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Abstract 

Diseases caused by the direct and indirect exposure to waterborne pathogens, pose a 

serious threat to human health. Such microorganisms spread in a non-uniform manner 

in water supplies and are extremely difficult to eradicate. This research focuses on the 

manufacture of antimicrobial fibrous membranes to be used in water filtration systems 

at the point-of-use. 

 

In this thesis a cross-disciplinary approach was taken, using knowledge from material 

science and microbiology, to investigate the antimicrobial activity of tellurium, tungsten, 

tungsten oxide, tungsten carbide, copper-silver, copper-zinc, graphene oxide 

nanosheets and graphene nanoplatelets against bacterial and viral microorganisms. By 

varying the nanomaterial concentration, the agents showed dose-dependent 

microbicidal characteristics. Carbonaceous based nanomaterials exhibited the strongest 

potency with a minimum inhibitory concentration of 2 w/v%. At this concentration 

graphene oxide nanosheets and graphene nanoplatelets killed 96.1 ±4.4% and 63.1 

±4.4% of Escherichia coli populations, respectively, 99% of Staphylococcus aureus 

populations and 100% of bacteriophage T4 populations. Both copper-based 

intermetallic materials also showed antimicrobial activity, with copper-silver 

nanoparticles deactivating 99.0 ±2.2% of E. coli, 75.4 ±1.0% of S. aureus and 100% of 

bacteriophage T4 populations at 2 w/v%, and copper-zinc nanoparticles deactivating 

98.1 ±1.7 % of E. coli, 90.1 ±3.8% of S. aureus and 96.9 0.3±% of bacteriophage T4 

populations at 2 w/v%. 

 

The solubility and spinnability of poly(methyl methacrylate) (PMMA) in seven different 

organic solvents was investigated using theoretical and experimental techniques. The 
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effect of applied pressure on the formed fibres was also investigated. Halogenated 

solvents were identified as the most favourable for the dissolution of PMMA. Increasing 

the applied pressure was shown to alter fibre morphology and surface pore size as a 

trade-off between pore formation and solvent evaporation was identified. Pressurised 

gyration of 20 w/v% PMMA in chloroform at maximum speed and 0.1 MPa applied 

pressure was outlined as optimal as it yielded fibres with a diameter of 3.3 ±1.2 µm and 

average surface pore size of 126 ±18 nm.  

 

Graphene oxide nanosheets and graphene nanoplatelets were incorporated into PMMA 

fibres at four different concentrations and their antimicrobial properties were assessed. 

Fibre morphology was found to be influenced by nanoparticle concentration, as a 

positive correlation between nanoparticle loading and fibre diameter was observed. Of 

the prepared composite fibres, 8 wt% graphene oxide/PMMA fibres were found to have 

the strongest antimicrobial activity as they deactivated 85 ±20% of the E. coli, 95 ±3% of 

the S. aureus and 39 ±1% of the bacteriophage T4 populations following 24 hours of 

exposure. These fibres were characterised using Scanning Electron Microscopy, Raman 

mapping, Fourier Transform Infrared and Stimulated Raman Spectroscopy to confirm 

the presence of graphene oxide nanosheets on the fibre surface. Microbial cytotoxicity 

was attributed to oxidative stress, as demonstrated by reactive oxygen species studies.  

 

The microbial filtration efficiency of 8 wt% graphene oxide/PMMA fibrous membranes 

to decontaminate water at the point-of-use was studied. Results showed the 

membranes to deactivate 83.8 ±1.2% of Gram-negative bacteria, 95.0 ±2.5% Gram-

positive bacteria and 32.1 ±2.9% of virions. This thesis shows the implementation of 

nanocomposite fibrous filter membranes as a viable solution to waterborne diseases.  
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Impact Statement 

Waterborne pathogens are tremendously problematic to eliminate in both developing 

and developed countries. Their existence in water supplies and networks has been a 

leading cause of death for several years, despite major improvements in hygiene and 

sanitation. In this thesis, a hybrid filter technology capable of killing a broad spectrum 

of pathogenic microorganisms was designed and developed. The prepared filters have 

remarkable potential to alleviate the burden of waterborne pathogens on global health, 

as research has shown such interventions are able to reduce waterborne disease by 30 

– 40%. These filters are easy-to-use and grid-independent, making them suitable for all 

environments, particularly in low- and middle- income countries where access to 

continuous water or electric supplies is limited. The prepared filters offer a potential 

method for managing waterborne disease as they are able to kill pathogenic 

microorganisms at the point of use, consequently preventing their spread. 

 

In addition, implementation of these filters has remarkable socioeconomic benefits. 

Waterborne diseases place a heavy burden on productivity and the economy, due to 

medical and healthcare costs, the need for specialist food and treatment, provision of 

alternative water, loss of workdays and income, loss of business and loss of productivity. 

The economic effect of waterborne disease on those directly affected and in the wider 

community, local businesses and government agencies is momentous, therefore, the 

economic savings made from the use of these filters can be considered significant. 

 

A key contribution of this research is the detailed and robust evidence on the 

antimicrobial properties of a range of nanomaterials. The discovery and development of 

novel antimicrobial agents is of paramount importance and has gained immense 
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support from the World Health Organisation. In this thesis a cross-disciplinary approach 

was taken to investigate the antimicrobial activity of metallic, intermetallic and carbon 

nanomaterials. This evidence enables researchers and investigators to use antimicrobial 

nanomaterials in a range of applications, including environmental and biomedical 

engineering. It also encourages researchers to extend their expertise and contribute to 

the development of antimicrobial technology, thus promoting new collaborations and 

the exchange of knowledge. 

 

Production of ultrafine, nanoscale and functionalised fibres on an industrial scale has 

gained significant attention from both science and engineering fields. Chapters 5 and 6 

of this research are focused on manufacturing technologies, an extremely important 

field in which the U.K. excels.  Pressurised gyration was employed in this work, the 

advantage of which was highlighted as tuneable fibres could be produced by altering 

working parameters. This achievement would have been highly problematic using old 

fibre forming techniques. Pressurised gyration provides an essential tool to combat the 

high demand for advanced fibres. It demonstrates how the UK can maximise these 

opportunities and develop evidence-based technologies to help industry and commerce 

to prepare for the challenges ahead. This research has also led to further research 

projects and grants to scale-up the technology. 

 

The success of this technology can be translated to many fields and paves the way for 

the use of functionalised materials in a wide range of applications. The overall outcomes 

of this research have been disseminated through various outlets, including peer 

reviewed journals, national and international conferences, public engagement activities 

with the public policy makers and industry, and stakeholder events. 
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Chapter 1: Introduction 

1.1 Background 

Despite the number of deaths caused by waterborne diseases decreasing over the years, 

waterborne pathogens remain one of the worlds’ leading cause of death, accounting for 

approximately 3.4 million lives and costing 12 billion US dollars worldwide each year 

(Alhamlan et al., 2015; World Health Organisation, 2001). The overzealous confidence 

that the majority of these infectious diseases could effortlessly be controlled has 

resulted in a fatal complacency among the global community. This complacency has 

consequently led to a global crisis in waterborne diseases, now costing millions of lives.  

 

Waterborne diseases are caused by a number of pathogenic microorganisms, including 

bacteria, viruses, fungi and parasites (Janeway et al., 2001). Such pathogens are easily 

spread in a non-uniform manner from one person to another and through direct and 

indirect exposure to contaminated water, including ingestion and aspiration of 

contaminated water and inhalation of aerosols (Leclerc, Schwartzbrod and Dei-Cas, 

2002; Ramírez-Castillo et al., 2015). The concentration of these biological threats in the 

environment and water supplies greatly fluctuates depending on numerous factors, 

such as the internal and international movement of populations, haphazard and 

uncontrolled urbanisation, poor sanitation/water treatment, economic development 

and international travel (Bonadonna and Marconi, 1990; Daisey, Angell and Apte, 2003; 

Jones, 1999; Pitzurra et al., 1999; Pitzurra, Savino and Pasquarella, 1997; Spengler and 

Sexton, 1983). The existence of pathogens in high concentrations serves as an indication 

of contamination and increases the risk of diseases spreading within days or even hours 

from one continent to another (Jain and Pradeep, 2005). Thus, the implementation of 
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regulators in the industrial, commercial and consumer markets, to reduce, or ideally 

prevent microbial colonisation and proliferation has become an important issue for 

safeguarding human health. Sterilisation methods utilising ultraviolet radiation, high 

pressure and temperature treatments have been used as a means of reducing the 

number of pathogenic microorganisms (Hwang, Jung and Jeong, 2010; Jung, Lee and 

Kim, 2009; Lee et al., 2008; Lin and Li, 2002; Peccia and Hernandez, 2002). However, 

these techniques have been deemed inefficient and deleterious to human health. 

 

Mechanical filtration technologies have emerged as a viable means to remove 

particulates from fluid flows. In particular, micro- and nano- fibres provide a cost 

effective and chemical-free approach for enhancing filtration efficiency and 

performance (Barhate and Ramakrishna, 2007; Gradoń, Balazy and Podgórski, 2006; Li 

and Chase, 2010; Porcelli and Judd, 2010; Przekop and Gradoń, 2008; Sato et al., 2011). 

Fibrous filtration systems consist of a layer of randomly aligned fibres oriented across 

the direction of flow (Wang, 2001). These membranes have an interconnected pore 

structure that result in increased permeability and thus a higher throughput when 

compared to conventional filters (Cooper et al., 2013). The individual fibres in the mesh 

are typically nonwoven, have a circular or rectangular cross-section, consistent fibre 

diameter and are ideally porous (Wang, 2001). The exploitation of fibrous filtration 

systems has increased over the last 20 years due to their ability to capture particles and 

microorganisms efficiently through inertial impaction, interception, and convective 

Brownian diffusion (Denny et al., 2010; Zhong et al., 2015). 

 

Two challenges existing in fibre-based filtration systems are (i) they are unable to trap 

all microorganisms and (ii) the microorganisms trapped within the fibre meshes are able 
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to survive and proliferate, consequently leading to contamination of water supply 

systems (biofouling) (Barhate and Ramakrishna, 2007; Botes and Cloete, 2009; Geldreich 

et al., 1985; McFeters and Stuart, 1972). Antimicrobial agents have been incorporated 

into filter medium to bestow antimicrobial activities (Botes and Cloete, 2009). However, 

these filters have not demonstrated broad spectrum antimicrobial properties as they 

are ineffective against some microorganisms, particularly viruses, thus permitting them 

unsuccessful. For this reason, the use of alternative antimicrobial agents, such as 

nanomaterials, has been extensively explored. 

 

The application of material science and nanotechnology in both medicine and 

environmental engineering has shown remarkable potential for tackling various aspects 

of microbial infections. Many nanomaterials have been demonstrated to possess 

inherent antimicrobial properties that are rarely exhibited in their bulk form, including 

metallic and carbon-based nanoparticles (Kumar, et al., 2008; Li et al., 2008; Liu, Xie and 

Cui, 2008; Nepal et al., 2008; Santos et al., 2012; Shahzadi, Zafar and Sharif, 2018; Wang, 

Hu and Shao, 2017). 

 

Nanocomposites are defined as solid multi-element materials with at least one of the 

elements having a dimension of less than 100 nanometres (Ajayan, Schadler, and Braun, 

2004). Utilising nanocomposites enables the creation of novel materials with tailorable 

physical properties. This unique characteristic has attracted substantial interest from 

both scientists and engineers in recent years. The incorporation of known antimicrobial 

nanoparticles into polymeric, ceramic or metallic matrices has given rise to a new 

generation of materials with improved properties and antibacterial activity. In some 

cases, the polymeric, ceramic or metallic matrices not only provide support for the 
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nanomaterials but can also enhance antimicrobial performance and widen the potential 

applications of this material to meet various demands in the biomedical and water 

treatment industries, among others. 

 

1.2 Research Aims and Objectives 

This research focuses on the development of novel antimicrobial nanocomposite fibre 

membranes suitable for water filtration systems. Combining antimicrobial agents with 

polymeric matrices will enhance the materials antimicrobial properties as well as their 

usability, allowing it to be effectively implemented in industrial, commercial and 

consumer applications. 

 

1.2.1 Discover and identify the minimum inhibitory concentration of a range of 

antimicrobial agents. 

Extensive research will be carried out to discover unexploited antimicrobial agents. 

These agents will then be tested against both bacteria and virus model organisms, and 

their minimum inhibitory concentration will be identified. The antimicrobial agent 

should be effective against all organisms tested. 

 

1.2.2 Fabrication of polymeric fibrous filters using pressurised gyration. 

Prior to forming fibres via pressurised gyration, a suitable polymer-solvent system will 

be selected. The effect of key processing parameters on the production of fibres will be 

assessed. The structural characteristics of the resulting fibre meshes will be evaluated 

using Scanning Electron Microscopy (SEM) and ImageJ software. Well defined porosity 
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and a narrow fibre diameter distribution are ideal properties that can be well utilised 

for the outlined application. 

 

1.2.3 Manufacture of functionalised antimicrobial fibres.  

Using the optimal processing conditions, antimicrobial nanocomposite fibre mats will be 

produced. The antimicrobial activity of the formed nanocomposite fibres will be 

evaluated against Gram-negative bacteria, Gram-positive bacteria and virus model 

organisms. The minimum concentration of the active agent in the fibres will be 

determined. A statistically significant microbial reduction should be observed, when 

compared to the control sample. 

 

1.2.4 Assess the efficacy of the formed antimicrobial filters in water filtration apparatus.  

Translation from benchtop to real world application is key. The nanocomposite fibrous 

membranes should be effective in water filtration applications. In order to assess this, a 

water filtration apparatus that mimics tap-like conditions will be designed and made. 

The filters will be tested using the apparatus. A statistically significant microbial 

reduction post filtration is highly sought after. 
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Figure 1.1: Flowchart summarising the research objectives. 

Identify The Minimum Inhibitory Concentration of a Range of Nanomaterials

Incubate these nanomaterials at a range of concentrations in separate 
suspensions containing Gram negative bacteria, Gram positive bacteria and viral 

model organisms.

Carry out literature research to assemble a critical review of existing knowledge 
and identify unexploited antimicrobial agents.

Establish the most effective antimicrobial nanomaterial. 

Fabrication of Fibrous Filter Membranes Using Pressurised Gyration

Select a suitable polymer-solvent system that gives fine porous fibres.

Assess the affect of applied pressure on fibre morphology, and identify the 
optimal conditions to give well defined porosity and a narrow fibre diameter 

distribution.

Manufacture Functionalised Antimicrobial Fibres 

Successfully incorporate the most effective antimicrobial nanomaterial into 
polymeric fibres.

Incubate the fibres in suspensions containing the chosen microbial model 
organisms. Identify which fibres give the strongest microbial kill. 

Efficacy of the Formed Antimicrobial Filters in Water Filtration Apparatus

Design and make a water filtration apparatus that mimics tap-like conditions.

Using the most effect antimicrobial fibres, test the filters using the apparatus. 
Quantify the number of alive and dead microbes pre and post filtration.
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1.3 Structure of Thesis 

This dissertation details the way in which the research is proceeded and is ordered in 

the following chapters: 

 

Chapter 1 provides a brief and concise summary of the background information related 

to the themes explored in this work, an outline of the research aims and objectives and 

a synopsis of the thesis structure.  

 

Chapter 2 presents a detailed review of the existing knowledge in this interdisciplinary 

field. Details regarding the incidence, prevalence, morbidity and mortality of 

waterborne disease, current treatments, antimicrobial agents and fibre fabrication 

methods are discussed. An extensive assessment of literature has been undertaken in 

order to comprehend the fundamental concepts in microbiology, materials science, and 

fibre manufacture. Understanding the progress made in filtration is essential in order to 

see what worked well, what needs improving and how to move the field forward. 

 

Chapter 3 describes the specific materials, equipment and methods used in this 

research. The first section details the materials used including the Gram-negative 

bacteria, Gram-positive bacteria and viral model organisms and their suppliers. The 

second section reports all the techniques employed for characterisation, fibre 

manufacture and antimicrobial assessment.  

 

Chapter 4 investigates the morphological and antimicrobial properties of various 

nanomaterials against bacterial and viral pathogens. This chapter concludes by 
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comparing the experimental results, identifying the most potent materials and 

highlighting mechanisms of action. 

 

Chapter 5 discusses the solubility and spinnability of poly(methyl methacrylate) in 

different organic solvents using theoretical and practical experiments. It also describes 

the effect of processing parameters, such as applied pressure, on the formed fibres 

using pressurised gyration.  

 

Chapter 6 elucidates the production of functionalised nanocomposite fibres and their 

antimicrobial activity in suspension. Morphological and chemical compositions of the 

most effective fibres were determined. A mechanism for the antimicrobial mode of 

action is also investigated and discussed. 

 

Chapter 7 documents the antimicrobial efficiency of the prepared nanocomposite 

fibrous filter membranes in real life application. This chapter provides a detailed 

description of the apparatus used, the conditions chosen, and discusses how the results 

obtained compare to existing products. 

 

Chapter 8 concludes the main findings and outcomes of this research and summarises 

how the results support the hypothesis. Recommendations on how the existing research 

can be furthered are also given.  
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Chapter 2: Literature Review 

Microbiological contamination of water has forever been a global issue due to its 

detrimental effect on human health. Despite filters showing remarkable microbial 

removal efficiency, the captured microorganisms can remain viable in the filter, grow 

and re-suspend into water flows resulting in a secondary source of pollutants. The 

exploration of nanomaterials and nanocomposites have gained a strong research 

following over the last decade. These materials have been heavily exploited in several 

fields, with applications ranging from biosensors to biomedicine. Among these 

applications, great advances have been made in the field of microbiology, specifically as 

antimicrobial agents.  

 

This chapter discusses the impact of waterborne disease, the current treatment 

methods available and their associated advantages and limitations. A comprehensive 

account of various nanomaterials that exhibit promising antimicrobial activity is then 

provided. The composition, physical and chemical properties, as well as antimicrobial 

performance of these materials are examined in detail. The production of fibre meshes 

using various fibre forming methods is also evaluated, discussing their efficiency and 

ability to be upscaled in detail. 

