservation (Alexander, 2009). 

Silver coins were also dropped in water, milk and wine containers by North 

Americans and Japanese soldiers during World War II as a strategy to 

prevent the spread of dysentery (Borkow and Gabbay, 2009; Lemire et al., 

2013). Antimicrobial metals have been prized for their use in agriculture and 

medicine. For instance, copper salts is the first astringent known in history, 

dating back to 1500 BP, that was used as a fungistatic to manage plant 

diseases, whilst silver was used to repair vaginal tears and treat gonorrhoeal 

eye infections (Sims, 1998; Ayres, 2004). 

1.8.2 Chemical Properties and Microbial Toxicology of Metal Ions 

The reactivity of metals in living cells and their extent of microbial toxicity is 

governed by three main factors: donor atom selectivity, reduction potential 

and, speciation (Lemire et al., 2013). 

1.8.2.1 Donor Atom Selectivity 

The electronic arrangement of metal ions enables them to bind to atoms (O, 

N and S) of donor ligands in a selective manner resulting in distinct 

geometrical bonding interactions (Lemire et al., 2013). Therefore, proteins 

of the donor ligand have a preference of a bias selection for the proper metal 

needed for protein folding. The reactivity of metal ions can be also attributed 

to the Hard-Soft acid base theory (HSAB; or Pearson’s acid base theory).  

HSAB categorizes metal ions into soft, hard and borderline acids (Table 1.2) 

(Pearson, 1963). Soft acids (such as mercury (II), cadmium (II), silver (I), 

copper (I), nickel (II)) being large and very polarizable, tend to establish a 

firm association with the soft bases (R-SH) found in proteins (Workentine et 

al., 2008). Consequently, the antimicrobial activity of metal ions is 

proportional to a big extent to its affinity for sulphur (Lemire et al., 2013).  
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Table 1.2 Properties and classification of metal ions   

Hard metal ions are electron acceptors of small size and low polarizability that can 
form ionic bonds with oxygen-containing ligands. Soft metal ions are electron 
acceptors of large size and high polarizability that can form covalent bonds 
molecules with nitrogen or Sulphur centres (Nieboer and Richardson, 1980; Duffus, 
2002). If a metal is neither hard nor soft, it is labelled as Borderline (intermediate) 
metal ion. These are transition metals and can behave as a hard or soft acid 
depending on their valence and local bonding environment (Ho, 1975). 
 

Metals Abbreviation Atomic 
number 

Electronegat
-ivity 

Polarizability 

Copper Cu 29 1.90 Soft 

Silver Ag 47 1.93 Soft 

Molybdenum Mo 42 2.16 Soft 

Palladium Pd 46 2.20 Soft 

Platinum Pt 78 2.28 Soft 

Gold Au 79 2.54 Soft 

Tantalum Ta 73 1.50 Borderline/ 
Hard 

Zinc Zn 30 1.65 Borderline 

Rhenium Re 75 1.90  Borderline  

Ruthenium Ru 44 2.20 Borderline 

Rhodium Rh 45 2.28 Borderline 

Tin Sn 50 1.96 Borderline/ 
Hard 

Yttrium Y 39 1.22 Hard  

Zirconium Zr 40 1.33 Hard 

Niobium Nb 41 1.60 Hard 

Aluminium Al 13 1.61 Hard 

Indium In 49 1.78 Hard 

Gallium Ga 31 1.81 Hard 
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1.8.2.2 Reduction Potential 

Reduction potential is a thermodynamic criterion that defines the tendency 

of metals to gain electrons and become reduced (Lemire et al., 2013). 

Therefore, two redox reactions take place (reduction of metal ions and 

oxidation of donor ligand) at different kinetics, with the most physiologically 

relevant dictated by the reaction rate (Finney and Halloran, 2003; Harrison 

et al., 2007; Lemire et al., 2013).  

1.8.2.3 Speciation 

Metal ions can exist in more than one species depending on several 

parameters including pH value, ionic strength, and temperature (Finney and 

Halloran, 2003). The oxidation state of the metals is also affected by other 

factors in the subcellular milieu. As such, the fact that the cytoplasm of 

Gram-negative bacteria is a strong reducing environment compared to the 

periplasm has a great impact on the oxidation state of the metal, and hence 

its activity (Stewart et al., 1998; Lemire et al., 2013). 

1.8.3 Mechanisms of Action of Metals  

The toxicity of metal ions to bacterial cells and inhibition of cellular growth 

are complex processes that result from one or a combination of mechanisms 

(Figures 1.3 and 1.4). 

1.8.3.1 Reactive Oxygen Species (ROS) Production 

Certain metals (Cu, Ag, chromium (Cr), vanadium (V), nickel (Ni), and cobalt 

(Co)) are known for their ability to disrupt the protein clusters that control 

iron (Fe) by targeting their cellular donor ligands (Anjem and Imlay, 2012). 

The damage of the clusters will therefore lead to the release and 

accumulation of Fe in the cytoplasm, which consequently triggers an Fe-

mediated Fenton reaction (Touati, 2000). 

Fe2+ + H2O2 → Fe3+ + OH- + OH● 

Fe3+ + O2
●- → Fe2+ + O2 
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The OH● generated reacts with other biomolecules and provokes the 

formation of additional free radicals, leading to cell injury and eventual death 

(Anjem and Imlay, 2012). 

Another aspect involved in oxidative stress is the depletion of antioxidants 

through oxidation of cellular thiols (Lemire et al., 2013). This feature is 

associated with the ability of soft and borderline metals, having high 

electron-sharing affinity, to bond with sulphur, enhancing the formation of 

protein disulphides, and therefore the depletion of antioxidant reserves 

(Helbig et al., 2008). For instance, reports have indicated depleted levels of 

thiols for Escherichia coli (E. coli) exposed to doses of Ag, Zn, Co, Cr and 

tellurium (Te) (Harrison et al., 2009).  

1.8.3.2 Protein Dysfunction  

A few amino acid residues (lysine, proline, arginine and histidine) found in 

proteins are adjacent to metal-binding sites, and hence are prone to 

oxidation by metal ions to form carbonyl derivatives (Stadtman and Levine, 

2003). The oxidation reaction leads to protein degradation and loss of 

enzymatic activity, which partly accounts for the metals’ antimicrobial activity 

(Stadtman and Levine, 2003). For instance high carbonyl levels were 

detected in Saccharomyces cerevisiae following high doses of Cr (VI) 

(Sumner et al., 2005).   

1.8.3.3 Impaired Membrane Function 

It is proposed that metal ions act on the highly electronegative chemical 

groups found in bacterial membrane which may compromise its structural 

integrity (Zhang and Rock, 2008). Previous studies have visualized the clear 

morphological damages of the cytoplasmic membrane of E. coli and S. 

aureus caused by Ag and Al (Yaganza et al., 2004; Yamanaka et al., 2005). 

Ag, for instance, was shown to weaken the membrane by disrupting the 

electron transport chain and causing proton leakage (Lok et al., 2006). 

However, Cu has been associated with an increased production of 

thiobarbiutiric acid reactive substances (TBARS) and lipid peroxidation 

(Hong et al., 2012). Bacterial membrane impairment due to bacterial toxicity 
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is still a controversial mechanism since it is hard to decide if this is a cause 

or a consequence of cell death.  

1.8.3.4 Interference With Nutrient Assimilation 

Starvation-induced growth inhibition is another mechanism that some metal 

ions (Cr and Ga) may incur on bacterial cells. Kaneko et al. (2007) reported 

the ability of Ga to decrease the expression of genes encoding for the 

selective uptake for Fe (III), leading to Fe starvation and cell death. Pereira 

et al. (2008) also showed that the antimicrobial toxicity of Cr (VI) was related 

to its ability to inhibit sulphur uptake due to the competitive inhibition of the 

sulphur transporters. 

1.8.3.5 Genotoxicity  

With the lack of the in-vivo evidence, in-vitro studies indicate that few metals 

can promote DNA damage. Those metals disrupt Fe homeostasis and 

increase the rate of spontaneous mutagenesis causing irreversible DNA 

break and cell death (Desroches et al., 2013). Mn, Co, Mo and Cr are 

renowned as mutagenic metals against bacteria (Asakura et al., 2009).  
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Figure 1.3 General mechanisms for antimicrobial activity of metals. Different 
metal ions exhibit different modes of action towards bacterial pathogens. Metals 
can lead to inactivation of enzymes and proteins that are necessary for cellular 
metabolism. They can also trigger an ROS-dependent oxidative stress response 
and antioxidants depletion. Some metals can be genotoxic accelerating DNA 
damage and cell death, whilst others act through disruption of cell wall and plasma 
membrane leading to a massive leakage of cellular contents. Figure drawn based 
on information from Lemire et al. (2013) Wyszogrodzka et al. (2016) and Roy et al. 
(2019). 
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Figure 1.4 Schematic of specific antibacterial mechanisms of action 
associated with particular metal ions. Figure drawn based on information from 
Ciriolo et al. (1994), Feng et al. (2000), Kaneko et al. (2007) and Wyszogrodzka et 
al. (2016). 

1.9 Metal-Based Antimicrobials (MBA) 

Following the increasing knowledge regarding the mode of action of metals, 

a wide range of metal-based antimicrobials have been designed and 

incorporated in a variety of commercial products during the last few years 

(Turner, 2017). Although the use of MBA is not very new, recent and 

continuous additions are being made to the MBA depository making it highly 

effective.  Below are a few examples of the main MBA commercial practices 

(Table 1.3).  

Ag has demonstrated a 99% efficacy in reducing bacterial cell viability when 

incorporated in wound dressings (Boonkaew et al., 2014). A better 

antimicrobial performance was noted for Ag-coated urinary catheters 

compared to the conventional alloy-coated catheters (Rupp et al., 2004).  

Furthermore, an enhanced activity was recorded against S. aureus and 
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Klebsiella pneumoniae (K. pneumoniae) for catheters coated with a 

combination of Ag and titanium (Ti), while exhibiting, at the same time, no 

cytotoxic effects to osteoblasts and epithelial cells (Ewald et al., 2006). 

Meanwhile, Cu coatings have gained substantial attention lately due to its 

ability to inhibit a variety of pathogenic bacteria including verocytotoxigenic 

E. coli, vancomycin-resistant Enterococci, Mycobacterium tuberculosis, 

Salmonella enterica (S. enterica), Campylobacter jejuni, Listeria 

monocytogenes and methicillin-resistant S. aureus (Faúndez et al., 2004; 

Wilks et al., 2005; Noyce et al., 2006; Mehtar et al., 2008). Bacterial isolates 

were able to survive for few minutes to hours on Cu coatings compared to 

other surfaces coated with polyvinyl chloride (PVC), stainless steel, 

aluminium and silicon (Borkow et al., 2010). Socks impregnated with Cu 

have been suggested by Borkow and Gabbay (2009) to improve wound 

healing in diabetic people (athlete’s foot).   

The use of Au have been thoroughly investigated, and showed promising 

results for biomedical applications in imaging, detection, and therapy, 

especially for gold nanoparticles (AuNPs) that displayed higher stability than 

silver nanoparticles, are inert, non-toxic and size-controllable (Katas et al., 

2019; Yougbare et al., 2019). Similar to Au, Pd has demonstrated a high 

compatibility for use in the oral environment and can be used for dental 

fillings. Pt is an exceptionally valuable metal that possesses antimicrobial 

properties against K. pneumoniae, Enterobacter faecium, and Acinetobacter 

baumannii (Vaidya et al., 2017). It presents a high potential to be 

incorporated in an array of biomedical applications (including permanent 

implants, orthopaedic, and surgical instruments), but this is limited by its high 

cost and low abundance (Cowley and Woodward, 2011). 

Due to their additive effects when combined together or with other 

compounds, metals are being used in different combinations in numerous 

applications. For instance, a combination of desferrioxamine-Ga (DFO-Ga) 

and gentamicin has been reported to kill P. aeruginosa biofilms (Banin et al., 

2008). Cu and quaternary ammonium have also been used in combination 

to create an industrial wood-preservative fungicide that is currently used in 
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North American, Australia and Europe (Harrison et al., 2008). Following the 

promising antimicrobial potential, research into MBA therapy has now 

progressed towards clinical studies (Lemire et al., 2013).  
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Table 1.3 Overview of the use of metals as antimicrobials in different biomedical and cosmetic applications 

Metal ion Target Bacterium Medical/Clinical Use Reference 

Ag S. aureus, K. pneumoniae, P. aeruginosa  Urinary catheters 

 Implants 

 Wound dressings 

Dizaj et al. (2015)  
Mittapally et al. (2018) 

Sn S. aureus, E. coli, Shigella flexineri  Used to decontaminate 
circulating water 

 Antifouling 

John et al. (2018) 
Mittapally et al. 

(2018) 

Au MDR E. coli, MDR S. typhimurium, MDR S. 
aureus 

 Dental fillings 

 Biosensors 

 Water remediation 

Dasari et al. (2015) 
Lopez et al. (2019) 

Cu Legionella, E. coli, MRSA, Enterococci, S. 
enterica 

 Cu/Ag to decontaminate 
drinking water in hospitals 

 Wound/ulcer dressing 

Lin et al. (2011) 
Vincent et al. (2016) 

Zn S. aureus, E. coli, P. aeruginosa, Bacillus 

subtilis, E. faecalis 

 Ointments, lotions, and 
mouthwashes 

Jiang et al. (2018) 

Pt E. coli, S. aureus, B. cereus, P. aeruginosa  Hip and knee implants  

 Cardiovascular defibrillator 

 Catheters 

Cowley et al. (2011) 
Koller et al. (2017) 

Pd Bacillus, E. coli, K. pneumoniae  Dental fillings 

 Medical implants 

Rimbu et al. (2014) 
Koller et al. (2017) 

Ga A. baumannii, P. aeruginosa, 

Enterobacteriaceae 

 Antineoplastic agent Bonchi et al. (2014) 
Hijazi et al. (2018) 
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1.10 Graphene and Graphene Oxide 

The interest in research of the applications of carbon-based 

nanotechnologies has been expanding for the last few years in light of its 

promising potential applications in various fields, including sensor 

development, biomedicine, drug delivery, molecular imaging, energy 

conversion, water treatment, and storage devices (Gurunathan et al., 2012). 

Although the increase in graphene use has boomed after its isolation by 

Geim and Novoselov, graphite has been  known as a mineral for almost 500 

years (Geim and Novoselov, 2007). Owing its weak dispersion forces, 

graphite was even used as a marking instrument in the middle ages, which 

is equivalent to using a pencil today (Allen et al., 2010).  

1.10.1 Chemical Perspectives of Graphene-Based Compounds 

The valence of the carbon element enables it to form different allotropes of 

distinct shapes, structures and properties including graphite, graphene, 

fullerene and carbon nanotubes (Szunerits and Boukherroub, 2016).  

Graphene (Gr) is an ultrathin 2D nanomaterial which is composed of a single 

layer of sp2-bonded carbon atoms packed in a honeycomb crystal lattice 

(Figure 1.5.a) (Zhu et al., 2017). Graphene oxide (GO) is a chemically 

modified form of graphene having multiple oxygen containing functionalities 

(epoxides, alcohol or carboxylic acids) (Figure 1.5.b). These functional 

groups allows GO to react with many chemical groups (Lu et al., 2012). 

There is no general consensus over the exact structure of GO due to its 

complicated non-stoichiometric nature, however several models have been 

proposed (Dreyer et al., 2010).   
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Figure 1.5 Chemical structures of (a) graphene and (b) GO. Figures reproduced 

from Ilbay et al. (2017) and Azman et al. (2018). 

The two carbon-based structures possess unique characteristics such as 

thermal and electrical conductivity, chemical stability, high specific surface 

area, and mobility of charge carriers (Lu et al., 2012; Slate et al., 2019). 

Graphene-derivatives are preferentially used over other carbon-based 

materials. This is related to that fact that, unlike fullerenes and carbon-

nanotubes that are synthesized from carbon-containing gases in the 

presence of catalytic nanoparticles, graphene composites are free from 

metallic impurities (Szunerits and Boukherroub, 2016).  

1.10.2 Antibacterial Mechanism of Action of Graphene and GO 

Graphene and GO have previously been shown to exhibit an inhibitory and 

bactericidal effect against Gram-positive (S. aureus) and Gram-negative 

(E.coli, P. aeruginosa) bacteria (Table 1.4) (Tu et al., 2013; Pham et al., 

2015). Graphene and GO have risen to the spotlight of antibacterial agents 

due to their remarkable properties, low cytotoxicity to mammalian cells, and 

their synergistic activity with other biocides (Liao et al., 2011; Zhu et al., 

2017). The exact mechanism of antibacterial activity of the carbon 

nanosheets is not fully elaborated. However, several scenarios have been 

proposed and examined. Experimental approaches to understand the 

mechanism of action of the graphene nanocomposites revealed a physical 

damage to the bacterial membrane (Akhavan and Ghaderi, 2010). Bacterial 

membrane stress has been associated with a physical interaction between 

the bacterial cell and the sharp nanosheets of graphene or GO, via two 

possible mechanisms (1) self-insertion and cutting of the phospholipid 

membrane by the graphene composites, and (2) detrimental extraction of 
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the phospholipids (Figure 1.6) (Zhou and Gao, 2014; Al-Jumaili et al., 2017). 

Tu et al. (2013) used transmission electron microscopy and molecular 

dynamic simulations to explain the details of the antibacterial action. They 

proposed three stages through which a graphene sheet could cross the 

outer and inner membranes including the swing mode, the insertion mode, 

and the extraction mode. The process starts with a vibrational movement 

(10-100 nanoseconds) of the graphene sheet that is swinging back and forth 

with its tail end touching the cell membrane several times. The insertion 

mode is initiated when the graphene tail becomes trapped in the membrane 

due to the powerful van der Waals interactions from membrane lipids and 

hydrophobic interactions. Once the tail is inserted, the graphene nanosheets 

punctures and cut through the lipid membrane within nanoseconds. The 

nanosheets start then a vigorous extraction of the phospholipid molecules 

from the lipid membrane onto its own surfaces, leading to an irreversible 

distortion of the membrane due to the sparse lipid content and strong 

protracted forces (Tu et al., 2013; Al-Jumaili et al., 2017).  

The antibacterial action of graphene is not only confined to the structural 

damage of the bacterial membrane and cell wall. It also depends on the 

chemical interactions between carbon nanosheets and cells resulting in an 

electron transfer phenomenon (Li et al., 2014). The electron drainage from 

the outer bacterial membrane triggers an oxidative stress response and cell 

death (Al-Jumaili et al., 2017). Graphene is also able to trigger an oxidative 

stress response through ROS generation that causes extensive damage to 

the lipids and proteins found in bacterial cells (Sanchez et al., 2012). 

Previous studies have investigated the interaction of graphene and 

graphene oxide with glutathione and reported a catalytic activity mediating 

an oxidative damage (X. Liu et al., 2011; Sanchez et al., 2012) due to a 

series of direct oxidation reactions on graphene/GO planes or due to an 

indirect trigger for cellular oxidants’ production (Sanchez et al., 2012).  

The activity of graphene is dependent on a complex interplay of several 

parameters including shape, size, surface area, synthesis methods and 

exposure time. Dallavalle et al. (2015) reported that small sheets (<5.2 nm) 

could pierce through the membrane and pass through it without affecting the 
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order of phospholipids. Larger graphene sheets (< 11.2 nm), on the other 

hand, exhibited a higher bactericidal effect against bacteria, due to the 

increase in the cutting effect and the improved ability to displace 

phospholipids in the membrane (Dallavalle et al., 2015; Al-Jumaili et al., 

2017; Neto, 2019). Larger sheets were also able to entrap bacterial cells in 

a “wrapping” process, isolating them from their surrounding and depriving 

them from nutrients and oxygen (Dallavalle et al., 2015; Neto, 2019).  

 

Figure 1.6 Schematic for graphene-related different antimicrobial 
mechanisms. The proposed mechanisms of antibacterial action of graphene 
include bacterial wrapping, cutting through the inner and outer bacterial membrane 
causing extraction of phospholipids and irreversible membrane damage, and 
electron transfer triggering an ROS response. Figure adapted and modified from 
Jia et al. (2016) and Al-Jumaili et al. (2017). 

1.10.3 Combinations of Graphene Composites and Metal Ions 

Once the antimicrobial properties of the graphene nanocomposites were 

well established, their alteration into several application-driven purposes 

was necessary. Promising results were reported by incorporating metal 

nanoparticles into graphene-based scaffolds (Table 1.4) (Al-Jumaili et al., 

2017).  

1.10.3.1  Graphene/Silver Nanoparticles 

Silver is recognized as one of the oldest most efficacious antimicrobials used 

for the last 40 years (Roy et al., 2019). Nonetheless, the efficient 
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antibacterial use of silver is limited by the oxidation and aggregation of Ag 

nanoparticle (AgNPs). The addition of GO was able to diminish the 

nanoparticles’ oxidation process enhancing the antimicrobial efficacy. Gao 

et al. (2013) associated this finding with the high number of oxygenated 

groups found on the GO-AgNPs planes that increases the ability of the 

compound to bind to surfaces and materials.  

1.10.3.2  Graphene/Gold Nanoparticles 

Recent studies have demonstrated that the addition of gold nanostructures 

into reduced GO (rGO) sheets results in a bactericidal effect (Hussain et al., 

2014). Furthermore, graphene sheets encased with gold are currently used 

for bacterial photothermal ablation, which might be a new possibility to treat 

Urinary tract infections (UTIs) (Szunerits and Boukherroub, 2016).  

1.10.3.3  Graphene/Copper Nanoparticles 

Aiming to control the release of Cu ions, Ouyang et al. (2013) integrated 

CuNPs into modified poly-L-lysine rGO, which exhibited remarkable 

properties of antimicrobial activity, high stability, long endurance and water 

solubility.  

1.10.3.4  Graphene/Zinc Oxide Nanoparticles 

Much like AgNPs, the long-lasting antimicrobial activity of zinc oxide 

nanoparticles (ZnO NPs) is compromised by their aggregation. Therefore, 

several groups have investigated the incorporation of ZnO NPs into 

graphene. The outcome indicated that GO sheets helped the dispersion of 

ZnO NPs and brought them closer to bacterial cells, facilitating bacterial lysis 

(Wang et al., 2014).  

 

 

 



34 
 

Table 1.4 Properties and antibacterial activity of graphene, GO and 
graphene/GO loaded with nanoparticles 

 

 

 

 

 

 

Gr/GO/metal size Bacteria concentration Reference 

GO ~ 205 nm E. coli 
(90.9% viability 

loss) 

< 100 µg/mL 
 

Tu et al. (2013) 

GO 0.31  µm S. aureus 
E. faecalis 

P. aeruginosa 
 

10  µg/mL 
10  µg/mL 
150 µg/mL 

Liu et al. (2011) 

GO 10 nm to 20 µm E. coli 40 µg/mL Liu et al. (2012) 

GO 0.525 -3.40 µm  P. aeruginosa 
(87% viability 

loss) 

0.1 mg/mL Guruntham et 
al. (2012) 

GO 
nanosheets 

1.4 nm E. coli 50 - 200  
µg/mL 

Perreault et al. 
(2015) 

Graphene 
nanosheets 

 
---- 

B. subtilis 
S. typhimurium 

E. faecalis 
 

4.0  µg/mL 
1 .0 µg/mL 
8.0  µg/mL 

Krishnamoorthy 
et al. (2012) 

Graphene 
films 

---- S. aureus 60 µL/mL Li et al. (2014) 

GO-AgNPs 9.4 nm MRSA 15  µg/mL De Moraes et 
al. (2015) 

rGO-AuNPs 8-15 nm P. aeruginosa 
K. pneumoniae 

B. cereus 

5-50 µg/mL Saikia et al. 
(2016) 

Gr-ZnO 22 nm E. coli 
100% inhibition 

0.003 µg/mL Kavitha et al. 
(2012) 

GO-ZnO 4 nm E. coli 10  µg/mL Wang et al. 
(2014) 
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1.11 Negative Aspects of Using Metal-Based And Graphene-Based 

Antimicrobials 

1.11.1 Bacterial Resistance 

The loss of effectiveness and the development of bacterial resistance 

towards metal ions must be considered as a consequence of common uses 

of metal-based antimicrobials (Turner, 2017).  

Bacterial metal-ion resistance is a common mechanism that stretches back 

to 1960s, when the first mercury resistant S. aureus isolated from an infected 

wound was reported (Barber, 1961). Some of the well-characterized 

examples of bacterial metal resistance include copper and silver resistance 

among E. coli, K. pneumoniae and Staphylococcus pseudointermedius 

(Delmar et al., 2014; Hobman and Crossman, 2015). Arsenic resistance has 

been detected in Staphylococcus haemolyticus and Yersinia pestis, whilst 

cadmium, lead, cobalt, zinc and uranium resistance were detected in 

Stenotrophomoas maltophila (Crossman et al., 2008; Yu et al., 2014).  

Bacterial metal-ion resistance was first discovered in the second half of the 

twentieth century (Hobman and Crossman, 2015). The natural exposure of 

microorganisms to bioavailable metals, over billions of years, has been the 

driving factor for bacterial innate immunity towards metal ions, at least at 

their “environmental concentrations” (Monych et al., 2019). Bacteria has 

developed the ability to control the intracellular levels of these metals, by 

evolving mechanisms to acquire the essential metals and eliminate the 

deleterious excess levels or toxic metals (Hobman and Crossman, 2015).  

The resistance mechanisms employed by the bacteria to nullify the effects 

of metal toxicity are conceptually similar to the antibiotic resistance 

mechanisms (Lemire et al., 2013). Most of these mechanisms have been 

well characterized at the bacterial genetic level and were linked 

predominantly to efflux of metal ions from the cell. The genes that are 

responsible for efflux transporters’ are plasmid-mediated, hence, are easily 

transferable through horizontal gene transfer (Hobman, 2017). These genes 

are often part of an operon coding for metal chelator molecules or proteins 
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including multiple transporters that account for a full efflux system extending 

from the cytoplasm to the outside of the cell (Delmar et al., 2014; Hobman 

and Crossman, 2015). Other mechanisms of general metal resistance in 

bacteria can include methylation/demethylation of metals, stress response 

mechanisms, intracellular/extracellular sequestration and reduction of metal 

ions (Ianeva, 2009). However, specific metal ion resistance mechanisms are 

often characterized by a group of structural resistance genes that are 

encoded by a metal ion specific response regulator (Delmar et al., 2014; 

Hobman and Crossman, 2015). The products of these genes produce a 

metal ion-specific efflux protein or enzyme that can modify the metal ion into 

a less toxic form (Silver and Phung, 1996). The chemistry of the metal ion 

itself can notably dictate the bacterial resistance mechanism towards it. For 

instance, certain metals are more prone to chemical modification, making 

them either insoluble or less toxic (Tchounwou et al., 2012). Mercuric ion 

resistance in Gram-negative bacteria is a very good example where Hg2+ 

are imported across the cytoplasmic membrane via MerT to the cytoplasm 

where they are reduced to the non-toxic form (Hg0) by mercuric reductase 

(MeRA) (Hobman and Crossman, 2015). Furthermore, metallic mercury 

(Hg0) is volatile at room temperature and pressure; therefore, it is capable 

of leaving the bacterial cell by passive diffusion (Hobman and Crossman, 

2015).  

Bacterial resistance towards graphene composites is less likely to happen 

since the antimicrobial mechanism of these composites rely on the 

destruction of the bacterial memnrane through insertion of the carbon 

sheets. There are no reports, to date, reporting bacterial resistance towards 

graphene or graphene oxide. 

1.11.2 Potential Toxicity towards to Human Cells 

While research to date on MBAs has considerable promise, it is evident that 

very little is known when investigating their antimicrobial potential (Turner, 

2017). A common misconception among non-inorganic chemists is the 

notion that metals, metalloids and their complexes are mostly toxic (Frei, 

2020). The concept of toxicity stems from the different modes of action 
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employed by metal ions to kill bacteria including ROS production, generation 

of free radicals, protein dysfunction or impaired membrane function (Lemire 

et al., 2013). These general mechanisms are not specific to bacteria and 

can be detrimental to human cells. To address this issue, Frei et al. (2020) 

analysed the antimicrobial profile of more than 1000 metal complexes using 

the Community for Open Antimicrobial Drug Discovery (CO-ADD) – a global 

antimicrobial platform that screens user-submitted compounds against 

ESKAPE pathogens and two fungal species. They also assessed the 

haemolytic activity of the compounds against human red blood cells and 

their toxicity by measuring mammalian cell viability using HEK293 human 

embryonic kidney cells. The results indicated that 88 out of 246 metal 

compounds exhibited a broad-spectrum antimicrobial activity with no 

indication of any toxicity or haemolytic properties at the highest tested 

concentrations (Frei, 2020; Frei et al., 2020). Amongst the metal complexes, 

ruthenium, silver, palladium and iridium were the most frequent element 

found in active ‘non-toxic’ compounds (Frei et al., 2020). For instance, 

ruthenium showed a remarkable antimicrobial activity against E. coli, S. 

aureus and B. subtilis and normal activity against human lung fibroblasts (Le 

Gall et al., 2018). In fact, Feng et al. (2019) demonstrated the preferential 

killing of ruthenium of bacterial over mammalian cells in vitro. Bismuth, which 

has been lately used for the treatment of colitis wound infection and 

gastrointestinal disorders, also showed a low cytotoxicity against human 

cells while being  potent against Helicobacter pylori (Fock et al., 2013). 

Furthermore, metal-based FDA-approved drugs have been in the market for 

several decades, such as Auranofin (gold-based antirheumatic drug). 

Auranofin was found to be safe with no traces of toxicity observed in patients 

following a 5 year treatment (Blodgett and Pietrusko, 1986; Frei, 2020). 

While further studies and investigations are required to assess the safety of 

metal ions, preliminary studies highlight the future promising directions for 

the development of metal-based antibacterial agents (Frei, 2020). 

The toxicity of graphene is dependent on so many factors including the 

graphene chemical structure, the nature of the functionalized coatings, the 

size, the cell type, the number of layers (Gurunathan et al., 2012; Seabra et 
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al., 2014). The administration route, dose, time of exposure, and synthesis 

methods are also critical for in-vivo experiments (Gurunathan et al., 2012). 

Therefore, generalized conclusions regarding the potential toxicity of 

graphene-based compounds can be inaccurate and misleading, since it is 

case-specific (Seabra et al., 2014). Hence, contradictory results regarding 

the toxicity of graphene have been reported since 2004. To evaluate their 

potential toxicity, a zebrafish embryo has been established as a model due 

to its close homology with the human genome. Gollavelli et al. found no 

significant abnormalities in the survival rate of zebrafish embryos, following 

their injection with multifunctionalized graphene (Gollavelli and Ling, 2012; 

Seabra et al., 2014). In general, the toxicity of GO was observed to be dose-

dependent in both human and animal cells, displaying little to no effect for 

low and medium doses in mice (Ruiz et al., 2011; Wang et al., 2011). 

Although the mechanisms responsible for graphene and GO toxicity have 

been discussed previously, no conclusions have been drawn that are 

sufficient to establish risk assessments or regulations (Seabra et al., 2014). 

1.12 Bacterial Pathogens Selected for this Study  

To tackle the AMR crisis, a global action plan was published by WHO in 

2015, with the prospects that individual countries will develop their own 

national action plans on AMR in keeping with the global strategy (Zhen et 

al., 2019). The WHO plan encompasses a global priority list of resistant 

organisms including Enterococcus spp., S. aureus, K. pneumoniae, A. 

baumannii, P. aeruginosa and E. coli – collectively known as ESKAPE 

pathogens - to guide the research, discovery and development of new 

antibiotics (Pogue et al., 2015; Zhen et al., 2019). ESKAPE pathogens are 

the leading cause of health-care-associated infections worldwide; therefore, 

directing attention towards these organisms is essential since MDR 

ESKAPE bacteria are associated with higher morbidity and mortality rates, 

opportunities for spreading to other patients, as well as economic burden 

(Pogue et al., 2015; Karlowsky et al., 2017; Zhen et al., 2019). 
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1.12.1 ESKAPE Pathogens 

ESKAPE, by definition, is an acronym designating six bacterial pathogens 

of high virulence, including Enterobacter spp., S. aureus, K. pneumoniae, A. 

baumannii, P. aeruginosa and Enterococcus faecium. There is a new 

designation to include E. coli as a member of the ESKAPE family, since E. 

coli and ESKAPE pathogens together, cause the majority of life-threatening 

bacterial infections in health care facilities among critically ill and 

immunocompromised patients worldwide (Savin et al., 2020). As their name 

indicates, ESKAPE pathogens, together with E. coli, are able to “escape” 

the biocidal action of antibiotics, presenting novel prototypes in 

pathogenesis and resistance, and new challenges for treatment (El-

mahallawy et al., 2016). ESKAPE pathogens are grouped according to their 

necessity for developing new effective antibacterial agents into three main 

priority tiers: medium, high, and critical priority (Figure 1.7) (WHO, 2017; 

Zhen et al., 2019). In particular, carbapenem-resistant K. pneumoniae and 

P. aeruginosa are classified as critical-priority pathogens, whilst MRSA and 

vancomycin resistant S. aureus are on the high-priority list (WHO, 2017). 

The number of antibiotics that are still effective against ESKAPE organisms 

has diminished to a point where many antibiotics have been deleted since 

2010, whilst only few were added. This study focused on three ESKAPE 

pathogens, which were P. aeruginosa, K. pneumoniae and S. aureus.  
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Figure 1.7 WHO priority pathogens list for research and development of new 
antibiotics. Figure adapted from WHO (2017). 

1.12.1.1  P. aeruginosa 

P. aeruginosa is a Gram-negative rod, facultative anaerobe belonging to the 

family Pseudomonadaceae. It is an opportunistic pathogen that is 

responsible for 11-22.6% of nosocomial infections (particularly in 

immunocompromised and burn patients) (Driscoll et al., 2007). Infections 

can range from dermatitis, soft tissue infections, urinary tract infections, 

gastrointestinal infections, respiratory infections to bacteraemia. P. 

aeruginosa is a pathogen of a specific concern in burn patients, being the 

second most frequent bacteria (14.29% - 27%) isolated from burn infections 

(Othman et al., 2014; Latifi and Karimi, 2017). Furthermore, the isolation of 

P. aeruginosa can increase up to 55% in burn patients hospitalized for more 

than 2-3 weeks (Lachiewicz et al., 2017). Due to its outer membrane, P. 

aeruginosa can be intrinsically resistant to various antimicrobial agents.  P. 

aeruginosa infections can be treated with one of the following antimicrobial 

groups: polymyxins, aminoglycosides (amikacin, gentamicin and 
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tobramycin), fluoroquinolones (levofloxacin and  ciprofloxacin), or ß-lactams 

(Driscoll et al., 2007; ECDC, 2018). Resistance, however, can develop 

through modification of the structure of the antibiotic target, degradation of 

the enzymes or efflux and permeability reduction (Driscoll et al., 2007). 