 

2.1 Waterborne Disease 

Though more than 70% of the Earth’s surface is covered by water, only 2.5% of it is safe 

to drink, and of that, merely 1% of it is accessible. Waterborne diseases are caused by 

the inhalation, ingestion or absorption of contaminated water containing pathogenic 

microorganisms. While, morbidity and mortality rates of infectious diseases have 
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dramatically declined since the 19th century, due to improvements in hygiene and 

sanitation, waterborne diseases remain a serious threat to public health accounting for 

approximately 3.4 million deaths globally each year (6.5% of worldwide deaths) (World 

Health Organisation, 2001). The majority of these deaths are in young children, with 

4000 children dying daily (World Health Organisation, 2001). Ingestion of contaminated 

water often results in symptoms such as diarrhoea, vomiting and gastroenteritis 

(Griffiths, 2008; Plutzer and Karanis, 2016). Diarrhoea is the most common symptom, 

impairing societies socially and economically. In 2017, approximately 1.6 million people 

died from diarrhoeal diseases globally. They are among the leading causes of death 

globally and claim the lives of 2,195 children below the age of 5 everyday – more than 

AIDS, malaria and measles combined (Liu et al., 2012). These statistics alone brand 

waterborne disease as the leading cause of disease and death and show that we stand 

on the brink of a global crisis. The World Health Organisation have reported 

improvements in water quality will directly diminish the global disease burden by 

roughly 4% (Pandey et al., 2014). 

 

Such diseases are caused by an array of microorganisms, including viruses, Gram-

positive and Gram-negative bacteria, mycobacteria, fungi and parasites. The size of 

these pathogens varies greatly. Viruses fall on the smaller side of the spectrum, ranging 

from 5 to 400 nanometres, whilst bacteria range from 0.2 to 750 µm and individual 

archaea range from 0.1 µm to over 15 µm in diameter (Božič, Šiber and Podgornik, 2013; 

Levin and Angert, 2015; Vos et al., 2011). Fungi fall on the larger side of the spectrum, 

with their size heavily depending on the strain, but in general most fungi are 2 to 50 µm 

(Barners-Svarney and Svarney, 2014). Protozoa in humans are typically less than 50 µm 

in size (Baron, 1996). These biological threats are easily spread in a non-uniform manner 
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with water currents, therefore drastically increasing the likelihood of spreading within 

days or even hours from one country to another (Dales et al., 2000; Jain and Pradeep, 

2005). Their existence in high concentrations in water supplies serves as an indication 

of contamination and further increases the risk of transmission with factors such as the 

internal and international movement of populations, haphazard and uncontrolled 

urbanisation, economic development and international travel, catalysing transmission 

(Bonadonna and Marconi, 1990; Daisey, Angell and Apte, 2003; Jones, 1999; Pitzurra, 

Savino and Pasquarella, 1997; Spengler and Sexton, 1983). Between 1st January 1992 

and 31st December 2003, the Communicable Disease Surveillance Centre and local 

health authorities in England and Wales received 89 waterborne infectious intestinal 

disease outbreak reports (Smith et al., 2006). The total number of patients associated 

with these outbreaks was 4321, however it is important to note that many people with 

gastrointestinal illness often do not seek medical attention, therefore the number of 

affected people may be much higher (Smith et al., 2006). The leading implicated 

organisms were Cryptosporidum (70%), Campylobacter spp. (14%), Escherichia coli (3%), 

Astrovirus (1%) and Norovirus (1%) (Smith et al., 2006). 

 

2.1.1 Waterborne Pathogens 

Waterborne pathogens can be separated into three main categories: bacteria, parasites 

and viruses. Significant pathogens from each class are discussed with reasoning as to 

why these pathogens are considered most problematic. Where available, information is 

presented regarding the morphological structure of the organism, its survival in water 

and the diseases caused. 
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2.1.1.1 Burkholderia pseudomallei 

Burkholderia pseudomallei is an environmental Gram-negative, aerobic, motile rod-

shaped bacterium belonging to the family Burkholderiaceae. B. pseudomallei is the 

causative agent of melioidosis, also known as Whitemore’s disease, a clinically diverse 

and often fatal disease that is contracted (by humans and animals) through direct 

contact with contaminated water. This includes the inhalation and ingestion of 

contaminated water droplets (Currie et al., 2000; Whitmore and Krishnaswami, 1912). 

It measures 2 - 5 µm in length and 0.4 - 0.8 µm in diameter, is capable of self-propulsion 

using its flagella and proliferates optimally at temperatures around 40oC, making it 

suitable to dwell in warm soils and waters. Wuthiekanun, Smith and White (1995) have 

demonstrated the ability of B. pseudomallei to survive in double distilled water for 3 

years, with follow up studies on the same culture showing the cells remain viable after 

17 years (Moore, Tuanyok and Woods, 2008). Pumpuang and colleagues (2011) have 

also shown B. pseudomallei to remain viable in distilled water at 25oC for 16 years. 

Melioidosis has emerged as an important cause of morbidity and mortality in regions of 

Southeast Asia and northern Australia (Chaowagul et al., 1989; Sexton et al., 1993). The 

highest prevalence is found in Thailand, with 2000 to 3000 estimated cases each year 

(Leelarasamee, 2000). Clinical manifestations of the disease typically present 

themselves as localised, pulmonary and bloodstream infections, but can easily spread 

throughout the body to affect every organ. Specific symptoms depend on the location 

of infection, but generally include pyrexia, headaches, dyspnea, myalgia and joint pain. 

If untreated, the condition may progress to acute sepsis and bacteremia pneumonia 

(Brett and Woods, 2000; Jin and Ning, 2014). Melioidosis prognosis is poor and is 

associated with a high case fatality rate – 50% in Thailand and 20% in Australia (Cheng 

and Currie, 2007; Currie et al., 2003; White, 2003). It has also been reported that 74% 
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of people with a positive blood culture die within 24 hours (Samuel and Ti, 2002; 

Tiangpitayakorn et al., 1997). B. pseudomallei has been difficult to eradicate due to its 

resistance to chlorine and its ability to survive and proliferate in water (Robertson, 

Sagripanti and Inglis, 2010). A vaccine is underdevelopment, but economic constraints 

make vaccination an unrealistic option for many regions of endemicity (Cheng and 

Currie, 2005). 

 

2.1.1.2 Campylobacter jejuni 

Campylobacter jejuni is a helical shaped, microaerophilic Gram-negative bacterium 

belonging to the family Campylobacteraceae. C. jejuni is 1 of 4 key global causes of 

diarrhoeal disease and responsible for causing a number of infections, including 

campylobacteriosis. It is the most common bacterial cause of human gastroenteritis in 

the world and is the most common cause of food poisoning in Europe and the United 

States. Symptoms include severe diarrhoea, nausea, pyrexia, and vomiting. Chronic C. 

jejuni infections may also cause complications such as irritable bowel syndrome, 

temporary paralysis and arthritis. Public Health England reported an increase in 

Campylobacter cases in England and Wales from 52,381 in 2016 to 56,729 in 2017 

(Public Health England, 2017). The European Food Safety Authority reported 246,571 

cases in 2018 and estimated approximately 9,000,000 cases of human 

campylobacteriosis per year in the European Union (European Food Safety Authority 

and European Centre for Disease Prevention and Control, 2019). A common source of C. 

jejuni is contaminated water, the microbe can infiltrate water supplies through several 

ways, including sewage overflows, defective sewage systems, polluted water and from 

the bowel of a contaminated person or animal. Studies have shown C. jejuni to survive 

in water for up to 64 days (Cools et al., 2003). C. jejuni measures 0.5 – 8 µm in length 
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and 0.2 – 0.5 µm in diameter, has a single unsheathe polar flagellum at one or both ends 

of the cell thus making the cell motile. A number of waterborne C. jejuni outbreaks have 

been reported from both surface water and chlorine treated water (Ashbolt 2004; Kuusi 

et al., 2004; McNeil et al., 1981; Palmer et al., 1983; Sacks et al., 1986; Vogt et al., 1982). 

In 2007, Richardson et al. reported a community outbreak of C. jejuni infection from a 

chlorinated public supply of water in South Wales, therefore showing resistance to 

chlorine disinfection. As of yet there is no filter that is able to remove C. jejuni from 

water supplies and the only way to kill or inactivate C. jejuni is through heat sterilisation. 

Not only is this method impractical, it is also expensive at large scale. 

 

2.1.1.3 Escherichia coli 

Escherichia coli is a facultative anaerobic, rod shaped, Gram-negative bacterium 

belonging to the Enterobacteriaceae family. E. coli is commonly found in the microbiota 

of a healthy human digestive tract and was generally considered a safe microorganism 

up until the 1940s (Tenaillon et al., 2010). Since then studies have shown pathogenic E. 

coli strains to exist that cause infection of the gastrointestinal tract and blood (Reynolds, 

2009). Symptoms vary depending on the site of infection, but often include nausea, 

vomiting, abdominal pain, diarrhoea, cystitis, pyrexia and loss of appetite. Life 

threatening complications, such as haemolytic uremic syndrome, may also arise from E. 

coli infection. E. coli measures approximately 2 µm in length and 0.25 – 1 µm in width 

(Reshes et al., 2008). Flint (1987) has shown the long-term survival of E. coli in waters 

ranging from 4oC to 25oC for up to 260 days. A number of waterborne E. coli related 

outbreaks have been reported over the years (Chalmers, Aird and Bolton, 2000; Jones 

and Roworth, 1996; Licence et al., 2001; Schets et al., 2005). In June 2015, an outbreak 

of acute gastroenteritis affecting 188 patients was reported in South Korea (Park et al., 



 15 

2018). The source of infection was an E. coli contaminated water supply. Environmental 

studies showed the water supply system utilised inadequate filters and had a defect in 

the network between the reservoir and the chlorination device (Park et al., 2018). Whilst 

in 2018 a total number of 607 cases of shiga toxin producing E. coli were reported in 

England and Wales (Public Health England, 2020). 

 

2.1.1.4 Adenovirus 

Adenovirus is a nonenveloped double stranded DNA virus that is associated with a wide 

range of human illnesses, including respiratory, ocular, urinary tract and gastrointestinal 

diseases. Symptoms include pyrexia, pneumonia, conjunctivitis, bronchitis and acute 

gastroenteritis. Adenovirus is icosahedral in shape and has a diameter between 90 – 100 

nm. It has been detected in water supplies throughout the world, but their occurrence 

and pathogenicity has not been well documented (Fongaro et al., 2010; Kukkula et al., 

1997; Lee and Kim, 2002; Reynolds, 2004; Van Heerden et al., 2003; Van Heerden et al., 

2004; Villena et al., 2003). Outbreaks typically occur in childcare centres, including day 

cares and schools, healthcare institutions and military settings (Mena and Gerba, 2009). 

Adenovirus outbreaks from recreational waters, such as swimming pools, are more 

frequent than any other waterborne virus (Crabtree et al., 1997; Gerba and Enriquez, 

1997; Mena and Gerba, 2009). In addition, two drinking water outbreaks have been 

documented for adenovirus (Divizia et al., 2004; Kukkula et al., 1997). A study of 

intestinal disease in the UK, identified adenovirus as the second most common cause of 

viral gastroenteritis in children (Lennon et al., 2007). Crabtree and colleagues (1997) 

have calculated the risk of infection from water to be as high as 1/1000 for a single 

exposure. Adenovirus is a robust virus that can survive well in the environment, possibly 

due to its double-stranded DNA structure. In fact, it is more common, by 10-fold, in 
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sewage, sewage contaminated and surface waters than enteroviruses. There is limited 

data and literature regarding the removal of adenovirus by traditional treatment 

methods. Conventional chlorine disinfection of public water supplies is not an effective 

barrier for adenovirus, as studies have shown this viral pathogen to survive longer than 

other enteric viruses in surface and tap waters (Enriquez, Hurst and Gerba, 1995). In 

addition, they are the most UV-light resistant waterborne agent identified (Gerba, 

Nwachuku and Riley, 2003). 

 

2.1.1.5 Astrovirus 

Astrovirus, a nonenveloped, positive-sense, single stranded RNA virus belonging to the 

Astroviridae family, is a well-established etiological agent of viral gastroenteritis (Ryan 

et al., 2019). It has an icosahedral morphology with diameters ranging from 28 and 35 

nm (Long, Pickering and Prober, 2012; Vu et al., 2017). While there have been reported 

cases of adult infection worldwide, astrovirus predominantly strikes in paediatric, 

elderly and immunocompromised populations (Grohmann et al., 1993; Jarchow-

Macdonald et al., 2015; Liste et al., 2000; Osborne et al., 2015; Vu et al., 2017). However, 

a remarkable percentage of cases remain etiologically undiagnosed, even in developed 

countries (Vu et al., 2019). Symptoms usually manifest in 2 – 3 days and include 

diarrhoea, nausea, vomiting, pyrexia, malaise and abdominal pain. The main mode of 

transmission is through the faecal oral route and faecal contaminated water (El-Senousy 

et al., 2007). Astrovirus has been identified in a number of water samples and can 

survive in water up to 90 days (Abad et al., 1997; Bosch, 1998; Espinosa et al., 2008; 

Scarcella et al., 2009; Steyer et al., 2011). 
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2.1.1.6 Norovirus 

Norovirus (formerly known as Norwalk-like virus and Norwalk virus) is a nonenveloped, 

single stranded, positive-sense RNA virus belonging to the Caliciviridae family (Maunula 

2007; Maunula, Miettinen and Von Bonsdorff, 2005). It has an icosahedral geometry 

measuring 23 – 40 nm in diameter. Studies have shown norovirus to survive and remain 

infectious after 61 days in ground water (Seitz et al., 2011). Norovirus is the prevalent 

nonbacterial causative agent in waterborne outbreaks and causes gastroenteritis in all 

age groups (as immunity to the pathogen is short lived) across many countries (Maunula 

2007; Maunula, Miettinen and Von Bonsdorff, 2005). It costs the global economy $60 

billion USD due to healthcare costs and lost productivity. According to the Centre for 

Disease Control and Prevention, approximately one out of every five cases of acute 

gastroenteritis that leads to diarrhoea and vomiting is caused by norovirus, making it 

the most common cause of acute gastroenteritis worldwide. Roughly 200 million cases 

are among children under 5, leading to an estimated 50,000 child deaths every year. 

Symptoms of infection begin 24 - 48 hours after infection and can last between 12 – 60 

hours. Normally healthy people show a full recovery; however, hospitalisation is often 

required in immunocompromised, paediatric and elderly populations. In England and 

Wales, norovirus is the most common cause of viral infectious gastroenteritis, with 

outbreaks occurring in semi-closed environments such as healthcare institutions, 

residential homes, and cruise ships. Outbreaks are thought to be caused by 

contaminated water and spread from person to person. Norovirus retains its infectivity 

in cold water for a long period of time (Maunula 2007). Although significant advances 

have been made in water management, norovirus outbreaks associated with drinking 

water continue to occur (Beer et al., 2015; Tryfinopoulou et al., 2019; Zhou et al., 2016). 

Due to the small size of norovirus, filters are unable to remove the pathogen from water 
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supplies. In addition, norovirus also shows moderate tolerance to disinfectants such as 

chlorine, therefore making its eradication even harder. As of yet the only treatment to 

kill or inactivate norovirus is through heat sterilisation. 

 

2.1.1.7 Cryptosporidium parvum 

Cryptosporidium parvum is a single celled microscopic coccidian protozoal parasite 

belonging to the family Cryptosporidiidae. Isolated oocysts are 4 – 6 µm in diameter and 

their walls are known to be extremely resistant to chemical and mechanical disruption 

(Harris and Petry, 1999). Both thin sectioning and negative staining transmission 

electron microscopy have shown oocysts to possess a filamentous array on the inner 

surface (Harris and Petry, 1999). C. parvum infection is caused by exposure to either 

contaminated drinking or recreational waters (D’Antonio et al., 1985; Hlavsa et al., 2011; 

McAnulty, Fleming and Gonzalez, 1994). Studies have shown C. parvum oocysts to 

survive and remain infectious in water for up to 84 days (Fayer et al., 1998). Once the 

pathogen is ingested, excystation occurs whereby the oocyst breaks open and the 

parasite is released into the intestinal and/or respiratory epithelium of vertebrates. 

Symptoms include watery diarrhoea, along with varying frequencies of abdominal pain, 

dehydration, nausea, vomiting, pyrexia and usually last between 7 and 14 days. 

Cryptosporidiosis occurs worldwide and is the fourth most common cause of 

gastrointestinal infection in the U.K. (Hawker et al., 2018). Data available from Public 

Health England for 2008 to 2017 shows there were 44,631 laboratory confirmed cases 

in England and Wales, with the number of cases ranging from 3000 to 6000 per year and 

peaking in autumn (Public Health England, 2019). In England and Wales, the majority of 

outbreaks have mainly been associated with public and private water supplies and 

swimming pools (Public Health England, 2019). The largest known C. parvum community 
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drinking water outbreak occurred in Milwaukee, Wisconsin during the early spring of 

1993 (Hoxie et al., 1997; MacKenzie et al., 1994). It affected approximately 403,000 

civilians and killed 58 patients (Hoxie et al., 1997; MacKenzie et al., 1994). The main 

causes of this outbreak were a combination of oocysts passing through the filtration 

systems of one of the city’s water-treatment plants and inadequate quality control 

testing. As C. parvum tolerates the levels of chlorine typically used in water treatment, 

Cryptosporidium-specific treatment is accomplished through removal by filtration or 

inactivation by ultraviolet disinfection. 

 

The marked effects of these pathogens are widespread, with significant impacts being 

made on societies, economies and political systems, particularly in developing countries, 

not only because of the associated morbidity and mortality, but also the high cost that 

represents their prevention and treatment. Despite being an imperative policy in 

international development for decades, waterborne pathogens and improving access to 

clean water still receives renewed and increased attention and. They have become the 

focal point of international relations as they present a significant burden to global health 

and healthcare expenditure. Goals 3 and 6 of the 2030 Agenda for Sustainable 

Development (outlined by the United Nations) aims to improve water quality. Goal 3 

aims to ‘combat water-borne diseases’ (target 3.3) and ‘substantially reduce the number 

of deaths and illnesses from hazardous chemicals and air, water and soil pollution and 

contamination’ (target 3.9) by 2030. While Goal 6 focuses on ‘ensuring availability and 

sustainable management of water sanitation for all’ and intends to achieve this with 6 

specific targets. 
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2.2 Current Treatment Methods 

Waterborne diseases are attacking on multiple fronts, thus the implementation of 

regulators in the industrial, commercial and consumer markets, to reduce or ideally 

prevent microbial colonisation, proliferation and treatment has become an important 

issue for safeguarding human health. A multiplicity of sterilisation methods, such as 

ultraviolet radiation (Hwang et al., 2010; Lin and Li, 2002; Peccia and Hernandez, 2004), 

high pressure and temperature treatments (Jung, Lee and Kim, 2009), peptides (Bai et 

al., 2008), antibiotics (Athanassiadis et al., 2007; Aviv, Berdicevsky, and Zilberman, 

2007), antivirals (Ball et al., 2012), antiseptics (Liakos et al., 2013), biocides 

(Athanassiadis et al., 2007), and disinfectants (including metal ions and quaternary 

ammonium compounds) (Allison et al., 2007; Jennings et al., 2015; Lee et al., 2008; 

Ramstedt et al., 2007; Silver et al., 2006), have been heavily exploited to prevent the 

survival of microorganisms in water. 

 

2.2.1 Ultraviolet Radiation 

The use of monochromatic and polychromatic ultraviolet radiation in attempt to reduce 

or eliminate waterborne pathogens has a long history, with reports dating back to 1910 

(Henry, Helbronner and Recklinghausen, 1910). The efficacy of ultraviolet germicidal 

radiation has been evaluated in several studies and microbial reductions ranging up to 

100% have been reported for a variety of microbes (Table 2.1). 

 

The inactivation kinetics caused by both artificial and natural ultraviolet radiation on a 

wide range of pathogenic microorganisms is believed to be due to the absorption of 

ultraviolet photons by the nucleic acids (DNA/RNA) of the microbe (Craik et al., 2000; 

Hijnen, Beerendonk and Medema, 2005). This causes the formation of pyrimidine 
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dimers, photoproducts of nucleic acids and nucleic acid lesions, and consequently leads 

to the inhibition of transcription and replication (von Sonntag and Schuchmann, 1992; 

von Sonntag et al., 2004). Previous literature has reported the maximum ultraviolet 

absorbance spectrum of nucleic acids is 260 nm, this has been corroborated in studies 

where the maximum biocidal effects were observed at similar wavelengths (Craik et al., 

2000; Hijnen, Beerendonk and Medema, 2005). 

 

The widespread use of ultraviolet radiation as a means of disinfection has been militated 

by its limitations. A major disadvantage is its severe toxicity to human life as it is known 

to cause erythema, cancer and a number of degenerative changes in skin (Carlson et al., 

1986; Lowell and Pierson, 1989). Furthermore, ultraviolet radiation is ineffective against 

spores and many pathogens may develop repair mechanisms, thereby avoiding 

permanent deactivation (Rastogi et al., 2010).
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Table 2.1: Summary of Ultraviolet radiation sensitivity of microbes. 

Microbial Strain Type of Ultraviolet Radiation Microbial Reduction References 

Bacteria    

Acanthamoeba castellanii (ATCC 30234) Collimated beam (dose 60 mW-sec/cm2) 1.5 log reduction. Chang et al., 1985. 

Bacillus subtilis (ATCC 6633) Collimated beam (dose 80 mW-sec/cm2) 4 log reduction. Chang et al., 1985. 

Campylobacter jejuni biotype 1 strain 

709/84. 
Collimated beam (254 nm) (dose 1.8 mWs/cm2) 3 log reduction (99.9%). Butler, Lund and Carlson, 1987. 

Cryptosporidium parvum 
Collimated beam (unweighted UV dose 4 mJ/cm2, 

weighted UV dose 3 mJ/cm2) 
3.6 log reduction. Zimmer, Slawson and Huck, 2003. 

Escherichia coli  
Collimated beam (dose 10 mW-sec/cm2) 5 log reduction. Chang et al., 1985. 

Collimated beam (254 nm) (dose 5.0 mWs/cm2) 3 log reduction (99.9%). Butler, Lund and Carlson, 1987. 

Escherichia coli O157:H7, O25:K98:NM, 

O50:H7, O78:K80:H12 
UV fluence (253.7 nm) at 12 J/m2 up to 300 J/m2 6 log reduction. Sommer et al., 2000. 

Giardia muris Medium pressure ultraviolet radiation (dose 8 mJ/cm2) 99% reduction. Craik et al., 2000. 

Giardia lamblia 
Near monochromatic collimated beam (254 nm) (dose 10 

JM-2) 
>4 log reduction. Linden et al., 2002. 
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Legionella pneumophila (Philadelphia 2 

strain) 
G15T8 lamp 2760 µW-s/cm2 3 log reduction (99.9%). Antopol and Ellner, 1979. 

Micrococcus luteus 
15 W germicidal lamp (American Ultra- violet, Santa Ana, 

CA) 
50% reduction. Miller and MacHer, 2010. 

Mycobacterium bovis UV GI lamp (42 µWcm-2) 96-97% reduction. Xu et al., 2003. 

Mycobacterium parafortuitum (ATCC 

19689) 
UV GI lamp (42 µWcm-2) 83-98% reduction. Xu et al., 2003. 

Salmonella typhi (ATCC 6539) Collimated beam (dose 10 mW-sec/cm2) 5 log reduction Chang et al., 1985. 

Shigella sonnei (ATCC 9290) Collimated beam (dose 9 mW-sec/cm2) 4.5 log reduction. Chang et al., 1985. 

Staphylococcus aureus (ATCC 25923) Collimated beam (dose 15 mW-sec/cm2) 4 log reduction. Chang et al., 1985. 

Streptococcus faecalis 
Collimated beam (dose 15 mW-sec/cm2) 4.5 log reduction. Chang et al., 1985. 

Collimated beam (254 nm) (dose 15 mWs/cm2) 6 log reduction. Harris et al., 1987. 

Yersinia enterocolitica serogroup O:3 

biotype 4 strain 304/84 and 1526/81 
Collimated beam (254 nm) (dose 2.7 mWs/cm2) 3 log reduction (99.9%). Butler, Lund and Carlson, 1987. 

Viruses    

Adenoviruses 40 and 41 Collimated beam (dose 30 mWs/cm2) 90% reduction. Meng and Gerba, 1996 

Coliphages MS-2 and PRD-1 Collimated beam (dose 14 and 8.7 mWs/cm2) 90% reduction. Chang et al., 1985. 
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Coxsackievirus B3, B5 
Collimated beam (dose 27 and 24.5 mW-sec/cm2, 

respectively) 
3 log reduction (99.9%). 

Gerba, Gramos and Nwachuku, 

2002. 

Echovirus I, II 
Collimated beam (dose 20 and 20.5 mW-sec/cm2, 

respectively) 
3 log reduction (99.9%). 

Gerba, Gramos and Nwachuku, 

2002. 

Feline Calicivirus (strain F9) 
Collimated monochromatic beam (253.7 nm) (dose 26 

mJ/cm2) 

99.9% reduction (3 log 

reduction). 
Thurston-Enriquez et al., 2003. 

Hepatitis A (strain HM-175) (254 nm) (dose 20 mW-sec/cm2) 3 log reduction. Battigelli, Sobsey and Lobe, 1993. 

Poliovirus type 1 
Collimated beam (dose 35 mW-sec/cm2) 3.75 log reduction (99.9%). Chang et al., 1985. 

Collimated beam (254 nm) (dose 45 mW-sec/cm2) 5 log reduction. Harris et al., 1987. 

Reovirus type 1 Lang strain Collimated beam (254 nm) (dose 45 mW-sec/cm2) 2 log reduction. Harris et al., 1987. 

Simian rotavirus (SA11) Collimated beam (dose 30 mW-sec/cm2) 3 log reduction (99.9%). Chang et al., 1985. 
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2.2.2 Ultrasound Vibration 

The antimicrobial capability of ultrasound dates back to 1927 (Wood and Loomis, 1927). 

Since then, a multitude of studies have proved the direct application of high power 

ultrasound possesses efficacy in inactivating a variety of microorganisms, including 

bacteria, protozoa, fungi and viruses (Ahn et al., 2003; Ashokkumar et al., 2003; 

Broekman et al., 2010; Chrysikopoulos, Manariotis and Syngouna, 2013; Declerck et al., 

2010; Drakopoulou et al., 2009; Feng, Barbosa and Weiss, 2011; Iida et al., 2009; Joyce 

et al., 2003; Liu et al., 2013; Maleki et al., 2013; Olvera et al., 2008; Rapuntean, Nadas 

and Denes, 2005; Scherba, Weigal and O’brien, 1991; Su, Zivanovic and S’souza, 2010). 

Khandpur and Gogate (2016) have shown a microbial reduction of more than 5 logs can 

be achieved when a microbial liquid suspension is treated with an ultrasound power of 

100 W and constant frequency (20 kHz) for 15 minutes. Several studies have shown the 

complete eradication of E. coli from liquid suspensions when treated with 20 kHz for up 

to 15 minutes (Cameron, McMaster and Britz, 2009; Cruz-Cansino et al., 2016). 

Dehghani et al. (2007) have shown a 99% reduction in sewage fungi when treated with 

an ultrasound irradiation frequency of 42 kHz for 60 minutes. As for parasites, a much 

stronger antimicrobial effect can be seen when treated with ultrasound radiation. A 94% 

reduction in C. parvum oocysts has been reported by Olvera et al. (2008) when the 

contaminated water was subjected to 1 MHz ultrasound radiation for 4 minutes. 

 

The antimicrobial effects of ultrasound are thought to be caused by the acoustic 

cavitation and acoustic streaming that occurs when an ultrasound wave passes through 

a liquid medium, both of which have different consequences on microbial cells (Guzmán 

et al., 2003; Leong, Ashokkumar, Kentish, 2011; Pitt and Ross, 2003; Rooze et al., 2013). 

The expansion and contraction of the microbubbles under ultrasonic waves generates 
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high liquid shear force, shock waves, localised heating, mechanical fatigue and free 

radicals, all of which contribute to the antimicrobial effect of ultrasound (Baker, 

Robertson and Duck, 2001; Bilek and Turantas, 2013; Broekman et al., 2010; Butz and 

Tauscher, 2002; Chemat and Khan, 2011; Wu and Nyborg, 2008). Detailed descriptions 

of each antimicrobial mechanism involved is still to be uncovered. Key disadvantages of 

ultrasound radiation are its ineffectiveness against bacterial spores, poorly understood 

mode of action and its expensive start-up and run costs. 

 

2.2.3 High Pressure Processing 

High pressure processing is a non-thermal technique, involving the application of 

isostatic pressures between 100 to 1000 MPa. The application of pressures between 10 

– 50 MPa dramatically reduces microbial growth and proliferation but increasing the 

pressure levels beyond this leads to the inactivation of microorganisms (Bajovic, 

Bolumar and Heinz, 2012; Tao et al., 2014). This method has been used for the 

elimination of pathogenic microorganisms as early as 1899 and is commonly used in the 

food industry (Hite 1899). The sterilisation properties of high-pressure processing rely 

on two principles: Le Chatelier’s principle and the isostatic rule (Tao et al., 2014). 

 

The inactivation kinetics of high-pressure processing is highly variable depending on the 

microorganism encountered. The elimination of bacteria is ascribed to a multitude of 

cellular injuries including structural, intracellular and biochemical changes (Hoover et 

al., 1989; Rivalain, Roquain and Demazeau, 2010). The high pressure causes hydrogen 

bonds in the cell to break, thus significantly damaging the cell membrane, altering 

membrane fluidity, causing a phase transition of the membrane lipid bilayer and 

denaturing membrane bound proteins (Rivalain, Roquain and Demazeau, 2010). 
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Additional structural changes include, intracellular vacuole collapse, cell deformation, 

nucleoid condensation, protein detachment, separation of the cell membrane from the 

cell wall, leakage of intracellular organelles and permeation of extracellular substances 

(caused by cell membrane damage) and cellular protein aggregation (Bajovic, Bolumar 

and Heinz, 2012; Klotz, Mañas and Mackey, 2010). Ananta and Knorr (2009) have 

reported pressures upwards of 400 MPa cause significant damage to the cells ion 

transporters, thus impairing homeostatic and barrier functions. Damage to the cells 

transport systems, gravely affects cell permeability and ion exchange (Cheftel, 1995; Ritz 

et al., 2001). Under high pressure, biochemical changes in microbial cells is 

predominantly caused by enzyme denaturation. The high pressure distorts the intricate 

structure of microbial enzymes, consequently impairing their function (Simpson and 

Gilmour 1997; Smelt, 1998; Tong, Lu and Li, 2012). Changes to the cells’ genetic 

information (nucleic acids) have also been noted after high pressure processing (Cheftel, 

1995; Chilton et al., 1997; Smelt, 1998; Yang et al., 2012).  

 

In most cases, the baro-resistance of microorganisms is dictated by differences in the 

cell structure. In general, Gram-positive bacteria, cells with fluid membranes, larger 

concentrations of diphosphatidylglycerol or low concentrations of unsaturated fatty 

acids, are more susceptible to high pressure inactivation (Pilavtepe-Çelik et al., 2008; 

Russell et al., 1995; Tong, Lu and Li, 2012). 

 

Due to their complex structure, fungi are easily destroyed using minimal pressures (300 

– 600 MPa) (Daryaei et al., 2008; Smelt, 1998). The destructive mode of action is 

comparable to bacteria, whereby both cell membrane permeability and cellular 

structure are distorted (Black et al., 2007). Furthermore, the increase in pressure causes 
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the mitochondria to release cytochrome C, which then initiates cell death (Rivalain, 

Roquain and Demazeau, 2010). 

 

Viruses are acutely dissimilar to other microorganisms with respect to their structure, 

function and replication process (Tao et al., 2014). They also have a high degree of 

structural diversity, resulting in a wide range of pressure resistances (Tao et al., 2014). 

However, all viruses consist of nucleic acid (either DNA or RNA) encapsulated in a capsid 

(protein coat). The mechanism of viral inactivation by high pressure processing is poorly 

understood. Despite this, a number of theories have been considered, including, 

pressure induced capsid denaturation (Rivalain, Roquain and Demazeau, 2010; 

Rendueles et al., 2011). Capsid destruction prevents the viruses from binding to their 

hosts cellular receptors thus averting infection. Several studies have shown high 

pressure processing to be effective at pressures in excess of 400 MPa (Table 2.2). 

 

A major drawback of high-pressure processing is its inability to eliminate bacterial 

spores. Endospores strong resistance to pressure is thought to be due to the 

microorganisms’ thick coat (Reddy et al., 2006). In fact, Sharma et al. (2002) reported 

that even after exposure to 1680 MPa, at least 1% of bacteria continued to be viable.  

However, few studies have shown high pressure processing to be effective at sterilising 

spores (Table 2.2). Other limitations of high-pressure processing are the high cost of 

equipment and long processing time. 
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Table 2.2: Inactivation of microorganisms by high pressure processing. 

Microbial Strain Pressure (MPa) Holding Time (seconds) Microbial Reduction References 

Bacteria     

Escherichia coli 350 600 8 log reduction. Koseki and Yamamato, 2006. 

Escherichia coli O157:H7 

350 120 3 log reduction. Neetoo et al., 2011. 

500 600 1.28 log reduction. 
de Alba, Bravo and Medina, 

2013. 

Staphylococcus aureus 300 3000 8 log reduction. Yang et al., 2012. 

Viruses     

Adenovirus 400 93 6 log reduction. Kovač et al., 2012. 

Feline Calicivirus (strain F9) 300 180 Undetectable. Grove et al., 2008. 

Hepatitis A (strain HM-175) 500 300 Undetectable. Grove et al., 2008. 

Poliovirus 600 3600 No inactivation. Wilkinson et al., 2001. 

Bacterial Spores     

Bacillus sporothermodurans 520 1080 3.3 log reduction. Aouadhi et al., 2013. 

Clostridium botulinum 827 600 1.8 log reduction. Reddy et al., 2006. 
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2.2.4 Heat Sterilisation  

Heat sterilisation is the safest, most economical, convenient and efficacious method to 

remove or inactivate pathogens in water. Many studies have shown enteric pathogens 

to be sensitive to inactivation at temperatures as low as 60oC (Table 2.3). Thermal 

inactivation of microorganisms is thought to be a multifaceted phenomenon caused by 

a number of cellular alterations affecting the outer and inner membrane, peptidoglycan 

cell wall, genetic material, intracellular organelles and enzymes (Cebrián, Condón and 

Mañas, 2017). Several studies have attempted to pinpoint an exact mechanism, but due 

to the complex interrelationships between various structures and functions, this has not 

been successful. 

 

Injury to the outer membrane of microorganisms has been evidenced through the 

sensitisation to hydrophobic antibiotics and expulsion of lipopolysaccharide molecules 

and bacterial outer membrane vesicles (Mackey 1983; Teixeira et al., 1997; Tsuchido et 

al., 1985). The loss of cytoplasmic membrane integrity has also been studied by several 

researchers and shown through the loss of intracellular organelles and propidium iodide 

staining (Hurst et al., 1973; Kramer and Thielmann 2016; Marcén et al., 2017; Skinner 

and Hugo, 1976). During thermal processing, genetic material end enzyme denaturation 

has also been reported and demonstrated detrimental effects on a cells’ survival (Gomez 

1977; Gould 1989; Govers, Gayan and Aertsen, 2017;  Kadota et al., 1978; Laskowska et 

al., 2004; Mackey et al., 1991; Sedgwick and Brigel, 1972;  Zamenhof 1961). 