EARS-Net reports indicated that, in 2018, 32.1% and 19.2% of P. 

aeruginosa isolates were resistant to at least one antimicrobial group, and 

two or more antimicrobial groups, respectively (ECDC, 2018).  

1.12.1.2  K. pneumoniae 

K. pneumoniae is a Gram-negative, rod-shaped member of the 

Enterobacteriaceae family. K. pneumoniae is known to be the causative 

agent of major healthcare associated infections including intra-abdominal 

infections, bloodstream infections, lower respiratory tract infections, 

pneumonia, and septicaemia (Keynan and Rubinstein, 2007). K. 

pneumoniae has developed resistance towards several classes of 

antibiotics during the last few years, most importantly it acquired a variety of 

ß-lactamase enzymes (Santajit and Indrawattana, 2016). Beta-lactamases 

(ESBL) producing K. pneumoniae are able to inactivate the effect of ß-

lactam antibiotics (cephalosporin and penicillin) by opening up their rings. 

Carbapenem can frequently endure the action of ESBLs, and therefore it is 

conventionally used as one of the few options for treating K. pneumoniae 

persistent infections (Navon-Venezia et al., 2017). The problematic situation 

of K. pneumoniae resistance to carbapenem has the potential to confer 

resistance to all ß-lactams. Furthermore, carbapenemase genes are 

encoded on plasmids that can be easily exchanged between K. pneumoniae 

and other Gram-negative bacteria (Navon-Venezia et al., 2017). Healthcare 

professionals confirm that cases of outbreaks of carbapenemase-mediated 

MDR resistant K. pneumoniae strains can only be reduced and not 

completely eliminated, even with severe precautionary practices (Santajit 

and Indrawattana, 2016). The six WHO regions (American region, African 

region, European, Eastern Mediterranean, West-east Asia and South 

Pacific) were reported to have more than 50% resistance of K. pneumoniae 

towards third generation cephalosporin, whilst two regions exhibited more 
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than 50% to carbapenems (Zhen et al., 2019). Surveillance reports also 

indicated that there was a 6-fold increase in the in K. pneumoniae attributed-

deaths between 2007 and 2015 (ECDC, 2018). 

1.12.1.3  S. aureus 

S. aureus is a Gram-positive cocci-shaped bacterium that is normally found 

in the environment and can persistently colonize the anterior nares of 15% 

of the population (Wertheim et al., 2005). S. aureus is the leading cause of 

a wide range of infections in the community and clinical settings, including 

device related infections, skin ad soft tissue infections, bacteraemia and 

endocarditis (Tong et al., 2015). Penicillin remained the treatment of choice 

for S. aureus infections until the emergence of ß-lactamase producing S. 

aureus in 1948, that accounts for 65%-85% resistance to penicillin G among 

S. aureus today (Santajit and Indrawattana, 2016). S. aureus can acquire 

resistance to ß-lactams (including methicillin) through the expression of a 

foreign penicillin binding protein (PBP) that shows low affinity for methicillin, 

precluding the inhibition of cell wall synthesis (Stapleton and Taylor, 2002). 

Glycopeptide antibiotics such as teicoplanin and vancomycin are currently 

used to treat MRSA, however, their extensive use has induced some clinical 

strains to display intermediate and full resistance towards vancomycin 

(Chambers and Deleo, 2009). Combined resistance to more than one 

antimicrobial agent was very common among MRSA, with MRSA-

fluoroquinolone being the most frequent resistance combination (ECDC, 

2018). The incidence of MRSA exceeded 20% in the six WHO regions, 

among which three regions exceeded 80% (Zhen et al., 2019). 

The high levels of AMR for several combinations of important bacterial 

species to antimicrobial group as reported by ECDC for 2018 demonstrate 

that AMR is still a serious challenge in the UK (Figure 1.8) (Santajit and 

Indrawattana, 2016). 
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Figure 1.8 Representation of the percentage of P. aeruginosa, S. aureus and 
K. pneumoniae isolates, collected within UK during 2018, into fully 
susceptible and resistant to one, two, three, four or five antimicrobial groups. 
Data represents invasive bacterial isolates from blood and cerebrospinal fluid only. 
AMR data for 2018 was reported to EARS-Nat before August 2019. Histogram 
plotted based on data from ECDC (2018). 
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1.13 Aim and Objectives of the Study 

The use/misuse of antibiotics during the past 60 years has exerted a 

selective pressure on susceptible bacteria, favouring the survival of resistant 

strains and endangering the efficacy of antibiotics.  

In the light of the global increase in AMR threatening the management of 

infections and the decrease in antibiotic development, there is a compelling 

need to address AMR with novel agents.  

The main interest of this thesis was to assess the antimicrobial efficacy of 

metal ions and graphene composites against ten MDR ESKAPE pathogens. 

It also aimed at developing new antimicrobial formulations (for skin 

cleansers and nasal topicals) containing the most effective combinations of 

metal ions, graphene or graphene oxide.   

Objectives: 

 Test the antimicrobial efficacy of eighteen metal ion solutions, 

graphene and graphene oxide, individually and in combinations, 

against ten clinical MDR isolates of P. aeruginosa, K. pneumoniae 

and S. aureus in their planktonic and biofilm forms 

 Test the cytotoxic effects of the metal ions showing the greatest 

inhibitory effect against the ten pathogens 

 Incorporating the most antimicrobially effective metal ions or metal 

ions/graphene composites into the formulations of skin cleansers and 

test their efficacy against chlorhexidine-sensitive and adapted K. 

pneumoniae isolates 

 Incorporating the most effective metal ions or metal ions/graphene 

composites into nasal spray formulations and nasal ointments and 

test their efficacy against mupirocin-sensitive, intermediate and 

resistant S. aureus isolates 
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2.1 Materials 

Acetic acid (Fischer Scientific, UK) 

Acetone (Sigma-Aldrich, UK) 

Aluminium (Sigma-Aldrich, UK) 

Amikacin (30 µg) (Oxoid, UK) 

Amoxicllin/Clavulanic acid (20/10 µg) (Oxoid, UK) 

Ampicillin (10 µg) (Oxoid, UK) 

Aztreonam (30 µg) (Oxoid, UK) 

Cephalotin (30 µg) (Oxoid, UK) 

Cefepime (30 µg) (AB Biodisk, UK) 

Cefotaxime (30 µg) (Sigma-Aldrich, UK) 

Cefoxitin (30 µg) (Oxoid, UK) 

Ceftazidime (30 µg) (Oxoid, UK) 

Cefuroxime (30 µg) (Sigma-Aldrich, UK) 

Cefuroxime/Axetilsssssss (30 µg) (Oxoid, UK) 

CellTiter 96 Aqueous solution (Promega, USA) 

Chlorhexidine gluconate (Sigma-Aldrich, UK) 

Ciprofloxacin (5 µg) (AB Biodisk, UK) 

Clindamycin (2 µg) (Oxoid, UK) 

Colistin (Sigma-Aldrich, UK) 

Copper (Sigma-Aldrich, UK) 

Crystal violet (0.1 % w/v) (Oxoid, UK) 

D-glutamine (Sigma-Aldrich, UK) 

Diethyl ether (Sigma-Aldrich, UK)  
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Ethanol (Fisher Scientific, UK)  

Erythromycin (15 µg) (Oxoid, UK) 

Ertapenem (10 µg) (Oxoid, UK) 

Foetal Bovine serum (FBS) (Lonza, UK) 

Fosfomycin (AB Biodisk, UK) 

Gallium (Sigma-Aldrich, UK) 

Gentamicin (10 µg) (Oxoid, UK) 

Gluconolactone (Fischer scientific, UK) 

Glutaraldehyde (Sigma-Aldrich, UK) 

Glycerol (Fischer scientific, UK) 

Gold (Sigma-Aldrich, UK) 

Graphene (Manchester Metropolitan University, UK) 

Graphene oxide (Graphene Supermarket, USA) 

Graphene oxide (Manchester Metropolitan University, UK) 

Hydrochloric acid (Sigma-Aldrich, UK) 

Human skin fibroblasts WS1 (ATCC PCS-201-012) 

Imipenem (10 µg) (AB Biodisk, UK) 

Indium (Sigma-Aldrich, UK) 

Isopropyl alcohol (70 %) (Fisher Chemicals, UK) 

Linezolid (30 µg) (Oxoid, UK) 

Menadione solution (Sigma-Aldrich, UK) 

Meropenem (10 µg) (Oxoid, UK) 

Methanol (BDH, UK) 

Methicillin (5 µg) (Oxoid, UK) 
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Molybdenum (Sigma-Aldrich, UK) 

Mupirocin (5 µg and 200 µg) (Applichem Gmbh, USA) 

Mupirocin 2 % ointment (Advanz Pharma, UK) 

Niobium (Sigma-Aldrich, UK) 

Nitric acid (Fisher Chemicals, UK) 

Oxacillin (1 µg) (Sigma-Aldrich, UK) 

Palladium (Sigma-Aldrich, UK) 

Penicillin – streptomycin (Lonza, UK) 

Phosphate buffer Saline (Fisher Chemicals, UK) 

Piperacillin (100 µg) (AB Biodisk, UK) 

Piperacillin/ tazobactam (100/10 µg) (Oxoid, UK) 

Platinum (Sigma-Aldrich, UK) 

Polished 304 grade stainless steele coupons (10 mm × 10 mm) 

Polyethylene glycol 7 (Sigma-Aldrich, UK) 

Polyethylene glycol 400 (Sigma-Aldrich, UK) 

Polyethylene glycol 3350 (Sigma-Aldrich, UK) 

Rhenium (Sigma-Aldrich, UK) 

Rhodium (Sigma-Aldrich, UK) 

Rifampicin (5 µg) (Oxoid, UK) 

Roswell Park Memorial Institute - RPMI 1640 Medium (Sigma-Aldrich, UK) 

Ruthenium (Sigma-Aldrich, UK) 

Silicon Wafers (Montco Technologies, USA) 

Silver (Sigma-Aldrich, UK) 

Soft white paraffin (Sigma-Aldrich, UK) 
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Softisan 649 (IOI Oleo GmbH, Germany) 

Tantalum (Sigma-Aldrich, UK) 

Tetracycline (30 µg) (Oxoid, UK) 

Tigecycline (15 µg) (Oxoid, UK) 

Tin (Sigma-Aldrich, UK) 

Tobramycin (10 µg) (AB Biodisk, UK) 

Trimethoprim (1.25 µg) (Oxoid, UK) 

Triphenyl Tetrazolium Chloride (Sigma-Aldrich, UK) 

Trypan blue solution (Lonza, UK) 

Trypsin EDTA (Lonza, Belgium) 

Tryptone Soy Agar (Oxoid, UK) 

Tryptone Soy Broth (Oxoid, UK) 

Yttrium (Sigma-Aldrich, UK) 

Zinc (Sigma-Aldrich, UK) 

Zirconium (Sigma-Aldrich, UK) 

2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-XTT sodium salt 

(Sigma-Aldrich, UK) 

12-well plates (Thermo Scientific, UK) 

96-well plates (Thermo Scientific, UK) 
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2.2 Methods 

2.2.1 Bacterial Strains and Culture Media 

Three different types of bacteria including P. aeruginosa (2 isolates), K. 

pneumoniae (4 isolates) and S. aureus (4 isolates) were evaluated in this 

study. The ten isolates were selected from a large sample of clinical isolates 

based on their antibiotic susceptibility profiles. The bacterial isolates 

showing the most resistant profiles were used in this study. 

The two clinical isolates of P. aeruginosa were collected from The Royal 

Bolton Hospital and were designated as P. aeruginosa-NK1 and P. 

aeruginosa-NK2. The four clinical isolates of K. pneumoniae were collected 

from Leeds Institute of Medical Research and were designated as K. 

pneumoniae-NK1, K. pneumoniae-NK2, K. pneumoniae-NK3 and K. 

pneumoniae-NK4, and the four clinical isolates of S. aureus were collected 

from The Withington Hospital and were designated as S. aureus-SA1, S. 

aureus-SA2, S. aureus-SA3 and S. aureus-SA4.  

Staphylococcus epidermidis (ATCC 35984), S. epidermidis (ATCC 12228), 

K. pneumoniae (ATCC 13883) and S. aureus (ATCC 25923) (LGC 

Standards-UK) were used as control strains throughout the assays.  

All clinical and control bacterial strains were cultured on tryptone soy agar 

(TSA) (Oxoid, UK) or tryptone soy broth (TSB) (Oxoid, UK), previously 

prepared per manufacturer’s instructions, and incubated for 24 h at 37C in 

aerobic conditions. Identification of bacterial isolates was based on culture, 

colony morphology, Gram staining and biochemical identification. Typical 

biochemical tests included catalase, coagulase and mannitol for S. aureus, 

and oxidase and citrate for K. pneumoniae and P. aeruginosa. 

2.2.2 Antibiotic Susceptibility Testing 

The antimicrobial susceptibility testing of the three different pathogens 

investigated in this study was performed according to the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines 

(EUCAST, 2019). A bacterial suspension of each tested organism was 

prepared in saline and adjusted to 0.5 McFarland turbidity standard. One 
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hundred microliters of the bacterial suspension were swabbed in three 

different directions on Muller-Hinton agar plates (Sigma-Aldrich, UK). Within 

15 min of inoculation, antibiotic discs listed below (except for colistin and 

fosfomycin) were applied to the inoculated agar using aseptic conditions. A 

maximum of four discs were applied per plate to avoid interference and 

overlapping of the zones of the different agents. The plates were incubated 

in an inverted position at 35 °C ± 1 °C for 18 ± 2 h. The zones of inhibition 

were measured the next day, and interpreted into susceptibility categories 

according to the EUCAST breakpoints (EUCAST: European Committee on 

Antimicrobial Susceptibility Testing, 2019).   

The antimicrobial susceptibility of the isolates towards colistin was carried 

out using the broth microdilution method following the EUCAST guidelines 

in 96-well polystyrene microplates. Dilutions of colistin ranging from 0.12 to 

128 mg/L were prepared in separate tubes contacting Mueller-Hinton broth. 

Fifty microliters of each intermediate concentration and 50 µL of the bacterial 

suspension adjusted to 5 × 105 CFU/mL were dispensed into the wells. 

Microplates were incubated in an incubator at 35°C ± 2°C for 16 to 20 h. The 

minimal inhibitory concentration (MIC) of colistin was recorded as the lowest 

concentration (mg/L) inhibiting visible growth of the microorganism. The 

agar dilution method was performed to assess the antimicrobial 

susceptibility towards fosfomycin. Mueller-Hinton agar plates containing 

fosfomycin in concentrations ranging from 0.25 mg/L to 1,024 mg/L were 

prepared. Bacterial inoculum was placed onto the agar plate and allowed to 

dry. The plates were incubated for 16 to 20 h at 35°C, and the lowest 

concentration of antimicrobial agent at which complete inhibition of bacteria 

occurs is the MIC. 

Bacterial isolates were classified as multi-drug resistant (MDR) if they 

showed resistance to multiple (three or more) antimicrobial agents, classes 

or subclasses of antibiotics (Magiorakos et al., 2012). A complete list of the 

different antibiotics tested against the three types of bacteria were listed 

(Table 2.1). All assays were performed in triplicate (n=3). S. aureus NCTC 

6571 and Enterococcus faecalis ATCC 29212 were used as control strains. 
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Table 2.1 List of all the antibiotics tested against the four bacterial pathogens 

 

P. aeruginosa Cefepime (30 µg) 

Ciprofloxacin (5 µg) 

Colistin 

Imipenem (10 µg) 

Piperacillin (100 µg) 

Tobramycin (10 µg) 

K. pneumoniae Amikacin (30 µg) 

Amoxicillin/Clavulanic acid (20/10 µg) 

Ampicillin (10 µg) 

Aztreonam (30 µg) 

Cephalotin (30 µg) 

Cefepime (30 µg) 

Cefotaxime (30 µg) 

Cefoxitin (30 µg) 

Ceftazidime (30 µg) 

Cefuroxime (30 µg) 

Cefuroxime Axetil (30 µg) 

Ciprofloxacin (5 µg) 

Colistin 

Ertapenem (10 µg) 

Gentamicin (10 µg) 

Meropenem (10 µg) 

Piperacillin/Tazobactam (100/10 µg) 

Tigecycline (15 µg) 

Tobramycin (10 µg) 

Trimethoprim (1.25 µg) 

S. aureus Cefoxitin (30 µg) 

Cefuroxime (30 µg) 

Ciprofloxacin (5 µg) 

Clindamycin (2 µg) 

Erythromycin (15 µg) 

Gentamycin (10 µg) 

Imipenem (10 µg) 

Linezolid (30 µg) 

Methicillin (5 µg) 

Mupirocin (5 µg and 200 µg) 

Oxacillin (1 µg) 

Rifampin (5 µg) 

Tetracycline (30 µg) 

trimethoprim-sulfamethoxazole (25 µg) 
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2.2.3 Test Compounds 

The eighteen metal ions evaluated in this study were solutions in 

hydrochloric acid (HCl) or nitric acid (HNO3) at a concentration of 1,000 mg/L 

(Table 2.2). The metal ions evaluated in this study included aluminium, 

copper, gallium, gold, indium, molybdenum, niobium, palladium, platinum, 

rhenium, rhodium, ruthenium, silver, tantalum, tin, yttrium, zinc, and 

zirconium (Table 2.2). The Graphene compounds were kindly provided by 

the laboratories of Prof Banks at Manchester Metropolitan University. 

Graphene was mechanically broken down into small particles raging 

between 200 nm to 1 µm. The particles were re-suspended in water to a 

final concentration of 500 mg/L. Two types of graphene oxide were 

assessed in this study. The first type was an aqueous dispersion of single 

layer graphene oxide (500 mg/L) was purchased from Graphene-

Supermarket (USA). The graphene oxide solution had a flake size of 300 

nm to 700 nm and a thickness of 1 atomic layer. The second type was 

graphene oxide particles, generously prepared by Prof Banks laboratories, 

and suspended in water for a final concentration of 500 mg/L. 
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Table 2.2 List of the 18 metal ions tested and their respective acid 
controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Metals Acid 

control  

Soft metal ions Copper Cu 2% HNO3 

Silver  Ag 2% HNO3 

Molybdenum  Mo 10% HCl 

Palladium  Pd 5% HCl 

Platinum  Pt 5% HCl 

Gold  Au 5% HCl 

Borderline 

metal ions 

Tantalum  Ta 2% HNO3 

Zinc  Zn 2% HNO3 

Rhenium  Re 2% HNO3 

Ruthenium  Ru 5% HCl 

Rhodium  Rh 5% HCl 

Tin  Sn 10% HCl 

Hard metal ions Yttrium  Y 2% HNO3 

Zirconium  Zr 2% HNO3 

Niobium  Nb 2% HNO3 

Aluminium  Al 2% HNO3 

Indium  In 2% HNO3 

Gallium  Ga 5% HNO3 
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2.2.4  Bacterial Culture Preparation 

Using a sterile loop, one bacterial colony was removed from the agar plate 

and inoculated into tryptone soy broth (TSB). Bacterial culture were grown 

overnight (18h - 24 h) in a shaker incubator at 37 °C in aerobic conditions. 

The cultures were centrifuged (Sigma 3-16L, UK) at 1721 g for 10 min. The 

supernatant was discarded and the pellet was re-suspended in distilled 

water and vortexed until complete dissolution. The suspension was 

centrifuged again at 1721 g for 10 min. The water supernatant was 

dispensed, replaced by 10 mL of fresh TSB and vortexed. The bacterial 

density was calibrated using a spectrophotometer (Jenway 6305) at 540 nm 

and diluted in TSB to attain an optical density equivalent to 1.5×108 cells/mL.   

2.2.5 Minimal Inhibitory Concentration (MIC) 

Using a multichannel pipette, 100 µL of fresh TSB were added to all the 

wells of a 96 well microplate (Thermo Scientific, UK). One hundred 

microliters of the tested compound (metal ions, graphene or graphene 

oxide) were added to the first column. After pipetting the components up and 

down several times to ensure proper mixing, 100 µL was transferred from 

column 1 to column 2. Again, the solution was mixed thoroughly using a 

pipette and 100 µL was transferred to column 3. This step was repeated until 

column 10 where the 10th 100 µL was discarded. Meanwhile, 10 mL of 

triphenyl tetrazolium chloride (TTC) solution was prepared by mixing 150 mg 

of TTC into 10 mL of sterile distilled water. The solution was wrapped in 

aluminium foil and kept on ice ensuring a cold dark environment. Nine 

millilitres of the previously adjusted bacterial solution (section 2.2.4) was 

mixed with 1 mL of tetrazolium chloride (0.15 % w/v); and 100 µL of the 

resulting mixture was added to all the wells of the first 10 columns. Acid 

controls of hydrochloric acid (%w/v) (5 % and 10 %), nitric acid (2 % and 5 

%) were also evaluated. The last two columns served as controls where 100 

µL of double strength TSB mixed with 0.15 % TTC and 100 µL of distilled 

water were added respectively to columns 11 and 12. The microplates were 

covered with lids and were wrapped with Parafilm® to prevent any 

evaporation or contamination and were incubated at 37 ⁰C for 24 h. The MIC 
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was defined as the lowest concentration of the tested compound that 

inhibited the bacterial growth and was allocated by the last well showing no 

change of colour (no blue colour) indicating the lack of viability detection. All 

MIC assays were performed in triplicate (n=3). 

 

2.2.6 Minimal Bactericidal Concentration (MBC) 

Following the MIC readings, the MBC was defined as the lowest 

concentration of the tested compound that was able to kill the bacteria. The 

bactericidal effect was determined by plating 20 µL from each of the wells 

with no visible blue colouration onto TSA plates. Following an overnight 

incubation at 37 °C for 24 h, the MBC was defined as the lowest 

concentration (well) showing no bacterial growth on the agar plate. All MBC 

assays were performed in triplicate (n=3). For the purpose of this study, the 

correlation between MIC and MBC values and the scope of the antimicrobial 

activity was designated as follows; very good antimicrobial activity (≤ 30 

mg/L), good antimicrobial activity (≥31 mg/L ≤60 mg/L), moderate 

antimicrobial activity (≥61 mg/L ≤90 mg/L) and no efficacy (≥91 mg/L). 

2.2.7 Fractional Inhibitory Concentration Index (FIC) 

The interaction between two or more compounds being metal ions or 

graphene-based composites was estimated by synergy testing using the 

fractional inhibitory concentration index (FIC). Bacterial cultures were 

prepared as previously described (section 2.2.4). To determine the MIC of 

the compounds in combinations, the same microdilution procedure (section 

2.2.5) was performed. The compounds tested were added in a 1:1 ratio (50 

µL of metal ion, Gr or GO). Synergy is defined as a 4-fold decrease or more 

in the MIC value of the agents in combination when compared with the same 

agents tested alone (Saiman, 2007).  

The FIC index of two compounds A and B was calculated and interpreted 

as follows (Jenkins and Schuetz, 2012): 
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FIC of compound A =  
MIC of compound A in combination

MIC of compound A alone
 

FIC of compound B =  
MIC of compound B in combination

MIC of compound B alone
 

        ∑FIC= FIC (A) + FIC (B)           [1] 

Accordingly, a synergistic effect was defined if ∑FIC ≤ 0.5, an additive effect 

if 0.5 < ∑FIC ≤ 1, an indifferent effect if 1 < ∑FIC < 4 and an antagonistic 

effect if ∑FIC > 4. The FIC values guidelines were previously reported and 

published by the American Society of Microbiology to determine the nature 

of interaction between different agents (Eliopoulos and Eliopoulos, 1988; 

Botelho, 2000; EUCAST, 2000; Barapatre et al., 2016). All synergy testing 

carried out in this study were repeated in triplicate (n=3). 

2.2.8 Bacterial Biofilm Assessment 

2.2.8.1 Crystal Violet Biofilm Assay (CVBA) for Biofilm Forming 

Ability 

The ability of the tested clinical strains to form biofilms was evaluated using 

the CVBA assay. This assay was first defined by Christensen et al. in 1985, 

and has been developed since then to be suitable for all bacterial biofilms 

(Christensen et al., 1985; Xu et al., 2016). The evaluation of biofilm 

formation in this study was conducted according to the method described by 

Merritt et al. in 2015 with some modifications (Meritt et al., 2015). Polished 

304 grade stainless steel coupons of 10 mm × 10 mm dimensions were used 

to assess biofilm formation in this study. The coupons were soaked for 10 

min in undiluted acetone, methanol and ethanol, respectively, and were 

rinsed with sterile water after each step. The coupons were dried at room 

temperature, and were placed in the centre of the wells of the twelve well 

culture plates. One millilitre of adjusted bacterial suspension (O.D. 1.0) 

(section 2.2.4) of each strain was added into the respective wells. The plate 

was sealed with parafilm and incubated for 7 days at 37 °C under static 

conditions. Wells supplemented with sterile TSB only served as negative 

controls. After incubation, the coupons were carefully washed with 1 mL of 

sterile distilled water to eliminate free planktonic cells, and then air-dried for 
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2 h at room temperature. The adherent biofilm cells were stained with 0.1 % 

crystal violet for 30 min at room temperature. The stained coupons were 

washed three times with sterile distilled water, and dried at room 

temperature, for 1 h. One millilitre of 33 % glacial acetic acid (Fisher 

Scientific, UK) in water was added to each well. After 20-30 min, the 

supernatant mixture of crystal violet/acetic acid solution was mixed, 

collected and transferred into a cuvette. The absorbance of each sample 

was measured at a wavelength of 590 nm. The 33 % acetic acid was used 

to blank the spectrophotometer before reading. All biofilm growth conditions 

were done in triplicate (n=3), the data was averaged and the standard error 

was calculated. The adhesion ability of the biofilm of each strain was 

assessed and classified by calculating the resource unit (Xu et al., 2016).  

RU =
OD sample

OD control
                [2] 

Accordingly, a strain was classified as a strong biofilm producer if RU>4, a 

moderate biofilm producer if 2<RU≤4 and a weak biofilm producer if 

0<RU≤2. Staphylococcus epidermidis ATCC 35984 and S. epidermidis 

ATCC 12228 were used as biofilm positive and negative control strains, 

respectively.  

2.2.8.2 Antibiofilm Potential of Metal Ions and Graphene 

Composites using CVBA 

The antibiofilm activity of metal ions and graphene-based compounds was 

assessed following the same procedure outlined (section 2.2.8.1). Following 

the 7 days incubation, the coupons were washed with 1 mL of sterile distilled 

water to eliminate free planktonic cells, and then air-dried for 2 h at room 

temperature. One millilitre of the desired compound (metal ions, graphene, 

graphene oxide, acid controls) 0x (untreated/negative controls), 1x, 2x and 

4x MICs to be tested was added into the respective well, while wells 

supplemented with TSB only served as negative controls. Following an 

incubation for 18 h - 24 h at 37 °C, the compounds were discarded using a 

pipette. The coupons were washed with distilled water again to remove non-

adherent cells. The adherent biofilm cells were stained with 0.1 % crystal 

violet for 30 min at room temperature. Subsequently, the stained coupons 
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were washed three times with sterile distilled water, and dried at room 

temperature for 1 h. One millilitre of 33 % glacial acetic acid in water was 

added to each well. After 20 - 30 min, the supernatant mixture of crystal 

violet/acetic acid solution was mixed, collected and transferred into an 

optically clear cuvette. The absorbance of each sample was measured at a 

wavelength of 590 nm. The 33 % acetic acid was used to blank the 

spectrophotometer before reading. For synergy testing of different 

compounds of metal ions and graphene-based compounds on biofilm 

models, 500 µL of each compound were added following the same 

procedure (2.2.7).  

2.2.8.3 XTT Reduction Assay 

The XTT reduction assay is as a routine tool used to quantify the viability of 

bacterial and fungal biofilms because it specifically measures the cell vitality 

and metabolic activity (da Silva et al., 2008). XTT (2,3-bis (2-methoxy-4-

nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl] 2H-tetrazolium hydroxide) is 

one type of tetrazolium salt that can be reduced by enzymes of the 

respiratory chain within the cells (mitochondrial dehydrogenases) into 

formazan (Xu et al., 2016). The reduction of the tetrazolium salt can be 

traced by a change in colour from pale yellow (XTT) to bright orange (water-

soluble formazan).  Unlike crystal violet that stains the viable and dead cells 

equally, the XTT dye stains the viable cells only and depends on cell activity 

instead of cell mass (da Silva et al., 2008). Prior to performing each assay, 

fresh XTT solution was prepared by dissolving 4 mg of XTT into 10 mL of 

sterile pre-warmed (37 °C) phosphate buffer saline (PBS, including 130 mM 

NaCl, 2.7 mM KCl, 7 mM Na2HPO4 and 3 mM Na2H2PO4 at pH 7.4), and 

stored at -20 °C. The XTT-menadione solution was prepared at a 5:1 ratio 

by adding 1.5 mL of XTT (1 mg/mL) to 300 µL menadione solution (0.4 mM 

in acetone) supplemented with D-glutamine (50mM). After biofilm formation 

for 7 days (as previously described in 2.2.7.1), the supernatant of each well 

was removed and the biofilms were washed gently with sterile water three 

times. The test compounds (metal ions and graphene composites, or 

combinations) were added to the appropriate wells at concentrations of 2x 
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MICs and incubated for 1 h at 37 °C in static conditions. Post-treated biofilms 

were washed thrice in sterile PBS. After drying, 750 µL of XTT-menadione 

solution was added to each well and incubated in the dark for 3 h at 37 °C. 

The supernatant was removed and the absorbance read at 490 nm using a 

spectrophotometer. Wells with sterile medium and XTT/menadione solution 

were used as blank controls. To reduce false results due to background 

interference, the OD values of the blank controls were subtracted from the 

values of the tested wells. The percentage of reduction in biofilm metabolic 

activity was calculated using the equation: 

[(OD growth control-OD sample)/OD growth control] × 100          [3] 

Wells without tested samples were considered untreated and served as 

negative controls. The positive controls were bacterial cells treated with 100 

µL of isopropyl alcohol (50 %). The experiments were performed in triplicate 

per strain.  

2.2.9 Scanning Electron Microscopy (SEM) 

The bacterial solution was prepared according to section 2.2.4.The bacterial 

density was calibrated using a spectrophotometer at 600 nm and diluted in 

sterile distilled water to attain an optical density of an OD of 1.0. One millilitre 

of the adjusted bacterial solution was mixed with 30 mL of fresh TSB in a 

sterile universal. One millilitre of 0.5 × MIC of the tested compound (metal 

ion of graphene-based compound) was added to the solution. The whole 

mixture was incubated at 37 °C for 18 h. Following incubation, 5 mL was 

transferred into a new sterile universal and centrifuged at 1721 g for 10 min. 

The supernatant was carefully discarded, and 100 µL of sterile distilled water 

was added to the bacterial pellet and vortexed to obtain a homogenous 

mixture. Twenty microliters from each sample of the resulting suspension 

was taken and pipetted onto individual silicon wafers (previously cut into 1 

mm × 1 mm dimensions using diamond scribes). This was followed by the 

fixation step where the samples were soaked overnight in 4 % 

glutaraldehyde in phosphate buffer saline (PBS) at 4 °C. The wafers were 

washed three times with PBS buffer and one time with sterile distilled water, 

then dehydrated by an ethanol gradient of 30 % absolute ethanol for 10 min, 
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50 % absolute ethanol for 10 min, 70 % absolute ethanol for 10 min, 90 % 

absolute ethanol for 10 min, and 100 % absolute ethanol for 30 min. After 

drying the samples, they were mounted on SEM stubs and were sputter-

coated with gold/palladium (10 nm) alloys for clear observation and future 

preservation in a vacuum-assisted desiccator (Sigma-Aldrich, UK). SEM 

images were captured using the SmartSEM software (Carl Zeiss Ltd, 

Germany) and the Supra 40VP scanning electron microscope (Zeiss, 

Germany). 

2.2.10 Cell Cytotoxicity Testing 

2.2.10.1  Culture Media (RPMI-1640) Preparation  

The foetal bovine serum (FBS) (Lonza, UK) was incubated in a water bath 

at 56 °C for 30 min to ensure a proper heat inactivation of complement.  

Afterwards, the Rosewell Park Memorial Institute (RPMI-1640) (L-

Glutamine, 25 mM HEPES) medium was mixed with 10 % foetal bovine 

serum (FBS), and 2 % penicillin-streptomycin under aseptic conditions. The 

new supplemented medium was denoted as RPMI-1640 complete medium 

and was kept at 4 °C until needed. 

2.2.10.2  Cell Culture  

Human skin fibroblasts WS-1 (ATCC PCS-201-012) were purchased from 

ATCC, USA. The cells were cultured aseptically using RPMI-1640 complete 

medium (Sigma-Aldrich, UK) and were incubated at 37 °C and 5 % CO2. 

The cells were centrifuged and re-suspended in fresh medium every 2-3 

days. 

2.2.10.3  Assessment of Cell Viability  

The cell viability assay was performed to determine the effect of the tested 

metal ions and graphene-based compounds on cell proliferation and 

cytotoxicity using Trypan blue solution (0.4 %). This dye determined the cell 

viability based on the dye exclusion test, since the dye will be exclusively 

taken up by dead cells but will not affect the viable cells having an intact 

membrane. Hence, the non-viable cells were stained dark blue while viable 
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cells stayed colourless. WS1 cells were first harvested by removing the 

media and adding 3 mL of trypsin to detach the adherent cells. Three 

millilitres of fresh media pre-warmed to 37 °C were added to neutralize the 

trypsin effect, and the whole volume was transferred into a 15 mL centrifuge 

tube. Cells were collected by centrifugation for 5 min at 1200 rpm. After 

dispensing the supernatant, the pellet was re-suspended in fresh media. 

Twenty microliters of the cell suspension were diluted with an equal volume 

of trypan blue, and 10 µL of the resulting solution was loaded into a 

haemocytometer where cells were counted using a TC10 automated cell 

counter (Bio-Rad, USA). Following the readings, the cells were adjusted to 

a concentration of 2×106 cells/mL. The viability of the cells was maintained 

above 80% for the following experiments. 