 

As effective as heat sterilisation is, it involves the high cost use of carbon-based fuel 

sources and does not provide any residual protection. 
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Table 2.3: Thermal inactivation of bacteria, viruses and protozoa. 

Microbial Strain Temperature (oC) Inactivation Time (seconds) Microbial Reduction References 

Bacteria     

Campylobacter spp. 

60 300 3.9 log reduction. D’Aoust et al., 1988. 

63 300 >5 log reduction. D’Aoust et al., 1988. 

60 8.2 Per log reduction. Sörqvist 2003. 

62 15 3.5 – 5 log reduction. Juffs and Deeth2007. 

Coxiella burnetii 79.4 25 No survivors. Juffs and Deeth2007. 

Escherichia coli 

60 1800 6 log reduction. Moce-Llivina et al., 2003. 

65 <2 Per log reduction. Spinks et al., 2006. 

72 0.4 Per log reduction. Sörqvist 2003. 

Escherichia coli 0157 

60 300 1.5 log reduction. D’Aoust et al., 1988. 

64.5 300 >5 log reduction. D’Aoust et al., 1988. 

65 3 Per log reduction. Spinks et al., 2006. 

62 15 <1-5 log reduction. Juffs and Deeth2007. 

Enterococcus faecalis 65 7-19 Per log reduction. Spinks et al., 2006. 
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Klebsiella pneumoniae 
72 23 Per log reduction. Sõrqvist 2003. 

65 <2 Per log reduction. Spinks et al., 2006. 

Legionella pneumophila 58 360 Per log reduction. Dennis, Green and Jones 1984. 

Legionella spp. 80 18-42 Per log reduction. Stout, Best and Yu 1986. 

Mycobacterium paratuberculosis 72 15 >4 log reduction. Juffs and Deeth2007. 

Pseudomonas aeruginosa 65 5 Per log reduction. Spinks et al., 2006. 

Salmonella typhimurium 65 <2 Per log reduction.  Spinks et al., 2006. 

Salmonella choleraesuis 60 300 Per log reduction. Moce-Llivina et al., 2003. 

Salmonella spp. except 

Salmonella seftenberg 
72 0.1 Per log reduction. Sörqvist 2003. 

Salmonella seftenberg 60 340 Per log reduction. Sörqvist 2003. 

Serratia marcescens 65 <2 Per log reduction. Spinks et al., 2006. 

Shigella sonnei 65 3 Per log reduction. Spinks et al., 2006. 

Streptococci (faecal) 60 1800 3.4 log reduction. Moce-Llivina et al., 2003. 

Vibrio cholerae 
55 22.5 Per log reduction. Johnston and Brown 2002. 

70 120 >7 log reduction.  Johnston and Brown 2002. 

Yersinia enterocolitica 64.5 300 >5 log reduction. D’Aoust et al., 1988. 
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72 0.5 Per log reduction. Sörqvist 2003. 

Faecal bacteria 121oC 10800 No survivors. Yale et al., 1968. 

Viruses     

Adenovirus 5 70 1260 >8 log reduction. Maheshwari et al., 2004. 

Coxsackievirus B4 60 1800 5.1 log reduction. Moce-Llivina et al., 2003. 

Coxsackievirus B5 60 1800 4.8 log reduction. Moce-Llivina et al., 2003. 

Echovirus 6 60 1800 4.3 log reduction. Moce-Llivina et al., 2003. 

Enteroviruses 60 1800 4.3 log reduction. Moce-Llivina et al., 2003. 

Hepatitis A 

65 120 2 log reduction. Parry and Mortimer 1984. 

65 1320 3 log reduction. Bidawid et al., 2000. 

75 30 5 log reduction. Parry and Mortimer 1984. 

80 5 5 log reduction. Parry and Mortimer 1984. 

85 <30 5 log reduction. Bidawid et al., 2000. 

85 <1 5 log reduction. Parry and Mortimer 1984. 

Polovirus 1 

60 1800 5.4 log reduction. Moce-Llivina et al., 2003. 

62 1800 >5 log reduction. 
Strazynski, Kramer and Becker, 

2002. 
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72 30 >5 log reduction. 
Strazynski, Kramer and Becker, 

2002. 

95 15 >5 log reduction. 
Strazynski, Kramer and Becker, 

2002. 

Protozoa     

Cryptosporidium parvum 

60 300 3.4 log reduction. Fayer 1994. 

72 60 3.7 log reduction. Fayer 1994. 

72 5-15 >3 log reduction. Harp et al., 1996. 

Giardia 
56 600 >2 log reduction Sauch et al., 1991. 

70 600 >2 log reduction Ongerth et al., 1989. 
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2.2.5 Combined High-Pressure Thermal Sterilisation 

The biological effects of high isostatic pressures in combination with elevated 

temperatures (autoclaving) on microorgansims, including endospores, has been widely 

reported in literature (Gefrides et al., 2010; Kalchayanad et al., 1998). Both pressure and 

heat treatments have long been used independently for the sterilisation of materials, 

however some microorganisms are preserved during either process. Combining the 

synergistic effects of both treatments has proven to be highly effective and inexpensive.  

 

Patterson and Kilpatrick (1998) showed a <1 log reduction when E. coli O157:H7 was 

treated with 400 MPa for 15 minutes at 20oC, but when subjected to 400 MPa for 15 

minutes at 50oC, a 6-log reduction occurred (Patterson and Kilpatrick, 1998). 

 

High pressure thermal sterilisation can be divided into three stages: pre-treatment, 

holding and cooling. The material is initially preheated to 70 – 90oC. During the holding 

period, an increase in pressure (>600 MPa) and temperature (>90oC) encourages the 

production of steam (ideally 3% liquid and 97% gas). This steam transfers energy to the 

microorganism and consequently causes thermal death by the coagulation of proteins, 

destruction of membranes and nucleic acids and the complete removal of water in 

biological structures.  

 

Though this sterilisation method is routinely used in both laboratory and industrial 

scales, implementing such a technique in commercial and consumer markets, raises 

several concerns regarding the environment, health and safety, practicality and 

economic viability. 
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2.2.6 High Voltage Pulsed Electric Treatment 

The application of high voltage pulses (20 – 400 kW) has demonstrated strong lethal 

effects on microorganisms in suspension (Hamilton and Sale, 1967; Hülsheger and 

Niemann, 1980; Hülsheger, Potel and Niemann, 1981; MacDonald and Reitmeier, 2017; 

Russell et al., 2000; Sakarauchi and Kondo, 1980; Sale and Hamilton, 1968). The applied 

electric field induces a potential across biological membranes, consequently causing 

irreversible changes in membrane permeability and the release of cellular content 

(Zimmermann, Pilwat and Riemann, 1974). This phenomenon is known as ‘dielectric 

breakdown’ (Zimmermann, Pilwat and Riemann, 1974). 

 

Grahl and Märkl (1996) showed a 4-log reduction in microbial suspensions after 

treatment with pulsed electric fields. Whereas Qin et al. (1998) have shown a 6-log 

reduction in suspensions containing E. coli, S. aureus and S. cerevisiae after treatment 

with pulsed electric fields. Mizuno et al. (2018) demonstrated the antiviral properties of 

high voltage treatment and reported the inactivation of swine vesicular disease virus 

and equine herpes virus-1. 

 

The antimicrobial action of electric fields is thought to differ in Gram-negative and 

Gram-positive bacteria. Han et al. (2016) reported the inactivation of Gram-negative 

bacteria by high voltage was the result of the leakage of cellular components and DNA 

damage, whilst the inactivation of Gram-positive bacteria was caused by high levels of 

reactive oxygen species and damage to the bacterial cell envelope. High concentrations 

of reactive oxygen species cause lipid peroxidation, enzyme inactivation and DNA 

cleavage (Han et al., 2016; Pareilleux and Sicard, 1969). 
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Unlike high pressure processing high voltage pulsed electric field treatment is capable 

of disinfecting large volumes of liquid, however a major disadvantage, and probably the 

reason it has not been commercially exploited, is that it is an underdeveloped technique. 

 

2.2.7 Mechanical Filtration 

The underlying principal of mechanical water filtration is the physical removal of 

particulates from fluid flows using a physical barrier. Mechanical filtration can be 

implemented in both centralised and decentralised systems, however, microbial 

contamination can occur post centralised sterilisation through the formation of biofilms. 

Biofilms protect microorganisms from chemical agents and thermal disinfection 

procedures and are extremely difficult to completely eradiate once established. Point-

of-use mechanical filtration (decentralised) technologies have emerged as a viable 

means to control the spread of pathogenic microorganisms. Typically, medium such as 

cotton, dacron, foam blocks and other synthetic materials are used to trap particles. 

However, literature has demonstrated fibres provide a cost effective and chemical-free 

approach for enhancing filtration efficiency and performance (Barhate and 

Ramakrishna, 2007; Gradoń, Balazy and Podgórski, 2006; Li and Chase, 2010; Porcelli 

and Judd, 2010; Przekop and Gradoń, 2008; Sato et al., 2011). 

 

Fibrous filtration systems consist of a layer of randomly aligned fibres oriented across 

the direction of flow (Wang, 2001). These membranes have an interconnected pore 

structure resulting in increased permeability, therefore maintaining low resistance to 

fluid flow whilst allowing the removal of sub-micrometre and micrometre particles, thus 

have a higher throughput when compared to conventional filters (Cooper et al., 2013; 

Podgórski, Balazy and Gradoń, 2006). The individual fibres in the mesh typically have a 
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circular or rectangular cross-section, with a small fibre diameter distribution and are 

ideally porous (Wang, 2001). The components of the filtration system are usually inert 

and therefore do not interfere with the environment or water chemistry. The 

exploitation of fibrous filtration systems has increased over the last 20 years due to their 

ability to capture particles and microorganisms efficiently through inertial impaction, 

interception, and convective Brownian diffusion (Denny et al., 2010; Zhong et al., 2015). 

Studies have shown a significant increase in filter efficiency can be achieved by using 

nanofibers, as the large surface area to volume ratio increases the probability of particle 

deposition on the fibre surface (Huang et al., 2003; Park and Park, 2005). 

 

Filtration of liquids through a membrane with a pore size of 0.2 µm or smaller is a 

common method used for the removal of biological contaminants such as bacteria, 

mould and yeast, however it does not remove all microorganisms, including some 

bacteria species and viruses (Anderson et al., 1985; Hahn 2003; Hahn 2004; Hahn et al., 

2003; Howard and Duberstein 1980; Li and Dickie, 1985; Vybiral et al., 1999). 

 

Another challenge existing in fibre-based filtration systems is that the microorganisms 

trapped within the fibre meshes are able to survive and proliferate, consequently 

leading to contamination of water supply systems (biofouling) (Keuhn et al., 1991; 

McFeters and Stuart, 1972). This ultimately diminishes filter efficiency and consequently 

leads to the release of pathogenic microorganisms both vegetative and conidial into 

water supplies (Nguyen, Roddick and Fan, 2012). Therefore, the incorporation of various 

antimicrobial treatments into filter medium to bestow antimicrobial activities has been 

explored. 
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Copper oxide nanoparticles (700 nm to 1 µm) have been integrated into polyurethane 

nanofibrous filters with concentrations ranging from 5 to 12% and have demonstrated 

bacterial reductions between 62.7 and 100% (Ungur and Hruza, 2017). Euscaphis 

japonica nanoparticles have also been deposited onto polyurethane resin fibre filters 

and were tested against Gram-positive bacteria. Antibacterial activity ranged from 61% 

to 94% (Hwang et al., 2015). Although these filters have shown great potential, they 

have only been effective against bacteria, which represent a small population of 

pathogenic microorganisms. Therefore, agents showing a wide spectrum of 

antimicrobial properties should be explored. 

 

2.2.8 Antimicrobial Agents 

In the prevention of microbial proliferation, a wealth of antimicrobial agents have been 

extensively exploited, including antibiotics (Athanassiadis et al., 2007; Aviv, Berdicevsky, 

and Zilberman, 2007), antivirals (Ball et al., 2012), antifungals, disinfectants (Allison et 

al., 2007; Jennings et al., 2015; Lee et al., 2008; Ramstedt et al., 2007), peptides (Bai et 

al., 2008) and metallic ions (Silver et al., 2006). 

 

2.2.8.1 Chemical Treatments 

Antibiotics, antivirals, antifungals and antiparasitics form a class of selective medication 

that are commonly used in the treatment and prevention of a broad spectrum of 

infectious diseases within the body. These substances are not typically used for the 

treatment of water in order to avoid the emergence of antibiotic resistant 

microorganisms. 
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Disinfectants are nonselective antimicrobial agents that have the ability to kill a wide 

range of microbes present in the atmosphere and on non-living surfaces. In particular, 

they form an essential part of infection control practices in healthcare settings (Larson, 

1996; Rutala, 1996). These substances contain active chemical agents (biocides) such as 

alcohols, phenols, iodine, chlorine and quaternary ammonium compounds, many of 

which have been used for centuries for antisepsis and disinfection (Block, 1991). 

Microbial inactivation by disinfectants can occur through both physical and chemical 

reactions. Physical microbial destruction involves the disinfectant interacting with cell 

surface and penetrating into the cell, this alters the cell wall of the microbes and 

encourages the expel of intracellular constituents (Aboualizadeh, 2017; Brown and 

Gilbert, 1993; Brown and Williams, 1985; Johnston, 2003). Most disinfectants, however, 

work intracellularly, whereby the active chemical is taken up by the cell through passive 

diffusion or active transport (Maris, 1995). Once inside the cell, the biocide can cause 

perturbation of cell homeostasis, suppression of oxidative phosphorylation therefore 

prohibiting adenosine triphosphate production, protein denature, cytoplasm 

coagulation, formation of reactive oxygen species, inhibition of enzymes and electron 

transport, up- and down-regulation of macromolecular biosynthetic processes (Eklund 

and Nes, 1991; Fuller, 1991; Hamouda and Baker, 2000; Kroll and Patchett, 1991; 

Kuyyakanond, and Quesnel, 1992; Maris, 1995; Russell and Hugo, 1988; Russell, Morris, 

and Allwood, 1973; Waites and Bayliss, 1979; Weber, Boll and Stampfl, 2003). An 

unfavourable characteristic of disinfectants is their effect on the taste and smell of 

water, and the side effects they have on the human body once consumed.  

 

Antimicrobial resistance, provoked by the continual use of antibiotics, antivirals, 

antifungals, antiparasitics and disinfectants, poses an ever-growing challenge in the 
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search for viable antimicrobial treatments. In particular, S. aureus and P. aeruginosa are 

common multiple-drug resistant microorganisms that are responsible for numerous 

infections and typically require hospitalisation. It has been estimated 700,000 people 

die annually from drug resistant strains of common bacterial infections, human 

immunodeficiency virus, tuberculosis and malaria (U.K. Government, 2014). 29% of 

those deaths are caused by resistant tuberculosis (U.K. Government, 2014). The number 

of mortalities attributed to antimicrobial resistance is set to increase to 10 million in 

2050, at a cumulative cost to global economic output of 100 trillion USD (U.K. 

Government, 2014). Therefore, alternative treatments should be considered. 

 

2.2.8.2 Biological Treatments 

Antimicrobial peptides are typically cationic and contain 15-45 amino acid residues 

(Boman, 2003). These polypeptides are manufactured by most living species as a 

component of the immune response (Marr, Gooderham and Hancock, 2006). 

Understanding the pivotal role peptides play in preventing microbial attack has led to 

their use as antimicrobial agents. A major advantage in favour for the exploitation of 

antimicrobial peptides is that they can be used independently or in combination with 

other antimicrobial agents for a synergistic effect (Zasloff, 2002). Peptides generally 

have a broad spectrum of antimicrobial activity with previous studies demonstrating 

potency against the majority of Gram-negative and Gram-positive bacteria, fungi as well 

as viruses (Marr, Gooderham and Hancock, 2006). The killing of pathogenic 

microorganisms by peptides involves several different mechanisms of action: (i) some 

peptides are able to penetrate microbial membranes thus destructing the physical 

integrity of the membrane and causing the release of intracellular content; (ii) whilst 

other peptides are able to translocate across the microbial membrane and interfere with 
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intracellular processes, such as preventing macromolecular synthesis and cell division, 

and stimulating autolysis (Marr, Gooderham and Hancock, 2006). A downfall in the 

commercial use of antimicrobial peptides is that they are naturally occurring molecules 

produced by multicellular organisms, therefore they are not easily accessible or widely 

available. 

 

2.2.8.3 Nanomaterials 

The application of material science and nanotechnology in water treatment has shown 

remarkable potential for tackling various aspects of microbial infections. Many 

nanomaterials have demonstrated inherent antimicrobial properties that are rarely 

expressed in their bulk form (Table 2.4). A critical point for addressing the microbicidal 

and microbiostatic capabilities of nanomaterials concerns the mechanism by which cell 

viability is lost and cell death occurs. Although the mechanisms of action have not been 

well investigated, it is thought that the antiviral and the antibacterial activities differ. 

Research has indicated that the antiviral activity is a result of the nanomaterial binding 

to the viral envelope glycoproteins, thereby inhibiting viral penetration into the host cell 

(Khandelwal et al., 2014; Lara et al., 2010). Whilst the antibacterial mechanism is 

thought to be multifaceted and involves: physical penetration of nanoparticles into the 

microbial cell wall, resulting in cell wall rupture followed by the leakage of cellular 

contents; cellular internalisation of metallic ions; accumulation and dissolution of 

nanoparticles in the bacterial membrane changing its permeability, with subsequent 

release of intracellular biomolecules and dissipation of the proton motive force across 

the plasma membrane; electrostatic interactions between the nanoparticles and the 

negatively charged cell membrane facilitating nanoparticle attachment; photocatalytic 

activity such as, the formation of reactive oxygen species and lipid peroxidation (Adams, 
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Lyon and Alvarez, 2006; Akhavan and Ghaderi, 2010; Akhavan and Ghaderi, 2012; Amro 

et al., 2000; Azam, et al., 2012; Brayner et al., 2006; Brunner et al., 2006; Hu et al., 2010; 

Jalal et al., 2010; Jiang, Mashayekhi and Xing, 2009; Kasemets et al., 2009; Kotchey et 

al., 2011; Li, Zhu and Lin., 2011; Lipovsky et al., 2011; Sawai, 2003; Sawai et al., 1998; 

Sirelkhatim et al., 2015; Tu et al., 2013; Zhang et al., 2006). 