2.2.10.4  Assessment of Cell Proliferation (MTS assay) 

Following manufacturer’s instructions, MTS assays were carried out by 

adding 100 µL of previously adjusted fibroblast cells into all the wells of the 

96 well plate. This was followed by adding 100 µL of each tested compound 

into three respective wells. Negative control wells included 100 µL of cells 

and 100 µL of media, while the positive controls wells included 100 µL of 

cells and 100 µL of ethanol. The plate was incubated at 37 °C and 5 % CO2 

for 24 h. Following incubation, the supernatant was discarded and all the 

wells were re-suspended in 100 µL of fresh media, followed by 20 µL of 

CellTitre 96 Aqueous MTS Reagent solution. The plate was incubated again 

for 4 h at 37 °C and 5 % CO2 in the dark. The absorbance was measured at 

490 nm every single hour using a Synergy HT microplate reader (Vermont, 

USA). The viability assay of each sample tested was replicated three times 

(n=3). 

2.2.11 Statistical Analysis 

Statistical analysis in this study was performed using IBM SPSS Statistics 

Software (version 25). The one-way analysis of variance test (ANOVA) with 

Tukey Kramer Multiple Comparison Test was performed to assess the 

significance level of the different treatments. The distribution of the data from 
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mean values of antimicrobial efficacies was analysed using standard 

deviation and error with 95 % confidence intervals.    
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3.1 Introduction 

As the efficiency of antibiotics is compromised by increasing trends of AMR, 

efforts must be shifted towards finding alternative therapies for treating 

resistant bacterial infections. Metal ions have a long empirical history of 

medical use as first line antimicrobials, biocides and chemotherapeutics. For 

instance, silver, mercury, and copper have been used to treat burns, to cure 

from syphilis and to control bacterial and fungal diseases (Mittapally et al., 

2018). However, recently, there has been an explosion in the development 

of metal-based nano-antimicrobials (Turner, 2017). Due to their unique 

properties, the metallic-based  nano-structured  materials have created a 

new interesting field in all sciences for continuous investigations (Dastjerdi 

and Montazer, 2010). 

Additionally, graphene-based materials have shown low bacterial resistance 

and cytotoxic effect on mammalian cells, hence, they have emerged as 

novel antibacterials with a broad-spectrum activity (Ji et al., 2016). These 

carbon-based applications have contributed to  the  expansion  of  new  

practical  productions in biotechnology, biomedicine and even drug delivery 

(Li et al., 2014). 

This study provides an introduction to promising approaches of using metal 

ions and graphene-based compounds in clinical settings, and to contribute 

towards developing antimicrobials that might improve the management of 

resistant bacteria. For this, the antimicrobial efficacy of yttrium, zirconium, 

niobium, silver, tantalum, indium, copper, zinc, rhenium, gallium, ruthenium, 

rhodium, platinum, gold, palladium, molybdenum, tin, graphene and 

graphene oxide was assessed in this study.  

3.2 Aim  

To investigate the antimicrobial efficacy of eighteen single metal ion 

solutions, graphene and graphene oxide, individually and in combination, 

against clinical isolates of P. aeruginosa, K. pneumoniae and S. aureus in 

their planktonic and biofilm forms. 
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3.3 Methods 

The antimicrobial activity of the tested compounds (metal ions and 

graphene-based compounds) against each bacterium was evaluated using 

the minimal inhibitory concentration (section 2.2.5) and the minimal 

bactericidal concentration (section 2.2.6). 

The synergy testing between metal ion solutions and graphene or graphene 

oxide was assessed by calculating the fractional inhibitory concentration 

(section 2.2.7).  

The effect of the tested compound on the biofilm forms of each bacterium 

and their metabolic activity was evaluated using crystal violet biofilm assay 

(section 2.2.8.2) and XTT assay (section 2.2.8.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

3.4 Results 

3.4.1 Antibiotic Susceptibility Testing 

The antibiotic resistance patterns for the ten tested bacterial strains were 

determined. Organisms were classified accordingly into susceptible, 

intermediate and resistant, where “susceptible” (S) denoted that the 

organism was inhibited in-vitro by the designated concentration of the 

antibiotic (high probability of therapeutic success). “Intermediate” (I) 

signified that the organism was inhibited in-vitro but the actual therapeutic 

effect will be uncertain, whilst “resistant” (R) (highlighted in blue) means that 

this concentration of the drug was highly associated with therapeutic failure 

(Rodloff et al., 2008).  

3.4.1.1 P. aeruginosa 

The two P. aeruginosa isolates displayed different antibiotic susceptibility 

patterns. P. aeruginosa-NK1 was found to be susceptible to cefepime, 

colistin, tobramycin, and resistant to piperacillin, imipenem and 

ciprofloxacin. The P. aeruginosa-NK2 isolate was susceptible to colistin, 

piperacillin and tobramycin, intermediate to imipenem and resistant to 

cefepime and ciprofloxacin(Table 3.1). 

 

Table 3.1 Phenotypic antimicrobial resistance pattern of P. aeruginosa 
isolates. 

 P. aeruginosa-NK1 P. aeruginosa-NK2 

Ciprofloxacin R R 

Piperacillin R S 

Imipenem R I 

Cefepime S R 

Tobramycin S S 

Colistin S S 

S = susceptible, R = resistant (highlighted in blue) and I = intermediate. 
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3.4.1.2 K. pneumoniae 

All K. pneumoniae isolates were resistant to ampicillin. K. pneumoniae-NK1 

also showed resistance to amoxicillin/clavulanic acid, aztreonam, 

piperacillin-tazobactam, cefalotin, amikacin and trimethoprim. K. 

pneumoniae-NK2 was resistant to ampicillin, cefotaxime and ertapenem, 

whilst the K. pneumoniae-NK3 strain was resistant to ampicillin, cefuroxime-

axetil, tigecyclines. K. pneumoniae-NK4 was resistant to ampicillin, 

ciprofloxacin and tigecyclines. The four isolates exhibited an intermediate 

susceptibility towards aztreonam and ceftazidime. K. pneumoniae-NK1, -

NK2 and -NK3 were intermediate to ciprofloxacin and K. pneumoniae-NK1, 

-NK3 and –NK4 were intermediate to cefotaxime. K. pneumoniae-NK2 also 

showed an intermediate susceptibility to five other agents (amoxicillin, 

aztreonam, ceftazidime, cefalotin and piperacillin) (Table 3.2).  
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Table 3.2 Phenotypic antimicrobial resistance pattern of K. pneumoniae 
isolates.  

 K. 
pneumoniae-

NK1 

K. 
pneumoniae-

NK2 

K. 
pneumoniae-

NK3 

K. 
pneumoniae-

NK4 

Ampicillin R R R R 

Amoxicillin/ 
Clavulanic acid 

R 
 

I S S 

Aztreonam R I I I 

Cefotaxime I R I I 

Piperacillin/ 
Tazobactam 

R I S S 

Amikacin R S S S 

Gentamicin S S S S 

Tobramycin S S S S 

Ceftazidime I I I I 

Cefalotin R I S S 

Cefuroxime S S S S 

Cefuroxime 
Axetil 

S S R S 

Cefepime S S S S 

Cefoxitin S S S S 

Ertapenem S R S S 

Meropenem S S S S 

Ciprofloxacin I I I R 

Colistin S S S S 

Tigecylcine S S R R 

Trimethoprim R S S S 

S = susceptible, R = resistant (highlighted in blue) and I = intermediate. 
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3.4.1.3 S. aureus 

While the four S. aureus isolates investigated in this study exhibited different 

susceptibility patterns, all of them were Methicillin resistant S. aureus 

(MRSA). The four isolates showed resistance to ampicillin, methicillin and 

cefuroxime. S. aureus-SA1 exhibited resistance towards cefoxitin, 

clindamycin, erythromycin, oxacillin, gentamicin, and imipenem, whilst 

remaining susceptible to ciprofloxacin, linezolid, tetracycline and 

trimethoprim-sulfamethoxazole (Table 3.3). S. aureus-SA2 showed 

resistance to 10 out of the 14 tested antibiotics, and it was only susceptible 

to trimethoprim-sulfamethoxazole and gentamicin, and intermediate to 

clindamycin. S. aureus-SA3 exhibited a profile relatively comparable to S. 

aureus-SA1, but it was susceptible to oxacillin, gentamicin, and resistant to 

trimethoprim-sulfamethoxazole. S. aureus-SA4 showed the least resistance 

among the four isolates. It was found to be resistant to ampicillin, methicillin, 

oxacillin, ciprofloxacin and cefuroxime, while being intermediate to cefoxitin 

and imipenem.  

Table 3.3 Phenotypic antimicrobial resistance pattern of S. aureus isolates. 

 S. aureus-
SA1 

S. aureus-
SA2 

S. aureus-
SA3 

S. aureus-
SA4 

Ampicillin R R R R 

Methicillin R R R R 

Oxacillin R R S R 

Cefuroxime  R R R R 

Cefoxitin R R R I 

Erythromycin R R R S 

Imipenem R R R I 

Ciprofloxacin S R S R 

Clindamycin R I R S 

Gentamicin R S S S 

Rifampin S R S S 

Tetracycline S R S S 

Trimethoprim/ 
sulfamethoxazole 

S S R S 

Linezolid S S S S 

S = susceptible, R = resistant (highlighted in blue) and I = intermediate. 
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Since all bacterial strains were shown to be resistant to three or more agents 

belonging to different classes or subclasses of antibiotics, they were 

designated as MDR strains. 

3.4.2 Antimicrobial Activity of Single Metal Ions, Graphene and 

Graphene Oxide Against P. aeruginosa, K. pneumoniae And S. 

aureus 

MIC and MBC assays were performed to assess the antibacterial activity of 

eighteen metal ions and graphene-based compounds towards P. 

aeruginosa, K. pneumoniae and S. aureus.  Lower MIC and MBC values are 

associated with higher antimicrobial activity. The MIC and MBC results were 

grouped, for the purpose of this study, according to their antimicrobial 

efficacies as very good (≤ 30 mg/L), good (≥31 mg/L ≤60 mg/L), moderate 

(≥61 mg/L ≤90 mg/L) and no efficacy (≥91 mg/L). Molar concentrations of 

each compound were also calculated and compared to their mass 

concentrations. When comparing mass to molar concentrations for the 

compounds, no discrepancy was found in the classification of metal ions 

according to their antimicrobial efficacy. The compounds showing a “very 

good” antimicrobial effect (MIC≤30 mg/L or ≤0.2 mM) were highlighted in 

yellow. Since the molecular weight of graphene or GO is not clearly defined 

and depends mainly on the average size of the sheets, the average number 

of C atoms and their degree of oxidation, the concentrations of graphene 

composites could not be  expressed in mM. 

3.4.2.1 Minimal Inhibitory Concentrations 

3.4.2.1.1 P. aeruginosa 

Five out of the eighteen metal ions tested showed a very good inhibitory 

antimicrobial activity against the two bacterial strains (Table 3.4.). Pt (7.8 

mg/L – 0.04 mM), Pd and Sn (13.0 mg/L – 0.11 mM) ions demonstrated the 

best inhibitory antimicrobial activity against both P. aeruginosa isolates 

followed by the Mo (15.6 mg/L – 0.16 mM) and Au (26.0 mg/L – 0.13 mM) 

ions. The metal ions that showed good antimicrobial efficacy included Re 

and Ga (31.3 mg/L), Rh (41.7- 52.1 mg/L), Al (41.7 mg/L), and Ru (52.1 



72 
 

mg/L). Y (62.5 mg/L), Ta (62.5 mg/L), In (62.5 mg/L), Zn (62.5 mg/L), Zr 

(83.3 mg/L) and Nb (83.3 mg/L) demonstrated moderate antimicrobial 

inhibitory effects, while no antimicrobial efficacy was demonstrated for Ag 

(104 mg/L) or Cu ions (125 mg/L) against the bacterial isolates. Graphene 

(125 mg/L) and GO (> 500 mg/L) showed no antimicrobial activity. Among 

the 18 tested metal ions, only rhodium exhibited different MIC values against 

the two different P. aeruginosa isolates. 
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Table 3.4 MIC (mg/L) ± SE and molar concentrations (mM) of the metal ions, 
graphene and graphene oxide against the tested P. aeruginosa isolates. 

 MIC (mg/L) Molar concentration (mM) 

Metal / 
Compound 

P. aeruginosa-
NK1 

P. aeruginosa-
NK2 

P. aeruginosa-
NK1 

P. aeruginosa-
NK2 

Cu 125.0  
± 0.00 

125.0  
± 0.00 

1.967 1.967 

Ag 104  
± 20.8 

104  
± 20.8 

0.964 0.964 

Pd 13.0  
± 2.60 

13.0  
± 2.60 

0.122 0.122 

Mo 15.6  
± 0.00 

15.6  
± 0.00 

0.163 0.163 

Pt 7.8  
± 0.00 

7.8  
± 0.00 

0.040 0.040 

Au 26.0  
± 5.20 

26.0  
± 5.20 

0.132 0.132 

Ta 62.5  
± 0.00 

62.5  
± 0.00 

0.363 0.363 

Zn 62.5  
± 0.00 

62.5  
± 0.00 

0.956 0.956 

Re 31.3  
± 0.00 

31.3  
± 0.00 

0.167 0.167 

Ru 52.1  
± 10.4 

52.1 
 ± 10.4 

0.515 0.515 

Rh 41.7  
± 10.4 

52.1  
± 10.4 

0.405 0.405 

Sn 13.0  
± 2.60 

13.0  
± 2.60 

0.110 0.110 

Y 62.5 
 ± 0.00 

62.5  
± 0.00 

0.728 0.728 

Zr 83.3  
± 20.8 

83.3  
± 20.8 

0.916 0.916 

Nb 83.3  
± 20.8 

83.3  
± 20.8 

0.897 0.897 

Al 41.7  
± 10.4 

41.7  
± 10.4 

1.545 1.545 

In 62.5  
± 0.00 

62.5  
± 0.00 

0.544 0.544 

Ga 31.3  
± 0.00 

31.3 
 ± 0.00 

0.441 0.441 

2% HNO3 1250 
± 0.00 

1250 
± 0.00 

20.15 20.15 

5% HNO3 2343 
± 0.00 

2343 
± 0.00 

37.10 37.10 

5% HCl 2343 
± 0.00 

2343 
± 0.00 

64.26 64.26 

10% HCl 3125 
± 0.00 

3125 
± 0.00 

85.71 85.71 

Graphene 125  
± 0.00 

125  
± 0.00 

--- --- 

Graphene 
oxide 

>500 >500 --- --- 
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3.4.2.1.2 K. pneumoniae 

The best antimicrobial activity against the four isolates was exhibited by Au 

(6.5 - 7.8 mg/L) (0.033-0.039 mM), Ga (6.5 - 7.8 mg/L) (0.091-0.109 mM),  

Mo (7.8-13.02 mg/L) (0.081-0.135 mM), Sn (7.8-13.02 mg/L) (0.109 mM), Pt 

(13.02-15.63 mg/L) (0.066-0.08 Mm), Pd (13.02- 20.83 mg/L) (0.122-0.195 

Mm) and In (26.04 mg/L) (0.226 mM) (Table 3.5). The six metal ions 

displayed similar or comparable efficacies against the four distinct isolates. 

Silver, however, exerted different antimicrobial efficacies against K. 

pneumoniae-NK1 (104.17 mg/L – 0.965 mM) compared to K. pneumoniae-

NK2, -NK3 and –NK4 (15.63 mg/L – 0.144 mM). A good antimicrobial activity 

was revealed by Ru, Rh, Ta (31.25-41.67 mg/L), Y and Re (41.67-52.08 

mg/L). The same antimicrobial activity pattern was exerted by the five metal 

ions against the four isolates. Zr, Nb, Al and Zn (>91 mg/L) showed no 

antimicrobial activity against any of the four isolates. No antimicrobial effect 

was recorded for GO against the four isolates while graphene (26 mg/L) 

showed the same good activity against the four isolates. 
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Table 3.5 MIC values (mg/L) ± SE of the metal ions, graphene and graphene 
oxide against the tested K. pneumoniae isolates. 

 MIC (mg/L) 

Metal / 
Compound 

K. pneumoniae 
-NK1 

K. pneumoniae 
-NK2 

K. pneumoniae 
-NK3 

K. pneumoniae 
-NK4 

Cu 125.00 
± 00.00 

125.00 
± 00.00 

125.00 
± 00.00 

125.00 
± 00.00 

Ag 104.17  
± 20.83 

15.63  
± 0.00 

15.63 
 ± 0.00 

15.63  
± 0.00 

Pd 20.83  
± 5.21 

15.63  
± 0.00 

13.02  
± 2.61 

20.83  
± 5.21 

Mo 13.02  
± 2.61 

7.80  
± 0.00 

13.02  
± 2.61 

7.80  
± 0.00 

Pt 15.62  
± 0.00 

13.02  
± 2.61 

15.62 
 ± 0.00 

13.02 
 ± 2.61 

Au 7.80  
± 0.00 

6.50  
± 1.30 

6.50 
 ± 0.00 

7.80  
± 1.30 

Ta 31.25  
± 0.00 

41.67  
± 10.42 

41.67  
± 10.42 

41.67  
± 10.42 

Zn 125.00 
 ± 62.50 

104.17  
± 20.83 

125.00 
 ± 62.50 

104.17  
± 20.83 

Re 52.08  
± 10.42 

52.08  
± 10.42 

41.67  
± 10.42 

52.08 
 ± 10.42 

Ru 41.67  
± 10.42 

31.25  
± 0.00 

41.67 
 ± 10.42 

41.67  
± 10.42 

Rh 41.67  
± 10.42 

41.67  
± 10.42 

41.67 
 ± 10.42 

31.25 
 ± 0.00 

Sn 13.02  
± 2.61 

13.02  
± 2.61 

13.02  
± 2.61 

7.80  
± 0.00 

Y 41.67  
± 10.42 

52.08  
± 10.42 

41.67  
± 10.42 

41.67  
± 10.42 

Zr 93.75  
± 31.25 

93.75  
± 31.25 

104.17  
± 20.83 

93.75  
± 31.25 

Nb 104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

Al 125.00 
 ± 62.50 

104.17  
± 20.83 

125.00 
 ± 62.50 

104.17  
± 20.83 

In 26.04  
± 5.21  

26.04  
± 5.21  

26.04  
± 5.21  

26.04  
± 5.21  

Ga 7.80  
± 0.00 

7.80  
± 0.00  

7.80 
 ± 0.00 

6.50  
± 1.30 

HNO3 (2 %) 1250 
± 0.00 

1250 
± 0.00 

1250 
± 0.00 

1250 
± 0.00 

HNO3 (5 %) 2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

HCl (5 %) 2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

HCl (10 %) 3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

Graphene 26.00 
± 5.21 

26.00 
± 5.21 

26.00 
± 5.21 

26.00 
± 5.21 

Graphene 
oxide 

>500 >500 >500 >500 
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Table 3.6 Molar inhibitory concentrations (mM) of the metal ions, graphene 
and graphene oxide against the tested K. pneumoniae isolates. 

 

 

 

 

 Molar inhibitory concentration (mM) 

Metal / 
Compound 

K. 

pneumoniae 

-NK1 

K. 

pneumoniae 

-NK2 

K. 

pneumoniae 

-NK3 

K. 

pneumoniae 

-NK4 

Cu 1.967 1.967 1.967 1.967 

Ag 0.965 0.144 0.144 0.144 

Pd 0.195 0.146 0.122 0.195 

Mo 0.135 0.081 0.135 0.081 

Pt 0.080 0.066 0.080 0.066 

Au 0.039 0.033 0.033 0.039 

Ta 0.181 0.242 0.242 0.242 

Zn 1.911 1.593 1.911 1.593 

Re 0.278 0.278 0.222 0.278 

Ru 0.412 0.309 0.412 0.412 

Rh 0.404 0.404 0.404 0.303 

Sn 0.109 0.109 0.109 0.065 

Y 0.485 0.606 0.485 0.485 

Zr 1.031 1.031 1.146 1.031 

Nb 1.121 1.121 1.121 1.121 

Al 4.632 3.860 4.632 3.860 

In 0.226 0.226 0.226 0.226 

Ga 0.109 0.109 0.109 0.091 

HNO3 (2 %) 20.15 20.15 20.15 20.15 

HNO3 (5 %) 37.18 37.18 37.18 37.18 

HCl (5 %) 64.26 64.26 64.26 64.26 

HCl (10 %) 85.71 85.71 85.71 85.71 
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3.4.2.1.3 S. aureus 

The best antimicrobial efficacy against the four S. aureus isolates was 

revealed by Pt at 0.49 mg/L (0.003 Mm), followed by Au (10.42 mg/L - 0.053 

Mm), Sn (15.62 mg/L – 0.132 Mm), Ga (10.42 mg/L – 0.147 mM), Mo (15.62 

mg/L – 0.163 Mm), and Pd (20.83 mg/L – 0.196 Mm)). Rh exhibited a good 

antimicrobial efficacy (31.25 mg/L), while Ru, Re 62.5 mg/L) and Cu (83.33 

mg/L) exhibited a moderate effect. Y, Zr, Nb, Ta, In, and Al demonstrated 

no antimicrobial effect with MIC exceeding 91 mg/L (Table 3.7). Silver was 

the only metal ion displaying different activity against the four distinct 

isolates, where it inhibited S. aureus-SA2, -SA3 and –SA4 at 10.74 mg/L but 

had no effect against S. aureus-SA1. GO did not show any activity against 

S. aureus isolates in contrast to graphene that inhibited the four isolates at 

20 mg/L. 
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Table 3.7 MIC values (mg/L) ± SE of the metal ions, graphene and graphene 
oxide against the tested S. aureus isolates. 

MIC (mg/L) 

Metal / 
Compound 

S. aureus 
-SA1 

S. aureus 
-SA2 

S. aureus 
-SA3 

S. aureus 
-SA4 

Cu 83.33 
± 0.00 

83.33 
± 0.00 

83.33 
± 0.00 

83.33 
± 0.00 

Ag 104.17 
± 20.83 

10.74 
± 2.61 

10.74 
± 2.61 

10.74 
± 2.61 

Pd 20.83 
± 5.21 

20.83 
± 5.21 

20.83 
± 5.21 

20.83 
± 5.21 

Mo 15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

Pt 0.49 
± 0.00 

0.49 
± 0.00 

0.49 
± 0.00 

0.49 
± 0.00 

Au 10.42 
± 2.61 

10.42 
± 2.61 

10.42 
± 2.61 

10.42 
± 2.61 

Ta 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Zn 104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

Re 62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

Ru 62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

Rh 31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

Sn 15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

Y 166.67  
± 41.67 

166.67  
± 41.67 

166.67  
± 41.67 

166.67  
± 41.67 

Zr 104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

Nb 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Al 333.33 
± 83.33 

250.00 
± 0.00 

250.00 
± 0.00 

250.00 
± 0.00 

In 104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

Ga 10.42 
± 2.61 

10.42 
± 2.61 

10.42 
± 2.61 

10.42 
± 2.61 

HNO3 (2 %) 625 
± 6.00 

625 
± 0.00 

625 
± 0.00 

625 
± 0.00 

HNO3 (5 %) 1562 
± 0.00 

1562 
± 0.00 

1562 
± 0.00 

1562 
± 0.00 

HCl (5 %) 3125 
± 0.00 

3125 
± 1.20 

3125 
± 1.20 

3125 
± 0.00 

HCl (10 %) 3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

Graphene 20.80 
± 6.70 

20.80 
± 6.70 

20.80 
± 6.70 

20.80 
± 6.70 

Graphene 
oxide 

>500 >500 >500 >500 
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Table 3.8 Molar inhibitory concentrations (mM) of the metal ions, graphene 
and graphene oxide against the tested S. aureus isolates. 

 

 

 

Molar  inhibitory  concentration (mM) 

Metal / 
Compound 

S. aureus 
-SA1 

S. aureus 
-SA2 

S. aureus 
-SA3 

S. aureus 
-SA4 

Cu 
1.311 1.311 1.311 1.311 

Ag 
0.965 0.100 0.100 0.100 

Pd 
0.196 0.196 0.196 0.196 

Mo 
0.163 0.163 0.163 0.163 

Pt 
0.003 0.003 0.003 0.003 

Au 
0.053 0.053 0.053 0.053 

Ta 
0.727 0.727 0.727 0.727 

Zn 
1.593 1.593 1.593 1.593 

Re 
0.334 0.334 0.334 0.334 

Ru 
0.618 0.618 0.618 0.618 

Rh 
0.304 0.304 0.304 0.304 

Sn 
0.132 0.132 0.132 0.132 

Y 
1.940 1.940 1.940 1.940 

Zr 
1.146 1.146 1.146 1.146 

Nb 
1.346 1.346 1.346 1.346 

Al 
12.354 9.265 9.265 9.265 

In 
0.907 0.907 0.907 0.907 

Ga 
0.147 0.147 0.147 0.147 

HNO3 (2 %) 9.9 9.9 9.9 9.9 

HNO3 (5 %) 24.78 24.78 24.78 24.78 

HCl (5 %) 85.70 85.70 85.70 85.70 

HCl (10 %) 85.70 85.70 85.70 85.70 
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3.4.2.2 Minimal Bactericidal Concentration 

3.4.2.2.1 P. aeruginosa 

Pt (7.8 mg/L – 0.04 mM), Sn (13.0 mg/L – 0.110 mM) and Re (31 mg/L – 

0.167 mM) demonstrated a very good bactericidal activity against the 

bacterial strains, whilst Re and Mo (31.1 mg/L – 0.326 mM), Au (41.7 mg/L 

– 0.212 mM) and Pd (41.7 mg/L – 0.392 mM) showed a good bactericidal 

activity (Table 3.9). A moderate antimicrobial activity was exhibited by Ru, 

Rh (62.5 mg/L), Ta and Ga (83.3 mg/L). Y, Ag, Zn (125 mg/L), Zr (333 mg/L), 

Cu (125 mg/L against P. aeruginosa NK-1 and 250 mg/L against P. 

aeruginosa NK-2) and Nb (333 mg/L against P. aeruginosa NK-1 and 250 

mg/L against P. aeruginosa NK-2) showed no antimicrobial effect. The 

MBCs of GO (> 500 mg/L), and graphene (250 mg/L) also indicated no 

bactericidal activity. Despite the differences shown in their antibiotic profiles, 

both P. aeruginosa strains exhibited the same MBC values for graphene, 

graphene oxide and each metal ion with the exception of Nb and Cu.  
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Table 3.9 MBC values (mg/L) ± SE and molar concentration (mM) of the metal 
ions, graphene and graphene oxide against the tested P. aeruginosa isolates. 

 MBC (mg/L) Molar concentration (mM) 

Metal / 
Compound 

P. aeruginosa-
NK1 

P. aeruginosa-
NK2 

P. aeruginosa-
NK1 

P. aeruginosa-
NK2 

Cu 125.00  
± 0.00 

250.00  
± 0.00 1.967 1.967 

Ag 125.00  
± 0.00 

125.00  
± 0.00 1.159 1.159 

Pd 41.70  
± 10.4 

41.70  
± 10.4 0.392 0.392 

Mo 31.30  
± 0.00 

31.30  
± 0.00 0.326 0.326 

Pt 7.81  
± 0.00 

7.81  
± 0.00 0.040 0.040 

Au 41.70 
 ± 10.4 

41.70  
± 10.4 0.212 0.212 

Ta 83.33  
± 20.8 

83.33 
± 20.8 0.485 0.485 

Zn 125.00 
± 0.00 

125.00  
± 0.00 1.912 1.912 

Re 31.30 
± 0.00 

31.30  
± 0.00 0.167 0.167 

Ru 62.5  
± 0.00 

62.5  
± 0.00 0.618 0.618 

Rh 62.5  
± 0.00 

62.5  
± 0.00 0.607 0.607 

Sn 13.00  
± 2.60 

13.00 
± 2.60 0.110 0.110 

Y 125.00  
± 0.00 

125.00  
± 0.00 1.406 1.406 

Zr 333.33  
± 83.3 

333 .33 
± 83.3 3.708 3.708 

Nb 333.33  
± 83.3 

250.00  
± 0.00 3.588 3.588 

Al 41.70  
± 10.4 

41.70  
± 10.4 1.546 1.546 

In 125.00  
± 0.00 

125.00  
± 0.00 1.089 1.089 

Ga 83.30 
± 20.8 

83.30 
± 20.8 1.175 1.175 

HNO3 (2 %) 1250 
± 0.00 

1250 
± 0.00 

20.15 20.15 

HNO3 (5 %) 2343 
± 0.00 

2343 
± 0.00 

37.10 37.10 

HCl (5 %) 2343 
± 0.00 

2343 
± 0.00 

64.26 64.26 

HCl (10 %) 3125 
± 0.00 

3125 
± 0.00 

85.71 85.71 

Graphene 125  
± 0.00 

125.00  
± 0.00 

--- --- 

Graphene 
oxide 

>500 >500 --- --- 
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3.4.2.2.2 K. pneumoniae 

The same metal ions (excluding indium) that exhibited the best inhibitory 

effect against the K. pneumoniae isolates also showed the best bactericidal 

effect against the same isolates. The best bactericidal activity was displayed 

by Au (10.41 mg/L – 0.053 mM), Pt (15.62 mg/L – 0.08 mM), Ga (10.41 mg/L 

– 0.147 mM), Sn (15.63 mg/L – 0.132 mM), Pd (20.83 mg/L – 0.196 mM) 

and Mo (20.83 mg/L - 0.210 mM). In (52.08 mg/L) showed a good 

bactericidal effect while Ta (62.4 mg/L), Re (62.5-83.3 mg/L), Rh and Ru 

(83.33 mg/L) showed a moderate effect. No bactericidal activity was noted 

against any of the K. pneumoniae isolates when treated with Y, Zr, Nb, Al, 

Cu or Zn (Table 3.10). Graphene demonstrated an inhibitory and 

bactericidal effect against K. pneumoniae isolates at 26 mg/L. GO showed 

no effect (>500 mg/L). 
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Table 3.10 MBC values (mg/L) ± SE of the metal ions, graphene and 
graphene oxide against the tested K. pneumoniae isolates. 

 MBC (mg/L) 

Metal / 
Compound 

K. pneumoniae 
-NK1 

K. pneumoniae 
-NK2 

K. pneumoniae 
-NK3 

K. pneumoniae 
-NK4 

Cu 125.00  
± 0.00 

125.00  
± 0.00 

125.00  
± 0.00 

125.00  
± 0.00 

Ag 125.00  
± 0.00 

31.25  
± 0.00 

31.25  
± 0.00 

31.25  
± 0.00 

Pd 20.83  
± 5.21 

20.83  
± 5.21 

20.83  
± 5.21 

20.83  
± 5.21 

Mo 20.83  
± 5.21 

20.83  
± 5.21 

20.83  
± 5.21 

20.83  
± 5.21 

Pt 15.62  
± 0.00 

15.62  
± 0.00 

15.62  
± 0.00 

15.62  
± 0.00 

Au 10.41  
± 2.61 

10.41  
± 2.61 

10.41  
± 2.61 

10.41  
± 2.61 

Ta 62.50  
± 0.00 

62.50  
± 0.00 

62.50  
± 0.00 

62.50  
± 0.00 

Zn 125.00  
± 0.00 

125.00  
± 0.00 

125.00  
± 0.00 

166.67  
± 41.67 

Re 62.50  
± 0.00 

62.50  
± 0.00 

62.50  
± 0.00 

62.50  
± 0.00 

Ru 83.33  
± 20.83 

83.33  
± 20.83 

83.33  
± 20.83 

83.33  
± 20.83 

Rh 83.33  
± 20.83 

83.33  
± 20.83 

83.33  
± 20.83 

83.33  
± 20.83 

Sn 15.63  
± 0.00 

15.63  
± 0.00 

15.63  
± 0.00 

15.63  
± 0.00 

Y 125.00  
± 0.00 

125.00 
 ± 0.00 

104.17  
± 20.83 

125.00  
± 0.00 

Zr 104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

104.17  
± 20.83 

Nb 125.00  
± 0.00 

104.17 
 ± 20.83 

104.17 
 ± 20.83 

104.17  
± 20.83 

Al 208.33  
± 41.67 

 125.00  
± 0.00 

104.17  
± 20.83 

125.00  
± 0.00 

In 52.08  
± 10.42 

52.08  
± 10.42 

52.08  
± 10.42 

52.08  
± 10.42 

Ga 10.41  
± 2.60 

10.41  
± 2.60 

10.41  
± 2.60 

10.41  
± 2.60 

HNO3 (2 %) 1250 
± 0.00 

1250 
± 0.00 

1250 
± 0.00 

1250 
± 0.00 

HNO3 (5 %) 2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

HCl (5 %) 2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

2343 
± 0.00 

HCl (10 %) 3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

Graphene 26.00 
± 5.21 

26.00 
± 5.21 

26.00 
± 5.21 

26.00 
± 5.21 

Graphene 
oxide 

>500 >500 >500 >500 
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Table 3.11 Molar bactericidal concentrations (mM) of the metal ions, 
graphene and graphene oxide against the tested K. pneumoniae 
isolates. 
 

 

 

 

 

 Molar concentration (mM) 

Metal / 

Compound 

K. 

pneumoniae 

-NK1 

K. 

pneumoniae 

-NK2 

K. 

pneumoniae 

-NK3 

K. 

pneumoniae 

-NK4 

Cu 1.967 1.967 1.967 1.967 

Ag 1.159 0.290 0.290 0.290 

Pd 0.196 0.196 0.196 0.196 

Mo 0.217 0.217 0.217 0.217 

Pt 0.080 0.080 0.080 0.080 

Au 0.053 0.053 0.053 0.053 

Ta 0.363 0.363 0.363 0.363 

Zn 1.912 1.912 1.912 2.549 

Re 0.334 0.334 0.334 0.334 

Ru 0.824 0.824 0.824 0.824 

Rh 0.810 0.810 0.810 0.810 

Sn 0.132 0.132 0.132 0.132 

Y 1.406 1.406 1.172 1.406 

Zr 1.159 1.159 1.159 1.159 

Nb 1.346 1.121 1.121 1.121 

Al 7.722 4.633 3.861 4.633 

In 0.454 0.454 0.454 0.454 

Ga 0.147 0.147 0.147 0.147 

HNO3 (2 %) 20.15 20.15 20.15 20.15 

HNO3 (5 %) 33.58 33.58 33.58 33.58 

HCl (5 %) 57.13 57.13 57.13 57.13 

HCl (10 %) 85.71 85.71 85.71 85.71 
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3.4.2.2.3 S. aureus 

The greatest bactericidal effect against the four S. aureus isolates was 

revealed by the same metal ions exhibiting the lowest MICs. Pt (7.0 mg/L – 

0.04 mM)), Au (7.0 mg/L – 0.052 mM), Ga (10.41 mg/L – 0.147 mM), Sn 

(15.62 mg/L – 0.132 mM) and Mo (15.62 mg/L – 0.163 mM) were the most 

effective in killing the S. aureus cells (Table 3.12). Pd (31.25 mg/L – 0.29 

mM) and Rh (31.25 mg/L – 0.30 mM) showed a good bactericidal effect, 

while Ru and Re (62.5 mg/L) showed a moderate one. The rest of the metal 

ions did not have any effect on the tested isolates. No discrepancy was 

observed in the MBC values of the same metal ion against the four isolates, 

except for the Ag ions. The bactericidal effect of Ag was only shown against 

three isolates S. aureus-SA2, -SA3 and –SA4 at 31.25 mg/L (Table 3.12). 

The bactericidal effect of Gr against the four strains of S. aureus was 

exhibited at 20.8 mg/L, meanwhile, no effect was shown for GO. 
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Table 3.12 MBC values (mg/L) ± SE of the metal ions, graphene and graphene 
oxide against the tested S. aureus isolates. 

 MBC (mg/L) 

Metal / 
Compound 

S. aureus 
-SA1 

S. aureus 
-SA2 

S. aureus 
-SA3 

S. aureus 
-SA4 

Cu 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Ag 104.17 
± 20.83 

31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

Pd 31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

Mo 15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

Pt 7.80 
± 2.61 

7.80 
± 2.61 

7.80 
± 2.61 

7.80 
± 2.61 

Au 10.41 
± 2.61 

10.41 
± 2.61 

10.41 
± 2.61 

10.41 
± 2.61 

Ta 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Zn 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Re 62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

Ru 62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

62.50 
± 0.00 

Rh 31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

31.25 
± 0.00 

Sn 15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

15.62 
± 0.00 

Y 166.67 
± 41.67 

166.67 
± 41.67 

166.67 
± 41.67 

166.67 
± 41.67 

Zr 104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

104.17 
± 20.83 

Nb 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Al 333.33 
± 83.33 

333.33 
± 83.33 

333.33 
± 83.33 

333.33 
± 83.33 

In 125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

125.00 
± 0.00 

Ga 10.41 
± 2.61 

10.41 
± 2.61 

10.41 
± 2.61 

10.41 
± 2.61 

HNO3 (2 %) 625 
± 6.00 

625 
± 0.00 

625 
± 0.00 

625 
± 0.00 

HNO3 (5 %) 1562 
± 0.00 

1562 
± 0.00 

1562 
± 0.00 

1562 
± 0.00 

HCl (5 %) 3125 
± 0.00 

3125 
± 1.20 

3125 
± 1.20 

3125 
± 0.00 

HCl (10 %) 3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

3125 
± 0.00 

Graphene 20.80 
± 6.70 

20.80 
± 6.70 

20.80 
± 6.70 

20.80 
± 6.70 

Graphene 
oxide 

>500 >500 >500 >500 
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Table 3.13 Molar bactericidal concentrations (mM) of the metal ions, 
graphene and graphene oxide against the tested S. aureus isolates. 

 

 

 

 

Molar concentration (mM) 

Metal / 
Compound 

S. aureus 
-SA1 

S. aureus 
-SA2 

S. aureus 
-SA3 

S. aureus 
-SA4 

Cu 
1.967 1.967 1.967 1.967 

Ag 
0.966 0.290 0.290 0.290 

Pd 
0.294 0.294 0.294 0.294 

Mo 
0.163 0.163 0.163 0.163 

Pt 
0.040 0.040 0.040 0.040 

Au 
0.053 0.053 0.053 0.053 

Ta 
0.727 0.727 0.727 0.727 

Zn 
1.912 1.912 1.912 1.912 

Re 
0.334 0.334 0.334 0.334 

Ru 
0.618 0.618 0.618 0.618 

Rh 
0.304 0.304 0.304 0.304 

Sn 
0.132 0.132 0.132 0.132 

Y 
1.875 1.875 1.875 1.875 

Zr 
1.159 1.159 1.159 1.159 

Nb 
1.346 1.346 1.346 1.346 

Al 
12.355 12.355 12.355 12.355 

In 
1.089 1.089 1.089 1.089 

Ga 
0.147 0.147 0.147 0.147 

HNO3 (2 %) 9.9 9.9 9.9 9.9 

HNO3 (5 %) 24.78 24.78 24.78 24.78 

HCl (5 %) 85.70 85.70 85.70 85.70 

HCl (10 %) 85.70 85.70 85.70 85.70 
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3.4.3 Synergy Testing Between Metal Ions and Graphene-Based 

Compounds 

The fractional inhibitory concentration (FIC) was carried out to quantify any 

synergistic activity between the metal ions exhibiting the best antimicrobial 

activity with the graphene-based compounds in a 1:1 ratio against any of the 

bacterial pathogens. A combination was deemed synergistic if ∑FIC≤0.5, 

additive if 0.5 <∑FIC≤1, indifferent if 1 <∑FIC<41and antagonistic if ∑FIC≥4. 

The FIC values of the different combinations against the four pathogens 

were listed in Tables 3.14. and 3.15. The synergistic results were highlighted 

with yellow, while additive FICs were highlighted in grey. 

3.4.3.1 P. aeruginosa 

Silver, yttrium, gallium and indium ions showed an enhanced antimicrobial 

effect against both P. aeruginosa isolates when combined with graphene 

oxide (∑FIC ≤ 0.5). Graphene, on the other hand, exhibited a synergistic 

effect when combined with Mo, Ag, Y, Ga, I and Pd ions against the two P. 

aeruginosa strains (∑FIC ≤ 0.5) (Table 3.14). An additive effect was 

detected against both isolates when treated with the following combinations 

Mo-GO, Au-GO, Au-Gr, Sn-GO, Sn-Gr, Pd-GO, Ru-GO, Ru-Gr, Re-Gr, Re-

GO, Rh-GO and Rh-Gr (∑FIC = 0.88 – 1.00) (Table 3.14 and 3.15). While 

Pt-GO (∑FIC = 3.00) was the only combination showing an indifferent effect 

against both isolates, three combinations including Pt-Gr, Ta-GO and Ta-Gr 

demonstrated an antagonistic effect against the bacterial isolates (∑FIC 

=3.00 - 4.00) (Table 3.14 and 3.15).  

3.4.3.2 K. pneumoniae 

All FIC values exhibited by the different combinations against the four 

bacterial isolates were determined (Tables 3.14. and 3.15). A synergistic 

antimicrobial effect was shown against the four S. aureus isolates treated 

with the following combinations:  Ru-Gr, Pt-Gr, Au-Gr, Ga-Gr, I-Gr, Sn-Gr, 

Pd-Gr, Ru-GO, Pt-GO, Au-GO, Ga-GO, I-GO, Sn-GO, Pd-GO (∑FIC= 0.26- 
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0.5). Y-Gr, Re-Gr, Y-GO, Re-GO, Ag-GO and Ag-Gr (0.50 <∑FIC ≤1.00) 

exhibited an additive antimicrobial effect, while Mo-Gr, Mo-GO, Rh-Gr and 

Rh-GO (∑FIC = 0.83-1.00) showed an indifferent effect. Ta-Gr and Ta-GO 

(∑FIC = 4.50-5.00) were the only two combinations that indicated an 

antagonistic effect against the bacterial isolates.  

3.4.3.3 S. aureus 

When combined with different metal ions, graphene and graphene oxide 

displayed the same patterns against K. pneumoniae isolates. An enhanced 

antimicrobial activity was observed when gold, tin, platinum, palladium, 

ruthenium, gallium and indium were added to either graphene or graphene 

oxide. An additive effect was noted for Mo-Gr, Mo-GO, Y-Gr, Y-GO, Rh-Gr, 

Rh-GO, Re-Gr and Rh-GO. Silver and tantalum were the only two metals 

demonstarting an antagonistic activity when added to either of the 

graphene-based compounds. The same effect was seen for all metals 

against the four isolates.
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Table 3.14 FIC values (±SD) of the combinations of metal ions with graphene oxide in 1:1 ratio against the four bacterial pathogens. 

 

 P. 
aeruginosa 

-NK1 

P. 
aeruginosa 

-NK2 

K. 
pneumoniae 

-NK1 

K. 
pneumoniae 

-NK2 

K. 
pneumoniae 

-NK3 

K. 
pneumoniae 

-NK4 

S. 
aureus 
-SA1 

S. 
aureus 
-SA2 

S. 
aureus 
-SA3 

S. 
aureus 
-SA4 

Mo 0.99  
± 0.00 

1.00  
± 0.00 

2.05 
± 1.1 

3.39 
± 0.31 

2.05  
± 0.66 

3.39  
± 0.31 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

Au 0.88  
± 0.06 

1.00   
± 0.00 

0.50  
± 0.05 

0.50  
± 0.00 

0.50  
± 0.00 

0.50  
± 0.00 

0.40 
± 0.04 

0.32 
± 0.10 

0.32 
± 0.10 

0.40 
± 0.04 

Ag 0.50 
± 0.00 

0.50  
± 0.05 

0.88 
± 0.06 

0.88 
± 0.06 

1.00  
± 0.00 

1.00  
± 0.00 

4.40 
± 1.00 

5.00 
± 0.00 

8.03 
± 2.54 

11.00 
± 2.50 

Sn 1.00 
± 0.00 

1.00  
± 0.00 

0.31  
± 0.04 

0.31  
± 0.04 

0.31  
± 0.04 

0.50  
± 0.00 

0.40 
± 0.03 

0.31 
± 0.01 

0.22 
± 0.02 

0.30 
± 

Y 0.37 
± 0.06 

0.50  
± 0.05 

0.89  
±0.22 

0.94  
± 0.22 

0.89  
± 0.88 

0.89  
± 0.88 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

0.88 
± 

Pt 3.00  
± 0.28 

2.00  
± 0.15 

0.26  
± 0.03 

0.31  
± 0.04 

0.26  
± 0.02 

0.31  
± 0.00 

0.50 
± 0.00 

0.50 
± 0.00 

0.31 
± 0.00 

0.40 
± 0.00 

Pd 1.00  
± 0.00 

1.00  
± 0.00 

0.39  
± 0.4 

0.50  
± 0.00 

0.31  
± 0.04 

0.39  
± 0.12 

0.31 
± 0.06 

0.22 
± 0.12 

0.31 
± 0.06 

0.40 
± 0.00 

Ru 1.00 
± 0.05 

1.00  
± 0.05 

0.50   
± 0.00 

0.50   
± 0.00 

0.50   
± 0.00 

0.50   
± 0.00 

0.41 
± 0.00 

0.50 
± 0.00 

0.41 
± 0/00 

0.50 
± 0.00 

Rh 0.88  
± 0.05 

0.88   
± 0.05 

1.63   
± 0.22 

1.63   
± 0.31 

1.63  
±0.22 

2.13   
± 1.03 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

Ta 4.10  
± 0.55 

4.10   
± 0.55 

4.25   
± 0.88 

6.50   
± 0.22 

6.50  
± 0.22 

6.50  
± 0.22 

4.00 
± 1.00 

3.00 
± 0.31 

3.00 
± 0.31 

4.00 
± 1.00 

Ga 0.50  
± 0.00 

0.50   
± 0.00 

0.50   
± 0.00 

0.50   
± 0.00 

0.50   
± 0.00 

0.50  
± 0.00 

0.14 
±  0.01 

0.22 
± 0.14 

0.45 
± 0.21 

0.33 
± 0.00 

In 0.50   
± 0.00 

0.50   
± 0.00 

0.32  
± 0.00 

0.50   
± 0.00 

0.32 
± 0.00 

0.50   
± 0.00 

0.32 
± 0.06 

0.41 
± 0.00 

0.32 
± 0.12 

0.41 
± 0.30 

Re 1.00   
± 0.00 

1.00   
± 0.00 

0.88   
± 0.00 

0.88   
± 0.00 

0.81  
± 0.00 

0.88 
± 0.00 

1.00   
± 0.00 

1.00  
± 0.00 

1.00  
± 0.00 

1.00  
± 0.00 
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Table 3.15 FIC values (±SD) of the combinations of metal ions with graphene in 1:1 ratio against the four bacterial pathogens. 

 P. 
aeruginosa 

-NK1 

P. 
aeruginosa 

-NK2 

K. 
pneumoniae 

-NK1 

K. 
pneumoniae 

-NK2 

K. 
pneumoniae 

-NK3 

K. 
pneumoniae 

-NK4 

S. 
aureus 
-SA1 

S. 
aureus 
-SA2 

S. 
aureus 
-SA3 

S. 
aureus 
-SA4 

Mo 0.44 
± 0.03 

0.50  
± 0.00 

2.42 
± 0.71 

3.96  
± 0.22 

2.63  
± 0.31 

3.76  
± 1.22 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

Au 0.99  
± 0.11 

1.00 
± 0.00 

0.43 
± 0.03 

0.50 
± 0.00 

0.50  
± 0.00 

0.50 
± 0.00 

0.40 
± 0.05 

0.33 
± 0.00 

0.40 
± 0.05 

0.33 
± 0.00 

Ag 0.50  
± 0.05 

0.24  
± 0.02 

0.88 
± 0.06 

1.00  
± 0.27 

0.88 
± 0.06 

1.00  
± 0.00 

4.01 
± 1.04 

5.25 
± 1.22 

5.25 
± 0.5 

4.01 
± 0.66 

Sn 1.00  
± 0.00 

1.00  
± 0.00 

0.34 
± 0.03 

0.37  
± 0.06 

0.37  
± 0.05 

0.53  
± 0.05 

0.41 
± 0.06 

0.31 
± 0.04 

0.22 
± 0.09 

0.33 
± 1.1 

Y 0.24  
± 0.08 

0.24 
± 0.08 

1.00 
± 0.00 

0.83  
± 0.11 

1.00  
± 0.00 

1.00  
± 0.00 

1.00 
±0.00 

1.00 
± 0.00 

1.00 
± 0.00 

1.00 
± 0.00 

Pt 4.00  
± 1.22 

4.00  
± 0.13 

0.31  
± 0.04 

0.39  
± 0.06 

0.50  
± 0.00 

0.50  
± 0.00 

0.50 
± 0.05 

0.5 
± 0.00 

0.33 
± 0.00 

0.40 
± 0.11 

Pd 0.50  
± 0.05 

0.50  
± 0.05 

0.50 
± 0.00 

0.50   
± 0.00 

0.50  
± 0.00 

0.50  
± 0.00 

0.33 
± 0.00 

0.22 
± 0.00 

0.33 
± 0.07 

0.40 
± 0.05 

Ru 0.99  
± 0.00 

1.00  
± 0.00 

0.31 
± 0.00 

0.44   
± 0.08 

0.37 
± 0.15 

0.31  
± 0.22 

0.41 
± 0.03 

0.50 
± 0.000 

0.41 
± 0.03 

0.50 
± 0.00 

Rh 0.88  
± 0.05 

0.88  
± 0.05 

1.25  
± 0.13 

1.50   
± 0.11 

1.50  
± 0.36 

1.50  
± 0.41 

1.00 
± 0.01 

1.00 
± 0.05 

1.00 
± 0.01 

1.00 
± 0.16 

Ta 4.10  
± 0.55 

4.10 
± 0.66 

4.50  
± 0.55 

4.50   
± 1.04 

4.50  
± 0.66 

5.00  
± 0.00 

4.02 
± 0.42 

3.22 
± 0.55 

4.01 
± 0.88 

4.02 
± 1.01 

Ga 0.50  
±0.05 

0.50   
± 0.00 

0.50  
± 0.05 

0.50   
± 0.05 

0.50  
± 0.05 

0.50  
± 0.05 

0.14 
± 0.03 

0.22 
± 0.11 

0.44 
± 0.10 

0.33 
± 0.05 

In 0.50   
± 0.00 

0.50 
± 0.00 

0.50   
± 0.00 

0.50  
± 0.00 

0.50  
± 0.00 

0.50  
± 0.00 

0.50 
± 0.00 

0.50 
± 0.00 

0.50 
± 0.00 

0.50 
± 0.00 

Re 1.00  
± 0.00 

1.00 
± 0.10 

0.92   
± 0.18 

0.90  
± 0.11 

1.00  
± 0.00 

0.92  
± 0.05 

1.00 
± 0.00 

1.00 
± 0.12 

1.00 
± 0.17 

1.00 
± 0.12 
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3.4.4 Anti-biofilm Activity of Metal Ions and Graphene-Based 

Compounds 

3.4.4.1 Testing the Adhesion Ability of the Bacterial Biofilms 

The mean of the resource unit (RU ± SD) for each bacterial biofilm was 

calculated to assess its adhesion ability, and to classify it into a strong biofilm 

producer (RU>4) a moderate biofilm producer (2<RU≤4) and a weak biofilm 

producer (0<RU≤2). It was demonstrated that P. aeruginosa-NK1 (RU = 

5.17 ± 0.33) and P. aerginosa-NK-2 (RU = 4.20 ± 0.44) were strong biofilm 

formers (Figure 3.1). K. pneumoniae-NK1 (RU = 5.72 ± 0.42), K. 

pneumoniae-NK2 (RU = 4.51 ± 0.22) and K. pneumoniae-NK4 (RU= 4.29 ± 

0.42) exhibited a strong biofilm formation ability while K. pneumoniae-NK3 

(RU = 3.48 ± 0.42) had a moderate ability (Figure 3.1). The three S. aureus 

isolates (-SA1, -SA3 and –SA4) (RU>4) were strong biofilm formers while 

only S. aureus-SA2 showed a moderate ability for biofilm formation (Figure 

3.1). 

 

Figure 3.1 Assessment of biofilm formation for the ten strains of P. 
aeruginosa, K. pneumoniae and S. aureus through the resource unit. 
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3.4.4.2 Crystal Violet Biofilm Assay  

The effect of the tested compounds on preformed biofilms of P. aeruginosa, 

K. pneumoniae and S. aureus in microplates was evaluated using the crystal 

violet method. The metal ions showing the best inhibitory effect against the 

planktonic cells were tested for their antimicrobial efficacy at three different 

concentrations (1×MIC, 2×MIC and 4×MIC) against the biofilm forms of the 

same bacterial isolates (Appendix A-F). When compared to the untreated 

biofilm (0×MIC), the antibiofilm activity against P. aeruginosa, K. 

pneumoniae and S. aureus isolates was optimal at 2×MIC of the tested 

compounds. Metal ions and graphene-based compounds tested at 1×MIC 

were not able to display any activity against the bacterial biofilms of the three 

pathogens. However, when tested at 4×MIC, they showed an activity similar 

to the 2×MIC. Hence, the following CVBA tests were performed at 2×MIC.  

3.4.4.2.1 P. aeruginosa 

Out of the eight metal ions tested, Ag, Zn, Sn (p= 0.0001) and Pd (p= 0.0005) 

were able to inhibit further growth of the preformed biofilms of P. aeruginosa-

NK1 and -NK2 (Figure 3.2). The inhibitory effect of graphene (p= 0.0001) 

against the biofilm forms of both isolates was much greater than the 

planktonic P. aeruginosa cells. Combinations of Mo-Gr, Mo-GO, Au-GO, Pt-

GO, Ga-GO and Ga-Gr (p<0.0001) and Ag-Gr (p=0.0037) revealed the 

optimal antibiofilm effect (Figure 3.2). A lower absorbance was detected 

upon addition of Gr or GO to Mo, Au and Ga, or GO to Pt; which signified 

that these compounds exhibited a better antimicrobial activity against the 

biofilms compared to the metal ions alone. No discrepancy in the antibiofilm 

effect of the tested compounds was noted between the distinct P. 

aeruginosa isolates exhibiting different antibiotic profiles (Figure 3.2 A-B).  
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Figure 3.2 The antimicrobial effect of metal ions and graphene-based 
compounds as determined by CVBA (at 2 × MIC) on pre-formed biofilms of 
(A) P. aeruginosa-NK1 and (B) P. aeruginosa-NK2 after 24 h treatment. The 
absorbance values (±SD) are directly proportional to the amount of biofilm that 
remained intact post exposure. * represents p ≤ 0.05 when compared to the control.  
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3.4.4.2.2 K. pneumoniae 

Biofilm assessment of K. pneumoniae isolates showed that six out of the 

nine metal ions tested inhibited preformed K. pneumoniae biofilms at 2×MIC 

of each tested compound. The best antimicrobial activity against the four 

Klebsiella isolates was revealed by Ga, Au, Sn, Pt, Pd and Mo (p= 0.0001) 

(Figure 3.3). It was evident that the addition of Gr or GO to Mo, Pt, Au and 

Pd, previously proven to inhibit K. pneumoniae biofilm formation, resulted in 

lower ODs (Figure 3.3). This reflected an enhanced antibiofilm activity for 

Mo-GO (p= 0.0001), Mo-Gr (p= 0.0001), Pt-GO (p= 0.009), Pt-Gr (p= 0.008), 

Au-GO (p= 0.019), Au-Gr (p= 0.018), Pd-GO (p= 0.009) and Pd-Gr (p= 

0.008) compared to their respective metal ions alone. The OD values for the 

different treatments were similar for the four distinct isolates (Figure 3.3 A-

D). 
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Figure 3.3 The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA (at 2 × MIC) on pre-formed 
biofilms of (A) K. pneumoniae-NK1, (B) K. pneumoniae-NK2, (C) K. pneumoniae-NK3 and (D) K. pneumoniae-NK4 after 24 h treatment. 
The absorbance values (±SD) are directly proportional to the amount of biofilm that remained intact post exposure. * represents p ≤ 0.05 when 
compared to the control. 
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3.4.4.2.3 S. aureus 

Crystal violet biofilm assay of S. aureus isolates revealed that Mo, Pt, Au, 

Sn, Ga and Pd inhibited the bacterial biofilms following an overnight 

treatment. Combinations of Mo-GO, Pt-GO, Pt-Gr, Au-GO, Au-Gr, Sn-GO, 

Sn-Gr, Ga-GO, Ga-Gr, Pd-GO and Pd-Gr also exerted an antibiofilm 

efficacy. Addition of Gr or GO to metal ions enhanced their disruptive 

efficacy against the biofilms, as in the case of Pt-GO, Pt-Gr, Au-GO, Au-Gr, 

Ga-GO, Ga-Gr, Sn-GO, Sn-Gr, Pd-GO, Pd-Gr. It was noted that the four S. 

aureus isolates showed no variation in their biofilm assessment when 

treated with the same tested compound (Figure 3.4 A-D).  
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Figure 3.4 The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA (at 2 × MIC) on pre-formed 
biofilms of (A) S. aureus-SA1, (B) S. aureus-SA2, (C) S. aureus-SA3 and (D) S. aureus-SA4 after 24 h treatment. The absorbance values 
(±SD) are directly proportional to the amount of biofilm that remained intact post exposure. * represents p ≤ 0.05 when compared to the control. 
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3.4.4.3 XTT Reduction Assay 

The changes in metabolic activity of the active bacterial cells following their 

treatment with metal ions or graphene-based compounds was quantified 

using an XTT reduction assay. Consequently, the tested compounds were 

classified as having an antimicrobial effect when they resulted in a mean ≥ 

50% reduction in the XTT colorimetric assay (threshold level for 

antimicrobial activity). Little or no antimicrobial activity was assigned to an 

XTT reduction <50%. 

3.4.4.3.1 P. aeruginosa 

The metabolic activity of the biofilms of P. aeruginosa –NK1 and –NK2 

treated with Ag, Ag/Gr, Mo/GO and Au/GO was mostly reduced to an extent 

of 90%. Biofilms treated with Mo/Gr, Pt/GO, Sn, Ga/GO showed an 80% 

activity reduction, while those treated with Zn, Pt/Gr, Sn/GO, Ga/GO and Gr 

had a reduction of 50-60%. Little inhibition of the metabolic activity was 

assigned to Ag/GO, Pd, Pd/GO and Au/Gr (<50% reduction). The 

combinations of Pd/Gr, Zn/GO, Zn/Gr, Mo, Au, Pt, Sn/Gr, Ga and GO, 

showed negative values, and thus had no effect on the biofilms’ metabolic 

activity (Figure 3.5). Both isolates of P. aeruginosa exhibited the same 

patterns for metabolic activity following their treatment with the tested 

combinations (Figure 3.5 A-B).  
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Figure 3.5 The antimicrobial effect of experimental compounds against the 
clinical P. aeruginosa (A) –NK1, (B) –NK2 isolates as assessed by percentage 
reduction in XTT colorimetry. Data shown as mean (± SD). The dotted red line (-
---) represents the threshold for minimum antibacterial activity.  
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3.4.4.3.2 K. pneumoniae  

The XTT assay showed a decrease by 80% in metabolic activity when 

biofilms of K. pneumoniae were treated with Au, Ga or Sn, and by 60-65% 

when treated with Mo, Pt or Pd. The cellular activity was even more reduced 

when Gr or GO was added to any of the following metal ions: Au, Ga, Sn, 

Mo, Pt or Pd (Figure 3.6). In, Ru, GO and their combinations had less than 

50% effect on the vitality of the four Klebsiella biofilms, while Ag, Ag-GO and 

Ag-Gr had no effect at all (5% reduction) (Figure 3.6 A-D). 
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Figure 3.6 The antimicrobial effect of experimental compounds against the clinical K. pneumoniae (A) -NK1, (B) -NK2, (C) –NK3, (D) –
NK4 isolates as assessed by percentage reduction in XTT colorimetry. Data shown as mean (± SD). The dotted red line (----) represents 
the threshold for minimum antibacterial activity. 



103 
 

3.4.4.3.3  S. aureus 

A reduced XTT conversion was observed in bacterial biofilms exposed to 

treatments with single metal ions of Au (83.5%), Ga, Sn, Pd or Gr (80%). 

The best combinations that demonstrated a decrease in metabolic activity 

exceeding 92% in all tested isolates were Ga-Go, Ga-Gr, Sn-GO, Sn-Gr, 

Au-GO and Au-Gr (Figure 3.7).   Pt-GO (84%), Mo-Gr (83%), Pd-GO (83%), 

Pd-Gr (79.3%), Pt-Gr (78.22%) and Mo-GO (73%) showed a good difference 

in XTT conversion. There was no difference in the XTT conversion following 

the different treatments among the four isolates (Figure 3.7 A - D).  
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Figure 3.7 The antimicrobial effect of experimental compounds against the clinical S. aureus (A) -SA1, (B) -SA2, (C) -SA3, (D) -SA4 
isolates as assessed by percentage reduction in XTT colorimetry. Data shown as mean (± SD). The dotted red line (----) represents the 
threshold for minimum antibacterial activity. 
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3.5 Discussion  

Following the emergence of multidrug resistant bacteria, infection control 

and treatments have risen as a serious concern.  Thus, research into the 

assessment of novel, effective antibacterial agents as alternatives to 

antibiotics is necessary. 

3.5.1 Antibiotic Susceptibility Testing 

This study investigated only clinical strains collected from different hospitals 

within UK without testing any laboratory reference strains. Clinical strains 

seem to have a more adequate representation of ‘real-world’ pathogenesis 

compared to reference strains that have shown to lose their 

pathophysiological characteristics following serial in-vitro passages (Fux et 

al., 2005).  

The susceptibility testing for the pathogens revealed that isolates belonging 

to the same genus showed different resistance profiles. All ten tested strains 

showed resistance to three or more agents belonging to different classes of 

antibiotics; hence, they were classified as MDR pathogens. For instance, 

while both P. aeruginosa strains were resistant to ciprofloxacin, P. 

aeruginosa-NK1 was also resistant to piperacillin, and imipenem and P. 

aeruginosa-NK2 was resistant to fosfomycin and cefepime. This means that 

each isolate was resistant to, at least, two out of the eight classes of 

antibiotics generally incorporated in the treatment of P. aeruginosa 

infections. These include cephalosporins, monobactams, aminoglycosides, 

carabapenems, quinolones, ß-lactams, fosfomycins and polymyxins and 

can be given as a mono- or combination therapy (Bassetti et al., 2018). In 

light of this resistance diversity, it should be pointed out that the treatment 

of burns, infected with P. aeruginosa, is not standardised among hospitals, 

and still depends on the individual preparation of the topical agent in burn 

units in each hospital (Rowan et al., 2015). 

One of the four K. pneumoniae strains was resistant to all β-lactams tested. 

The four isolates also showed different levels of resistance to other agents 

of different categories such as quinolones, cephalosporin, carbapenem, 

tetracycline and sulphonamides. Similar results of high prevalence of K. 
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pneumoniae resistance was reported from previous studies indicating that 

UK and Ireland encompass a highly diverse resistant population of K. 

pneumoniae isolates (Moradigaravand et al., 2017).  

The results also showed that the antibiotic susceptibility profiles of the 

MRSA isolates tested were found to be variable.  It should be noted that the 

multiple antibiotic resistance profiles of S. aureus, similar to our isolates, 

was reported earlier in London, UK by The Royal Brompton Hospital and 

The Royal Marsden Hospital (Gould et al., 2010). 

3.5.2 Antimicrobial Efficacy of Single Metal Ions 

Testing for the antimicrobial effect of the single metal ions revealed that Pt, 

Pd, Sn, Mo and Au exhibited the best inhibitory effect (by mass and molar 

concentrations), at different rates, against all ten tested bacterial isolates. 

The antibacterial efficacy of metal ions can be first attributed to Pearson’s 

(hard and soft acid and base) concept that classifies metals into soft and 

hard ions depending on their polarizability. In theory, hard ions have a high 

charge density (charge/radius ratio), hence they are not easily polarized 

compared to the soft ions that have a lower charge density and higher 

polarizability (Mittapally et al., 2018). Soft ions have the ability to promote 

their antibacterial activity by forming bonds with sulphur found in proteins of 

bacteria, a property known as “thiophilicity” (Mittapally et al., 2018). 

Accordingly, this makes the antimicrobial effect of these metal ions relatively 

proportional to their affinity for sulphur (Harrison et al., 2007). This can 

provide a possible explanation for the observation that Pt, Pd, Sn and Mo, 

being part of the soft metals (Table 1.2), exhibited a better antimicrobial 

efficacy compared to other metals belonging to the hard group such as Al, 

Y and Zn. 

The difference in the antimicrobial extent of metal ions against the three 

pathogens can also be linked to the difference in the membrane structure 

between the Gram positive and Gram-negative bacteria. The outer 

membrane of Gram-negative bacteria can act as a barrier preventing 

charged macromolecules (such as metal ions) from penetrating the 

hydrophobic bilayer (Clifton et al., 2015). For instance, higher 
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concentrations of Pt were needed to inhibit Gram-negative P. aeruginosa 

(7.8 mg/L – 0.04 mM) and K. pneumoniae (13.00 -15.62 mg/L) (0.066-0.08 

mM) compared to Gram-positive S. aureus (0.49 mg/L – 0.003 mM). 

Furthermore, 83 mg/L or 1.31 mM of Cu ions was enough to inhibit S. aureus 

compared to 125 mg/L (1.967 mM) for P. aeruginosa and K. pneumoniae. 

Increased tolerance to copper among Gram-negative bacteria was reported 

by several studies (Pontel and Soncini, 2009; Santo et al., 2010; Altimira et 

al., 2012). Polysaccharides found in a number of bacterial strains, including 

Klebsiella and Pseudomonas, were shown to be able to bind to toxic metal 

cations outside the cell as a survival mechanism (Bridge et al., 1999; Gutnick 

and Bach, 2000). Kazy et al. (2002) reported that the presence of Cu ions in 

the medium causes a 4-fold stimulation in the synthesis of extracellular 

polysaccharides in P. aeruginosa. The enhanced extracellular 

polysaccharides composition acts as a protective barrier against the 

environmental stress.  

Surprisingly, despite its high electronegativity (1.93), Ag was not very 

efficacious in this study. Silver did not exhibit any antimicrobial effect against 

both isolates of P. aeruginosa, S. aureus-SA1 and K. pneumoniae-NK1. 

Silver was known for years for to be bactericidal (Mittapally et al., 2018), 

however, concerns have been raised regarding bacterial resistance to silver 

following its extensive use mainly in the clinical settings (Percival et al., 

2005). Although the incidence of silver resistance has been shown to be 

variable, silver resistant bacteria of P. aeruginosa and K. pneumoniae have 

been previously reported (Haefeli et al., 1984; Percival et al., 2005).  

It should be noted that most of the research onto the antimicrobial activity of 

Ag or Cu focuses on the surface, alloys or nanoparticles forms of Cu and Ag 

rather than the ionic forms (Noyce et al., 2006; Santo et al., 2010; Qasim et 

al., 2018). Nevertheless, it was demonstrated that the surface-released free 

silver and copper ions play an important role in contact killing, which 

proceeds by successive membrane damage, oxidative damage, and DNA 

degradation (Souli et al., 2013). 

With the exception of Ag ions, no clear discrepancy was noted for the MIC 

values recorded for the distinct isolates of the same bacterial type being S. 
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aureus, K. pneumoniae or P. aeruginosa. Hence, the antimicrobial effect of 

metal ions was independent of the antibiotic profile of each isolate.  

3.5.3 Antimicrobial Efficacy of Graphene-Based Compounds 

Graphene and its derivatives have been the focus of research for the last 

decade with the aim of developing novel diverse biomedical applications 

(Pham et al., 2015). Results in this study showed that graphene oxide had 

no antimicrobial activity against the ten tested isolates with MIC and MBC 

values exceeding 500 mg/L. This was inconsistent with several studies that 

demonstrated the ability of GO to inhibit the growth of P. aeruginosa and S. 

aureus and induce cell lysis (Akhavan and Ghaderi, 2010; S. Liu et al., 

2011). The exact mechanism by which the graphene-based compounds act 

against different bacteria continue to be controversial. However, it has been 

proposed that the extent of their antibacterial effect depends largely on the 

sample preparation and concentration, the time of exposure, their physio-

chemical properties, as well as on the method of the microbiological analysis 

(Akhavan and Ghaderi, 2010; Hu et al., 2010). Therefore, it may be 

proposed that the negative effect for GO towards the planktonic form of the 

three organisms might be due to the highly purified type of GO used.  This 

observation was validated by Barbolina et al. (2016) who demonstrated that 

GO of high purity did not exhibit any bacteriostatic or bactericidal effect 

against E. coli and S. aureus cells at concentrations up to 1000 mg/L. 

Barbolina et al. (2016) also suggested that the bactericidal activity of GO 

was referred to the chemical contaminants (sulphur and nitrogen impurities) 

present during sample preparation, rather than the sample itself.  