 

However, the use of these agents for the sterilisation of water has several limitations, 

including environmental pollution and cytotoxicity if not removed from the treated 

water. Furthermore, increased exposure to metallic nanomaterials can carry dangerous 

environmental and health implications. Though these materials are deemed 

advantageous, as they are able to surpass bacterial resistance mechanisms, they also 

exhibit deleterious characteristics. Side effects include, acute respiratory irritation, 

caustic injury of the upper gastrointestinal tract or subcutaneous tissue, psychological 

disorders, cardiovascular morbidity/mortality, neuronal translocation and argyria 

(Gwinn and Vallyathan, 2006; Samberg, Oldenburg and Monteiro-Riviere, 2009). In 

addition, increased concentrations of metallic ions, such as silver ions (colloids), in the 

bloodstream of childbearing women has been linked to the development of congenital 

craniofacial abnormalities in their offspring (Samberg, Oldenburg and Monteiro-Riviere, 

2009). The widespread use of metallic nanoparticles, particularly silver nanoparticles, is 

being banned by various governmental and public bodies, including the United Stated 

Environment Protection Agency. It is therefore evident the medical and economical 

demand for developing and exploiting new antimicrobial agents is critical.  
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Table 2.4: Antimicrobial activity of nanomaterials. 

Microbial Strain Nanomaterial Size Data Key Features Microbial Reduction Reference 

Bacteria      

Bacillus cereus Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Bacillus subtilis 

Copper. 6 nm. 
Kirby-Bauer diffusion 

method was used. 
Undetectable. Das et al., 2010. 

Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Bacteroides fragillis Titanium dioxide. 20 nm. 

Incubation conditions: 

TiO2-bacteria slurry 

exposed to UV light for 50 

minutes. 

Undetectable. Tsuang et al., 2008. 

Campylobacter jejuni Zinc oxide. ~ 30 nm. 
Colony counting method 

was employed. Incubation 
Undetectable. Xie et al., 2011. 
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conditions: 24 hours at 

42oC. 

Enterococcus faecalis Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Enterococcus hirae Titanium dioxide. 20 nm. 

Incubation conditions: 

TiO2-bacteria slurry 

exposed to UV light for 50 

minutes. 

Undetectable. Tsuang et al., 2008. 

Escherichia coli 

Copper. 12 nm. 

Incubation conditions: 

37oC and 150 rpm for 48 

hours. Concentration 60 

µg Cu0/mL. 

Undetectable. Raffi et al., 2010. 

Copper. 6 nm. 
Kirby-Bauer diffusion 

method used. 
Undetectable. Das et al., 2010. 

Graphene oxide. 1.1 nm. 

Incubation conditions: 2 

hours with 85 µg/mL at 

37oC. 

Cell metabolic activity 

decreased to 13%. 
Hu et al., 2010. 
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Graphite.  

Incubation conditions: 

isotonic saline solution for 

2 hours (graphite 

concentration 40 µg/mL).   

26.1 ±4.8%. Liu et al., 2011. 

Graphite oxide. 300 nm. 

Incubation conditions: 

isotonic saline solution for 

2 hours (graphite 

concentration 40 µg/mL).   

15.0 ±3.7%. Liu et al., 2011. 

Graphene oxide.  

Incubation conditions: 

isotonic saline solution for 

2 hours (graphite 

concentration 40 µg/mL).   

69.3 ±6.1%. Liu et al., 2011. 

Reduced graphene oxide.  

Incubation conditions: 

isotonic saline solution for 

2 hours (graphite 

concentration 40 µg/mL).   

45.9 ±4.8%. Liu et al., 2011. 
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Silver. 

Triangular particles with an 

average edge length of 40 

nm. 

Incubation conditions: 24 

hours at 37oC on agar 

plates loaded with silver 

nanoparticles. 

Undetectable. Pal, Tak and Song, 2007. 

Silver. 10-15 nm. 

Incubation conditions: 

organsims were cultured 

on LB agar plates 

supplemented with silver 

nanoparticles for 24 hours 

at 37oC. 

Undetectable. Shrivastava et al., 2007. 

Silver. 
Spherical with an average 

diameter of 9 nm ±2.8. 

Incubation conditions: 24 

hours. 
Undetectable. Lok et al., 2006. 

Titanium Dioxide. 20 nm. 

Incubation conditions: 

TiO2-bacteria slurry 

exposed to UV light for 50 

minutes. 

Undetectable. Tsuang et al., 2008. 
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Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Escherichia coli O157:H8 

Silver. 13.5 nm ±2.6. 

Agar disk diffusion method 

was employed. Incubation 

conditions: 24 hours at 

37oC. MIC was 3.3nM. 

 Kim et al., 2007. 

Zinc oxide. ~ 30 nm. 

Colony counting method 

was employed. Incubation 

conditions: 16 hours at 

42oC. 

Undetectable. Xie et al., 2011. 

Zinc oxide. 70 nm ±15. 

Incubation conditions: 24 

hours at 37oC on tryptone 

soy agar with a zinc oxide 

concentration of 12 

mmol/L. 

Undetectable. Liu et al., 2009. 

Klebsiella aerogenes Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 
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Salmonella 

Zinc oxide. ~ 30 nm. 
Colony counting method 

employed. 
Undetectable. Xie et al., 2011. 

Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Shigella flexinari Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Staphylococcus aureus 

Copper. 6 nm. 
Kirby-Bauer diffusion 

method was used. 
Undetectable. Das et al., 2010. 

Silver. 13.5 nm ±2.6. 

Agar disk diffusion method 

was employed. Incubation 

conditions: 24 hours at 

37oC. Minimum inhibitory 

concentration was 33 nM. 

 Kim et al., 2007. 

Silver. 10-15 nm. 

Incubation conditions: 

organisms were cultured 

on LB agar plates 

supplemented with silver 

Undetectable. Shrivastava et al., 2007. 
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nanoparticles for 24 hours 

at 37oC. 

Titanium Dioxide. 20 nm. 

Incubation conditions: 

TiO2-bacteria slurry 

exposed to UV light for 50 

minutes. 

Undetectable. Tsuang et al., 2008. 

Staphylococcus 

epidermidis 
Zinc oxide. 12 nm.  >95% reduction. 

Raghupathi, Koodali and 

Manna, 2011. 

Streptococcus pyogenes Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Proteus vulgaris Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Pseudomonas aeruginosa Titanium Dioxide. 20 nm. 

Incubation conditions: 

TiO2-bacteria slurry 

exposed to UV light for 50 

minutes. 

Undetectable. Tsuang et al., 2008. 
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Pseudomonas alcaligenes Zinc oxide. 12 nm.  >95% reduction. 
Raghupathi, Koodali and 

Manna, 2011. 

Virus      

Feline calicivirus Copper Iodide 100 – 400 nm. 
Concentration: 1000  

µg ml-1. 
7 log reduction. Shionoiri et al., 2012. 

Hepatitis B virus Silver. 10 - 50 nm.  >50% reduction. Lu et al., 2008. 

Human immunodeficiency 

virus-1. 
Silver. 30-50 nm. 

Incubated for 48 hours at 

concentrations ranging 

from 0.44 to 0.91 mg/mL. 

50% reduction. Lara et al., 2010. 

Influenza A Copper iodide. 160 nm. 17 µg/ml for 60 minutes. 50% reduction. Fujimori et al., 2012. 

Tacaribe virus. Silver 10 nm. Inhibited infection in vitro.  Speshock et al., 2010. 

Parasites      

Cryptosporidium parvum. Silver. 9 nm.  Significant reduction. Saad et al., 2015 

Leishmania tropica. Silver   Inhibition of growth. Khosravi et al., 2011 
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2.3 Fibre Forming Methods 

The incorporation of novel antimicrobial agents into fibres offers a suitable solution to 

overcome the complications associated with current fibrous filters. This can be achieved 

through several fibre forming techniques (Table 2.5). The technique chosen must be 

technologically scalable, reliable, consistent, cost-effective and produce fibres with high 

surface area and tuneable porosity (Luo et al., 2012). 

 

2.3.1 Melt Extrusion / Plasticating Extrusion 

Extrusion is indisputably the most popular technique used in the polymer processing 

industry since the 1930s, therefore making it a well explored technology with a plethora 

of different technical solutions readily available (Rauwendaal, 1986). By definition, 

extrusion refers to a process whereby a raw material is forced through a die of a small 

cross-sectional area and acquires the shape of the opening as it passes through to form 

a product of uniform shape and density (Breitenbach, 2002). In the case of melt 

extrusion and plasticating extrusion, the material is extruded in its molten or liquid state. 

During melt extrusion, a single screw compounding-extruder feeds molten polymer 

through a die. Whilst in plasticating extrusion, the machine is fed with solid polymer 

granules and the material is heated under temperature-controlled conditions to form a 

homogenous solution which is forced through the die. The extruded product is then 

cooled in air or cooling fluid to form solid fibres (Greene, 2014; Li, Ke and Hu, 2005). 

Extrusion can be operated in both continuous and discontinuous fashions, with 

continuous being more favourable in fibre forming instances. 

 

A disadvantage of employing this technique to fabricate nanocomposite fibres is the 

requirement of high temperatures, thus making this method economically and 
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environmentally impractical. Furthermore, extrusion is unable to guarantee the 

homogenous dispersion of antimicrobial agents in the resulting fibre, formation of 

surface pores and high yield. In addition, when making nanofibers, extrusion is limited 

to a few polymers (Ellison et al., 2007). 

 

2.3.2 Electrohydrodynamic Spinning 

Another attractive route to prepare nanocomposite fibres is through 

electrohydrodynamic spinning (electrospinning), whereby a high voltage is used to 

stretch a liquid jet into continuous fibres (Ignatova et al., 2007; Ignatova et al., 2006; 

Rujitanaroj, Pimpha and Supaphol, 2008; Son et al., 2004; Xu et al., 2006). Fibre yields 

of 0.17 kg/hour have been reported (Luo et al., 2012). This process is able to 

continuously produce fibres in the nanometre range and involves the acceleration of a 

polymeric solution through a metallic nozzle connected to a high-voltage power supply, 

this subsequently causes the jet to become electrified (Figure 2.1). Once the solution 

reaches the threshold charge (Rayleigh limit), the hemispherical surface of the fluid 

elongates creating a stable Taylor cone (Garg and Bowlin, 2011). The Taylor cone 

undergoes a fluid-instability stage that leads to accelerated solvent evaporation 

allowing the fibres to solidify before reaching the collector (Huang et al, 2003).  

 

Utilising electrospinning for the production of fibres loaded with antimicrobial agents 

has several limitations. Research has indicated that the application of electrospun 

nanofibres is limited due to their friability (Shi et al., 2015). Secondly, depending on the 

polymer/solvent system used, the solution may have a low dielectric constant and 

boiling point therefore resulting in fast polymer crystallisation, consequently giving rise 

to needle obstruction and non-continuous electrospun polymer processing (Correia et 
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al., 2014). Thirdly, electrospinning requires a high voltage to overcome the surface 

tension of the polymer solution in order to produce fibres, which it deposits in a 

whipping motion leading to random alignment due to electrostatic interactions and 

asymmetric instabilities (Ajao et al., 2010). In addition, this technique requires high 

voltage, shows poor cost-yield efficiency and the inability to be up-scaled to meet 

commercial needs. 

 

Figure 2.1: Schematic diagram of the electrohydrodynamic spinning set up. 

2.3.3 Centrifugal Spinning 

Conventional fibre forming methods are unable to produce large quantities of 

consistently high-quality fibres. Centrifugal spinning is an alternative technique that has 

proven to form high yields of homogenous ultrathin fibres from poorly electrospinnable 

materials as this method is notoriously known for the production of micrometre scale 

glass wool (Jones and Huff, 2009). During a typical centrifugal spinning procedure, a 

stream of polymer solution is fed into a spinning head, usually a perforated cylindrical 

vessel. The vessel is attached to a motor allowing it to rotate at high speeds. When the 

rotational speed reaches critical value, the centrifugal force overcomes the surface 

tension of the polymer solution causing it to extrude from the perforations in the form 
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of a jet (Zhang and Lu, 2014). The jet then undergoes elongation due to the pressure 

difference at the perforation (Mahalingam and Edirisinghe, 2013). The solvent 

evaporates from the jet forming solidified fibres that are deposited on the collector. The 

morphology of the resulting fibre can be altered by varying parameters such as the 

solution properties and operational conditions, the effects of which can be explained by 

the Plateau-Rayleigh instability and Matsui model (Gupta and Kothari, 2012; Yanilmaz 

and Zhang, 2015; Zhang and Lu, 2014). 

 

An advantageous feature of centrifugal spinning is that it bypasses the need of an 

electric field, thus resulting in the non-existence of whipping and non-axisymmetric 

instabilities (Ajao et al., 2010; Chen et al., 2015). This also means centrifugal spinning 

can be used to processes materials and antimicrobial agents that are sensitive to electric 

field degradation. 

 

Unfortunately, a major setback for centrifugal spinning is its complicated spinneret 

design which creates large inconsistencies in fibre quality and productivity. Another 

disadvantage is that fibre morphology is hard to control as the exterior forces acting on 

the jet are unstable. Lastly, the production of nanofibres from centrifugal spinning is 

rarely reported. 

 

2.3.4 Pressurised Gyration 

Established in 2013, pressurised gyration is a hybrid technique that combines the 

underlying principles of both centrifugal spinning and solution blow spinning to produce 

substantial volumes of homogenous fibres (Mahalingam and Edirisinghe, 2013). This 

fibre fabrication process requires two fluid streams: a polymer solution (melt or 
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dissolved in a volatile solvent) and a pressurised gas (usually compressed nitrogen gas), 

a rotating perforated aluminium cylindrical vessel (33 mm x 60 mm), and a high-speed 

motor (Figure 2.2) (Daristotle et al., 2016; Mahalingam and Edirisinghe, 2013). During 

fibre production, a small quantity of the polymer solution is deposited in the perforated 

vessel using a syringe. The vessel is sealed, and the equipment is turned on to allow the 

simultaneous application of high pressure and centrifugal force to the solution. A 

bidirectional regulator can be used to control the rotating speed of the vessel (Raimi-

Abraham et al., 2015). Gas pressure can be altered to suit its application; a maximum 

pressure of 0.3 MPa can be achieved (Mahalingam and Edirisinghe, 2013). Once the 

critical speed has been reached, the centrifugal force overcomes the surface tension of 

the polymer solution forcing it to extrude from the orifices on the vessel in the form of 

a jet. The constant stream of gas supports jet elongation through the perforations and 

accelerates solvent evaporation thus allowing jet solidification into fibres. 

 

Figure 2.2: Schematic diagram of pressurised gyration apparatus. 

Pressurised gyration manipulates a polymers Rayleigh-Taylor instability to form fibres 

from the polymer jet ejected from the perforations. When centrifugal force is applied, 

through high rotational speed, the polymer solution in the vessel is displaced. As 
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nitrogen gas is applied, a pressure differential is created and the interface between 

polymer solution and air becomes unstable. Prior to any perturbation to the system, the 

external driving force as the polymer jet emerges from the perforations is the 

gravitational force (Raimi-Abraham et al., 2015). A surface tension gradient along the 

polymer liquid-air interface arises, separating the droplet from the surrounding air. 

Marangoni stress occurs as a result of the surface tension gradient generated inducing 

a flow to the tip of the polymer droplet (Suryo and Basaran, 2006; Xu and Luo, 2007). 

The droplet tip then emerges from the perforation and undergoes further stretching due 

to the pressure difference between the chamber and surrounding atmosphere across 

the exit orifice and the centrifugal force. The length scale, L, of the Rayleigh-Taylor 

instability can be described using Equation 1, where (pw2R) is the destabilising 

centrifugal force, Dp the pressure difference at the orifice, w the rotational speed, and 

R the radius of the vessel. From this equation it is evident rotational speed and pressure 

plays a pivotal role in fibre formation. 

! = # ℎ%
('(!)) + ∆'-

" #⁄
 

Equation 1 

The rotating flow of a fluid in a cylindrical container during pressurised gyration can be 

described and modelled using a number of equations. Equations 2.1, 2.2 and 2.3 are the 

simplified versions of the Navier Stokes equation set to cylindrical coordinates (., 0, 1).  
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0 = 	−6'61 − 2= 

Equation 2.3 

where r, p, uq, µ are the fluids density, pressure, velocity and viscosity, respectively. 

Integrating the 0 equation twice with respect to r gives 

>% =	
1
2?". +

?!
.  

Equation 2.4 

where C1 and C2 are constants. As >0 cannot be infinite at the axis of rotation the 

constant C2 must clearly be zero. At the wall (r = R) the velocity can be approximated as 

>0 = 	Ω) (Ω is rotational speed, in radians/second) and hence C1 can be evaluated, 

giving 

>% = Ω. 

Equation 2.5 

This result can be used in the r component. Together with the z component this gives 

the following equations for the pressure gradient 

6'
6. = .2Ω! 

Equation 2.6 

6'
61 = 	−	2= 

Equation 2.7 

Since p is an analytic function depending on position, the following equation is achieved 

A' = 	6'6. A. +	
6'
61 A1 

Equation 2.8 
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Combining Equations 2.6, 2.7 and 2.8 together, gives 

' = 	−2=1 + 122Ω
!.! + ? 

Equation 2.9 

The constant C can be determined by assuming that the pressure at the free surface is 

equal to atmospheric pressure (e.g. ' = 	'& at . = 0, 1 = 	 1&). After determining the 

constant the following is produced 

' −	'& =	−	2=(1 −	1&) +	
1
2 2Ω

!.! 