Graphene showed a good antimicrobial activity against the distinct isolates 

of S. aureus (20.8 mg/L), and K. pneumoniae (26.0 mg/L). A slightly higher 

concentration of graphene was required to inhibit the K. pneumoniae 

isolates compared to the S. aureus ones, and this might be associated again 

with the difference in the outer membrane of the Gram-negative Klebsiella 

that can delay the mechano-bactericidal effect of the thin layer of graphene, 

acting as a blade cutting the cell membrane (Linklater et al., 2018). Several 

mechanisms were suggested for the mode of action of graphene, most 



109 
 

importantly the direct contact of the sharp edges with the bacterial cell wall. 

In particular, the precise orientation (orthogonal or perpendicular) of the 

graphene edges can determine the extent of their insertion into the cell wall 

and hence, the bacterial damage it caused (Gurunathan et al., 2012; Tu et 

al., 2013). For instance, Pham et al. (2015) has demonstrated the ability of 

graphene sheets to induce pores in the membranes of P. aeruginosa and S. 

aureus, and suggested that the density of the graphene edges was a main 

parameter governing the antibacterial behavior of the graphene compounds. 

Tu et al. (2013) also confirmed the degradation of inner and outer membrane 

of E. coli cells by graphene through the extraction of phospholipids.  

3.5.4 Synergy Testing Between Metal Ions and Graphene Composites 

Despite the fact that GO was ineffective against any of the bacterial strains, 

the combination of GO with Ag, Y, In and Ga enhanced their antimicrobial 

activity against P. aeruginosa isolates. The addition of GO to Au, Sn, Pt, Pd, 

Ru, Ga and In also enhanced their activity against the four isolates of K. 

pneumoniae and S. aureus. The same metal ions stated above resulted in 

a synergistic relationship when added to graphene against the same 

isolates. Different combinations including Ag-GO, Y-GO, I-GO, Ga-GO, Ag-

Gr, Y-Gr, I-Gr, Ga-Gr, Mo-Gr and Pd-Gr were synergistically effective 

against P. aeruginosa isolates. Several hypotheses have been formulated 

to explain the complimentary mode of action resulting from the combination 

of metal ions and graphene composites. One of which is that metal ions are 

found in a solution and are evenly dispersed around the bacterial cell with 

no specific orientation. The addition of graphene components will depolarize 

the cell wall making it more vulnerable, hence, assisting metal ions to enter 

to the cytoplasm (Pal et al., 2007; McQuillan et al., 2012). The fact that 

graphene and graphene oxide and their combinations exerted the same 

bactericidal effect against the bacterial isolates having diverse antibiograms, 

suggested that metal ions have a more generalized mode of action 

compared to the targeted mode of antibiotics (Kohanski et al., 2010).  
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3.5.5 Antibiofilm Activity of Metal Ions and Graphene-Based 

Compounds 

Evidence suggests that biofilms are responsible for the chronicity of 

persistent bacterial infections in 60-80% of hospital acquired cases 

(Bjarnsholt, 2013). The biofilm testing in this study was performed on 

stainless steel coupons. The majority of hospital equipment (such as the 

uterine aspiration set, the catheter tray, the anaesthesia trolley, the glass 

operation room cabinet, overshoe bonnet cabinet, the hospital elevators) are 

made of stainless steel (Weitzul and Taylor, 2005). Some surgical and 

medical implants are also constructed of a large percentage of stainless 

steel metal including the surgical stainless steel staples that are used as 

suturing closing material (Weitzul and Taylor, 2005). Both the hospital 

installations and surgical tools constitute a potential reservoir for bacterial 

biofilms, therefore, testing on stainless steel might provide a close imitation 

of the actual biofilms encountered in clinical settings. The biofilm assays 

showed that eight out of the ten tested isolates were strong biofilm formers 

and two were moderate ones. This indicated that this study investigated 

clinically challenging strains. It also showed that the metal ions (Ag, Zn, Pd) 

that inhibited the biofilms of both isolates of P. aeruginosa were different 

from those (Pt, Sn) inhibiting the planktonic P. aeruginosa cells. In contrast, 

the same metal ions (Au, Sn, Pt, Pd, Mo) were able to inhibit the planktonic 

and biofilm forms of K. pneumoniae and S. aureus. However, three 

combinations (Au-GO, Ga-GO and Ga-Gr) proved to be effective against P. 

aeruginosa, K. pneumoniae and S. aureus in their planktonic and biofilm 

forms. 

The controversial antimicrobial efficacy of Ag was raised again in the biofilm 

testing. Silver did not show any effect against the planktonic P. aeruginosa 

cells but inhibited biofilms of P. aeruginosa-NK1 and P. aeruginosa-NK2. 

However, Ag that did not inhibit the planktonic cells of S. aureus-SA1 and K. 

pneumoniae-NK1, did not affect their biofilms. Similar to the planktonic 

testing, the biofilm assays showed that the addition of graphene or GO to 

metal ions enhanced their inhibitory effect.  
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The difference in the efficacy of metal ions towards the planktonic and the 

biofilm forms is mainly due to the unique biofilm architecture and formation, 

which is dictated by several factors including strain specificity, internal genes 

and external conditions (quorum sensing) (Xu et al., 2016). 

Despite the fact that Ru is classified as "borderline" metal ion according to 

HSAB, and is known to exhibit an antimicrobial activity that is approximately 

proportional to their affinity for thiols, Ru ions did not show any antimicrobial 

activity against biofilms of K. pneumoniae and S. aureus in this study 

(Lemire et al., 2013). It has been suggested that Ru ions mediate their 

antimicrobial activity through the carbon monoxide-releasing molecules 

(CORMs) (Southam et al., 2017). Ru-CORMs, also known as carrier 

antimicrobial complex, act as carbon monoxide releasers and induce a 

bactericidal action through an inhibition of aerobic respiration, a decrease in 

viability of biofilms, an increase in ROS production or DNA damage 

(Southam et al., 2017). However, recent studies investigating the 

antimicrobial activities of Ru ions have demonstrated that CORMs within Ru 

had a low activity against S. aureus and were even inactive against MRSA 

and P. aeruginosa (Li et al., 2011; Páez et al., 2013). Furthermore, Li et al. 

(2013) confirmed that Ru ions caused membrane depolarization in E. coli 

cells, but was not able to permeabilise the membrane of S. aureus. 

Therefore, the low antimicrobial effect shown by Ru in this study might 

be dependent on the extent of intracellular accumulation of Ru-CPRMs and 

consequential reversible binding to targets within bacterial cells (F. Li et al., 

2015). 

While the CVBA derived data resulted from the dye staining of live and dead 

cells and exopolysaccharides, the XTT assay was used to specifically track 

the metabolic activity of live cells of all the biofilms post treatment. The 

percentage of agreement between the two tests was compared and showed 

that the metal ions and combinations inhibiting the biofilms were the same 

compounds showing the highest percentage of inhibition (>50%) of the 

metabolic activity for the ten isolates. It was clear that the two assays 

complemented each other in terms of the analysis of biofilm formation in 

response to treatment. XTT staining for cell viability and CV assay for biofilm 

mass determination, showed that combinations of metal ions and graphene 
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or GO, had a better inhibitory effect against the bacterial isolates, compared 

to metal ions alone or graphene or GO alone. In view of the vigorous 

complex process of biofilm formation, it was previously revealed that the 

metabolic activity of each biofilm is very specific to the bacterial strain itself 

(Xu et al., 2016). The tested combinations of Au, Ga, Sn, Mo, Pt or Pd  with 

Gr/GO were able to reduce the metabolic activity of all biofilms of the ten 

isolates by more than 80%, irrespective of the antibiotic profiles of the 

isolates or the strain specificity. 

3.6 Conclusion 

Findings from this study revealed that Pt, Au, Sn, Pd and Mo ion solutions 

were able to inhibit ten MDR isolates of P. aeruginosa, S. aureus, and K. 

pneumoniae in their planktonic forms, regardless of their antibiotic 

susceptibility profiles. It was also demonstrated that Pd, Sn and 

combinations of Mo-Gr, Mo-GO, Au-GO, Pt-GO, Ga-GO and Ga-Gr inhibited 

the biofilm formation and reduced the metabolic activity of the same isolates. 

The previously stated metal ions and successful combinations can open the 

door for possible incorporation in applied or biomedical applications.  
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4.1 Introduction 

The escalating concerns regarding antimicrobial resistance has pushed 

scientists and clinicians to pay more attention to problems of resistance 

toward commonly used antiseptics and disinfectants, including 

chlorhexidine (CHX) (Kampf, 2016; Cieplik et al., 2019). Although several 

publications reported a high incidence of clinical bacterial isolates with 

reduced CHX susceptibility and high virulence, the focus on CHX resistance 

is still limited (Higgins et al., 2001; Horner et al., 2012; Suwantarat et al., 

2014; Cieplik et al., 2019). 

4.1.1 History of CHX 

CHX dates back to the 1950s where it was first synthesized in Manchester 

(UK) by Imperial Chemical Industries and was primarily used as a potent 

anti-malarial agent (Cieplik et al., 2019).  CHX, found today as hydrochloride 

diacetate or gluconate salts, is used in a broad range of applications 

including catheter site preparation, bladder irrigation, oropharyngeal 

decontamination and endodontic treatment (Karpiński and Szkaradkiewicz, 

2015).  Most importantly, CHX has been used as an antimicrobial skin 

cleanser for sterilization of healthcare providers and patients pre- and post-

surgery. Due to its safety and effectiveness, CHX was listed on the World 

Health Organization's List of Essential Medicines and be obtained over the 

counter with an NHS cost of £4.80 for 500 mL in UK (WHO, 2015).  

4.1.2 Chemical Features 

CHX is a bisbiguanide compound (C22H30Cl2N10) also known as 1,1’-

hexamethylene bis (5-[4-chlorophenyl] biguanide). Its symmetrical structure 

comprises two chloroguanide chains linked by a hexamethylene bridge 

(Figure 4.1.) (EMBL-EBI, 2019). At physiological pH, CHX is a cationic 

molecule carrying two positive charges and it acts as a strong alkali that is 

practically insoluble in water (Cieplik et al., 2019). Conversely, salts of CHX 

such as CHX diacetate, CHX dihydrochloride and CHX digluconate exhibit 

water solubility and therefore are mixed with water and alcohol for 

disinfectant formulations (Karpiński and Szkaradkiewicz, 2015). 

http://en.wikipedia.org/wiki/World_Health_Organization's_List_of_Essential_Medicines
http://en.wikipedia.org/wiki/World_Health_Organization's_List_of_Essential_Medicines
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Figure 4.1 The chemical structural formula of CHX. Figure adapted and 
reproduced from National Center for Biotechnology Information (2019a). 

 

4.1.3 Surgical Skin Cleansers 

Surgical site infections constitute annually 5% of the “clean contaminated 

operations” in hospitals and create complex clinical scenarios (Hemani and 

Lepor, 2009). Whole-body bathing or showering with commercial skin 

antiseptics is a routine pre-operative practice to reduce these infections, as 

recommended by WHO surgical site infection prevention guidelines (WHO, 

2016). The use of antiseptics dates back to the mid-1800s when the 

Hungarian scientist and physician Dr. Semmelwies observed a substantial 

decrease in sepsis, infections, and hence in surgical morbidity, with proper 

handwashing techniques (Bednarek et al., 2020). A variety of commercial 

surgical scrubs is currently available in the market. Commonly used 

antiseptic agents in dermatologic surgery can include benzalkonium 

chloride, iodine, chloroxylenol, hydrogen peroxide, or isopropyl alcohol. 

However, chlorhexidine-based skin cleansers remain the most extensively 

used in clinical settings (Hemani and Lepor, 2009; Bednarek et al., 2020). 

The main purposes of using antiseptic skin cleansers are mainly for 

healthcare personnel hand-wash, patient pre-surgical skin preparation and 

wound cleansing. The choice of which specific agent to use is mainly related 

to the target site of operation and approaches in surgery (Hemani and Lepor, 

2009). The main active ingredient of the CHX-based antimicrobial skin scrub 

is CHX gluconate (4% W/V), but the mixture also contains other ingredients 

including poloxamer 237, isopropyl alcohol, lauryl dimethyl amine oxide, 

glycerol, macrogol 7 glycerol cocoate, gluconolactone, perfume (Herbacol), 

ponceau 4R (E124), sodium hydroxide and purified water. The details of all 
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the ingredients including the nature, the chemical formula, and the role of 

each compound are listed (Table 4.1).   
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Table 4.1 Complete list of all the excipients included in the surgical skin cleanser, their chemical features and main function. 

Excipient Chemical name Function/ Use  References 

Poloxamer 237 Poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) 

 

 Surfactant 

 Emulsifying agent 

 Solubilizing and dispersing 
agent 
 

Patel et al. (2009) 

Isopropyl alcohol 
(ISA) 

Propan-2-ol - C3H8O 

 

 Emulsifier  

 Viscosity decreasing agent 

 Cosmetic astringent 
 

National Centre for 
Biotechnology (2019) 

Lauryl dimethyl amine 
oxide 

(LDAO) 

 
C14H31NO 

 

 

 Strong hydrophilic surfactant 

 Antimicrobial agent 
 

Birnie and Malamud 
(2000) 

 
National Centre for 

Biotechnology 
Information (2019b)  

Glycerol Glycerin - C3H8O3 

 

 Denaturant 

 Skin protectant 

 Skin-conditioning agent 

 Humectant 

 Viscosity decreasing agent 

 Antimicrobial agent 
 

Becker et al. (2014) 
 

Singh (2014) 
 

Stout and Mckessor 
(2012) 

Macrogol 7 glycerol 
cocoate 
(PEG-7) 

Caprylic/capric glyceride 
Polyethylene glycol derivative 

 Excellent emulsifying agent 

 Emollient 

The CIR Expert Panel 
(2014) 
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 Very useful as surfactant and 
foam booster 

 Skin conditioning agent 

 Can be added to formulas as is, 
usual concentration 1 - 10% (2% 
in skin cleansers) 

Gluconolactone D-gluconic acid - C6H10O6 

 

 Preservative 

 Humectant  

 Solvent  

 Free-radical scavenger 
protecting skin from UV 
radiation and exfoliation 

 
 

Kantikosum et al. (2019) 

Ponceau 4R (E124) Trisodium salt of 1-(4-sulpho-1-napthylazo)- 2-napthol- 
6,8-disulphonic acid 

 
C20H11N2Na3O10S3 

 

 

 Red color inducer National Centre for 
Biotechnology 

Information (2019c) 

Herbacol 015393 TD   Perfume   

Sodium hydroxide NaOH  pH adjustor  Burnett (2015) 

 

https://pubchem.ncbi.nlm.nih.gov/compound/D-gluconic%20acid
https://pubchem.ncbi.nlm.nih.gov/#query=C20H11N2Na3O10S3
https://pubchem.ncbi.nlm.nih.gov/#query=C20H11N2Na3O10S3
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4.1.4 Mode of Action of CHX 

The wide spectrum of antimicrobial activity of CHX covers a variety of 

bacteria such as methicillin sensitive S. aureus (MSSA), MRSA, P. 

aeruginosa, K. pneumoniae, Enterococcus faecalis, Streptococcus mutans, 

Lactobacillus and E. coli (Karpiński and Szkaradkiewicz, 2015). At low 

concentrations (0.02%-0.06%), CHX exhibits a bacteriostatic activity against 

Gram-negative and Gram-positive bacteria and a bactericidal one at higher 

concentrations (>0.12%) (Jones, 1997). The antimicrobial effect of the 

bisbiguanide compound is mainly due to the binding of the cationic CHX 

molecule to the negatively charged phospholipid bacterial membrane. The 

hydrophobic regions of the CHX molecule are not flexible and long enough 

to  interlink themsleves in the bacterial cell membrane (Spellberg and 

Gilbert, 2014). Therefore, CHX creates bridges between adjacent head 

groups of phospholipids and displaces the Mg2+ and Ca2+ cations (Figure 

4.2.B) (Wand et al., 2017). Interestingly, the distance between the 

phospholipid groups compares closely to the length of the hexamethylene 

chain of the CHX molecule, which facilitates the binding of each biguanide 

moiety to a phospholipid headgroup  (Gilbert and Moore, 2005). The 

damage caused to the bacterial membrane affects its osmoregulation and 

fluidity and leads to cytoplasmic leakage (Figure 4.2.C). The low 

concentration of CHX can force more than 50% of potassium and 

phosphorous ions and other low weight molecules to be released out of the 

cytoplasm, but this process is still reversible (McDonnell and Russell, 1999). 

However, lethal concentrations of CHX causes precipitation of intracellular 

components including proteins and nucleic and congealing of the cytoplasm 

(Gilbert and Moore, 2005; Karpiński and Szkaradkiewicz, 2015). Since the 

first target of the CHX is the cytoplasmic membrane, it might be occasionally 

trapped by the outer membrane of the Gram-negative bacteria that acts as 

a permeability block (Cheung et al., 2012; Cieplik et al., 2019). 
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Figure 4.2 Schematic representation of the interaction of CHX with the 
negatively charged cytoplasmic membrane. (A) The divalent cations (Ca2+) 
stabilize the structure of the negatively charged phospholipid bilayer that forms a 
hydrophobic environment protecting the integrity of the implanted proteins  (B) The 
positively charged CHX molecules interact with the cytoplasmic membrane by 
linking different pairs of phospholipid and replacing the divalent cations (C) The 
gradual reduction in fluidity and the creation of hydrophilic domains will alter the 
osmoregulation and metabolic activity of cytoplasmic membrane Figure adopted 
and modified from Gilbert and Moore (2005) and Cieplik et al. (2019). 

4.1.5 Resistance Towards CHX 

Following the use of CHX as an antiseptic for several decades, a reduced 

susceptibility has increasingly emerged in clinical isolates (Saleem et al., 

2016). Nevertheless, little attention has been given to bacterial resistance 
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towards CHX and the cross-resistance between this agent and clinically 

important antibiotics. The definition of resistance towards antiseptics 

remains ambiguous. Unlike antibiotic susceptibility testing, there is a lack of 

standardized susceptibility methods with clear cut-off values for biocides 

(Vijayakumar and Sandle, 2019). In 1973, a disinfectant failure was reported 

describing Gram-negative K. pneumoniae being able to endure CHX-

containing disinfectants (Kampf, 2016). Resistance of K. pneumoniae 

towards CHX is mainly acquired genetically through mechanisms conferring 

efflux pumps, changes in the structure of the cell wall or inactivation of the 

active ingredients (Levy, 2002; Kampf, 2016). Two of the five major 

multidrug efflux pumps are the Small Multidrug Resistance (SMR) and the 

Major Facilitator Superfamily (MFS) which is the largest family of secondary 

transporters (Wassenaar et al., 2015). MFS comprises by itself no less than 

74 protein families including qacA and qacB, also known as antiseptic 

resistance genes (Smith et al., 2008; Wassenaar et al., 2015). qacA/B and 

qacE were previously detected in K. pneumoniae isolates and were 

correlated to CHX resistance, and it was claimed that the introduction of the 

resistance gene was a mere reflection of the introduction of biocides (Guo 

et al., 2015). The association between the exposure of Gram-negative 

bacteria to small doses of biocides and the cross resistance to antibiotics is 

still controversial (Kampf, 2018). For instance, no cross-resistance was 

reported between CHX and antibiotics among 130 Salmonella isolates and 

101 Burkholderia isolates (Rose et al., 2009; Beier et al., 2011). However, a 

positive link between resistance towards antibiotics and antiseptics 

(including CHX) was established among 701 Gram-negative isolates 

belonging to 16 different genera of Serratia marcescens and Alcaligenes 

spp (Maris, 1991). Furthermore, it was found that the highest MIC value for 

CHX was reported for XDR K. pneumoniae in a study involving 126 

resistant K. pneumoniae clinical isolates (Naparstek et al., 2012). 
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4.2 Aim 

The aim of this chapter was to determine the possibility of implementing 

metal ions or combinations of metal ions and graphene-based compounds 

into the skin cleanser formulation, as a potential substitution to CHX 

gluconate. Hence, a commercial antimicrobial skin cleanser that is 

commonly used in UK hospitals as a standard pre-operative hand 

disinfection and skin antisepsis was selected for further study. 
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4.3 Materials and Methods 

4.3.1 Cell Cytotoxicity Testing of the Tested Compounds 

The cell viability assay was performed to determine the cytotoxic effect of 

the metal ions and graphene-based compounds on cell viability and 

proliferation in-vitro using MTS assay as previously described (section 

2.2.11). The compounds tested here were the ones exhibiting the best 

antimicrobial effect against K. pneumoniae and S. aureus at the following 

concentrations (In (26.04 mg/L), Au (10.42 mg/L), Ga (10.42 mg/L), Pt 

(15.62 mg/L), Pd (20.83 mg/L), Mo (15,62 mg/L), Sn (15.62 mg/L), Gr (26.00 

mg/L) and GO (26.0 mg/L)). 

4.3.2 Susceptibility Testing of K. pneumoniae Isolates Towards CHX 

The broth microdilution method was used to determine the susceptibility of 

K. pneumoniae isolates to CHX as previously described (section 2.2.5) with 

some modifications.  MICs were performed by adding 100 µL of fresh TSB 

in all the wells (column 1 to 9) in a polystyrene 96 well plate. Next, 100 µL 

of the CHX gluconate solution (1024 mg/L in sterile distilled water) was 

added to the first column only. After pipetting the components up and down 

several times to ensure proper mixing, 100 µL was transferred from column 

1 to column 2. Again, the solution was mixed thoroughly using a pipette and 

100 µL was transferred to column 3. This step was repeated until column 9 

where the 9th 100 µL was discarded. One hundred microliters of fresh 

bacterial culture, previously prepared (section 2.2.4) and adjusted to 5 × 105 

CFU/mL, was added to all the wells (columns 1 to 9). The plate was 

incubated overnight at 37°C. The last three wells served as controls 

containing the uninoculated medium only (column 10), CHX only (column 

11), and bacterial culture only (column 12). The results were read after 18 h 

- 24 h, and the MICs were recorded as the lowest CHX concentration 

inhibiting visible growth of bacteria in broth wells. Bacterial growth was 

viewed as “turbidity” compared to that of an uninoculated well (column 10 - 

negative control). For MBC analysis, 10 µL of the MIC well and the preceding 

wells were inoculated onto TSA plates and incubated at 37°C for 18 h. MBC 
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was defined as the lowest concentration showing no bacterial colonies.  K. 

pneumoniae ATCC 13883 (MIC = 16 mg/L) was included in the experiment 

as a control strain. The testing was repeated for each strain in triplicate from 

three separate cultures. 

4.3.3 Adaptation of K. pneumoniae Isolate to CHX 

K. pneumoniae was adapted to CHX as described by Wand et al. (2017) 

and Bock et al. (2016) with modifications. K. pneumoniae-NK1 isolate was 

grown in 3 mL of TSB containing a quarter of the MIC of CHX of the 

corresponding isolate (previously tested in section 4.3.2) in a shaking 

incubator (250 rpm) at 37°C. The culture was passaged on alternate days 

into fresh TSB containing the same concentration of CHX. The 

concentration of CHX was doubled on alternate passages and the 

procedure was repeated to reach a final concentration of 256 mg/L. For 

subsequent analysis, the K. pneumoniae adapted strain was passaged 8-10 

times grown on TSA plate at 37 °C in the absence of the selective pressure. 

Any subsequent assays were performed on the passaged strains that were 

designated as K. pneumoniae-NA. 

4.3.4 Assessment of the Susceptibility of CHX-Adapted K. 

pneumoniae Isolate Towards Antibiotics, Metal Ions and 

Graphene Composites 

K. pneumoniae-NA was tested to determine whether adaptation to CHX led 

to any changes in bacterial susceptibility/resistance toward the tested 

antibiotics, metal ions or graphene-based compounds. The antibiotic 

susceptibility testing of K. pneumoniae-NA was tested against the previously 

tested antibiotics (section 2.2.2) according to EUCAST guidelines. 

Additionally, the antimicrobial activity of the previously tested compounds 

(metal ions, graphene and graphene oxide) against K. pneumoniae-NA were 

determined using MIC method (section 2.2.5). 
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4.3.5 Evaluation of the Antimicrobial Activity of CHX in the Presence 

of an Efflux Pump Inhibitor  

Carbonyl cyanide 3-chlorophenyl hydrazine (CCCP) (Sigma Aldrich, UK) 

was dissolved in 1 mL of distilled water (10 mg/L). The susceptibility of K. 

pneumoniae-NA towards CHX in the presence of CCCP was assessed 

using the broth microdilution (section 4.3.2). The outcome of adding CCCP 

on the antimicrobial activity of CHX against the bacterial isolate was defined 

as effective by at least a 4-fold reduction in MIC.  

4.3.6 Fractional Inhibitory Concentration 

The interaction between the excipients of the skin cleanser (Table 4.1) with 

metal ions and graphene composites in different combinations was 

assessed by calculating the FIC (section 2.2.7). Each metal ion (In (26.04 

mg/L), Ga (7.8 mg/L), Au (7.8 mg/L), Pt (15.62 mg/L), Pd (20.83 mg/L), Mo 

(13.02 mg/L), and Sn (13.02 mg/L)) was tested at its previously determined 

MIC. The components of the skin cleanser including LDAO (0.1 mg/mL), 

gluconolactone (0.2 mg/mL), isopropyl alcohol (70%), herbacol (0.05%), 

NaOH (25%), poloxamer 237 (5%), glycerol (60%) and PEG7 (2%) were 

dissolved in water. The tested components were classified as having a 

synergistic effect if ∑FIC ≤ 0.5, an additive effect if 0.5 < ∑FIC ≤ 1, an 

indifferent effect if 1 < ∑FIC ≤ 4 and an antagonistic effect if ∑FIC > 4. 

4.3.7 Preparation of the Skin Cleanser Formulations 

Various formulations were developed containing the excipients previously 

listed (Table 4.1) and different combinations of metal ions and graphene 

composites. The different compositions of all formulations were prepared 

according to (Table 4.2).  
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Table 4.2 Composition of the skin cleanser 

 

Composition (100 mL) 

 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13 F14 

Poloxamer 237 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 5 mL 

ISA (70%) 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 4 mL 

LDAO 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 10 mg 

Glycerol 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 60 mL 

PEG-7 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 2 mL 

Gluconolactone 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 2 mg 

Ponceau 4R 
(80%) 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

Herbacol 0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

NaOH (25%) 0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

0.05 
mL 

Metal ion In 
2.6 
mg 

Ga 
0.8 
mg 

Au 
0.8 
mg 

Pt 
1.6 
mg 

Pd 
2.08 
mg 

In 
3.25 
mg 

Ga 
1.5 
mg 

Ga 
2  

mg 

Au 
1.5 
mg 

Au 
2 

mg 

Pt 
2.5 
mg 

Pt 
3.75 
mg 

Pd 
3  

mg 

Pd 
5 

mg 
Gr/GO 

--- --- --- --- --- 
Gr 

3.25 
mg 

Gr 
1.5 
mg 

GO 
2  

mg 

Gr 
1.5 
mg 

GO 
2 

mg 

Gr 
2.5 
mg 

GO 
3.75 
mg 

Gr 
3 

mg 

GO 
5 

mg 

Water qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 

qs 
100 
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4.3.8 Assessment of Antimicrobial Activity of Formulations Against 

Bacterial Cells 

The in-vitro antibacterial activity of the different tested formulations was 

assessed by measuring the zones of inhibition. TSA agar plates were 

prepared following the manufacturer’s instructions and stored at 4°C until 

needed. Bacterial cultures of K. pneumoniae-NK1 and K. pneumoniae-NA 

were subcultured overnight. One to two colonies of each isolate were 

suspended in sterile saline and adjusted to 0.5 McFarland standard. 

Hundred microliters of the suspension was then inoculated on the TSA 

plates and streaked in three different directions (by rotating the plates 

around 60 degrees) to ensure proper distribution. The plates were dried for 

5 min. Using a cork borer, holes of 5 mm diameters were punched in the 

inoculated agar. Each formulation (100 µL) was mixed with 50 µL of water 

and were pipetted slowly in each well to prevent foaming. Following an 

overnight incubation at 37°C, the diameters of the zones of inhibition were 

measured and recorded in millimetre (mm). Each formulation was tested in 

triplicate and results were presented as mean value ± SD. 

4.3.9 Assessment of Antibiofilm Activity of the Formulations 

The antimicrobial efficacy of the tested formulations (1 mL) against the 

bacterial biofilms was investigated using CVBA assay (section 2.2.8.2). 

Each formulation was added to each biofilm well. Results were presented 

as absorbance at 590 nm, and the samples were blanked with acetic acid 

solutions containing the corresponding formulations. 

4.3.10 Scanning Electron Microscopy 

Deformations and morphological changes in the bacterial cells following 

treatment with CHX or metal ions and/or graphene-based compounds were 

visualized using SEM (section 2.2.2.10). 
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4.4 Results 

4.4.1 Cell Viability 

Metal ions exhibiting the best inhibitory effect against K. pneumoniae 

isolates were tested for their cytotoxicity levels against a commercial human 

skin fibroblast cell line (WS-1). Cytotoxicity was quantified by 

spectrophotometric measurements of the formazan production under 

exposure to different treatments for 24 h (Figure 4.3). Indium, gallium, gold, 

platinum, palladium, graphene and graphene oxide had little to no cytotoxic 

effect (p>0.05) (Figure 4.3.A). The negative control (untreated cells) showed 

the highest viability percentage (99.24%), followed by palladium (94%), gold 

(93%), platinum (92%) and graphene oxide (90%). Gallium, indium and 

graphene were able to retain the cell viability above 80%. Tin (43%) and 

molybdenum (39%) were toxic to the fibroblasts (p<0.05). The respective 

acids in which the metal ions were dispersed were tested and showed that 

5% HCl and 10% HCl had a detrimental effect on skin cells. When combined 

with graphene composites, In-Gr, Ga-Gr, Ga-GO, Pt-Gr, Pt-GO, Au-Gr, Au-

GO, Pd-Gr, Pd-GO and Ru-Gr did not significantly affect the vitality of the 

cells (p>0.05) (Figure 4.3.B). 



129 
 

 

Figure 4.3 Percentage viability of skin fibroblast cells incubated with different 
treatment of (A) metal ions and (B) metal ions combined with graphene-based 
compounds. * denotes p≤0.05 compared to negative control. 

 

4.4.2 Susceptibility Testing of CHX Toward K. pneumoniae Isolates 

Although there are no clinical standard cut-off values for CHX, the three K. 

pneumoniae isolates showed a high susceptibility to CHX solution with low 

MIC values ranging between 8-16 mg/L. K. pneumoniae-NK1 and K. 

pneumoniae-NK3 were inhibited at 8 mg/L while K. pneumoniae-NK2 at 16 

mg/L. The K. pneumoniae-NK1 isolate was exposed to increasing 

concentrations of CHX until full adaptation and was designated as K. 

pneumoniae-NA. Serial exposure to CHX led to a 16-fold increase in MIC 
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from 8 mg/L to 128 mg/L showing a reduced susceptibility of K. pneumoniae-

NA toward CHX.  

4.4.3 Susceptibility Testing of K. pneumonia-NA towards Antibiotics 

To track changes in the antibiotic susceptibility following CHX adaptation, K. 

pneumoniae-NA was screened against all antibiotics (Table 2.1) previously 

tested against the K. pneumoniae isolates. Out of the 20 antibiotics tested 

(Table 4.2), no change in antimicrobial susceptibility for K. pneumoniae-NA 

was detected except for colistin and cefepime. The CHX adapted isolate 

showed decreased susceptibility to colistin.  The zone of inhibition of colistin 

disc was reduced from 24 mm to 8 mm. K. pneumoniae-NA also showed 

resistance towards cefepime with a reduction in ZoI from 31 mm to 16 mm. 

The resistant profiles were highlighted in blue. 
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Table 4. 3 Phenotypic antimicrobial resistance pattern of K. pneumoniae 
isolates.  

 K. pneumoniae-
NK1 

K. pneumoniae-
NKA 

Ampicillin R R 

Amoxicillin/ 
Clavulanic acid 

R 
 

R 
 

Aztreonam R R 

Cefotaxime I I 

Piperacillin/ 
Tazobactam 

R R 

Amikacin R R 

Gentamicin S S 

Tobramycin S S 

Ceftazidime I I 

Cefalotin R R 

Cefuroxime S S 

Cefuroxime 
Axetil 

S S 

Cefepime S R 

Cefoxitin S S 

Ertapenem S S 

Meropenem S S 

Ciprofloxacin I I 

Colistin S R 

Tigecylcine S S 

Trimethoprim R R 

S = susceptible, R = resistant (highlighted in blue) and I = intermediate. 
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4.4.4 Susceptibility Testing of K. pneumonia-NA towards Metal Ions, 

Graphene and Graphene Oxide  

The antimicrobial susceptibility of the 18 metal ions, graphene and graphene 

oxide was tested against K. pneumoniae-NA. The MIC and MBC alues of 

both isolates K. pneumoniae-NK1 and -NA were listed and compared (Table 

4.4 – 4.5). The results showed that the effect of metal ions remained 

unchanged after CHX adaptation.  

Table 4. 4 MIC values (mg/L) of metal ions, graphene and graphene oxide of 
K. pneumoniae-NK1 (pre-CHX adaptation) and K. pneumoniae-NA (post-CHX 
adaptation). 

 

 MIC (mg/L) Molarity (mM) 

Metal / 
Compound 

K. 
pneumoniae-

NK1 
 

K. 
pneumoniae-

NKA 

K. 
pneumoniae-

NK1 
 

K. 
pneumoniae-

NKA 

Cu 125.00 ± 00.00 125.00 ± 00.00 1.967 1.967 

Ag 104.17 ± 20.83 104.17 ± 20.83 0.965 0.965 

Mo 13.02 ± 2.61 13.02 ± 2.61 0.195 0.195 

Pd 20.83 ± 5.21 20.83 ± 5.21 0.135 0.135 

Pt 15.62 ± 0.00 15.62 ± 0.00 0.080 0.080 

Au 7.80 ± 0.00 7.80 ± 0.00 0.039 0.039 

Ta 31.25 ± 0.00 31.25 ± 0.00 0.181 0.181 

Zn 125.00 ± 62.50 125.00 ± 62.50 1.911 1.911 

Re 52.08 ± 10.42 52.08 ± 10.42 0.278 0.278 

Ru 41.67 ± 10.42 41.67 ± 10.42 0.412 0.412 

Rh 41.67 ± 10.42 41.67 ± 10.42 0.404 0.404 

Sn 13.02  ± 2.61 13.02 ± 2.61 0.109 0.109 

Y 41.67 ± 10.42 41.67 ± 10.42 0.485 0.485 

Zr 93.75 ± 31.25 93.75 ± 31.25 1.031 1.031 

Nb 104.17 ± 20.83 104.17 ± 20.83 1.121 1.121 

Al 125.00 ± 62.50 125.00 ± 62.50 4.632 4.632 

In 26.04 ± 5.21  26.04 ± 5.21  0.226 0.226 

Ga 7.80 ± 0.00 7.80 ± 0.00 0.109 0.109 

Graphene 26.00 ± 5.21 26.00 ± 5.21 --- --- 

Graphene 
oxide 

>500 >500 --- --- 



133 
 

Table 4. 5 MBC values (mg/L) of metal ions, graphene and graphene oxide of 
K. pneumoniae-NK1 (pre-CHX adaptation) and K. pneumoniae-NA (post-CHX 
adaptation). 