Equation 2.10 

The free surface of the fluid is all points where p = p0 if fulfilled. The equation is thus 

1 = 	 1& +	B
Ω!
2=C .

! 

Equation 2.11 

By simplifying the Navier Stokes equations with the correct assumptions, the Bernoulli 

equation is achieved. Equation 2.11 is a quadratic function for the free surface and thus 

it is expected the free surface of the fluid in the vessel to obtain a parabolic shape when 

rotated. 

 

From a fluid dynamics perspective, the polymer solution and nitrogen gas can be 

regarded as fluids that obey the same laws of nature but have different material 

properties (Alenezi, Cam and Edirisinghe, 2019). The two fluids can be described by 

phase field, f, that changes from +1 to -1, where f = +1 represents the polymer solution 

and f = -1 represents the nitrogen. The Navier Stokes Cahn Hilliard system can be used 

to explain the spinodal regime of the two fluid flows during pressurised gyration (Kim 
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2012; Kim, Kim and Park, 2014; Magaletti et al., 2013; Vignal et al., 2019) (Equations 3 

and 4). 

∅ + 3 ∙ ∇∅ − G∆0 = 0 

Equation 3 

Here, f represents the phase field, u the velocity field, ¡ the mobility of the interface 

between the two phases and q smoothing (due to the curvature of the vessel). 

0 = 	−λ∆I +	λI
(∅! − 1)
J! = 0 

Equation 4 

Here, l is the interfacial energy and the term '()∅
!+",

-!  is added to in order to penalise 

any deviance of f from 0 or ±1.  

 

During two-phase flow, the interface between the polymer solution and nitrogen gas 

can be tracked using Equations 5 and 6, as density and viscosity vary over the domain. 

2(K) = LM1 + I(K)N2. + M1 − I(K)N2/O/2 

Equation 5 

Q(K) = LM1 + I(K)NQ. + M1 − I(K)NQ/O/2 

Equation 6 

Here ρ is the density, n the viscosity, ρw  the nitrogen gas density, ρa the polymer solution 

density, nw and na the corresponding nominal values of viscosity.  

 

Pressurised gyration is a simple process that has shown great potential to be upscaled. 

It is able to efficiently produce large yields (approximately 6 kg/hour) of relatively 

uniform porous micro- and nano-fibres, whereas laboratory scale electrospinning 

apparatus produces 0.17 kg of fibres an hour and commercially available industrial-scale 
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electrospinning equipment has a production rate of 0.2 kg/hour (Illangakoon et al., 

2017a; Luo et al., 2012; Mahalingam and Edirisinghe, 2013; Persano et al., 2013). This 

technique is independent of an electric or magnetic field; thus, the choice of material is 

not limited, and the cost of production is kept to a minimum. Previous studies have also 

demonstrated the successful integration of nanomaterials into the fibres (Amir et al., 

2016; Illangakoon et al., 2017b; Xu et al., 2015). 
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Table 2.5: Comparison of product yield, material choice, safety, ease and cost for different methods used for fibre fabrication. 

Fibre Forming Method Product Yield Material Choice Safety Ease Cost 

Melt Extrusion / 

Plasticating Extrusion 
High. 

Limited with regards to 

nanofibre production. 
Safe. 

Relatively simple. Porous 

fibres cannot be formed. 
Expensive. 

Electrohydrodynamic 

Spinning 
Very low. 

Cannot process materials 

sensitive to electric field 

degradation. 

Relatively unsafe due to 

the use of high voltages. 

Need to optimise setup to 

achieve a Taylor cone. 

Expensive due to the use 

of high voltages. Low 

production rate compared 

to cost to run. 

Centrifugal Spinning High. Extensive. 

Mild safety concerns due 

to use of high rotational 

speeds. 

Easy. Low. 

Pressurised Gyration Very high. Extensive. 
Safe – equipment is 

contained in a box. 
Simple one step process. Low. 

Phase separation 

Production rate not 

reported as only used for 

research purposes. 

Limited. Safe. Requires several steps. 
Only used for research 

purposes. 
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Template Synthesis 

Production rate not 

reported as only used for 

research purposes. 

Limited. Safe. 

Requires numerous steps, 

including a tedious 

template removal stage. 

Only used for research 

purposes. 

Self-Assembly 

Production rate not 

reported as only used for 

research purposes. 

Very limited - only small 

active molecules can be 

used. 

Safe. Relatively simple. 
Only used for research 

purposes. 
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Chapter 3: Experimental Details 

This chapter narrates the materials, equipment and procedures adopted for the 

experiments reported in this thesis. The materials used, their suppliers and product 

details are given. With respect to equipment, an overview of their operation, 

instrumental settings and parameters and manufacturer details are supplied. All 

laboratory work within this thesis was undertaken using good laboratory practice, 

aseptic techniques and in accordance with the appropriate risk assessments and 

following Control of Substances Hazardous to Health (COSHH) regulations. 

 

3.1 Materials 

3.1.1 Microbial Strains and Media 

Escherichia coli K12, Staphylococcus aureus ATCC 6538P and Escherichia coli 

bacteriophage T4 (ATCC 11303-TB4) were the model organisms used throughout these 

experiments. Freeze-dried cultures of all strains were sourced from LGC Standards 

(Teddington, U.K.) and cultured following manufacturers’ instructions.  

 

Luria Bertani (LB) broth was purchased from Invitrogen (Paisley, U.K.) whilst LB agar, 

nutrient agar, nutrient broth, phosphate buffer saline (PBS) and sodium chloride were 

obtained from Sigma Aldrich (Gillingham, U.K.). A LIVE/DEAD BacLight Bacterial Viability 

and Counting Kit was acquired from ThermoFisher (Loughborough, U.K.).  

 

Stock cultures of E. coli and S. aureus were stored in vials in a MicrobankTM at -80oC. 

Each stock solution was streaked onto LB agar using a sterile loop and incubated at 37oC 
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for 24 hours, when needed. Cultures of E. coli ATCC 11303 were also stored in a 

MicrobankTM, but at -20oC. Bacteriophage T4 was kept at 2oC. 

 

Antimicrobial activity was assessed against these chosen microorganisms, as Gram-

negative bacteria, Gram-positive bacteria and DNA viruses represent the majority of 

waterborne pathogens. Furthermore, these strains are commonly available and safe to 

work with in Biosafety Level 2 laboratories. 

 

3.1.2 Nanomaterials 

Tellurium (CAS number 13494-80-9), tungsten (product number 357421), tungsten 

oxide (product number 550086) and tungsten carbide (product number 778346), 

copper-silver (product number 576824) and copper-zinc (product number 593583) 

powders were purchased from Sigma Aldrich (Gillingham, U.K.). Graphene oxide (GO) 

nanosheets were synthesised from graphite powder purchased from Sigma Aldrich 

(Gillingham, U.K.) following a modified Hummers’ method (Marcano et al., 2010). Grade 

C-750 graphene nanoplatelets (GNPs) (size ranging from 100 nm to 1-2 μm with an 

average thickness of 2 nm) were obtained from XG Sciences (Michigan, U.S.A.). 

 

3.1.3 Polymers and Chemicals 

Poly(methyl methacrylate) (PMMA) (Mw 120,000 g/mol), chloroform, acetone, N,N-

dimethylformamide (DMF), ethyl acetate, ethanol, 1,1,1,3,3,3-Hexafluoro-2-propanol 

(HFIP), dichloromethane (DCM), glutaraldehyde, 1% osmium tetroxide, 

hexamethyldisilazane, dichlorodihydrofluorescein (DCFH), hydrogen peroxide and 

potassium bromide were obtained from Sigma Aldrich (Gillingham, U.K.). All solvents 

and chemicals were of analytical grade and were used as received. 
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3.1.4 Pressurised Gyration 

Pressurised gyration, as described in Section 2.3.4, was used to form fibres (Figure 3.1). 

The vessel with all its connections were held in place securely using a retort stand and 

clamp. The process was carried out in an open Perspex box to ensure safety and 

sufficient air flow. 

 

Figure 3.1: Pressurised gyration set up used for experiments. 

3.1.5 Water Filtration Apparatus 

The water filtration apparatus (Figure 3.2) involved the use of PureWeld XL tubing and 

1 621 Vi/R peristaltic pump from Watson Marlow (Cornwall, U.K.). The close-coupled 

pump is able to produce flow rates from 0.09 to 19 litres per minute at 4 bar peak 

pressure. PureWeld XL tubing was favoured over TPE tubing as it has exceptional life, 

provides accurate flow rates and has great chemical resistance. The equipment was 

designed to mimic the passing of contaminated water through a water tap. One end of 

the tubing was placed in a flask containing a microbial suspension and passed through 
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the pump into a tube connector containing the filter. The suspension is passed through 

the filter and collected in an empty flask for analysis. 

 

Figure 3.2: Schematic diagram showing the water filtration apparatus.  

3.2 Experimental Methods 

3.2.1 Characterisation Methods 

3.2.1.1 Scanning Electron Microscopy 

Materials (nanomaterials and fibres) were analysed using Scanning Electron Microscopy 

(SEM) and IMAGE J software (National Institutes of Health, Bethesda, Maryland, U.S.). 

SEM is a powerful imaging technique that produces three-dimensional images by 

scanning the sample surface with a focused beam of electrons. The electron beam 

stimulates emission of high-energy backscattered electrons and low-energy secondary 

electrons from the surface of the specimen, these electrons are collected and registered 

by a detector and turned into an image. SEM provides invaluable information on the 

samples surface and its composition. 
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The materials were sputter-coated with gold (Q150R ES, Quorum Technologies) for 180 

seconds prior to being imaged by SEM (JEOL JSM-6301F or FEI Inspect-F SEM). Using high 

magnification SEM images, average diameters were estimated by measuring the width 

of approximately 100 specimens. The fibre diameter frequency distribution was 

modelled using OriginPro software (OriginLab, Washington, Massachusetts, U.S.). 

Average pore diameter was quantified by measuring the longest axis of 50 surface pores 

using IMAGE J software (National Institutes of Health, Bethesda, Maryland, U.S.). 

 

3.2.1.2 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) produces two-dimensional projections of 

samples. It passes an accelerated beam of electrons through the specimen and collects 

them to form an image. TEM measurements were done using a JEOL JSM-2010 

microscope. Samples for TEM were prepared by diluting the nanoparticle suspension 

and drop casting them onto carbon grids. Average particle dimensions were estimated 

by measuring the width of approximately 100 particles using IMAGE J software (National 

Institutes of Health, Bethesda, Maryland, U.S.). 

 

3.2.1.3 Atomic Force Microscopy 

GO nanosheets were characterised using Atomic Force Microscopy (AFM). AFM is a form 

of non-optical surface interrogation scanning probe microscopy that provides very-high-

resolution details of specimen topography, morphology and height. It utilises a small 

cantilever with a nanoscale tip (probe) to raster-scan over the sample surface. As the tip 

contacts the surface in close-range, the attractive force between the surface and the tip 

cause the cantilever to deflect. A laser diode and split photodetector is used to detect 

cantilever deflections and transform them into an image. 
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GO nanosheets were flushed onto fresh-cleaved mica discs and analysed using AFM 

imaging in a tapping mode and a scan rate of 0.5 Hz. Image analysis was carried out using 

XEI software (ParkSystems, Suwon, Korea). 

 

3.2.1.4 Raman Mapping 

Raman mapping, or Raman spectral imaging, is a high-throughput non-invasive label-

free method for generating detailed chemical images based on a samples inelastic 

scattering of photons when monochromatic electromagnetic waves interact with it 

(Raman spectrum) (Kann et al., 2015). The small fraction of incident photons scattered 

inelastically due to interaction with the sample’s molecular vibrations, phonons or other 

excitations, have different frequencies compared to the incident photons, known as 

Raman scattering. The difference in frequency between the incident photons and 

scattered photons is referred to as Raman shift. This shift provides chemical, vibrational, 

electronic and spatial information on the sample (Graf et al., 2007). 

 

Raman mapping of the GO/PMMA nanocomposite fibres was performed using an inVia 

Raman microscope (Renishaw, Gloucestershire, U.K.). The Raman spectra of the samples 

were recorded at the wavelength of 514.5 nm with the power of less than 1 mW, spot 

size of ~1 µm (with a x50 objective lens (numerical aperture = 0.55), pixel size of 1 µm 

(for both x and y directions) and spectral resolution of 2.5 cm-1. The low power was used 

to avoid heating. The final spectrum of each sample was the average result of three 

acquisitions. The intensity of the peak was determined from the value of D and G peaks.  
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3.2.1.5 Raman Spectroscopy 

Raman spectroscopy is a fast, versatile and non-destructive chemical analysis technique 

which provides information on a materials chemical and physical properties, including 

electronic, optical, and phonon properties. It relies on the inelastic scattering of 

photons, known as Raman scattering. In this process monochromatic light from a high 

intensity laser source, hits the molecules in the sample and scatters. A small proportion 

of this light is scattered at different wavelengths, depending on the chemical structure 

of the analyte (Raman scatter). Raman spectra of the samples were recorded in the 

backscattering arrangement, using a 532 nm laser excitation at 6 mW power. 

 

3.2.1.6 Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared (FTIR) analysis is a rapid identification process used to record 

the infrared spectrum of absorption or transmittance of a material. Infrared radiation is 

passed through a sample and is either absorbed or transmitted by the sample. The 

chemical bonds between different elements in a sample absorb and transmit light at 

different frequencies according to their structure. These absorptions occur at resonant 

frequencies. The resulting signal at the detector is a spectrum representing a molecular 

‘fingerprint’ of the sample and is used to determine the materials molecular 

composition. 

 

FTIR spectra of GO, PMMA and the 8 wt% GO/PMMA fibre samples were determined 

using a Bruker Optics Tensor-27 FTIR Spectrometer (Bruker Optics, Billerica, MA, U.S.). 

The samples were pressed into pellets by mixing with potassium bromide. Detailed 

Raman spectra of the 8 wt% GO/PMMA fibres were measured using laser excited 532 
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nm and at the power of 6 mW. The spectra were recorded in the wavenumber range of 

4,000-500 cm-1. 

 

3.2.2 Antimicrobial Activity  

The antibacterial activity was determined by incubating the materials in bacterial 

suspensions and using flow cytometry in conjunction with LIVE/DEAD BacLight Bacterial 

Viability and Counting Kit to enumerate the number of live and dead bacteria cells. 

While, antiviral properties were analysed by incubating the materials in viral 

suspensions and using a plaque assay to determine the virus concentration pre and post 

exposure. 

 

Bacterial suspensions of E. coli K12 and S. aureus were grown in 50 mL centrifuge tubes, 

by inoculating 30 mL of sterile LB broth with a single colony using a sterile plastic 

inoculating loop. The suspensions were cultured at 37oC and 150 rpm (Orbital Shaker 

S150, Stuart) until they reached their mid exponential phase (at approximately 3 hours 

and OD600 of 0.035). 3 mL of this suspension was then added to nanomaterial 

suspensions, containing 0.5, 1.0 and 2.0 w/v% of nanomaterials in 27 mL of sterile PBS. 

The suspensions were incubated for 24 hours at 37oC and 150 rpm (Orbital Shaker S150, 

Stuart) without the addition of carbon dioxide. After incubation, flow cytometry was 

used with the LIVE/DEAD BacLight Bacterial Viability assay to determine the proportion 

of live and dead cells in the suspension. The fundamental principle of the assay relies on 

fluorescent dyes, Propidium Iodide (PI) and SYTO®9, to stain live and dead cell 

populations. PI is a red fluorescent intercalating stain which penetrates cells with 

damaged membranes (non-viable cells), whilst SYTO®9 is a green florescent nucleic stain 

which is able to penetrate both live and dead cells and bind to the nucleic acid. When 
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both dyes are present, PI exhibits a stronger affinity for nucleic acids than SYTO®9, and 

hence, SYTO®9 is displaced by PI and a distinction can be made between live (viable) and 

dead (non-viable) cells (Stocks 2004). A stock solution containing both dyes was 

prepared according to manufacturers recommendations. The staining solution was 

added to the treated bacteria in microcentrifuge tubes. After the stain was added, 

samples were incubated in the dark at room temperature for 15 minutes.  

 

Post incubation, cells were acquired using a calibrated Guava easyCyte® flow cytometer 

(Merck, Kenilworth, New Jersey, U.S.) and InCyte software (Merck, Kenilworth, New 

Jersey, U.S.). Gates were set up accordingly using positive (bacteria only), negative 

(media only), fluorescent minus one (mono-stained positive controls) and compensation 

controls (including double stained live and dead samples), to avoid spectral overlap and 

double positive populations. 50,000 events were collected overall and bacteria 

acquisition gates were determined using forward scatter and side scatter channels to 

eliminate background noise and debris from the sample. The gated population of 

bacteria was then analysed using green and red fluorescent channels (live populations, 

SYTO®9 and dead populations, PI). FlowJo (V10, TreeStar, Woodburn, OR, U.S.) was used 

to enumerate the of live and dead bacteria cells in each population. 

 

For antiviral studies, an actively growing broth culture of E. coli 11303 was prepared by 

incubating a single colony in 30 mL of sterile ATCC Medium 129 broth for 18 hours at 

37oC and 150 rpm. Bacteriophage T4 suspensions containing 0.5, 1.0 and 2.0 w/v% of 

nanoparticles in PBS were prepared. 100 µL of these suspensions at 0 and 24 hours were 

added to 300 µL of E. coli and 3 mL of molten semi solid ATCC Medium 129 and poured 
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onto ATCC Medium 129 agar plates. The plates were incubated for 24 hours at 37oC and 

the number of plaques were counted. 

 

3.2.3 Preparation of Fibrous Filter Membranes 

3.2.3.1 Solubility and Spinnability of Poly(methyl methacrylate) 

Solubility studies were carried out using both theoretical and experimental methods for 

chloroform, acetone, DMF, ethyl acetate, ethanol, HFIP and DCM.  

 

Theoretical predications were made using Hansen solubility (Equations 7.1 and 7.2) and 

Flory-Huggins theory (Equation 8). 