 

 

 MIC (mg/L) Molarity (mM) 

Metal / 
Compound 

K. 
pneumoniae-

NK1 

K. 
pneumoniae-

NKA 

K. 
pneumoniae-

NK1 
 

K. 
pneumoniae-

NKA 

Cu 125.00 ± 00.00 125.00 ± 00.00 
1.967 1.967 

Ag 125.00 ± 00.00 125.00 ± 00.00 
1.159 1.159 

Mo 20.83 ± 5.21 20.83 ± 5.21 
0.196 0.196 

Pd 20.83 ± 5.21 20.83 ± 5.21 
0.217 0.217 

Pt 15.62 ± 0.00 15.62 ± 0.00 
0.080 0.080 

Au 10.41 ± 2.61 10.41 ± 2.61 
0.053 0.053 

Ta 62.50 ± 0.00 62.50 ± 0.00 
0.363 0.363 

Zn 125.00 ± 62.50 125.00 ± 62.50 
1.912 1.912 

Re 62.50 ± 0.00 62.50 ± 0.00 
0.334 0.334 

Ru 83.33 ± 20.83 83.33 ± 20.83 
0.824 0.824 

Rh 83.33 ± 20.83 83.33 ± 20.83 
0.810 0.810 

Sn 15.63  ± 0.00 15.63  ± 0.00 
0.132 0.132 

Y 125.00 ± 00.00 125.00 ± 00.00 
1.406 1.406 

Zr 104.17 ± 20.83 104.17 ± 20.83 
1.159 1.159 

Nb 125.00 ± 00.00 125.00 ± 00.00 
1.346 1.346 

Al 208.33 ± 41.67 208.33 ± 41.67 
7.722 7.722 

In 52.08 ± 10.42 52.08 ± 10.42 
0.454 0.454 

Ga 10.41 ± 2.60 10.41 ± 2.60 
0.147 0.147 

Graphene 26.00 ± 5.21 26.00 ± 5.21 --- --- 

Graphene 
oxide 

>500 >500 --- --- 
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4.4.5 Susceptibility Testing of K. pneumoniae-NA towards CHX in the 

Presence of CCCP 

The susceptibility of K. pneumoniae-NA isolate toward CHX was assessed 

in the absence and presence of CCCP. The results showed that the addition 

of CCCP had reduced the MIC of CHX from 128 mg/L to 16 mg/L, resulting 

in an 8-fold reduction.  

4.4.6 Synergy Testing Between Excipients of the Skin Cleanser and 

Metal Ions 

Synergy testing between the different excipients of the surgical scrub and 

metal ions and graphene composites was investigated to rule out 

antagonistic effects between any two or more factors. A total of 252 different 

combinations were tested against each of K. pneumonie-NK1 and K. 

pneumoniae-NA, and the FICs were calculated. The results indicated that 

no antagonistic effect was revealed between the metal ions and any of the 

cleanser’s components tested singularly or in different combinations. When 

each excipient was tested individually with metal ions, a synergistic effect 

was noted for poloxamer 237 with In (FIC = 0.50), Ga (FIC = 0.44), Pt (FIC 

= 0.5), Pd (FIC = 0.31), and Au (FIC = 0.39) against both isolates (Tables 

4.6 and 4.7). PEG-7 also exhibited an additive effect when combined with 

each metal ion In (FIC = 1.00, FIC = 0.88), Ga (FIC = 0.68, FIC = 0.75), Pt 

(FIC = 0.88, FIC = 0.75), Pd (FIC = 1.00, FIC = 0.88), and Au (FIC = 0.96, 

FIC = 0.88) against K. pneumoniae-NK1 and K. pneumoniae-NA, 

respectively (Tables 4.6 and 4.7). Furthermore, glycerol displayed a 

synergistic effect with graphene (FIC= 0.5; FIC= 0.03). 

When various combinations of different components were tested, poloxamer 

237-ISA combination showed a synergistic effect with the five metal ions (In 

(FIC = 0.33, FIC = 0.25), Ga (FIC = 0.31), Pt (FIC = 0.33), Pd (FIC = 0.39), 

Au (FIC = 0.5)). Additionally, an additive effect with each of poloxamer 237-

glycerol, PEG-7-glycerol and poloxamer 237-PEG-7 combinations (FIC≤1) 

against both isolates (Tables 4.8 and 4.9).  Graphene showed a synergistic 

effect with poloxamer 237 (FIC = 0.21, FIC = 0.50) and glycerol (FIC = 0.50, 
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FIC = 0.33) only, while showing an additive effect toward glycerol-ISA (FIC 

= 0.73), poloxamer 237-glycerol (FIC = 0.88, FIC = 0.77) and PEG-7-

glycerol (FIC = 0.66), and an indifferent effect with the rest of the tested 

components FICs (1.11 – 3.33). Graphene oxide, on the other hand, 

revealed an indifferent effect against all tested combinations. No 

discrepancy in the results was noted between the two isolates K. 

pneumoniae-NK1 and K. pneumoniae-NA. All the FIC values of the various 

tested combinations against both bacterial isolates were listed (Tables 4.6- 

4.9). The synergistic interactions were highlighted in yellow, while the 

additive interactions in blue. 

Table 4.6 FIC values of excipients of the skin cleanser, tested individually, 
with metal ions, graphene and graphene oxide against K. pneumoniae-NK1. 

 
In Ga Pt Pd Au GO Gr 

Poloxamer 237 0.50 0.44 0.50 0.31 0.39 1.11 0.21 

ISA 1.44 1.03 1.45 1.50 1.36 1.96 1.68 

LDAO 3.00 3.67 2.12 1.46 1.75 1.50 2.68 

Glycerol 1.21 1.10 1.30 2.06 1.06 1.11 0.50 

PEG - 7 1.00 0.68 0.88 1.00 0.96 2.30 1.21 

Gluconolactone 2.33 2.00 3.00 2.67 1.80 2.09 2.21 

Ponceau 4R 2.40 3.67 2.00 2.00 2.70 2.25 2.25 

NaOH 3.67 3.00 1.80 3.00 1.17 3.00 3.00 

 
 
Table 4.7 FIC values of excipients of the skin cleanser, tested individually, 
with metal ions, graphene and graphene oxide against K. pneumoniae-NA. 

 
In Ga Pt Pd Au GO Gr 

Poloxamer 237 0.31 0.44 0.50 0.31 0.39 1.11 0.25 

ISA 1.44 1.03 1.45 1.50 1.36 1.96 1.68 

LDAO 3.00 3.67 2.12 1.46 1.75 1.50 2.68 

Glycerol 1.21 1.22 1.30 2.06 1.75 1.11 0.33 

PEG-7 0.88 0.75 0.75 0.88 0.88 1.75 1.11 

Gluconolactone 2.33 2.00 3.00 2.67 1.80 2.09 2.21 

Ponceau 4R 2.40 3.67 2.00 2.00 2.70 2.25 2.25 

NaOH 3.67 3.00 1.80 3.00 1.17 3.00 3.00 
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Table 4.8 FIC values of excipients of the skin cleanser, tested in combination, 
with metal ions, graphene and graphene oxide against K. pneumoniae-NK1 

 

 
 

 
In Ga Pt Pd Au GO Gr 

Poloxamer 237 - ISA 0.34 0.31 0.33 0.39 0.50 1.30 1.11 

LDAO - ISA 1.33 2.46 2.36 1.71 2.71 1.12 1.25 

Glycerol - ISA 1.46 1.20 1.68 2.31 1.11 1.88 0.73 

PEG - 7 - ISA 1.87 2.68 1.11 1.75 1.66 1.25 2.09 

Gluconolactone - ISA 2.50 2.21 1.46 1.96 3.15 2.46 2.15 

Ponceau 4R - ISA 1.15 2.21 2.25 2.12 3.21 3.09 2.96 

NaOH - ISA 2.33 2.25 1.25 2.25 1.50 2.31 3.03 

Poloxamer 237 - LDAO 1.96 1.11 2.68 2.11 1.75 1.96 1.11 

Glycerol - LDAO 1.88 1.33 1.25 1.11 1.50 1.11 1.33 

PEG-7 - LDAO 1.33 1.50 1.50 1.67 2.00 1.17 1.80 

Gluconolactone - LDAO 2.12 1.46 2.09 3.12 2.03 2.21 2.12 

Ponceau 4R - LDAO 2.68 1.46 3.25 2.09 2.06 3.03 2.96 

NaOH - LDAO 2.00 2.25 2.25 2.40 3.00 3.67 3.33 

Poloxamer 237 - Glycerol 0.65 0.73 0.75 0.68 0.69 1.11 0.88 

PEG - 7 - Glycerol 0.75 1.00 1.00 0.96 0.83 1.31 0.66 

Gluconolactone - 
Glycerol 

1.75 2.15 2.11 1.75 1.06 2.46 1.27 

Ponceau 4R - Glycerol 2.27 3.21 1.46 1.31 2.11 1.12 2.30 

NaOH - Glycerol 3.12 3.31 2.68 3.40 2.50 2.68 1.31 

Poloxamer 237 - PEG - 7 0.68 0.96 1.00 0.87 0.99 1.11 1.11 

Gluconolactone - PEG - 7 1.34 2.13 1.25 3.12 2.06 1.12 2.30 

Ponceau 4R - PEG - 7 2.75 2.30 3.25 2.75 3.06 2.96 1.46 

NaOH – PEG - 7 1.75 3.06 2.22 2.15 3.40 1.30 1.75 

Poloxamer 237-
Gluconolacone 

1.75 2.50 1.88 1.11 1.67 1.88 2.75 

Ponceau 4R - 
Gluconolacone 

1.21 2.68 1.75 2.37 2.13 2.46 3.15 

NaOH - Gluconolacone 2.12 2.06 3.09 1.98 3.31 1.46 1.21 

Poloxamer 237 - Ponceau 
4R 

1.09 1.46 2.15 1.96 1.21 1.30 1.31 

NaOH - Ponceau 4R 2.21 1.30 2.68 3.13 2.96 2.11 2.25 
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Table 4.9 FIC values of excipients of the skin cleanser, tested in combination, 
with metal ions, graphene and graphene oxide against K. pneumoniae-NA 

 

 

 
In Ga Pt Pd Au GO Gr 

Poloxamer 237-ISA 0.25 0.31 0.33 0.39 0.50 1.30 1.11 

LDAO-ISA 1.33 2.46 2.36 1.71 2.71 1.12 1.25 

Glycerol - ISA 1.46 1.20 1.68 2.31 1.11 1.88 0.73 

PEG-7 - ISA 1.33 2.11 1.06 2.00 1.66 1.11 2.50 

Gluconolactone - ISA 2.50 2.21 1.46 1.96 3.15 2.46 2.15 

Ponceau 4R - ISA 1.15 2.21 2.25 2.12 3.21 3.09 2.96 

NaOH - ISA 2.33 2.25 1.25 2.25 1.50 2.31 3.03 

Poloxamer 237-LDAO 1.75 1.11 2.68 2.11 1.75 1.96 1.11 

Glycerol - LDAO 1.88 1.33 1.25 1.11 1.50 1.11 1.33 

PEG-7 - LDAO 1.33 1.50 1.50 1.67 2.00 1.17 1.80 

Gluconolactone-LDAO 2.12 1.46 2.09 3.12 2.03 2.21 2.12 

Ponceau 4R - LDAO 2.68 1.46 3.25 2.09 2.06 3.03 2.96 

NaOH - LDAO 2.00 2.25 2.25 2.40 3.00 3.67 3.33 

Poloxamer 237 - Glycerol 0.75 0.75 0.83 0.69 1.00 1.11 0.77 

PEG-7  - Glycerol 1.00 0.86 1.00 0.96 0.83 1.31 0.66 

Gluconolactone  - 
Glycerol 

1.75 2.15 2.11 1.75 1.06 2.46 1.27 

Ponceau 4R  - Glycerol 2.27 3.21 1.46 1.31 2.11 1.12 2.30 

NaOH -Glycerol 3.12 3.31 2.68 3.40 2.50 2.68 1.31 

Poloxamer 237-PEG7 0.75 1.00 0.88 1.00 1.00 2.33 1.11 

Gluconolactone -PEG-7 1.75 2.00 2.13 3.12 1.25 1.33 2.00 

Ponceau 4R - PEG-7 1.86 2.00 3.33 2.15 3.11 1.75 1.46 

NaOH - PEG-7 1.46 3.11 2.06 3.15 3.40 1.75 1.75 

Poloxamer 237 -
Gluconolacone 

2.15 2.50 1.88 1.11 1.67 1.88 2.75 

Ponceau 4R - 
Gluconolacone 

1.21 2.68 1.75 2.37 2.13 2.46 3.15 

NaOH  - Gluconolacone 2.12 2.06 3.09 1.98 3.31 1.46 1.21 

Poloxamer 237 - Ponceau 
4R 

1.68 1.46 2.15 1.96 1.21 1.30 1.31 

NaOH - Ponceau 4R 2.21 1.30 2.68 3.13 2.96 2.11 2.25 
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4.4.7 Testing of the Antimicrobial Activity of the 14 Formulations 

4.4.7.1 Testing of The antimicrobial Activity of the 14 

Formulations against the Planktonic Forms of K. 

pneumoniae-NK1 and K. pneumoniae-NA 

The in-vitro antibacterial activity of the tested formulations against the two 

bacterial isolates was assessed by measuring and comparing their zones of 

inhibition. ZoI is defined as the clear region surrounding the well and reflects 

the efficiency of the tested antimicrobial. Formulations (F1 to F14) were 

diluted (1:1) in water before testing. The results indicated that the ZoIs 

recorded for each formulation (F1 to F14) demonstrated a similar trend for 

both K. pneumoniae-NK1 and K. pneumoniae-NA. However, the inhibitory 

effect of the CHX gluconate towards K. pneumoniae-NK1 (9 mm) was larger 

than that of K. pneumoniae-NKA (6 mm). Among the 14 tested 

combinations, F9 (Au-Gr) (25 mm, 23.75 mm) showed the largest ZoI, 

followed by F3 (Au) (23 mm, 21.5 mm), F4 (Pt) (21mm, 19.75mm), F11 (Pt-

Gr) (20 mm, 21.5 mm) and F5 (Pd) (20 mm, 20 mm), F13 (20 mm, 20 mm) 

and F10 (19.55 mm, 20 mm) against K. pneumoniae-NK1 and K. 

pneumoniae-NA, respectively. The diameters of zones (ZoI ± SD) of 

inhibition of all formulations are listed in appendix G. 

 

Figure 4.4 Antimicrobial activity (ZoI) of various skin cleansers formulations 
(F1 to F14) containing different metal ions and graphene composites against 
(A) K. pneumoniae-NK1 and (B) K. pneumoniae-NA (n=3, results shown as 
mean ± SD).* denotes p≤0.05 when compared to CHX gluconate and gentamicin. 
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4.4.7.2 Testing of The Antimicrobial Activity of the 14 

Formulations against the Biofilm Forms of K. 

pneumoniae-NK1 and K. pneumoniae-NA 

The fourteen formulations were tested against 7 day-biofilms of the same 

bacterial isolates. The CVBA assays indicated that, except for F10 (Au-GO), 

the same formulations that inhibited the planktonic forms of K. pneumoniae-

NK1 and –NA were able to disrupt their biofilms preventing further growth. 

The best antibiofilm activity against both isolates was noted for F9 (Au-Gr) 

followed by F3 (Au), F4 (Pt), F11 (Pt-Gr), F5 (Pd), F2 (Ga) and F13 (Pd-Gr) 

(p= 0.001) against both isolates (Figure 4.5). Additionally, the antimicrobial 

activity of five of these formulations (F9 (Au-Gr), F3 (Au), F4 (Pt), F11 (Pt-

Gr) and F2 (Ga)) was significantly greater than the antimicrobial activity of 

CHX alone, even against the CHX susceptible isolate (K. pneumoniae-NK1). 

The 14 formulations showed no difference in their antimicrobial activity 

against the biofilms of CHX-susceptible (-NK1) and adapted strains (-NA) 

(Figure 4.5). The diameters of zones (ZoI ± SD) of inhibition of all 

formulations are listed in appendix H. 

 
Figure 4.5 Antibiofilm activity as determined by CVBA of various skin 
cleansers formulations (F1 to F14) containing different metal ions and 
graphene composites against (A) K. pneumoniae-NK1 and (B) K. 
pneumoniae-NA (n = 3, results shown as mean ± SD). * denotes p≤0.01 

compared to the control. 
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4.4.7.3 Testing of the Efficacy of the Formulations In the 

Presence of CHX. 

To investigate any synergistic activity between CHX gluconate with the 

metal ions and graphene composites, CHX gluconate (3%) was added to 

formulations F1-F14 and tested against K. pneumonia-NA. The addition of 

CHX gluconate to F2 (Ga) (p= 0.01), F3 (Au), F4 (Pt) , F7 (Ga-Gr), F9 (Au-

Gr) (p= 0.001) led to a expansion in their ZoIs, reflecting an enhanced 

antimicrobial activity (Figure 4.6). The diameters of zones of inhibition (ZoI 

± SD) are listed in appendix H. 

 

 

Figure 4.6 Antimicrobial activity (ZoI) of various skin cleansers formulations 
(F1 to F14) containing different metal ions, graphene composites and CHX 
gluconate against K. pneumoniae-NA (n = 3, results shown as mean ZoI ± 
SD). * denotes p≤0.05. 
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4.4.8 Scanning Electron Microscopy 

Scanning electron microscopy was used to visualize the effects of metal 

ions, metal ions/graphene combinations, and the tested formulations on the 

K. pneumoniae cells. The untreated control cells of K. pneumoniae-NK1 

(1680 ± 20 nm) (Figure 4.7a) and –NA ( 2060 ± 43 nm) (Figure 4.7b) showed 

intact plump rod shaped cells.  

 

Figure 4.7 SEM images illustrating K. pneumoniae-NK1 (a) and K. 
pneumoniae-NA (b) in untreated media. 

The morphological changes in bacterial cells treated with metal ions were 

prominent. Flattened surfaces with curved centres were detected in the 

presence of In (Figure 4.8a) or Pd (Figure 4.8j). Grooves and pits in the 

cellular membranes were visualized in bacterial membranes treated with 

every metal ion tested (Figure 4.8 a-j). K. pneumoniae-NA showed an 

elongated shape with rough surface membrane when treated Pt (Figure 

4.8h). 
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Figure 4.8 SEM images illustrating morphological changes in cell membrane in K. pneumoniae-NK1 (a-e) and K. pneumoniae-NA (f-j) 
following their treatment with (a,f) In, (b,g) Ga, (c,h) Pt, (d,i) Au and (e,j) Pd. 
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The antimicrobial activity of the combinations Au-Gr (Figure 4.9a), Ga-Gr 

(Figure 4.9b), In-Gr (Figure 4.9c) and Pt-Gr (Figure 4.9d and 4.9i) was 

revealed by deep grooves in the cell walls. Following the addition of 

graphene to metal ions, the bacterial membrane of K. pneumoniae appeared 

rough, with deep folding and swollen edges (Figure 4.9 d-j). A complete 

distortion of the bacterial membrane was detected following the Pt-Gr 

treatment (Figure 4.9d). 

Formulations (F3 (Au), F4 (Pt), F5 (Pd), F9 (Au-Gr) and F11(Pt-Gr) tested 

revealed complete deformations in the bacterial morphology, including 

elongation of cells (4500 ± 100 nm) (Figures 4.10j), deep grooves and pits 

(Figures 4.10 c-j), rough folded surfaces (Figures 2.10 a-b).  
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Figure 4.9 SEM images illustrating morphological changes in cell membrane in K. pneumoniae-NK1 (a-e) and K. pneumoniae-NA (f-j) 
following their treatment with (a,f) In-Gr, (b,g) Ga-Gr, (c,h) Pt-Gr , (d,i)  Au-Gr and (e,j) Pd-Gr. 
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Figure 4.10 SEM images illustrating morphological changes in cell membrane in K. pneumoniae-NK1 (a-e) and K. pneumoniae-NA (f-j) 
following their treatment with (a,f) F9 (Au-Gr), (b,g) F3 (Au),  (c,h) F4 (Pt), (d,i)F11 (Pt-Gr)and (e,j) F5 (Pd). 
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The antimicrobial efficacies of CHX and F9 (Au-Gr) were compared against 

CHX adapted K. pneumoniae-NA. SEM confirmed that the treatment with 

F9 (Au-Gr) formulation (Figure 4.11c) led to considerably greater and 

morphological changes (deep grooves) in CHX-adapted cells (K. 

pneumoniae-NA) compared to CHX treatment (Figure 4.11b).  

 
Figure 4.11 SEM images illustrating (a) untreated K. pneumoniae-NA and the 
difference in treatment of K. pneumoniae-NA with (b) CHX gluconate and (c) 
F9 formulation containing Au-Gr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



147 
 

4.5 Discussion 

The high global incidence of K. pneumoniae infections has led to an 

increased awareness of to the hazards of nosocomial infections and this has 

launched an urge for upgrading infection control and hygienic standards 

(Abuzaid et al., 2012). At least 17% of K. pneumoniae infections in intensive 

care units are associated with the extensive use of cationic biocides 

including CHX (Abuzaid et al., 2012). Since 2007, numerous outbreaks have 

been reported correlated with contaminated CHX solutions (Weber et al., 

2007; Kampf, 2016).  

4.5.1 Cytotoxicity Assays 

In the present study, the cytotoxicity of seven metal ions, graphene and GO 

was evaluated against skin fibroblasts (WS1 skin cell line). Fibroblasts are 

cells within the dermis layer of skin. They allow the epithelial cells of the 

epidermis to effectively join together to form the top layer of the skin (Lynch 

and Watt, 2018). The MTS readings showed that Ga, Au, Pt, Pd and In were 

not toxic to the WS1 cells. Metals have been suggested as promising 

material for biological applications, and their cytotoxicity has been 

investigated in different forms (ions, alloys) (Penders et al., 2017). For 

instance, the cytotoxicity of Au nanoparticles toward human dermal 

fibroblasts was evaluated at different concentrations (0.5 to 100 mg/L) for 

four days and confirmed that no significant cell viability changes were 

recorded at any concentration (Penders et al., 2017). This was in agreement 

with the results whereby gold was shown to be inert to fibroblast cells at 7.8 

mg/L. More specifically, there was no indication of any toxic effects or 

morphological changes in human dermal fibroblasts following their treatment 

with gold nanoparticles at 500-1000 µg/mL (Penders et al., 2017). Penders 

et al. (2017) also reported that gold cytotoxicity is determined to a large 

extent by its shape, with Au nanoflowers exhibiting the least cytotoxic cell 

behaviour toward mammalian cells compared to Au spheres or Au stars. 

Gallium and In showed no cytotoxicity in this study at 7.8 mg/L and 26 mg/L. 

Similarly, Chandler et al. (1994) found no significant cytotoxic effects to L-

929 fibroblasts for both Ga and In ions when tested at a concentration range 
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of 10-3 to 1 mM. On the contrary, Schedle et al. (1995) reported cytotoxic 

effects of both ions toward L-929 and gingival fibroblasts at the 

concentration above 10-2 mM. The low percentage of viable cells (~40%) 

revealed by Mo and Sn can be attributed to the fact that both metal ions 

were diluted in 10% HCl that showed, a similar low vitality rate (40%). On 

the other hand, the two metal ions were not able to induce cytotoxicity when 

tested on mouse fibroblasts (Milheiro et al., 2014). The studies investigating 

the cytotoxicity of Pt and Pd on human skin fibroblasts are scarce. The 

majority of the reports investigated Pt and Pd as metal alloys or complexes 

toward mouse fibroblast, mouse embryonic fibroblast cell line, human 

gingival fibroblasts or monocytes (Wataha et al., 2009; Coskun et al., 2013; 

Milheiro et al., 2014).  

Following the incorporation of graphene and its derivatives into biomedical 

applications, the toxicity of carbon-based compounds has been debated for 

the last few years. The results from this work showed that the skin fibroblasts 

were unaffected, at their tested concentrations, by either graphene or 

graphene oxide, or the combinations of graphene-based materials with 

metal ions (In-Gr, Ga-Gr, Ga-GO, Au-Gr, Au-GO, Pt-Gr, Pt-GO, Pd-Gr, Pd-

GO and Ru-Gr) (p<0.05). The effect of GO and graphene sheets had 

previously been explored by Liao et al. (2011) who reported that graphene 

oxide and low densely packed graphene sheets were not damaging to the 

mammalian fibroblasts. Additionally, data in this thesis were also in 

agreement with Lasocka et al. (2018) who reported no cytotoxicity for 

graphene on L929 fibroblasts. Lasocka et al. (2018) also described an 

increased cell proliferation and adhesion onto glass upon graphene 

treatment, suggesting that graphene could be valuable for tissue damage 

recovery. A discrepancy in the cytotoxicity results of the same metal ions 

were reported by different studies (Lewinski et al., 2008; Milheiro et al., 

2014). It is essential to understand that cell lines are sensitive to changes in 

their environment and can be easily affected by slight modifications 

including composition or structure of the tested compound, the surface area 

of the sample, pH, temperature, and nutrient concentration (Lewinski et al., 

2008). Consequently, comparison among the studies was challenging since 
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different experimental conditions were adapted each time. In addition, it was 

difficult to find comparable studies using the same cell type (WS-1 cells) and 

the same metal ions solutions used in this study.  

It should be noted that Ag ions were excluded from being tested for 

cytotoxicity or to be potentially incorporated in the surgical scrub 

composition for several reasons. Although silver previously exhibited a good 

antimicrobial activity against three out of the four isolates of K. pneumoniae, 

it was not able to inhibit K. pneumoniae-NK1 (MIC = 104 mg/L). 

Furthermore, increasing evidence has indicated that Ag ions used as topical 

antimicrobials trigger an oxidative stress response and induce zinc release 

in human skin fibroblasts (Cortese-Krott et al., 2009). Likewise, MTT assays 

performed by Milheiro et al. (2014) have ranked silver ions as highly 

cytotoxic against a CCL-1 fibroblast cell line.  

4.5.2 Assessment of K. pneumoniae Isolate Following Adaptation to 

CHX 

Previous studies have demonstrated that isolates of K. pneumoniae are able 

to adapt to increasing concentrations of CHX, leading to lower susceptibility 

toward CHX or chlorhexidine-based products (Bock et al., 2016; Wand et 

al., 2017). It was clear that exposure of K. pneumoniae-NA to chlorhexidine 

in this study was associated with cross-resistance to colistin and cefepime. 

However, it did not affect its susceptibility towards metal ions. While solid 

evidence is lacking to prove any link between biocides (such as metal ions) 

and chlorhexidine resistance, several studies have established the 

association between chlorhexidine adaptation and cross antimicrobial 

resistance (Percival et al., 2005; Wand et al., 2017; Hashemi et al., 2019). 

Cieplik et al. (2019) revealed, through whole genome sequencing of 

chlorhexidine adapted bacterial strains, that the mechanism responsible for 

cross resistance is due to a mutation in the operon containing pmrK 

(PhoPQ). The upregulation of the target pmrK will consequently modify the 

lipopolysaccharides by replacing the phosphate groups by 4-amino-4-

deoxy-L-arabinose. As a result, the net negative charge of lipid A and the 

bacterial binding affinity to colistin are reduced, respectively (Wand et al., 



150 
 

2017).  Additionally, Hashemi et al. (2019) was able to show that the colony 

morphology of K. pneumoniae resistant to chlorhexidine changed from a 

circular smooth shape into rough colonies with undulating margins. This 

transformation was associated with a higher-mass lipopolysaccharides’ shift 

protecting K. pneumoniae from polymixins (colistin).  

Fraud et al. (2008) showed that chlorhexidine can also induce the MexCD-

OprJ pump which contributes to the intrinsic resistance of Gram-negative 

bacteria (P. aeruginosa) towards different classes of antibiotics including 

macrolides, tetracycline, fluoroquinolone and ß-lactams including cefepime. 

MexCD-OprJ is typically quiescent in wild-type cells, but is expressed in 

multidrug resistant nfxB mutants (Morita et al., 2003). The overexpression 

of the mexCD-oprJ is a response to the damage of the bacterial membrane 

caused by chlorhexidine (Fraud et al., 2008). Furthermore, Nde et al. (2009) 

demonstrated, through global transcriptome analysis, that sub-

concentrations of chlorhexidine (4 mg/L) were able to upregulate mexC and 

mexD, 14 and 6 times, respectively, following ten minutes exposure time. In 

particular, it is believed that MexCD-OprJ plays an important role in the 

dissemination of the multidrug resistance of P. aeruginosa in clinical 

settings, where disinfectants (chlorhexidine gluconate and benzalkonium 

chloride) are frequently used (Morita et al., 2003). 

Due to increased disinfectants and antiseptics (including CHX) resistance 

often being correlated with increased efflux, the MIC for CHX was retested 

in the presence of the known efflux pump inhibitor (CCCP) (Wand et al., 

2017). K. pneumoniae-NA showed a higher susceptibility toward 

chlorhexidine upon the addition of the CCCP. This is consistent with other 

studies suggesting that higher susceptibilities towards chlorhexidine might 

be through an efflux pump that is capable of exporting the chemical outside 

the bacterial cell (Abuzaid et al., 2012; Mendes et al., 2016; Wand et al., 

2017).  

The loss of the efficacy of colistin will have significant clinical implications on 

the treatment of MDR K. pneumoniae, specifically the carbapenem-resistant 

isolates (Hayden et al., 2015). Colistin is usually used as a combination 
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therapy and is one of the few last resort antibiotics to which carbapenem-

resistant K. pneumoniae are susceptible (Falagas et al., 2014). Hence, the 

cross-link between chlorhexidine exposure and colistin resistance would 

make the eradication and prevention of resistant colonizing K. pneumoniae 

very challenging in the clinical setting (Wand et al., 2017). It should be noted 

that the concentration of chlorhexidine used in hospitals exceeds to a large 

extent the MIC values of clinical isolates, and this might be a leading factor 

contributing to Klebsiella and other bacterial pathogens to survive the 

residual effects of chlorhexidine and develop resistance (Naparstek et al., 

2012).  

4.5.3 Synergy Testing Between Metal ions and Graphene Composites 

With Excipients of the Skin Cleanser 

Synergy testing revealed no antagonistic effect between any metal ion, 

graphene or graphene oxide with any component of the skin cleaner. This 

was the second step to determine the possibility of the incorporation of metal 

ions into the scrub formulation. Additionally, a synergistic activity was 

demonstrated between five metal ions (In, Ga, Au, Pt and Pd) and 

poloxamer 237.  

Poloxamer, singularly, has been shown to have an antimicrobial effect 

(Patel, Patel, et al., 2009). However, its synergistic relationship with metal 

ions can be attributed to the interaction of oxygen atoms in the polyethylene 

oxide (PEO) chain with the metal ion. The reduced metal ions by the PEO 

chain will exhibit an enhanced antimicrobial capacity, which in turn is related 

to the oxidation capacity (Grumezescu, 2018).  

It was also revealed that the graphene interacted synergistically with 

glycerol. This interaction may be due to graphene exhibiting a solubility 

parameter very close to that of glycerol (38.62 MPa1/2), despite having a low 

solubility due to its interplanar interactions (Moghaddam et al., 2016; Kumar 

et al., 2019). This may allow the graphene to form a stable dispersion in 

glycerol, and enhance its antibacterial properties (Maas, 2016). This can 

also partially explain the enhanced antimicrobial activity of graphene added 

to the glycerol combinations. The oxygen containing groups in the 
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poloxamer chain are also known for their ability to increase the polarity of 

the sample (graphene), thus decreasing its hydrophobicity (Huang et al., 

2019). Hence, a possible explanation might be that poloxamer 237 improved 

the compatibility of graphene with the rest of the excipients (Huang et al., 

2019).  

4.5.4 Testing of the Formulations 

Fourteen different formulations for skin cleansers were established using 

different ingredients in slightly varying concentrations. All the formulations 

had the same base with one fluctuating factor being the composite added. 

Following the incorporation of metal ions and graphene composites in the 

base, the physical stability of the whole mixture was not affected, meaning 

that no creaming or increased viscosity was observed. 

Among the 14 formulations tested, those containing Au-Gr (F9), Au (F3), Pt 

(F4), Pt-Gr (F11), Pd (F5), Au-GO (F10) and Pd-Gr (F13) showed the best 

antimicrobial activity against both the planktonic and biofilm forms of both 

isolates, independently of their susceptibility towards CHX. The chemical 

composition and the synergistic interactions shown between the 

components may be responsible for the antimicrobial effect against CHX 

susceptible and adapted K. pneumoniae strains.  

The inhibitory/bactericidal effect of the different treatments was confirmed 

using SEM that showed irreversible deformations in the cell membranes 

(deep pits, groves, cell breakage, complete change in shape, rough 

surface). Similar morphological changes were reported by previous studies 

in bacterial cells following their treatments with metal ions or graphene 

compounds (Chandler et al., 1994; Ruiz et al., 2011; P. Li et al., 2015). The 

shrinking in size in some bacterial cells might be due to the secretion of 

intracellular components, while the swelling effect can be due to the change 

in membrane permeability.  

A synergistic effect was demonstrated by the addition of CHX to formulations 

(F2 (Ga), F3 (Au), F4 (Pt), F7 (Ga-Gr) and F9 (Au-Gr)), resulting in an 

enhanced antimicrobial activity towards the CHX adapted strain. Hence, the 
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addition of CHX to the previously discussed formulations might represent 

one possible solution to increase their antibacterial efficiency. Nevertheless, 

in light of the increasing rapid evidence of chlorhexidine resistance, it may 

be prudent, based on this study, to propose the elimination or reduction of 

the CHX use for the following years until a decrease in adaptation is 

validated. SEM was a confirmatory procedure to visualize the antimicrobial 

effect of metal ions, graphene composites and different formulations against 

the MDR and CHX resistant K. pneumoniae isolate. The 

inhibitory/bactericidal effect of the different treatments was apparent through 

the pits, groves, cell breakage, complete change in shape, rough surface 

until cell lysis.   

4.6 Conclusion 

Studies that investigate the impact of extended use of CHX on bacterial 

resistance towards antiseptics and cross-resistance to antibiotics are 

limited. This study proposed six antiseptic formulations containing Au, Pt, 

Pd, Au-Gr, Pt-Gr and Pd-Gr, respectively that demonstrated an antimicrobial 

efficacy against the planktonic and biofilm forms of CHX susceptible and 

adapted K. pneumoniae isolates. This study also suggested that metal ions 

and graphene composites, owing their potent antimicrobial activities and low 

cytotoxic properties, may be possible antimicrobial substitutes for 

chlorhexidine that can be integrated in skin cleansers and surgical scrubs 

formulations. 
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5.1 Introduction 

5.1.1 Chemical Structure 

Mupirocin is an antibacterial agent isolated form the soil bacterium 

Pseudomonas fluorescens NCIMB 10586, and it is produced as a mixture 

of four acids (pseudomonic acid A, B, C and D) with pseudomonic A being 

the major component of the mixture (> 90%) (Khoshnood et al., 2019; 

Tucaliuc et al., 2019). The four pseudomonic acids share the basic structure 

of monic acid (a C-polyketide-derived substructure) enclosing a pyran ring 

attached to 9-hydroxynanoic (a short fatty acid side chain) via an ester 

linkage (Figure 5.1.) (Matthijs et al., 2014). Mupirocin was introduced as a 

topical antibiotic in the 1980s and accounts today for a total production of 22 

tons per year by several manufacturers (Sutherland et al., 1985; Tucaliuc et 

al., 2019). It is used routinely to treat superficial infections caused by Gram-

positive bacteria including S. aureus and Streptococcus pyogenes (Tucaliuc 

et al., 2019). Mupirocin presents itself as a white to off-white crystalline 

powder that is soluble in acetone, chloroform, methanol and ethyl alcohol, 

but only slightly soluble in water (0.0265mg/mL). This strong acid is pH 

dependent; it exhibits its best antibacterial activity within a pH range of 4 – 

9. In very acidic and basic conditions, an irreversible structural degradation 

takes place through intramolecular opening of the epoxide ring (Gurney and 

Thomas, 2011). 
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Figure 5.1 Chemical structures of the main components of mupirocin (A) 
pseudomonic acid A, (B) pseudomonic acid B, (C) pseudomonic acid C and 
(D) pseudomonic acid D. Figure adapted and reproduced from Tucaliuc et al. 

(2019). 

 

5.1.2 Mechanism of Action 

Mupirocin belongs to the monocarboxylic acid antibiotic class, and exhibits 

a broad antibacterial activity and a limited systemic adsorption. Having a 

short half-life, the drug is converted within 15-40 minutes into monic acid 

(the inactive form) which is excreted by the kidneys (Poovelikunnel et al., 

2015; Tucaliuc et al., 2019). Due to the structural similarity between the 

epoxide side chain of mupirocin and the aliphatic side chain of isoleucine, 

mupirocin can competitively bind to the bacterial isoleucyl t-RNA synthetase. 

This binding prevents the conversion of isoleucyl t-RNA synthetase into 

isoleucine-charged transfer molecules, leading to inhibition of protein and 
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RNA synthesis in bacteria and cell death (Figure 5.2.) (Khoshnood et al., 

2019). Mupirocin exhibits low toxicity in humans due to its low affinity for 

mammalian isoleucyl-transfer-RNA synthetase (Khoshnood et al., 2019). 

Additionally, the main producer of mupirocin P. fluorescens, is not affected 

by its activity. This is mainly due to the ileRS2 gene enclosed in the 74-Kb 

gene cluster that encodes for mupirocin. By displaying eukaryotic features 

and exhibiting no sensitivity to mupirocin, ileRS2 is believed to protect the 

bacterium (Khoshnood et al., 2019). Mupirocin can be either bacteriostatic 

at concentrations near the bacterial MICs, and bactericidal at higher 

concentrations (similar to 2% mupirocin found in skin ointments) (Sutherland 

et al., 1976).  

 

Figure 5.2 The mode of action of mupirocin towards bacterial cells. (A) 
Isoleucyl t-RNA synthetase is a target enzyme involved in the activation of t-RNA 
with isoleucine trough an ATP-dependent reaction for protein synthesis. (B) 
Mupirocin has the ability to bind to the isoleucine specific binding site of isoleucyl-
tRNA synthetase through its epoxide chain. This will restrain the aminoacylation of 
isoleucine t-RNA in S. aureus and inhibit the RNA and protein and synthesis. Figure 
adapted and modified from Drugdetails (2017). 
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5.1.3 Mupirocin Resistance 

Shortly after its application into therapy, resistance towards mupirocin was 

reported in 1987 at St Thomas hospital (Hughes et al., 2015). Several 

studies have confirmed that MRSA has developed resistance to mupirocin 

following its extensive use as a preferred treatment for any MRSA infection 

(Poovelikunnel et al., 2015; Tucaliuc et al., 2019). 

5.1.3.1 Mechanism of Resistance 

S. aureus can display one of three types of susceptibility towards mupirocin 

depending on its MIC. For instance, S. aureus is considered susceptible to 

mupirocin at MIC ≤ 4mg/L, have low-level resistance (LLMR) at MIC of 8 - 

64 mg/L, and high-level resistance (HLMR) at MIC ≥ 256 mg/L. 

Concentrations ranging between 128 to 256 mg/L are not commonly 

reported, but this range is referred to as low-level resistance (Patel, Gorwitz, 

et al., 2009; Poovelikunnel et al., 2015; Khoshnood et al., 2019). The 

chromosomally encoded low-level resistance is primarily due to a point 

mutation in the ileS gene, which in turns, cause a Val-to-Phe change in the 

mupirocin binding site (Hurdle et al., 2004; Khoshnood et al., 2019). The 

high-level resistance is mediated by two main mechanisms. The first one is 

through the acquisition of plasmid mediated mupA or ileS2 genes that 

contain information for an additional isoleucyl-t-RNA unresponsive to 

mupirocin (Tucaliuc et al., 2019). The second mechanism is mediated 

through the mupB gene which shares 65% similarity in sequence with the 

mupA gene. A low-level resistance S. aureus isolate can also develop high-

level resistance through the acquisition of the pSK41-like plasmid 

(Khoshnood et al., 2019).  

5.1.3.2 Epidemiology of Mupirocin Resistance 

Resistance rates of S. aureus, particularly MRSA, towards mupirocin have 

emerged increasingly in different parts of the world (Table 5.1) (Udo et al., 

2006; Khoshnood et al., 2019). The highest prevalence of mupirocin 

resistance among S. aureus strains was reported in the United States of 

America at 10.5%, followed by Asia and Europe at 7.3% and 6.6%, 
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respectively (Dadashi et al., 2020). In the European continent, mupirocin 

resistance was reported variably by several studies, and  was demonstrated 

to be depended on the pattern of mupirocin use in each country (Khoshnood 

et al., 2019). For instance, Lee et al. (2011) reported that following a 20 year 

study that analysed MRSA isolates from blood cultures, it was demonstrated 

that mupirocin resistance is proportional to its use. Lee et al. (2011) also 

showed that low-level mupirocin resistance increased drastically from 0% to 

79% in a Swiss tertiary care hospital within only 9 years. On the other hand, 

France has witnessed an increased resistance rate of 2.2%, of which only 

0.8% exhibited high-level resistance (Desroches et al., 2013). Recent 

surveillance studies investigating the prevalence of mupirocin resistance 

among MRSA in UK are not very frequent. However, a previous study has 

reported a prevalence of 42.8% and 28.5% resistance in 1992 in UK 

(Farmer, Gilbart and Elson, 1992). 
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Table 5.1 Prevalence of mupirocin resistance among Staphylococcus species across European countries 

Location Bacteria Publication 
date 

MIC (mg/L) Resistance rate Reference 

United Kingdom S. aureus 1992 8 – 256 
≥ 2048 

42.8% (I) 
28.5% (H) 

Farmer et al. (1992) 

Poland S. aureus 1999 32 – 128 
 

≥1024 

2.5% (L) 
17% (H) 

Leski et al. (1999) 

Spain MRSA 2006 _ 12.8%  Perez-Roth et al. 
(2006) 

Belgium MRSA 2008 8-32 
≥ 512 

31.2% 
25.6% 

Malaviolle et al. 
(2008) 

Ireland MRSA, MSSA 
S. epidermidis,  

S. xylosus 

2009 8-32 
≥ 1024 

MRSA 3% (H) 
 

MSSA 1% (H) 

O’Shea et al. (2009) 

France MRSA 2013 _ 1.4% (L) 
0.8% (H) 

Desroches et al. 
(2013) 

Greece MRSA 2017 ≥ 512 >25% (H) Doudoulak et al. 
(2017) 

Papakonstantinou 
et al. (2018) 
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5.1.4 Clinical Uses 

Mupirocin is a polyketide antibiotic found under the brand name Bactroban 

or Centany. It is registered as an essential medicine on the World Health 

Organization’s list. Bactroban is mainly used to treat impetigo, folliculitis and 

skin infections caused by S. aureus and Streptococcus (Hetem and Bonten, 

2013). The major therapeutic indication for mupirocin is the eradication of 

MRSA from nasal carriage, which consequently leads to a significant 

reduction in S. aureus bacteraemia cases among dialysis patients (Boelaert 

et al., 1993; Poovelikunnel et al., 2015; Khoshnood et al., 2019). In addition 

to being used for controlling outbreaks in hospitals and nursing homes, 

mupirocin is also used to prevent recurring infections in patients with 

community acquired MRSA skin and soft tissue infections (Hetem and 

Bonten, 2013; Creech et al., 2015; Khoshnood et al., 2019). Mupirocin can 

be used alone for nasal decolonization or in combination with antiseptics 

(such as chlorhexidine) as an approach to decolonize MRSA (George et al., 

2016). In efforts to reduce the resistance, the treatment should not exceed 

10 days with at least 30 days in between treatments (Tucaliuc et al., 2019). 

Topical antibacterial formulations comprising mupirocin are available as 

ointments, topical nasal and creams. Bactroban ointment is constituted of a 

water-soluble polyethylene glycol base and is mainly used for the topical 

treatment of impetigo caused by S. aureus. Bactroban nasal, on the other 

hand, includes a paraffin-based ointment that is used for intranasal 

eradication of MRSA (Hatton et al., 2000). A list of excipients found in 

mupirocin formulations in topical nasal ointments and topical nasal sprays, 

including their chemical structure and function are detailed in Table 5.2. 

 

https://www.rxlist.com/script/main/art.asp?articlekey=3948
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Table 5.2 List of excipients in formulations of mupirocin topical nasal ointment and spray. 

 Excipient Chemical structure Function/use Reference 

Bactroban 
ointment 

Polyethylene glycol 
400 

 
(PEG 400) 

C2n H4n+2 On+1 (n = 8.2 to 9.1) 

 

 

 Emulsion stabilizer 
(keeps the components 
from separating into oil 
and liquid components) 

Ooya et al. (2003) 
 

Ethier et al. (2019) 

Polyethylene glycol 
3350 

 
(PEG 3350) 

C2n H4n+2 On+1 (n = 75.7) 

 

 

 Humectant Ethier et al. (2019) 

Bactroban nasal 
ointment 

Soft white paraffin 
(Petrolatum) 

1,1,2-
Trimethylbenzeindole 

C15H15N 

 

 Emollient/ moisturizer 
(creates an oil deposit 
on the skin surface 
preventing water 
evaporation) 

Loden (2003) 

Softisan 649 
Bis-Diglyceryl 

Polyacyladipate-2  
 

 

 Lanolin substitute with a 
high water-binding 
capacity and good 
adhesion to the skin 

 Emollient 

Flume et al. (2013) 

Nasal spray Saline   NaCl  Decongestant to clear 
nasal secretions and 
debris  

Hauptman and Ryan 
(2007) 

Allen (2019) 
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5.2 Aim 

The aim of this study was to test the possibility of developing nasal topical 

formulations (ointments and sprays) by integrating metal ions and graphene-

based compounds as antimicrobial agents. This also aims at testing the 

efficacy of these formulations for the treatment of intranasal staphylococcal 

or MRSA-related skin infections (including impetigo). 
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5.3 Materials and Methods 

5.3.1 Antimicrobial Susceptibility of S. aureus to Mupirocin 

The susceptibility of the S. aureus isolates toward mupirocin was examined 

using the disc diffusion method (as previously described in section 2.2.2.). 

Mueller-Hinton agar plates were inoculated with a solution of each bacterial 

isolate adjusted to 1.5 × 108 CFU/mL, and mupirocin discs (5 µg and 200 

µg) (Applichem Gmbh, USA) were placed onto the inoculated agar. 

Following overnight incubation, the diameters of the zones of inhibition were 

measured from three different sides and recorded in mm. S. aureus isolates 

showing ZoI ≤ 13 mm with the 5 µg mupirocin disc were considered MUP 

resistant (Fuchs et al., 1990). Those isolates were subsequently tested with 

the 200 µg discs to be classified as high level mupirocin resistant (ZoI ≤ 6 

mm) or low level mupirocin resistant (ZoI ≥ 7 mm) (McDanel et al., 2013). S. 

aureus ATCC 25923 was used as a control strain.  

5.3.2 Synergy Testing 

The interaction between the excipients of the Bactroban ointment or the 

Bactroban nasal (Table 5.2.) with metal ions and graphene composites in 

different combinations was assessed by calculating the FIC (section 2.2.7.). 

Metal ions, including Ga (7.8 mg/L), Pt (0.49 mg/L), Pd (20.83 mg/L) and Au 

(7.8 mg/L) were selected since they exhibited the best inhibitory 

concentrations against the S. aureus isolates and the least cytotoxic effects 

against skin fibroblasts. Polyethylene glycols (PEG 400 (4%) and PEG 3350 

(0.5 g/mL)) were diluted in water, while paraffin (0.76 g/mL) and softisan 

(0.05 g/mL) were diluted in diethyl ether. Fifty microliters of each tested 

compound was added to the well. The tested components were added in a 

1:1 mixture and were classified as having a synergistic effect if ∑FIC ≤ 0.5, 

an additive effect if 0.5 < ∑FIC ≤ 1, an indifferent effect if 1 < ∑FIC ≤ 4 and 

an antagonistic effect if ∑FIC > 4. 
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5.3.3 Preparation and Testing of the Different Ointment Formulations 

5.3.3.1 Nasal Sprays 

The conventional fusion method was used for the preparation of the 

ointment base. Constituents were placed inside glass beakers in a water 

bath at 70 °C. PEG 3350 (70 g), having a higher molecular weight, was 

placed in the beaker first and left to melt for few minutes. Hundreds millilitres 

of PEG 400 was added onto a separate beaker and warmed up. Volumes of 

PEG 400 and PEG 3350 were added and mixed together as indicated (Table 

5.3). The mixture was cooled down to room temperature (or at least below 

40 °C) with continuous gentle stirring for 8-10 minutes to form a clear 

solution. Half of the weighed amount of the base was removed and spread 

over a clean glass plate. Metal ions (Ga, Au, Pd) or combinations of metal 

ions and graphene based compounds (Ga-GO, Ga-Gr, Au-GO, Au, Gr, Pd-

GO and Pd-Gr) were added to the polyethylene glycol ointment. The cream 

was folded over the added constituents using a spatula in a side-to-side 

motion without exertion of any pressure. The rest of the ointment base was 

blended with the mixture while making sure no granules or streak marks 

appeared. Ointment mixture was diluted in a 1:9 ratio with saline solution. 

The different compositions of the topical intranasal spray formulations are 

listed in Table 5.3. Ointment bases were prepared in accordance with the 

United States National Formulary (Orr and Greenway, 1986; De Villiers, 

2009; USNF, 2013). 

Table 5.3 Composition of the topical intranasal spray formulation  

 Formulation (100 mL) 

Ingredients S1 S2 S3 S4 S5 S6 S7 S8 S9 

PEG 400 44.5  
mL 

44.5 
mL 

39 
mL 

48  
mL 

48 
mL 

46 
mL 

50 
mL 

50 
mL 

50 
mL 

PEG 3350 44.5 
mL 

44.5 
mL 

39 
mL 

47.5  
mL 

48 
mL 

46 
mL 

47 
mL 

47.3 
mL 

45.8 
mL 

Metal ion Ga 
11 
 mg 

Au 
11 
mg 

Pd 
22 
mg 

Ga 
2.25 
mg 

Au 
2  

mg 

Pd 
4  

mg 

Ga 
1.5 
mg 

Au 
1.35 
mg 

Pd 
2.1 
mg 

Gr/GO -- -- -- GO 
2.25 
mg 

GO 
2  

mg 

GO 
4 

 mg 

GO 
1.5 
mg 

Gr 
1.35 
mg 

Gr 
2.1 
mg 

Saline 
dilution 

1:9 1:9 1:9 1:9 1:9 1:9 1:9 1:9 1:9 
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5.3.3.2 Nasal Ointment 

Ointment formulation was also prepared using the fusion method. Soft white 

paraffin (100 g) and Softisan 649 (10 g) were melted in separate glass 

beakers in a water bath set at 70 °C. The volumes of each constituent were 

added, according to each formulation (Table 5.4), while being stirred gently 

until congealing. The mixture was then removed from the hot container and 

allowed to cool down. The rate of cooling was an important element since 

rapid cooling contributed in increased structure of the formulated product. 

Next, metal ions (Ga, Au, Pd) or combinations of metal ions and graphene 

based compounds (Ga-GO, Ga-Gr, Au-GO, Au, Gr, Pd-GO and Pd-Gr) were 

added. The mixture was folded using a stainless steel spatula and stored in 

the dark. The different compositions of the topical intranasal spray 

formulations are listed in Table 5.4. Ointment bases were prepared in 

accordance with the United States National Formulary (Orr and Greenway, 

1986; De Villiers, 2009; USNF, 2013). 

Table 5.4 Composition of the topical intranasal ointment formulation 

 Formulation (100 mL) 

Ingredients O1 O2 O3 O4 O5 O6 O7 O8 O9 

Paraffin 95 
mL 

95 
mL 

94 
mL 

95  
mL 

95 
mL 

95 
mL 

95  
mL 

95 
mL 

95 
mL 

Softisan 649 3.9  
mL 

3.9  
mL 

3.9  
mL 

4 
 mL 

4.6 
mL 

4.2 
mL 

4.7 
mL 

4.7 
mL 

4.5 
mL 

Metal ion Ga 
1.1 
mg 

Au 
1.1 
mg 

Pd 
2.1 
mg 

Ga 
0.5 
mg 

Au 
0.2 
mg 

Pd 
0.4 
mg 

Ga 
0.15 
mg 

Au 
0.15 
mg 

Pd 
0.25 
mg 

Gr/GO -- -- -- GO 
0.5 
mg 

GO 
0.2 
mg  

GO 
0.4 
mg  

Gr 
0.15 
mg  

Gr 
0.15 
mg 

Gr 
0.25 
mg 

 

5.3.4 In-vitro Antimicrobial Activity against S. aureus Isolates 

5.3.4.1 Zone of Inhibition 

The in-vitro antibacterial activity of the different tested formulations of 

ointments and sprays was evaluated through their zones of inhibition. TSA 
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agar plates were prepared following the manufacturer’s instructions and 

stored at 4°C until needed. Bacterial cultures of S. aureus-SA1, S. aureus-

SA2 and S. aureus-SA3 were subcultured overnight. One to two colonies of 

each isolate were suspended in sterile saline and adjusted to 1.5 × 108 

CFU/mL. The suspension was inoculated onto the TSA agar by streaking 

100 µL in three different directions to ensure proper distribution (by rotating 

the plates around 60 degrees). The plates were dried for 5 min at room 

temperature. Using a sterile cork borer, holes of 5 mm diameter were 

punched into the inoculated agar. Each formulation was added to a separate 

well. The marketed product mupirocin 2% ointment (Advanz Pharma,UK) 

was tested in parallel as control. The formulation bases containing no metal 

ions or graphene composites were also tested. Following overnight 

incubation at 37°C, the diameters of the zone of inhibition were measured 

and recorded in millimetre (mm). Each formulation was tested in triplicate 

and results were presented as mean value ± SD. 

5.3.4.2 Crystal Violet Biofilm Assay 

CVBA assays were conducted to evaluate the antimicrobial efficacy of the 

tested formulations against S. aureus biofilms (section 2.2.8.2). Each 

formulation was tested individually against a separate biofilm. Results were 

presented as absorbance at 590 nm. Samples were blanked with acetic acid 

solutions containing the corresponding formulations. 

5.3.5 Scanning Electron Microscopy 

Conformational changes in S. aureus cells and biofilms treated with different 

nasal ointment and spray formulations containing metal ions were visualized 

by SEM imaging (as previously described in section 2.2.9). 

5.3.6 Physical Evaluation of Ointment Formulations 

5.3.6.1 Organoleptic Inspection 

The physical appearance, colour, texture and homogeneity of all tested 

combinations were examined by visual observation. Homogeneity and 

texture were inspected by pressing a small amount of the products between 
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the two fingers (thumb and index). The stiffness, greasiness and the 

presence of any coarse particles were also assessed through immediate 

skin feel.  

5.3.6.2 Spreadability 

The spreadability of the tested formulations was determined by applying 1 g 

of each formulation between two glass slides placed horizontally. A standard 

weight of 25 g was exerted for one minute on the upper slide. The spreading 

diameter was then measured and the spreadability was calculated using the 

following formula  

[ S = 
M ×L

T
 ]             [4] 

where S is the Spreadability, M is the total weight (g) applied to the upper 

slide, L the length (cm) of the slide and T is the time in seconds required for 

the entire separation of the two slides (Djiobie Tchienou et al., 2018; 

Gemeda et al., 2018). Spreadability measurements were performed in 

triplicate. 

5.3.6.3 Determination of pH 

A suspension of each formulation was prepared by mixing 1 g of the 

ointment or cream in 25 mL of deionized water. A magnetic stirrer was used 

to ensure homogeneity. After calibrating the pH meter (Hanna Instruments, 

UK) with standard buffer solutions (pH 4, 7 and 10), the pH of each 

formulation was measured three times.  

5.3.6.4 Thermal Cycle Testing 

Fifteen grams of each formulated product (spray or ointment) was stored at 

4-5°C for two days then at 25°C for an additional two days. Another 15 g 

was stored at 4°C then 50°C for 48 h each. Both procedures were repeated 

at least 4 times and the stability and appearance of the products were 

assessed again.  
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5.3.6.5 Creaming and Coalescence 

Twenty grams of each formulation was placed into sterile bijoux and kept at 

room temperature in the laboratory for 2 months. The physical stability 

(including pH, colour, physical appearance and texture) and antimicrobial 

activity of each formulation was re-checked after one week, one month and 

three months.  

5.4 Results 

5.4.1 Antimicrobial Susceptibility of S. aureus to Mupirocin 

The susceptibility of S. aureus isolates towards mupirocin was tested using 

a disc diffusion method. Clear zones of inhibition (larger than 13 mm) were 

obtained for S. aureus-SA2 showing a full sensitivity to mupirocin. S. aureus-

SA1 (3.66mm) and S. aureus-SA3 (no zone) displayed small to no zones of 

inhibition zones when tested with mupirocin 5 µg indicating their resistance. 

The 200 µg discs were tested against the resistant isolates to further confirm 

the level of resistance. Consequently, S. aureus-SA1 S. aureus-SA3 

showed low-level and high-level of mupirocin resistance, respectively (Table 

5.3).  

Table 5.5 Mean values (± SD) of the zones of inhibition of S. aureus 
isolates by mupirocin (5 µg and 200 µg) discs. 

ZoI (mm) Mupirocin 5 µg Mupirocin 200 µg Phenotype 

S. aureus-SA1 3.66 ± 0.57 10.00 ± 1.00 LLMR 

S. aureus-SA2 17 ± 1.00 21.00 ± 1.00 Sensitive 

S. aureus-SA3 No zone 4.33 ± 0.57 HLMR 

LLMR: Low-level mupirocin resistance, HLMR: High-level mupirocin resistance  

 

5.4.2 Synergy Testing of Different Excipients of the Topical Nasal 

Ointment and Topical Spray  

Metal ions (Ga, Pt, Pd and Au) exhibiting the best inhibitory concentrations 

against S. aureus isolates and the least cytotoxic effects against skin 

fibroblasts were tested to determine their synergistic effects. The values of 
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the FIC index were used as a predictor for synergy between metal ions, 

graphene composites and individual excipients of the topical nasal spray 

and ointment. PEG 3350 (FIC = 0.11 – 0.4) and PEG 400 (FIC = 0.65 – 0.88) 

exhibited synergistic and additive effects, respectively, when tested with Ga, 

Pd and Au, Gr or GO against the three S. aureus isolates (Table 5.4). The 

antimicrobial activity of metal ions was not affected by the addition of paraffin 

(FIC = 1.75 – 2.12), saline solution (FIC = 1.25 – 2) or softisan 649 (FIC = 

1.25 – 2.75) showing an indifferent effect against the three bacterial isolates 

(Table 5.4). When the excipients were tested in combination with Ga, Pd, 

Au, GO and Gr, the PEG 400-PEG 3350 combination exhibited a synergistic 

antimicrobial activity (FIC = 0.11 - 0.46), whilst saline-PEG 400 (FIC = 0.66 

- 1), and saline-PEG 3350 (FIC = 0.54 - 1) showed additive effects (p<0.05) 

(Table 5.5.). The paraffin-saline combination exhibited an indifferent effect 

(FIC = 1.67 - 3.21). Pt was the only metal ion showing an indifferent activity 

when tested against the 162 combinations; hence, Pt was excluded from 

further investigations. The results also revealed that no antagonistic effect 

was displayed between the four metal ions, graphene, graphene oxide and 

any tested excipient of nasal topical. The same synergistic patterns were 

observed with the different tested combinations against the different S. 

aureus isolates.  A complete list of FIC values of the different combinations 

against the three isolates (Tables 5.4. and 5.5). The synergistic values were 

highlighted in blue and the additive values in green.
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Table 5.6 FIC values of excipients of topical nasal spray and ointment, tested individually, with metal ions, graphene and 
graphene oxide against S. aureus-SA1, S. aureus-SA2, S. aureus-SA3. 
 

 S. aureus-SA1 S. aureus-SA2 S. aureus-SA3 

Ga Pt Pd Au GO Gr Ga Pt Pd Au GO Gr Ga Pt Pd Au GO Gr 

PEG 400 0.77 
 

1.88 0.65 0.88 0.76 0.77 0.65 2.11 0.88 0.66 0.88 0.77 0.65 2.11 0.76 0.66 0.88 0.77 

PEG 3350 0.11 2.11 0.21 0.21 0.26 0.30 0.18 2.11 0.38 0.26 0.26 0.33 0.18 2.11 0.26 0.26 0.4 0.33 

Paraffin 2.12 3.11 2.00 1.96 1.75 2.09 2.75 2.75 2.00 1.96 2.00 3.06 2.00 2.75 3.06 1.26 2.06 2,75 

Softisan 
649 

2.00 1.66 1.75 2.00 1.06 1.25 1.75 1.75 1.75 2.00 2.00 1.25 2.00 1.75 1.75 1.66 2.00 1.25 

Saline 2.00 1.66 2.00 2.00 1.75 1.25 2.00 2.00 1.66 2.00 2.75 1.25 2.00 1.75 1.66 2.00 1.75 1.25 
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Table 5. 7 FIC values of excipients of topical nasal spray and ointment, tested in different combinations, with metal ions, 
graphene and graphene oxide against S. aureus-SA1, S. aureus-SA2, S. aureus-SA3. 

 S. aureus-SA1 S. aureus-SA2 S. aureus-SA3 

Ga Pt Pd Au GO Gr Ga Pt Pd Au GO Gr Ga Pt Pd Au GO Gr 

PEG400-
PEG3350 

0.33 2.06 0.36 0.11 0.50 0.50 0.33 2.00 0.26 0.11 0.46 0.46 0.46 2.00 0.36 0.11 0.50 0.50 

Saline-
PEG 400 

0.88 2.33 0.75 0.88 1.00 1.00 0.76 2.06 0.75 0.88 1.00 1.00 0.66 2.06 1.00 0.88 1.00 0.88 

Saline-
PEG3350 

0.67 1.81 0.54 0.83 0.66 0.71 0.56 2.00 0.54 0.88 0.76 1.00 0.67 2.00 0.66 0.83 0.66 0.71 

Paraffin-
Softisan 

649 

1.67 2.09 2.50 3.12 3.21 1.96 1.88 2.00 2.50 3.12 3.11 2.00 2.00 2.00 2.66 3.00 2.88 2.00 
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5.4.3 Antimicrobial Activity of the Formulated Combinations 

Nine spray formulations and nine ointment formulations comprising different 

metal ions or combinations of metal ions with Gr or GO were tested against 

the planktonic and biofilm forms of three S. aureus isolates. 

5.4.3.1 Antimicrobial Activity of Ointment and Spray 

Formulations Using Agar Well Diffusion Assay 

Zones of inhibition were recorded to assess and compare the effectiveness 

of the tested formulations. Amongst all of ointment formulations, O8 

(comprising Au-Gr) exhibited the highest antibacterial activity with ZoI of 33 

mm, 31.3 mm and 30.6 mm against S. aureus-SA1, S. aureus-SA2 and S. 

aureus-SA3. O8 was followed by O2 (Au) (25.89 – 28 mm) , O7 (Ga-Gr) (24 

- 26.5 mm), O9 (Pd-Gr) (22 – 23 mm), O3 (Pd) (21.6 – 23.33 mm), O1 (Ga) 

(17.95 – 19.5 mm), O5 (Au-GO) (17.99 – 19.22 mm), O6 (Pd-GO) (16.99 – 

18.22 mm) and O4 (Ga-GO) (16.2 – 17.5 mm) (Figure 5.3). 

The nasal spray formulations tested against the S. aureus isolates showed 

a similar efficacy pattern to the ointment formulations. The best inhibitory 

activity was recorded for S8 (Au-Gr) (30 – 31.7 mm), followed by S2 (Au) 

(24.85 – 28 mm) , S7 (Ga-Gr) (23.5 - 25 mm), S9 (Pd-Gr) (21.22 – 24 mm), 

S3 (Pd) (21 – 23.11 mm), S1 (Ga) (17.45 – 18.22 mm), S5 (Au-GO) (18 – 

19.22 mm), S6 (Pd-GO) (16.22 – 17.5 mm) and S4 (Ga-GO) (15.6 – 16.55 

mm) (Figure 5.4). 

Thus, the optimum formulations for the ointments and sprays were those 

containing Au-Gr. Results also showed that each formulation exhibited 

similar antimicrobial efficacies (ZoIs) against the three distinct S. aureus 

isolates.  

When compared to the commercial 2% ointment, the nine tested 

formulations for the ointments and sprays produced larger ZoIs than when 

mupirocin alone was tested against S. aureus-SA1 and S. aureus-SA3.  

Similarly, five ointment formulations (O8 (Au-Gr), O2 (Au), O7 (Ga-Gr), O9 

(Pd-Gr) and O3 (Pd)) and five spray formulations (S8 (Au-Gr), S2 (Au), S7 

(Ga-Gr), S9 (Pd-Gr) and S3 (Pd)) showed better efficacy than mupirocin 



174 
 

against the mupirocin sensitive S. aureus-SA2. No zones of inhibition were 

recorded for the formulation bases containing no metal ions or combinations 

of metal ions and graphene or graphene oxide. ). The diameters of zones of 

inhibition (ZoI ± SD) of all formulations are listed in appendix I and J. 

 
Figure 5.3 Antimicrobial activity (ZoI) of nasal ointment formulations 
containing Ga (O1), Au (O2), Pd (O3), Ga-GO (O4), Au-GO (O5), Pd-GO (O6), 
Ga-Gr (O7), Au-Gr (O8) and Pd-Gr (O9) against three S. aureus isolates. * 
denotes p≤0.05 compared to mupirocin.  

 

Figure 5.4 Antimicrobial activity (ZoI)  of nasal spray formulations containing 
Ga (S1), Au (S2), Pd (S3), Ga-GO (S4), Au-GO (S5), Pd-GO (S6), Ga-Gr (S7), 
Au-r (S8) and Pd-Gr (S9) against three S. aureus isolates. * denotes p≤0.05 
compared to mupirocin. 
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5.4.3.2 Antibiofilm Activity of Nasal Ointments and Sprays Using 

Crystal Violet Biofilm Assay 

Crystal violet biofilm testing showed that the nine ointment and nine spray 

formulations inhibited the biofilm of the three S. aureus isolates (p<0.05). 

The best antibiofilm activities were recorded for S8 (Au-Gr), O8 (Au-Gr) 

followed by S2 (Au), O2 (Au) (p <0.0001) and S5 (Au-GO) (p = 0.0002), O5 

(Au-GO) (p = 0.00016) (Figures 5.3 and 5.4). The six formulations S8 (Au-

Gr), O8 (Au-Gr), S2 (Au), O2 (Au), S5 (Au-GO) and O5 (Au-GO) showed 

greater antimicrobial activity against the three isolates compared to 

mupirocin. 
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Figure 5.5 Antibiofilm activity as determined by CVBA of nasal ointment 
formulations containing Ga (S1), Au (S2), Pd (S3), Ga-GO (S4), Au-GO (S5), 
Pd-GO (S6), Ga-Gr (S7), Au-Gr (S8) and Pd-Gr (S9) against three S. aureus 
isolates. * denotes p≤0.01 compared to positive control. 

 

 
Figure 5.6 Antibiofilm activity as determined by CVBA of nasal spray 
formulations containing Ga (S1), Au (S2), Pd (S3), Ga-GO (S4), Au-GO (S5), 
Pd-GO (S6), Ga-Gr (S7), Au-Gr (S8) and Pd-Gr (S9), as determined by CVBA, 
against three S. aureus isolates. * denotes p≤0.01 compared to positive control. 
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5.4.4 Scanning Electron Microscopy 

The effect of the different formulations on the morphology of S. aureus cells 

treated with different formulations was examined by SEM. The visualization 

of untreated S. aureus-SA1 (Figure 5.7a), S. aureus-SA2 (Figure 5.7b) and 

S. aureus-SA3 (Figure 5.7c) showed that bacterial cells existed as single 

cells (550-800 nm) or as aggregates of loosely packed cells in culture, with 

intact bacterial membranes.  