 

!" = $4('(! − '(")" + (',! − ',")" + ('-! − '-")" 

Equation 7.1 

!.( = !#
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Equation 7.2 

Where, dD is the energy from dispersion forces between molecules, dP is the energy 

from dipolar intermolecular force between molecules (polarity) and dH is the energy 

from hydrogen bonds between molecules. Subscripts 1 and 2, represent polymer and 

solvent molecules, respectively. From this, the relative energy difference (RED) could 

also be calculated, where R0 is the interaction radius of PMMA (8.59) (Li et al., 2014b). 

 

/%& = [('(! − '(")" + 0.25(',! − ',")" + 0.25('-! − '-")"]6 7
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Equation 8 
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Where, Vmol the solvent molar volume at temperature T (298 K) (Feller et al., 2011; 

Lindvig, Michelsen and Kontogeorgis, 2002). R represents the universal gas constant and 

6 is 0.6, the universal parameter used for solutions containing acrylates and acetates 

(Lindvig, Michelsen and Kontogeorgis, 2002).  

 

For the experimental studies, 20 mL of the chosen solvent was placed into a 100 mL 

glass DURAN® bottle followed by 4 g of PMMA and a magnetic stirrer bar. The bottle 

was sealed, and the mixture was stirred for 24 hours. Solubility was assessed based on 

the ability of PMMA to completely dissolve in the chosen solvents and form uniform 

fibres when processed using pressurised gyration. The solutions were spun at maximum 

speed and 0.1 MPa applied pressure. 

 

3.2.3.2 Optimisation of Poly(methyl methacrylate) Fibre Production 

A batch of 20 w/v% PMMA in chloroform solution was prepared and processed in a 

pressurised gyrator at four different applied pressures: 0, 0.1, 0.2 and 0.3 MPa. The 

speed remained constant at the highest setting. 

 

3.2.4 Manufacture of Antimicrobial Fibres 

3.2.4.1 Solution Preparation – Varying Nanoparticle Concentration 

Polymer solutions containing GNPs or GO nanosheets were prepared in a three-step 

process. (i) GNPs and GO nanosheets were added to 10 mL of chloroform to achieve a 

concentration of 0, 2, 4 and 8 wt% in the final fibres (Table 3.1). The GNP suspensions 

were subsequently sonicated (S800, Branson Ultrasonics) for 2 hours to achieve a 

homogenous dispersion. Whilst the GO suspensions were sonicated (Branson 

Ultrasonics Sonifier S-250A) for 24 hours in an ice-water bath. (ii) 4 g of PMMA were 
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dissolved in 10 mL of chloroform. The solution was mechanically stirred for 12 hours 

until completely dissolved. (iii) the graphene suspensions were then combined with the 

polymer solutions and allowed to stir for 1 hour on a magnetic stirrer before being 

subjected to pressurised gyration. 

Table 3.1: Polymer solution containing carbonaceous nanomaterial composition. 

Nanomaterial Suspension Polymer Solution Final Nanomaterial 

Concentration in the Resulting 

Fibre (wt%) 

Nanomaterial 

(g) 

Chloroform 

(mL) 
PMMA (g) 

Chloroform 

(mL) 

0.00 10 4 10 0 

0.08 10 4 10 2 

0.16 10 4 10 4 

0.32 10 4 10 8 

 

3.3.4.2 Rheological Studies 

Rheological properties, such as surface tension and viscosity, play a critical role in fibre 

formation. The surface tension of the polymer suspensions was measured using the Du 

Noüy (Ring) Tensiometry Method and a KRUSS K9 Tensiometer. The principle of this 

method involves measuring the wetted length acting on the ring as a result of the 

tension of the withdrawn liquid lamella when slowly lifting the ring from one phase to 

another. The maximum force, Fmax, occurs when the lamella, which is produced when 

the ring moves through the phase boundary, is aligned vertically to the ring plane. This 

maximum correlates with the surface tension, σ, according to the following equation: 

; = <
= ∙ ?@AB C 

Equation 9 

The wetted length, L, of the ring, also known as the three-phase contact line, is equal to 

twice the circumference of the ring: L = 4πR. f, is the correction factor used to 
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compensate for the additional volume of liquid that is lifted during the detachment of 

the ring from the interface. The ring forms a contact angle θ of 0o (cos θ = 1) with the 

solution. During surface tension studies, a platinum-iridium ring was lowered and 

completely submerged in the solutions. The platinum-iridium ring was then gradually 

and carefully removed and the tension at the liquid-air interface was recorded (Figure 

3.3). The surface tension of water was also calculated against a reference value of 73 

mN/m. Four measurements were repeated for each suspension to calculate an average. 

 

Figure 3.3: Schematic diagram of the du Noüy ring method. 

Viscosity was calculated using a Brookfield digital rheometer (model DV – III). The 

Brookfield digital rheometer is a rotational viscometer that consists of concentric 

cylinders (cone spindle and sample cup), a spring and rotary transducer. The solutions 

were placed in the sample cup and the spindle was fully immersed in them, this caused 

the solution to fill the annular space between the spindle and sample cup (Figure 3.4). 

The spindle then rotated at constant velocity and the viscous drag of the solution against 

the spindle was measured by spring deflection using a rotary transducer (torque). In this 

case the torque on the spindle is related to sheer stress and can be used as a measure 

of viscosity. 

F = force
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Figure 3.4: Schematic diagram of coaxial cylinder rotational viscometer. 

3.3.4.3 Fibre Fabrication 

The nanomaterial/PMMA solutions were processed into nanocomposite fibres using 

pressurised gyration. The experimental setup was made up of a rotating aluminium 

cylindrical pot (6 cm diameter, 3.5 cm height) with 24 circular orifices (0.5 mm in 

diameter) along its central horizontal axis. The bottom of the pot was attached to high-

speed rotary motor, whilst the top was connected to a nitrogen gas supply. 5 mL aliquots 

of the nanomaterial/PMMA solution were loaded into the pot. The system was 

immediately switched on and allowed to reach maximum speed before applying 0.1 

MPa of pressure. The system was spun until all the solution had been ejected from the 

pot (approximately 1 minute). Pressurised gyration experiments were conducted at a 

relative humidity of 55±3.5% and an average temperature of 21±2 °C. All fibres were 

prepared in triplicate and sterilised under 15 W ultraviolet light for 60 minutes. 

 

3.3.4.4 Post Incubation Fibre Characterisation 

The GO/PMMA fibres were analysed post antibacterial studies using SEM. Prior to 

imaging, the fibre samples were fixed using glutaraldehyde and 1% osmium tetroxide. 

Glutaraldehyde is a homobifunctional fixative with aldehyde residues at both ends of 

the carbon chain (Hermanson, 2013). It was used to irreversibly crosslink the proteins in 
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the microbial cell to form a stable secondary amine linkage (Muller-Reichert, 2010). 

Osmium tetroxide was used to stabilise the cell and provide contrast to the image by 

crosslinking and staining the lipids. The samples were then dried using a series of ethanol 

and hexamethyldisilazane solutions. Hexamethyldisilazane is a highly volatile liquid and 

was used in the critical point drying step as it has shown great ability to dry the sample 

whilst retaining excellent surface detail as it minimises the effect of surface tension 

forces on cellular structures (Braet, Zanger and Wisse, 1997). The fibres were then 

imaged using FEI Inspect-F SEM after gold sputtering (Emitech sputter coater SC7620, 

Quorum, East Sussex, U.K.) for 90 seconds. 

 

Stimulated Raman Scattering (SRS) is a powerful vibrational modality for imaging 

chemical bonds in three-dimensional space and at real time with high sensitivity, 

resolution, speed and specificity (Hu, Shi and Min, 2019). SRS overcomes the low signal 

levels usually associated with Raman mapping as it uses two synchronised pulsed lasers 

(pump and Stokes beam) to coherently excite molecular vibrations. When the vibrations 

are identical to the chemical bond of interest, vibrational activation rates are drastically 

amplified. This process causes an intensity loss in the pump beam and an intensity gain 

in the Stokes beam. By modulating one of the beams (typically, the Stokes beam), the 

change in pump beam can be measured using a radio-frequency lock-in detection 

providing a contrast to generate an image (Tipping et al., 2016). SRS imaging was 

performed using an InsightX3 fs laser (Newport SpectraPhysics, Irvine, CA, U.S.), 1045 

nm (as the Stokes beam) and 800 nm (as the pump and probe beam) output. The powers 

at the sample were 2 mW for the 1045 nm beam and 4 mW for the 800 nm beam. The 

beams were chipped to generate pulses and spatially covered in the spectral converging 

unit (Newport SpectraPhysics) (Zeytunyan, Baldacchini and Zadoyan, 2018). The 
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temporal overlay was scanned via the Spectral Focusing Timing and Recombination Unit 

(SF-TRU) to produce coherent Raman scattering spectra of the samples. Imaging was 

achieved on a modified confocal microscope (Olympus FV3000), using a 1.2 NA water 

immersion objective (Olumpus UPlanSApo 60x). SRS was recorded in the forward 

direction, with a 1.4 NA oil immersion condenser (Nikon D CUO DIC). SRS signals were 

detected using a photo-diode and LockIn amplifier (APE SRS detection set) and the 1045 

nm stokes beam was blocked from the photo-diode using the following filters (Chroma 

CARS 890-210 and 950 nm 4OD short pass filter Edmund Optics). The samples were 

mounted between 2 coverslips. 

 

Reactive oxygen species (ROS) production was measured using the peroxide dependent 

oxidation of non-fluorescent DCFH to form the green fluorescent compound 

dichlorofluorescein (DCF) (Aranda et al., 2013; Kalyanaraman et al., 2012). DCFH is the 

most widely used probe for detecting hydrogen peroxide and oxidative stress. DCFH is 

oxidised in the presence of oxidising species to DCF. DCF is a highly fluorescent 

compound, with excitation and emission wavelengths of 498 and 522 nm respectively, 

that can be monitored by several fluorescence-based techniques (Galluzzi and Kroemer, 

2014; Kalyanaraman et al., 2012). In this assay, the fluorescence intensity of DCF was 

quantitively measured and used as an indication of ROS production. 0.01 g of 8 wt% 

GO/PMMA fibres were incubated in 1.5 mL of PBS, alongside 1.5 mL of a 1:1 dilution of 

30% hydrogen peroxide in PBS (positive control) and PBS only (negative control). Then 

10 µM of DCFH were added to each well (in the 24 well plate) incubated at 37oC and 150 

rpm using a fluorimeter with incubation capacity, the Fluoroskan Ascent - Labsystems. 

The fluorescent intensity of DCF was measured every 10 minutes for 12 hours using the 
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aforementioned instrument with excitation at 485 nm and emission at 535 nm. The 

experiment was completed in triplicate and each sample was measured 37 times. 

 

3.2.5 Preparation of Antimicrobial Fibrous Filter Membranes 

10 mL of PMMA suspension containing GO (final concentration of 8 wt% in the resulting 

fibre) was processed into fibres using pressurised gyration as described in Section 

3.3.4.3. The fibres were collected on sterile stainless-steel discs (31 mm diameter and 

0.5 mm thick containing a mesh grid of 2 mm2 holes). 

 

3.2.6 Water Filtration Studies 

Overnight cultures of E. coli and S. aureus were made in LB broth at 37oC and 150 rpm. 

The cultures were harvested and resuspended in 500 mL of PBS. A bacteriophage T4 

stock solution was also prepared in PBS. 

 

The microbial stocks were passed through the peristaltic pump and the filter membrane 

at 500 mL per minute to simulate standard UK tap pressure. The filtrate was collected 

and analysed. Antibacterial efficacy of the membranes was analysed using flow 

cytometry, while the antiviral properties were assessed using a plaque assay.  

 

3.2.7 Statistical Analysis 

Antimicrobial activity was statistically analysed and compared to the control samples 

using unpaired t-tests. The difference was considered significant when p<0.05. Results 

are presented in the figures, as p values of < 0.05 (*), < 0.01 (**), <0.001 (***) and 

<0.0001 (****).  
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Chapter 4: Antimicrobial Properties of Nanomaterials 

With increasing concerns regarding waterborne pathogens and their rapid spread 

through water systems, there is a desperate need to develop novel, inexpensive and 

efficient antimicrobial agents. This need has further increased, as, despite extensive 

efforts in research and enormous investment of resources, the spread of antimicrobial 

resistance has outpaced the rate of treatment development. This has led to a paradigm 

shift towards the use of alternative antimicrobial agents, such as nanomaterials. This 

chapter investigates the physical and antimicrobial properties of various nanomaterials 

and discusses the rationale behind their use. 

 

4.1 Nanomaterial Characterisation 

The nanomaterials investigated in this study were characterised using a variety of 

techniques to gather information on their size, shape and morphological parameters. 

Scanning electron micrographs of the nanomaterials are shown in Figure 4.1. 

 

SEM images of the tellurium powder showed the particles to be mainly polygonal. 

Although some particle agglomeration was observed, with evidence of clusters ~ 20 µm 

in diameter, overall, size analysis showed particle diameter ranged between 2 – 12 µm. 

Nanoparticle agglomeration typically occurs to counterbalance the surface energy of the 

nanomaterial. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

  

(e) 

 

(f) 

 

(g) 

  

(h) 

Figure 4.1: Scanning electron micrographs of (a) tellurium, (b) tungsten, (c) tungsten oxide, (d) tungsten carbide, (e) 

copper silver, (f) copper zinc, (g) graphene oxide nanosheets, (h) graphene nanoplatelets. 
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Micrographs of tungsten, tungsten oxide and tungsten carbide showed the particles to 

have taken a polyhedron geometry. Tungsten had an average particle size of 3.0 ±2.6µm, 

tungsten oxide 1.7 ±0.9µm and tungsten carbide 1.6 ±0.7µm. It should be noted the size 

of the tungsten, tungsten oxide and tungsten carbide particles differ to the specification 

provided by the manufacturers. 

 

The intermetallic copper-silver and copper-zinc particles were spherical in shape and 

slightly agglomerated. Both intermetallic samples appeared to have uniform particle size 

distributions, copper-silver nanoparticles had an average size of 95 ±5.3nm while 

copper-zinc particles were 135 ±10.8nm. 

 

The physical properties of the GNPs were studied using TEM (Figure 4.2). Analysis 

revealed the GNPs were relatively flat and two dimensional. The average width of the 

individual GNPs was 110 ±0.11nm and the average length was 170 ±0.08nm. Prior to 

TEM, the GNPs were sonicated to disperse any aggregates; it is possible that this 

sonication led to a decrease in GNP dimensions when compared to the specification 

provided by XG Sciences. 

 

Figure 4.2: Transmission electron micrographs of the graphene nanoplatelets used in this research. 

(a) (b)

(c) (d)
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The morphology of the as-prepared GO nanosheets was examined using AFM (Figure 

4.3). The height profile of GO nanosheets illustrates a thickness around 0.85 ±0.12 nm 

for most of the GO single sheets. The thickness of single GO nanosheets has previously 

been reported to be ~0.72 nm, this confirms the monolayer nature of the as-prepared 

GO nanosheets (Suk et al., 2010). The AFM image shows irregular shapes of GO 

nanosheets with a typical lateral dimension in range of 1 – 4 µm. 

 

Figure 4.3: Atomic force microscope image and height profile of synthesised graphene oxide nanosheets showing its 

thickness 

4.2 Antimicrobial Activity  

E. coli, S. aureus and Escherichia virus T4 were used as model organisms to evaluate the 

minimum concentration of various nanomaterials needed to see a microbicidal effect. 

Assessing antimicrobial activity in suspension helped simulate environmental 

conditions, whereby the nanoparticles will interact with microorganisms in flow. 

 

The antibacterial activity was tested against representative Gram-negative and Gram-

positive pathogenic microorganisms. A LIVE/DEAD assay was used to quantify the 

proportion of live and dead cells in suspension post treatment. Flow cytofluorometric 
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methods provide rapid and reproducible information on the nature of the inhibitory 

effect (bactericidal or bacteriostatic; time-dependent or concentration-dependent) of 

the nanoparticles and the cell damage inflicted to the test microorganism.  

 

As seen in Figure 4.4 GO nanosheets, GNPs, copper-zinc and copper-silver showed the 

strongest overall statistically significant antibacterial activity. From the results gathered 

with both bacterium it can be said that the bactericidal effect of these materials is dose 

dependent. 

 

Carbon-based materials, such as activated carbon and graphene, are routinely used in 

the treatment of water (Bhatnagar et al., 2013; Dervin, Dionysiou and Pillai, 2016; Han, 

Xu and Gao, 2013; Rivera-Utrilla et al., 2011). GNPs are the most recently discovered 

carbon-based nanomaterial. They are the two-dimensional counterpart of (carbon 

nanotubes) CNTs and are composed of a single layer of sp2 hybridised carbon atoms 

arranged in a regular hexagonal lattice (Georgakilas et al., 2015; Li et al., 2014a). This 

cyclic configuration increases the exposed surface area (» 2630 m2/g) by a factor of two 

when compared to single-walled CNTs (Pumera et al., 2010; Tkachev, Buslaeva and 

Gubin, 2010). Each atom is attached to three neighbouring carbon atoms in the x-y plane 

by sigma bonds (Scida et al., 2011) (Figure 4.5). The atoms also have a weakly delocalised 

p-electron cloud that is orientated in the z-axis (Scida et al., 2011). These electron clouds 

are responsible for the materials’ superior electrical conductivity, adjustable band gap, 

room temperature quantum Hall effect and the p-plasmon resonance (Greshnov, 2014; 

Luo et al., 2013; Novoselov et al., 2007). 
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(a) 

 

(b) 

Figure 4.4:Graphs showing the antibacterial activity of various nanomaterials at 0.5, 1.0 and 2.0 wt% against (a) E. 

coli and (b) S. aureus. Results were gathered using flow cytometry in conjunction with LIVE/DEAD BacLight Bacterial 

Viability and Counting Kit. Error bars represent standard deviation. p values of < 0.05 (*), < 0.01 (**), <0.001 (***) and 

<0.0001 (****) are shown on the graph. 
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GO is the product formed from the chemical exfoliation of graphite oxide into mono-

sheets and is composed of a single atomic plane of carbon molecules arranged in a 

honeycomb structure with carboxylic groups at its edges and hydroxyl groups in its basal 

plane (Compton and Nguyen, 2010; Park and Ruoff, 2009) (Figure 4.5). As a result, GO is 

hydrophilic due to its high amount of oxygen group content, making it ideal for water 

filtration applications as it is relatively stable in water. 