 
Figure 5.7 SEM images of control untreated cells of (a) S. aureus-SA1, (b) S. 
aureus-SA2 and (c) S. aureus-SA3.  
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Prominent changes were observed in the morphology of the treated 

bacterial cells, compared to their respective controls. S. aureus (-SA1, -SA2 

and -SA3) cells treated with formulations of sprays and ointments containing 

Au (O2, S2) or Au-Gr (O8, S8) showed numerous pits and grooves in the 

bacterial membrane (Figure 5.8). Deep cuts in the middle of the cells were 

noted (Figure 5.8e, 5.8g and 5.8m). Bacterial cells also showed wrinkled 

surfaces (Figure 5.8f and 5.8.i).  

 

Figure 5.8 SEM images showing the morphological changes in S. aureus-
SA1, S. aureus-SA2 and S. aureus-SA3 untreated (a-c) and following the 
treatment with different ointment formulations (d-i) and spray formulations (j-
o) containing Au and Au-Gr.  
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Structural deformations were also detected in the three S. aureus isolates 

treated with O6 (Pd-GO) ointment. Bacterial cells did not look uniform in size 

and distribution, with some cells swelling up (~1100 nm) and other cells 

shrinking (~300-400 nm) (indicated by arrows in Figure 5.9). A leakage of 

cellular contents was also detected in S. aureus-SA1 (Figure 5.9a). 

 

Figure 5.9 SEM images showing the morphological changes in (a) S. aureus-
SA1, (b) S. aureus-SA2 and (c) S. aureus-SA3 following the treatment with 
different O6 (Pd-GO) formulation. White arrows indicate the cells that increased 
in size while the black arrows indicate the ones that decreased in size. The dotted 
arrow indicates cellular leakage. 

 

Additional morphological changes were detected in bacterial cells treated 

with formulations containing Pd, Ga-Gr and Pd-Gr. After being exposed to 

Ga-Gr, the membranes of S. aureus (Figure 5.10 d-f) were damaged and 

the cellular debris were excreted. S. aureus cells also showed an elongation 

in shape (Figure 5.11. e-f).  

Further structural changes included irregular rough surfaces (Figure 5.10d 

and f), deep grooves (Figure 5.10b and 5.11c and d), distorted edges (Figure 

5.10g and i), cell seepage (Figure 5.11h) and folded wrinkled membrane 

(Figure 5.10c). 
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Figure 5.10 SEM images showing the morphological changes in (a) S. aureus-
SA1, (b) S. aureus-SA2 and (c) S. aureus-SA3 following the treatment with 
different O3 (Pd), O7 (Ga-Gr) and 09 (Pd-Gr). Arrows indicate the cellular debris 
excreted following treatment. 
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Figure 5.11 SEM images showing the morphological changes in (a) S. aureus-
SA1, (b) S. aureus-SA2 and (c) S. aureus-SA3 following the treatment with 
different S3 (Pd), S7 (Ga-Gr) and S9 (Pd-Gr). 

 

The antimicrobial efficacies of mupirocin and formulation O8 (Au-Gr) were 

compared against S. aureus-SA3. The cellular morphology of S. aureus-

SA3 (Figure 5.12b) remained intact following the mupirocin treatment, 

indicating the inefficiency of mupirocin towards this resistant isolate. 

However, the same bacterial isolate showed numerous holes in its cell 

membrane following its treatment with O2 (Au) ointment (Figure 5.12c), 

demonstrating a higher antimicrobial activity. 

 

Figure 5.12 SEM images of S. aureus-SA3 (a) untreated, (b) treated with 
mupirocin and (c) treated with O2 (Au) formulation. Arrows indicate the pores 

created within the membrane following Au treatment. 
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SEM analysis of biofilms of S. aureus-SA3 treated with O2 (Au) formulation 

showed the production of an extracellular polymeric layer surrounding the 

cells (Figure 5.13.). In contrast to the control biofilm showing aggregates of 

cells (Figure 5.13.a), cells in biofilms treated with O2 (Au) appeared as a 

monolayer of dispersed cells with flattened concave surfaces (Figures 

5.13.b and 5.13.c).  

 

 
Figure 5.13SEM images of biofilms of S. aureus-SA3 (a) untreated at 50x 
magnification and (b) biofilms treated with O2 formulation at 10x and (c) 50x 
magnification. 

 

The SEM results showed that the formulated ointments and sprays exhibited 

strong morphological effects on S. aureus bacterial cells including the 

mupirocin resistant cells. 
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5.4.5 Physical Evaluation of Topical Formulations for Nasal 

Ointments and Sprays 

5.4.5.1 Organoleptic Characteristics 

The organoleptic properties of the different tested formulations were 

evaluated (Tables 5.8 and 5.9). The results showed that all the ointment 

formulations except O6 (Pd-GO) exhibited a good appearance, and were 

homogeneous and stable to creaming and coalescence with no signs of 

phase separation. O6 (Pd-GO) did not feel homogeneous and formed a 

white precipitate after testing. The nine tested spray formulations showed a 

clear fluid appearance. S2 (Au) gave a pale yellowish appearance, while S3 

(Pd) looked lightly rusty in colour.  

5.4.5.2 Thermal Cycling 

The exposure of the different ointment and spray formulations to different 

varying temperatures (4 °C and 25 °C) over 6 weeks did not change their 

efficacy against the tested strains. The efficacy of the ointments was also 

tested in a freezing/thawing cycle (4 °C and 50 °C) and remained 

unchanged. 

5.4.5.3 Formulation pH  

pH values of the semi-solid ointments ranged from 5.01 to 8.72, while the 

pH of the spray formulations ranged from 4.95 to 8.71. The pH values of all 

the formulations remain unchanged over the 3 months period.  

5.4.5.4 Spreadability 

The spreadability of a semi-solid ointment formulation is required to 

determine its ability to cover the skin in an even distribution. Spreadability is 

an important factor in the precise administration of a specific dose of a tested 

formulation, which consequently affects majorly a topical therapy. The 

results revealed that the spreadability values of the tested formulations were 

comparable each other (14.7-18.4) (Table 5.8). The largest spreading 

dimeters were shown by formulations including O8 (Au-Gr) (18.4 g.cm/s), 
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O7 (Ga-Gr) (16.5 g.cm/s) and O2 (Au) (15.9 g.cm/s). O6 (Pd-GO) was the 

only formulation showing low spreadability (8.8 g.cm/s) compared to other 

formulations.  
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Table 5.8 Physicochemical evaluation of nasal ointment formulations  

 O1 (Ga) O2 (Au) O3 (Pd) O4 (Ga-GO) O5 (Au-GO) O6 (Pd-GO) O7 (Ga-Gr) O8 (Au-Gr) O9 (Pd-Gr) 

Texture Smooth  Smooth  Smooth  Smooth  Smooth  Smooth  Smooth  Smooth  Smooth  

Color White Pale white White White White Opaque White Pale white White 

Homogeneity Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Homogeneo
us  

Immediate 
feel 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Light with no 
grittiness 
Slightly  
greasy 

Phase 
separation 

No No No No No No No No No 

Fluidity Viscous Viscous Viscous Viscous Viscous Viscous Viscous Viscous Viscous 

Spreadability 
(g×cm/s) 

14.7 15.9 15.6 15.1 15.2 8.8 16.5 18.4 15.7 

pH 6.01 ± 0.11 6.01 ± 0.03 5.01 ± 0.07 7.21 ± 0.06 6.44 ± 0.10 8.42 ± 0.13 6.88 ± 0.09 5.88 ± 0.14 6.13 ± 0.07 

Thermal 
cycling 

Stable Stable Stable Stable Stable Stable Stable Stable Stable 

Creaming 
and 

coalescence 

Stable Stable Stable Stable 
 

Stable Stable Stable Stable Stable 
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Table 5.9 Physicochemical evaluation of nasal spray formulations  

 S1 (Ga) S2 (Au) S3 (Pd) S4 (Ga-GO) S5 (Au-GO) S6 (Pd-GO) S7 (Ga-Gr) S8 (Au-Gr) S9 (Pd-Gr) 

Physical 
appearance 

Clear  Clear – pale 
yellowish 

Clear - pale 
rusty 

Clear Clear Clear Clear Clear Clear 

Immediate 
feel 

Greaseless Greaseless  Greaseless Greaseless Greaseless Greaseless Greaseless Greaseless Greaseless 

pH (±SD) 5.65 ± 0.04 5.80 ± 0.13 4.95 ± 0.09 7.11 ± 0.11 6.50 ± 0.02 8.71 ± 0.08 6.33 ± 0.06 6.21 ± 0.06 5.05 ± 0.04 

Thermal 
cycling 

Stable Stable Stable Stable Stable Stable Stable Stable Stable 

Fluidity Fluid  Fluid Fluid Fluid Fluid Fluid Fluid Fluid Fluid 
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5.5 Discussion 

Mupirocin is the world’s most widely used topical antibiotic for treating MRSA 

infections (Tucaliuc et al., 2019). A worldwide increase in mupirocin 

resistance was reported among S. aureus during the last few years 

(Poovelikunnel et al., 2015). This study investigated the antimicrobial activity 

of metal ions and graphene-based compounds against three clinical S. 

aureus isolates, which were collected from The Whittington Hospital 

(London), and exhibited high (S. aureus-SA3) and low-level mupirocin 

resistance (S. aureus-SA1). The prevalence of mupirocin resistance within 

UK ranges between 28.5% to 42.8%. However, this rate fluctuates among 

different regions and even among different healthcare institutions. For 

instance, mupirocin resistance had been reported only at 0.8% in Yorkshire 

and Humber but it reached 14% in London (Horner et al., 2017; Xu et al., 

2018; Khoshnood et al., 2019). This can be attributed in part to the expanded 

use of mupirocin following its ease of availability over the counter and its 

extensive use as a routine treatment for nasal and skin infections (Patel, 

Gorwitz, et al., 2009). 

5.5.1 Synergy Testing of Excipients Combined with Metal ions and 

Graphene Composites 

The synergistic and additive antimicrobial effect exhibited by the addition of 

metal ions (Pd, Au, Ga) to combinations containing polyethylene glycol 

compounds (PEG 400 and PEG 3350) can be mainly attributed to the ability 

of PEG polymers to increase the permeability of bacterial membrane. This 

may facilitate the entry and accumulation of metal ions inside the cell and 

consequently enhance their antibacterial activity (Habiba et al., 2015; 

Marslin et al., 2015). PEG molecules are also known to bind bacterial DNA, 

assisting at the same time, other metal ions to bind to DNA (Marslin et al., 

2015). Other possible factors that may have led to the enhanced 

antimicrobial activity is that PEG may increase the stability of the metal ions 

by increasing their compatibility with their biological milieu and reducing their 

non-specific absorption to other biomolecules (Stiufiuc et al., 2013; 

Mahmoud et al., 2017; Niţica et al., 2018). Hence, it may be that PEG in 
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tested formulations acted as a stabilizer due to the coordinative saturation 

provided by the large number of oxygen atoms in the long PEG chains (Luo 

et al., 2005; Shameli et al., 2012). It has been reported that PEG is also 

effective in controlling the shape and size of metal ions, which enhance their 

effect (Popa et al., 2007; Bin Ahmad et al., 2011; Shameli et al., 2012). PEG 

polymers have also shown an enhanced antimicrobial effect when combined 

with graphene-based materials against S. aureus since PEG enhances the 

stability of graphene composites by preventing their aggregation (Habiba et 

al., 2015; P. Li et al., 2015; Kumar et al., 2019). Furthermore, it has been 

suggested that the hydrophilicity of PEG polymers will enable graphene and 

graphene oxide to act on the bacterial membrane (Habiba et al., 2015). 

Platinum ions exhibited high inhibitory (0.49 mg/L) and bactericidal (7.8 

mg/L) effects against S. aureus isolates, hence it has a promising potential 

to be incorporated in topical formulations. However, Pt exhibited an 

indifferent effect when tested in combination with PEG 400 or PEG 3350. 

Work by others has shown that PEG chains demonstrated weak binding to 

platinum and were not able to act as ion scaffolds (Forbes et al., 2013). 

Therefore, Pt was excluded from further investigations in this study. 

Nonetheless, as a suggested possible solution, PEG chains could be 

coupled with specific alcohol-containing amino acids in order to enhance 

their binding to Pt ions and hence their antimicrobial effect (Forbes et al., 

2013). 

5.5.2 Evaluation of the Properties of the Tested Formulations  

This study aimed at developing the simplest nasal topical formulations 

including a short ingredients’ list without any redundant elements. It was 

prudent, during the development process, to preserve the type of emulsifier 

of each excipient while keeping them within the acceptable ranges, as 

reported by the Reference List Drug  (Chang et al., 2013).  

Topical products were assessed for several tests to confirm their efficacy. 

Texture characteristics of semi solid formulations such as spreadability and 

viscosity play a significant role in the performance of the ointment 

(Krishnaiah et al., 2014; Djiobie Tchienou et al., 2018). Polymers of soft 
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white paraffin and Softisan 649 contributed to giving the tested formulations 

a silky feeling with a light greasy sensation (De Villiers, 2009; Fiume et al., 

2013). It was shown that the nine tested formulations were viscous and 

spreadable, which are two parameters reflecting on adhesion.  

The results revealed that the spreadability values of the formulations tested 

in this study were comparable to other formulated and commercial products 

(Garg et al., 2002; Sabale et al., 2011; Chen et al., 2016; Djiobie Tchienou 

et al., 2018). It should be noted that rheological estimations bear an error 

margin since each individual applies ointments and creams in a distinct 

manner (motion, speed, stroke) (Garg et al., 2002). There were no 

differences in the spreadability values among the nine tested ointment 

formulations. Differences in spreadability values may generally result from 

different manufacturing/storage conditions (Kryscio et al., 2008).  

The pH measurement of the ointment formulations was challenging because 

of the lack of standard recommendations for semi-solid non-aqueous bases. 

The pH of the formulated ointments (pH 5.01 – 8.42) and sprays (pH 4.95 – 

8.71), except for O6 (8.42) and S6 (8.71), fell within the optimal pH range 

for commercially available nasal products (pH 4.5 – 6.5) (Alagusundaram et 

al., 2010). This is close to the pH of the nasal cavity (pH 5.5 – 6.4) which 

impacts to a great extent the efficacy of topical drugs (Marx et al., 2016). 

Therefore, formulations (O6 and S6) containing Pd-GO and displaying a 

high pH were excluded from further analysis. 

Except for the formulation O6 containing (Pd-GO), all eight ointment 

formulations were smooth, homogenous, stable and consistent. Properties 

such as physical appearance, texture and colour of products are not critical 

quality attributes in the product efficacy; however, they have a big impact on 

the acceptance by the consumer. The spray formulations exhibited a 

physically clear stable appearance, similar to those noted in the literature 

(Chang et al., 2013).  
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5.5.3 Testing of the Efficacy of the Formulations 

The findings from agar well diffusion assays showed a strong antimicrobial 

efficacy of the tested ointment and spray formulations against the three 

distinct S. aureus isolates indicating different antibiograms and different 

susceptibility patterns towards mupirocin. At least five out of the tested 

formulations of ointments and five sprays displayed an improved 

antimicrobial efficacy to the commercial mupirocin (2%) towards the three 

S. aureus isolates in their planktonic and biofilm forms. This may be due to 

the key differences in the modes of action of mupirocin (inhibition of tRNA), 

and metal ions (Au, Ga and Pd) and graphene composites (such as 

triggering ROS production and mechanical lysis). The ZoIs and CVBA of the 

ointments and spray formulations containing the same active ingredients 

were comparable to each other demonstrating that they showed similar 

antimicrobial efficacies. It has been previously reported that the 

effectiveness of each formulation was highly associated with the nature of 

bases (hydrocarbon-base or PEG-base) and the affinity of the bioactive 

compounds (metal ions) towards it (Gemeda et al., 2018).  For instance, 

water-soluble non-ionic polymers of PEG in graphene-based formulations 

were found to enhance the dispersion of graphene in water aqueous 

solutions, and hence its efficacy (Takayanagi et al., 2019). This can also 

partly explain the high antimicrobial efficacy of formulations containing Au-

Gr, Ga-Gr and Pd-Gr. 

The visualization of the morphology of the post-treated bacterial cells using 

SEM confirmed the antimicrobial activity of the different formulations, while 

giving a possible explanation of the antibacterial mechanism of action of the 

metal ions and graphene composites.   

The changes in cellular morphology in treated bacterial cells suggested that 

the active compounds were able to cause membrane damage and 

disintegration. The flattened and desiccated appearance of the cells after 

treatment may have resulted from the leakage of the cytoplasmic contents, 

while the enlargement of the cells and the swollen edges may be associated 

with a change in the membrane permeability. It was evident that the integrity 
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of the cell membranes of the three tested isolates was lost following 

treatment with ointment or spray formulations, with some bacterial cells 

looking permanently damaged. The structural changes seen provided a 

confirmation of the direct interaction between metal ions and graphene 

composites with the bacterial cell membrane which has been previously 

demonstrated (Pham et al., 2015; Wang et al., 2017). 

Ions of Au, Ga or Pd have not been previously incorporated in topical 

treatments. However, other metal ions such as Ag ions have been included 

in some nasal preparations and the results showed that patients did not 

encounter any side effects associated with the direct intranasal 

administration of silver  (Scott et al., 2017). However, studies indicated that 

the chronic exposure of silver has been associated with a permanent bluish-

grey discoloration of the skin (argyria) or eyes (argyrosis) (Drake and 

Hazelwood, 2005). 

5.5.4 Additional Suggestions or Recommendations for Ointments 

In compliance with the standards of the National Formulary (NF) and the 

United States Pharmacopeia (USP), the formulated ointment products in this 

study were inexpensive, nonreactive, good emollient and not water-

washable so that they can stay in longer contact with the skin (Nikitakis and 

Lange, 2006; De Villiers, 2009). However, topical ointment preparations 

have a high potential for microbial contamination. The quality of 

pharmaceutical preparations is under considerable threat of bacterial or 

fungal contamination during the preparation or after the first consumption 

(Esposito et al., 2003; Hugbo et al., 2005). Bacterial enzymes can lead to 

the breakdown or alteration of the active ingredients and hence variation in 

the treatment efficacy (Morgan, 1985; Nawas and Alkofahi, 1994; Hugbo et 

al., 2005). Therefore, preservatives such as methylparaben, imidurea and 

hydantoin are usually added to the formulations to inhibit bacterial growth, 

but there is an increasing evidence of sensitization, allergic contact 

dermatitis and carcinogenesis caused by the use of such chemicals (Chang 

et al., 2013). This study opted to exclude preservatives from all ointment 

formulations. Consequently, it is suggested that ointments can be packed in 
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a single-use tubes (with half the amount used in each nostril). Alternatively, 

ointment tubes can contain a collapsible bag or a movable piston to 

compensate for the ejected semi-solid volume, while eliminating the risk of 

sucking air into the tube (Djupesland, 2013). 

This study also opted at excluding the fragrance component since that at 

least 1% of the population are allergic to fragrance chemicals (U.S. AAD, 

1998). This is in compliance to the SUPAC-SS guidance that indicates that 

the deletion of an ingredient used for aromatic purposes would not affect the 

activity of the tested formulation (FDA, 1997). 

5.6 Conclusion  

Metal ions, graphene and graphene oxide were successfully incorporated 

into topical formulations of sprays and ointments for the eradication of 

MRSA. Out of the nine formulations, ointments and sprays containing Au 

and Au-Gr exhibited the greatest antimicrobial activity against the planktonic 

and biofilm forms of mupirocin sensitive and resistant MRSA. The four 

formulations showed a superior antimicrobial activity when compared to the 

respective mupirocin commercial drug. The formulated products showed 

good pH, spreadability, viscosity and stability when tested up to a 3-month 

period. Consequently, the formulated ointments could be promising 

alternatives for current intranasal treatment.   
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6.1 Conclusions 

This thesis sought to contribute towards the development of topical 

formulations for the management of bacterial infections caused by three 

MDR ESKAPE pathogens (P. aeruginosa, K. pneumoniae and S. aureus). 

The basis of this work focused on assessing the antimicrobial activity of 

eighteen metal ion solutions and graphene-based compounds (graphene 

and graphene oxide).  

The results confirmed that Pt, Pd, Sn, Mo and Au inhibited, at low 

concentrations, the planktonic bacterial cells of P. aeruginosa (2 isolates), 

K. pneumoniae (4 isolates) and S. aureus (4 isolates), irrespective of their 

antibiotic susceptibility patterns. Additionally, combinations of graphene or 

graphene oxide to specific metal ions (Mo-Gr, Mo-GO, Au-GO, Au-Gr, Pt-

GO, Ga-Gr and Ga-GO) showed an enhanced antimicrobial action toward 

the bacterial isolates, compared to metal ions, graphene or graphene oxide 

tested alone. The results also confirmed the antibiofilm activity of these 

combinations that resulted in an 80% reduction in the metabolic activity of 

the biofilm cells of the same isolates. 

This study highlighted the controversial consistent use of silver as an 

antimicrobial following the uprising resistance concerns. Following the 

excessive use of silver as an antimicrobial surface coating material and as 

an additive in numerous consumer products, this study was one of the few 

that refrained from using silver and copper, and suggested new antimicrobial 

alternatives. 

Metal ions and graphene derivatives incorporated into formulations of 

surgical cleansers did not exhibit any antagonistic interaction with the 

different excipients of the surgical scrub. Five formulations (Au-Gr, Au, Pt, 

Pt-Gr and Pd), out of the fourteen formulations tested, displayed the best 

inhibitory effect against both the planktonic and biofilm forms of CHX 

susceptible and CHX adapted K. pneumoniae strains.  

In view of the escalating concerns of mupirocin resistance, this study also 

sought to continue exploring the potential of integrating these metal ions in 

intranasal topical formulations as a substitution for mupirocin. Active 
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materials of metal ions and combinations of metal ions and graphene were 

added to PEG-based and hydrocarbon-based ointment bases. An ointment 

formulation comprising 11 mg/L of Au was proven to have high inhibitory 

efficacy against mupirocin resistant S. aureus. 

In conclusion, this study has contributed to the literature in the subsequent 

aspects: 

- Confirmed the high promising potential of metal ions and Gr 

composites to be part of intranasal topical formulations or disinfectant 

formulas that can be used in healthcare settings. 

- Suggested new inexpensive alternative antimicrobials that can be 

produced on a low cost and large scale as substitutes for the currently 

used antibiotics. 

The price of mupirocin nasal (30 mL), also named as bactroban or 

centany, ranges between £4.86 to £6.58. The drug is recommended 

to be applied 2-3 times per day for 5-7 days to ensure proper 

eradication of MRSA. A rough cost analysis for formulations of 

ointment (O2) and spray (S2) containing Au is shown below: 

Ointment O2 

Ingredients Formulation (100 mL) Price (£) 

Paraffin 95.00 mL 0.051 

Softisan 649 3.90 mL 0.600 

Au ions 1.10 mg 0.033 

 Total price 0.684 

 
Spray S2 

Ingredients Formulation (100 mL) Price (£) 

PEG 3350 4.45 mL 0.350 

PEG 400 4.45  mL 0.026 

Au ions 1.10 mg 0.440 

saline 9.00 mL 0.200 

  Total price 1.016 

 

 
Therefore, a volume of 30 mL of O2 and S2 formulations would cost 

£0.2 and £0.3, respectively, excluding the packaging and 

manufacturing costs. Therefore, the alternative formulations would 

still be at least 3 times less expensive than mupirocin. 

 



196 
 

6.2 Limitations and Future Work  

The bacterial samples tested in this study were collected from one clinical 

centre, hence, this was not representative of the P. aeruginosa, K. 

pneumoniae or S. aureus populations across the UK. Furthermore, the S. 

aureus strains were not isolated from patients suffering from infections or 

rhinosinusitis. It is recommended to reproduce the assays to test a larger 

number of heterogeneous clinical isolates. 

Limitations of PEG-Based Spray Formulations Containing Metal Ions 

Nasal sprays in various forms deposit the drug in the nasal cavities, with a 

high probability of reaching the anterior nares, at a high speed of 1 - 5 m/s. 

Since metal ions (Au, Ga and Pa) are particles with an aerodynamic 

diameter of picometer (pm) size, there is a probability that these particles 

might reach the lower airways after inhalation.  

Further preclinical and clinical investigations are necessary to determine the 

efficacy, stability and safety of using the formulated products. Several 

parameters should be assessed including: 

- Viscosity which has a high impact on the drug release from the 

ointment formulations. 

- In-vitro drug release from topicals to determine the permeation/flux 

pattern across synthetic membranes. 

- Shelf-life and stability of the products over a course of 2 years. 

- Antifungal activity of the formulations. 

Whilst in-vitro cytotoxicity assays undertaken were valuable in assessing 

the cytotoxic behaviour of metal ions and graphene compounds, these 

cannot account for the antimicrobial efficacy or safety of the compounds 

in-vivo. Therefore, it is also recommended to perform:  

- Dose escalation studies for cell cytotoxicity assays to establish 

therapeutic ranges for each compound or combination (MTS assays 

should be carried out at concentrations higher than the tested MICs).  

- In-vitro skin sensitization assays. 
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- In-vitro assays to compare the effectiveness of the formulations to 

traditional mupirocin using a wounded porcine skin biofilm model. 

- Chemical toxicology assays using in-vitro (culture of human airway 

and alveolar epithelial cells) and in-vivo suitable animal (rats) models. 

- In-vivo assays on animal models to test the safety (Genotoxicity) and 

efficacy (pharmacology) of the formulations in-vivo. 

- In-vivo assays on healthy volunteers who are not suspected to have 

any allergic contact dermatitis. 

- Randomized crossover control clinical trials to compare topical 

commercial mupirocin ointments to the formulated products in the 

treatment of patients with acute or chronic rhinosinusitis. 

- Whole genome sequencing of the bacterial isolated to help build a 

wider picture on the modes of action of the tested compounds 

especially for the mupirocin and CHX resistant strains. 

The above-mentioned parameters will increase the chance of 

success of the tested formulations (cleansers, ointments and sprays) 

in pharmaceutical development. 

While research to date on metal-based antibacterial formulations has 

considerable promise, concerns regarding possible bacterial resistance are 

still escalating. It should be noted that bacterial adaptation to changing 

availability of metal ions by altering gene expression and the development 

of metal resistance are relatively slow processes and can take up to many 

years (Chandragsu et al., 2018). Furthermore, biotechnology approaches 

including genomics and proteomics can provide biomarkers for resistance 

traits. Ultimately, this can lead to the sustainable use of metal antimicrobials 

through focused and personalized application approaches, particularly 

where MBAs are not used if resistance markers are present.  

Therefore, while waiting for more lengthy and costly experiments (in-vitro 

and in-vivo) requiring a detailed comprehension of the toxicity of MBAs and 

graphene-based compounds, the tested metal-based formulations can 

represent a possible solution for disinfectants. 
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Appendix A. The antimicrobial effect of metal ions and graphene-based 
compounds as determined by CVBA at 1×MIC on pre-formed biofilms of (A) 
P. aeruginosa-NK1 and (B) P. aeruginosa-NK2 after 24 h treatment.  
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Appendix B. The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA on pre-formed biofilms at 
1 ×MIC of (A) K. pneumoniae-NK1, (B) K. pneumoniae-NK2, (C) K. pneumoniae-NK3 and (D) K. pneumoniae-NK4 after 24 h treatment.  
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Appendix C. The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA at 1×MIC on pre-formed 
biofilms of (A) S. aureus-SA1, (B) S. aureus-SA2, (C) S. aureus-SA3 and (D) S. aureus-SA4 after 24 h treatment.  
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Appendix D. The antimicrobial effect of metal ions and graphene-based 
compounds as determined by CVBA at 4× MIC on pre-formed biofilms of (A) 
P. aeruginosa-NK1 and (B) P. aeruginosa-NK2 after 24 h treatment.  * denotes  
p≤0.05 compared to control.
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Appendix E. The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA at 4 ×MIC on pre-formed 

biofilms of (A) K. pneumoniae-NK1, (B) K. pneumoniae-NK2, (C) K. pneumoniae-NK3 and (D) K. pneumoniae-NK4 after 24 h treatment. 
The absorbance values (±SD) are directly proportional to the amount of biofilm that remained intact post exposure. .  * denotes  p≤0.05 compared 
to control. 
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Appendix F. The antimicrobial effect of metal ions and graphene-based compounds as determined by CVBA at 4 × MIC on pre-formed 
biofilms of (A) S. aureus-SA1, (B) S. aureus-SA2, (C) S. aureus-SA3 and (D) S. aureus-SA4 after 24 h treatment. The absorbance values 
(±SD) are directly proportional to the amount of biofilm that remained intact post exposure. .  * denotes  p≤0.05 compared to control.
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Appendix G. Zones of inhibition (ZoI ± SD) (mm) of the different skin cleanser 
formulations (F1 to F14) containing different metal ions and graphene 
composites against K. pneumoniae-NK1 and K. pneumoniae-NA.  
 

 

 

 

 

 

 

 

 

 

 

 

 K. pneumoniae- NK1 K. pneumoniae- NA 

F1 (In) 15.01 ± 1.30 17.50 ± 2.00 

F2 (Ga) 17.00 ± 2.13 18.20 ± 0.99 

F3 (Au) 23.02 ± 1.40 21.50 ± 1.10 

F4 (Pt) 21.00 ± 2.30 21.01 ± 1.77 

F5 (Pd) 20.00 ± 2.09 20.00 ± 1.70 

F6 (In-Gr) 16.02 ± 1.60 14.75 ± 1.00 

F7 (Ga-Gr) 18.01 ± 0.20 19.25 ± 2.20 

F8 (Ga-GO) 15.00 ± 0.90 16.50 ± 1.60 

F9 (Au-Gr) 25.00 ± 1.09 23.75 ± 2.00 

F10 (Au-GO) 19.66 ± 0.50 20.04 ± 0.44 

F11 (Pt-Gr) 20.00 ± 1.00 19.50 ± 0.88 

F12 (Pt-GO) 14.02 ± 2.00 15.00 ± 1.50 

F13 (Pd-Gr) 19.00 ± 0.69 20.03 ± 0.77 

F14 (Pd-GO) 14.10 ± 0.77 16.00 ± 1.10 

CHX gluconate 19.03 ± 1.20 4.02 ± 0.55 

Gentamicin 19.00 ± 0.70 18.00 ± 1.00 
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Appendix H. Zones of inhibition (ZoI ± SD) (mm) of the different skin cleanser 

formulations (F1 to F14) in the absence or presence of CHX against K. 

pneumoniae-NA. 

 

 

 

 

 

 

 

 

 

 Formulations alone Formulations with CHX 

F1 (In) 17.50 ± 2.00 18.22 ± 1.20 

F2 (Ga) 18.20 ± 0.99 21.88 ± 1.70 

F3 (Au) 21.50 ± 1.10 24.80 ± 1.10 

F4 (Pt) 20.25 ± 1.77 23.55 ± 0.80 

F5 (Pd) 20.00 ± 1.70 21.00 ± 0.55 

F6 (In-Gr) 14.75 ± 1.00 16.00 ± 1.50 

F7 (Ga-Gr) 19.25 ± 2.20 24.00 ± 0.77 

F8 (Ga-GO) 16.50 ± 1.60 16.00 ± 1.65 

F9 (Au-Gr) 23.75 ± 20 28.00 ± 1.34 

F10 (Au-GO) 18.50 ± 0.44 16.00 ± 1.20 

F11 (Pt-Gr) 21.00 ± 0.88 17.00 ± 2.00 

F12 (Pt-GO) 15.00 ± 1.50 15.30 ± 1.66 

F13 (Pd-Gr) 20.03 ± 0.77 19.00 ± 0.88 

F14 (Pd-GO) 16.00 ± 1.10 18.00 ± 2.88 
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Appendix I. Zones of inhibition (ZoI ± SD) (mm) of the different ointment 
formulations (O1 to O9) containing different metal ions and graphene 
composites against S. aureus-SA1, S. aureus-SA2, S. aureus-SA3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 S. aureus-SA1 S. aureus-SA2 S. aureus-SA3 

O1 (Ga) 18.50 ± 0.50 17.95 ± 0.80 18.11 ± 0.60 

O2 (Au) 25.89 ± 0.90 28.00 ± 1.40 27.00 ± 0.60 

O3 (Pd) 22.00 ± 1.00 23.33 ± 1.10 21.60 ± 0.80 

O4 (Ga-GO) 17.50 ± 1.30 16.20 ± 1.60 16.66 ± 0.50 

O5 (Au-GO) 19.22 ± 1.00 18.11 ± 1.30 17.99 ± 0.66 

O6 (Pd-GO) 18.22 ± 0.66 16.99 ± 1.10 17.45 ± 0.77 

O7 (Ga-Gr) 25.00 ± 1.20 26.50 ± 1.50 24.00 ± 0.88 

O8 (Au-Gr) 33.00 ± 0.77 31.30 ± 0.57 30.60 ± 0.60 

O9 (Pd-Gr) 23.00 ± 0.60 22.66 ± 1.50 22.00 ±0.80 

Mupirocin 10.02 ± 0.88 20.5 ± 1.10 00.00 ± 0.00 
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Appendix J. Zones of inhibition (ZoI ± SD) (mm) of the different spray 
formulations (S1 to S9) containing different metal ions and graphene 
composites against S. aureus-SA1, S. aureus-SA2, S. aureus-SA3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 S. aureus-SA1 S. aureus-SA2 S. aureus-SA3 

S1 (Ga) 18.20 ± 1.05 18.22 ± 0.5 17.45 ± 1.10 

S2 (Au) 24.85 ± 0.50 26.50 ± 0.88 28.00 ± 0.88 

S3 (Pd) 23.11 ± 1.70 23.00 ± 0.6 22.12 ± 0.79 

S4 (Ga-GO) 16.00 ± 1.00 15.60 ± 1.44 16.55 ± 1.30 

S5 (Au-GO) 18.33 ± 0.77 18.00 ± 0.61 19.22 ± 2.40 

S6 (Pd-GO) 17.00 ± 1.20 17.50 ± 2 16.22 ± 1.70 

S7 (Ga-Gr) 23.55 ± 1.01 25.00 ± 0.88 23.50 ± 0.80 

S8 (Au-Gr) 31.00 ± 0.75 30.00 ± 1.1 31.70 ± 0.30 

S9 (Pd-Gr) 23.00 ± 2.00 24.00 ±0.88 22.11 ± 1.12 

Mupirocin 10.33 ± 1.20 20.51 ± 0.66 00.00 ± 00.00 