 

Figure 4.5: Schematic chemical structures of graphene and graphene oxide. 

 In this work, GO and GNP, showed potent activity towards both strains of bacteria. In 

the presence of 0.5 wt% GO nanosheets, 53 ±5% of the E. coli population and 100% of 

the S. aureus population died. While in the presence of 0.5 wt% GNPs, 53 ±0.2% of the 

E. coli population and 27 ±6% of the S. aureus population, died. The antibacterial 

properties of carbon-based materials have been explored in literature since Hu et al. 

(2010) first reported the destructive interactions between GO and E. coli in 2010 

(Akhavan and Ghaderi, 2010; Akhavan and Ghaderi, 2012; Hu et al., 2010). Three 

distinctive mechanisms have been proposed for the antibacterial activity of carbon-

based materials: direct damage to the microbial membrane, production of oxidative 

stress and/or microbial encapsulation/agglomeration. 

 

In the first mechanism, graphene-initiated antimicrobial activity is thought to be caused 

by the direct interaction between the sharp edges of the nanomaterial and the microbial 
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membrane (Akhavan and Ghaderi, 2010). In this mechanism the sharp edges of the 

nanomaterial mechanically disrupt the integrity of the microbial membrane and 

consequently result in the loss of intracellular substances. This phenomenon was later 

confirmed by several researchers (Akhavan and Ghaderi, 2012; Chen et al., 2014; He et 

al., 2015; Nel et al., 2006; Wang, Liu and Han, 2013).  

 

Graphene-induced oxidative stress is a commonly accepted antibacterial mechanism, 

during which the material generates ROS and triggers the ROS-dependent pathway 

(Dutta et al., 2015; Hong et al., 2019). Activation of this pathway interferes with bacterial 

metabolism, disrupts essential cellular functions, induces intracellular protein 

inactivation and causes lipid peroxidation, eventually leading to cellular inactivation, 

necrosis or apoptosis (Kotchey et al., 2011; Lyon and Alvarez, 2008; Tu et al., 2013; West 

and Marnett, 2006). This suggest the toxicity of carbon-based nanomaterials is indeed 

not solely attributed to its physical interaction with bacterial cells but also a chemical 

reaction. Several studies have found that these materials are able to deactivate bacterial 

cells without making direct contact with the particles, therefore suggesting the physical 

interaction is not a major part of the toxicity mechanism (Hui et al., 2014; Mangadlao et 

al., 2015). 

 

The third proposed antimicrobial mechanism of carbon-based nanomaterials, microbial 

encapsulation/agglomeration, involves the material wrapping around microbial cells, 

therefore isolating them from their surrounding environment (Mejías Carpio et al., 

2012; Murray et al., 2012). This starves the cells of necessary nutrients required for 

survival. 
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At 2 wt% and after 24 hours of exposure, GO and GNPs resulted in the death of 99% of 

the Gram-positive S. aureus populations. These results were more potent than what was 

observed with Gram-negative E. coli, where 96.1 ±4.4% and 63.1 ±4.4% of the 

populations were dead, respectively. This finding may be related to the fact Gram-

positive bacteria do not have an outer lipopolysaccharide membrane that is usually 

found in Gram-negative bacteria (Silhavy, Kahne and Walker, 2010). Therefore, it can be 

assumed that part of the antibacterial mechanism of carbon-based nanomaterials is 

their interaction and penetration into the peptidoglycan layer of the cell. 

 

Tellurium, a metalloid belonging to the group of chalcogens, was first discovered by 

Transylvanian chemist Franz-Joseph Mueller in 1782 (Ba et al., 2010; Zannoni et al., 

2007). It is a rare element (average content in soil is 0.027 ppm) and present in various 

oxidative states; elemental form (Te0), inorganic- telluride (Te2-), tellurite (TeO32-), 

tellurate (TeO42-) and organic dimethyl telluride (CH3TeCH3) (Cunha, Gouvea and Juliano, 

2009). At physiological pH tellurium is mostly found as tellurite and has significant 

toxicity to bacteria at very low concentrations (1 µg/mL) (Taylor, 1999; Turner, Borghese 

and Zannoni, 2012). Silver ammonium tellurite and potassium iodotellurite were used 

as antibacterial agents before the discovery of antibiotics (Chasteen et al., 2009). 

 

In 1932, Fleming compared the antibacterial activities of penicillin and tellurite and in 

all cases penicillin sensitive bacteria were insensitive to tellurite (Fleming, 1932; Fleming 

and Young, 1940). Intramuscular injections of Te0 suspended in glucose was used in the 

treatment of human syphilis; however, one substantial drawback was an intense garlic 

odour in the patients’ breath and urine. Tellurium oxides were used as antimicrobial 

agents against diseases such as leprosy and tuberculosis before the development of 
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penicillin (DeMeio and Henriques, 1947). Studies have also shown tellurite to act 

synergistically with the antibiotic cefotaxime when tested on antibiotic resistant E. coli 

(Molina-Quiroz et al., 2012). Therefore, tellurite can be used as an adjuvant for several 

multi-resistant pathogens. Some strains of bacteria may have evolved resistance to 

tellurium during its historical medical use, or after its use in the mining and electronics 

industries increased its presence in the environment (Taylor, 1999).  

 

In recent years tellurium particles have gained interest as potential antibacterial agents 

(Chang et al., 2014; Gupta et al., 2016; Lin et al., 2012; Zare et al., 2012; Zhong et al., 

2013; Zonaro et al., 2015). Zonaro et al. (2015) demonstrated the antibacterial and 

biofilm eradication activity of tellurium nanoparticles against E. coli, P. aeruginosa and 

S. aureus (Zonaro et al., 2015). Pugin et al. (2014) reported tellurium containing 

nanostructures showed the interesting ability to inhibit E. coli colonisation, but with no 

apparent cytotoxicity against eukaryotic cells (Pugin et al., 2014). Carbon fibres coated 

with tellurium and tellurium-gold nanowires have been proposed as precursors of future 

antimicrobial clothing (Chou et al., 2016). Organo tellurium-IV compound ammonium 

tri-chloro(dioxoethylene-O,O'-)tellurate, AS101, was reported to inhibit growth of 

antibiotic resistance Klebsiella pneumonia (Daniel-Hoffmann et al., 2009). 

 

In this study tellurium showed strong antibacterial properties against Gram-negative 

bacteria (at 2 wt% 94.7 ±0.4% of the bacteria population was dead) and mild cytotoxicity 

towards Gram-positive bacteria (at 2 wt% 32.1 ±7.8% of the bacteria population was 

dead). Previous studies have proposed the bactericidal effects of tellurium may 

originate from the ions (TeO32-) that are formed from the oxidation of tellurium in media 

(Lin et al., 2012). These ions have a strong oxidant nature and are toxic to most 
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microorganisms, particularly Gram-negative bacteria (Amoozegar, 2008; Chasteen and 

Bentley, 2003; Garberg et al., 1999; Lloyd-Jones et al., 1994; O’Gara, Gomelsky and 

Kaplan, 1997; Siliprandi et al., 1971; Taylor, 1999; Taylor et al., 1988; Trukto et al., 2000). 

Two ways in which these ions cause bactericidal activity are: (i) through the replacement 

of sulphur groups in amino acids consequently giving rise to non-functional proteins and 

(ii) oxidation of cellular glutathione therefore generating immoderate amounts of ROS 

(Arenas et al., 2014; Narayanan and Sakthivel, 2010; Shakibaie et al., 2017). 

 

As with carbon-based materials, tellurium showed strong antibacterial properties 

towards one type of bacteria over another, this can be attributed to the structural 

differences in the bacteria cell morphology. Gram-negative (E. coli) bacteria possess a 

thin peptidoglycan layer and an outer lipopolysaccharide membrane whereas Gram-

positive bacteria (S. aureus) possess a thick cell wall composed of many layers of 

peptidoglycan and teichoic acids and no outer lipopolysaccharide membrane (Brown, 

Maria and Walker, 2013; Silhavy, Kahne and Walker, 2010). Therefore, in this instance, 

it can be assumed the thick peptidoglycan layer served as a resistant barrier to the 

tellurium particles, as mild cytotoxicity was observed with S. aureus. 

 

Tungsten is a d-block transition metal and holds an atomic number of 74. It can be found 

in its pure form, or as tungsten oxide and tungsten carbide. This oxyanion has similarities 

to vanadate and molybdenum and studies have shown tungsten to hold a biological 

function in some prokaryotes. In these organisms, tungstoenzymes, such as formate 

dehydrogenase, formyl methanufuran dehydrogenase, acetylene hydratase, and a class 

of genetically related oxidoreductases, use tungsten as a tungsten-pterin to catalyse the 
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reversible reduction of carboxylic acids to aldehydes (Bol, Broers and Hagen, 2008; 

Kletzin and Adams, 1996). 

 

The exploration of tungsten’s antibacterial properties has stemmed from Ren et al. 

(2018) patent claiming the viricidal efficacy of tungsten nanoparticles. Tungsten carbide 

was shown to give rise to 100% reduction of avian H5N1 Influenza NIBRG-14 virus after 

a treatment time of 30 minutes. However, the antibacterial activity of tungsten and its 

derivatives is scarcely reported in literature. 

 

In this work, tungsten showed no antibacterial activity against both Gram-negative and 

Gram-positive bacteria. Tungsten oxide showed no antibacterial activity against E. coli 

but showed moderate cytotoxicity towards S. aureus. Tungsten carbide showed no 

significant antibacterial effects against both bacteria tested. The antibacterial properties 

of tungsten oxide are rarely reported in literature, despite being used to remove organic 

pollutants from wastewater (Jeon and Yong, 2010; Wu et al., 2019). In this study the 

bactericidal properties of tungsten oxide are thought to be related to photocatalysis and 

hydrogen production. Studies have shown tungsten oxide has photocatalytic activity in 

visible light (Wicaksana et al., 2014). However it has also been reported the band gap 

energy of tungsten oxide nanoparticles is much larger than the energy of visible light 

illumination therefore the generation of reactive species (like hydroxyl radicals) is likely 

to be the result of native defects (Fakhri and Behrouz, 2015; Guo et al., 2011; Ioannou 

et al., 2011; Mageshwari et al., 2013; Pereira et al., 2011; Rtimi et al., 2013; Sciacca et 

al., 2011; Sousa et al., 2013; Trovó et al., 2013). In the case of tungsten oxide, it can be 

said that bacterial death is the result of photokilling, whereby the reactive species 

damage the cell membrane causing the internal bacterial components to leak from the 
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cells and ultimately get oxidised by the photocatalytic reaction (Kim et al., 2012; Maness, 

et al., 1999; Sunada, Watanabe and Hashimoto et al., 2003; Yadav et al., 2014).  

 

For photocatalysts, with energy provided larger than the band gap, electron/hole pairs 

are generated and react with O2 and H2O to form superoxide anion radicals (O2•-) and 

hydroxyl radicals (•OH) (Yadav et al., 2014). These oxidative species (h+, •OH, and O2•-) 

are highly reactive, and are considered to be the dominant oxidative species 

contributing to the mineralisation of bacterial cells (Yadav et al., 2014). 

 

The results obtained in the current study show the inactivation of S. aureus using 

tungsten oxide nanoparticles in the presence of visible light is greater than E. coli. This 

observation indicates that Gram-positive bacteria are more susceptible than the Gram-

negative species. This difference is commonly ascribed to the difference in cell wall 

structure. In addition, the difference in potency may also be related to different affinities 

for tungsten oxide. Gram-negative bacteria are relatively more resistant because of the 

nature of their cell wall, which restricts absorption of many molecules (Delcour, 2009). 

Consequently, a higher number of hydroxyl radical attacks for Gram-negative bacteria 

are needed for complete bacterial inactivation. 

 

Intermetallic materials are a type of metallic alloy that is composed of two or more 

elemental metals. Numerous studies have demonstrated metals, particularly copper, 

bear strong antimicrobial properties. As a result, the interest in developing copper-

based alloys has been increasing over the last few years. In this research, the 

antimicrobial properties of copper-silver and copper-zinc composites were studied, as 

both silver and zinc have also demonstrated promising antimicrobial activity. Both 
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materials, copper-zinc and copper-silver strongly inhibited the growth of Gram-negative 

bacteria, with >93% cell death for all concentrations tested. Interestingly copper-zinc 

was more effective against Gram-positive bacteria than copper-silver, with 90.1 ±3.8% 

and 75.4 ±1.0% maximum cell deaths being achieved, respectively. In general, the 

bactericidal activity of these materials is thought to involve the ions released from the 

heavy metals, thereby causing intracellular ROS production, direct and indirect 

membrane disruption, cation release, ATP depletion and enzyme inhibition (Chatterjee, 

Chakraborty, and Basu, 2014; Dorobantu et al., 2015; Slavin et al., 2017). Exact 

mechanisms that underlie the antibacterial actions of these intermetallic nanoparticles 

are not completely understood. The difference in potency of copper-zinc and copper-

silver toward S. aureus can be credited to the difference in electron configuration and 

ion charge. Zinc carries an ion charge of +2, while silver has an ion charge of +1. 

Therefore, zinc is more reactive than silver and has a stronger affinity to the S. aureus 

surface, which carries a slight negative charge, therefore increasing the chances of 

interaction (Gross et al., 2001). 

 

The viricidal properties of the nanomaterials was tested in suspension against a 

representative double stranded DNA virus. A plaque assay was used to quantitate the 

number of infectious viral particles in suspension before and after treatment. The 

advantage of using plaque assays is their ability to give a direct quantitative 

measurement of the exact number of virions in suspension (Baer and Kehn-Hall, 2014; 

Smither et al., 2013). 

 

As seen in Figure 4.6 carbonaceous nanomaterials and copper-silver nanoparticles 

showed the strongest antiviral activity. 
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Figure 4.6: Graph showing the antiviral activity of various nanoparticles at 0.5, 1.0 and 2.0 wt% against a DNA virus 

for 24 hours. Results were collected using a plaque assay, viral reductions were calculated from the number of virions 

present before and after exposure. Error bars represent standard deviation. p values of < 0.05 (*), < 0.01 (**), <0.001 

(***) and <0.0001 (****) are shown on the graph. 

Carbon based nanomaterials, have been briefly explored for their antibacterial 

properties, however, little information is available on their effects on viruses. In this 

study, both GO nanosheets and GNPs were able to completely deactivate the virus at 

concentrations as low as 0.5 wt%. The potent antiviral activity of both materials can be 

accredited to (i) the sharp-edged structure of the nanomaterials and/or (ii) oxidative 

stress through ROS production. Ye et al. (2015) have demonstrated viral inactivation by 

carbon materials occurs prior to entry to the host cell (Ye et al., 2015).  

 

GO and GNPs may inhibit virus infection by direct interaction with the virions. Studies 

have shown the sheet-like structure of materials to destroy the viral envelope (Ye et al., 

2015). This subsequently prevents viral attachment and entry into the host cell, thus 

preventing the release of the capsid and its content. It is plausible that GO nanosheets 
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and GNPs directly interact with the viral particles and destroy their structure, leading to 

the disruption of viral function.  

 

Another mechanism in which carbonaceous materials may cause viral inactivation, is 

through ROS related damage (Paiva and Bozza, 2014). Hayashi et al. (2012) have 

demonstrated the inhibition of a DNA virus when exposed to hydrogen peroxide (a form 

of ROS). Typically, viruses produce catalase (a protective enzyme that catalyses the 

decomposition of oxidative stress) to prevent damage caused by ROS. However, it is 

thought that most DNA viruses do not have catalase, therefore offering no protection 

against ROS induced stress (Newcomb and Brown, 2012).  

 

The viricidal effects of the intermetallic copper-silver nanoparticles are presumed to be 

dependent on their interaction with viral envelope glycoproteins, thereby inhibiting viral 

penetration into the host cell (Galdiero et al., 2011). In a study by Baram-Pinto and 

colleagues (2009) silver nanoparticles were shown to bind to DNA viruses, thus 

preventing its entry into the host cell and subsequent infection. Xiang et al. also 

hypothesised that silver nanoparticles inhibits the gene responsible for producing 

hemagglutinin (a glycoprotein), thus preventing the virus from binding to the host cell 

and replicating the number of extracellular virions. Fujimori et al. (2012) also 

demonstrated copper nanoparticle-induced degradation of viral glycoproteins (such as 

hemagglutinin) thus preventing the virus from binding to the host cell. 

 

Tellurium particles showed no statistically significant antiviral activity at 0.5 and 1.0 

wt%, however at 2 wt% an average antiviral reduction of 76.7 ±2.9% was observed. The 

antiviral mechanism of action of tellurium is thought to be similar to the antibacterial 
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mechanism, whereby tellurium behaves as a strong oxidising agent towards a variety of 

cellular components (Pérez et al., 2007). It is also thought that tellurium can exert its 

toxicity through the intracellular accumulation of tellurium and the generation of ROS 

(Turner, Weiner and Taylor, 1999). 

 

Tungsten particles showed statistically significant antiviral activity at 1.0 and 2.0 wt%, 

whilst tungsten carbide and tungsten oxide showed antiviral activity across all three 

concentrations tested. The exact inactivating mechanism of these virucidal particles is 

unknown, however several hypotheses involving nanoparticle interference of virus cell 

attachment have been proposed (Galdiero et al., 2011; Lara et al., 2010; Pfaff et al., 

2019). It can also be hypothesised, that as nanoparticles have the tendency to 

agglomerate, the nanoparticles can entrap the virions inside a mesh consequently 

causing the virions to lose their ability to penetrate host cells (Osminikina et al., 2014). 

 

Copper-zinc intermetallic nanoparticles exhibited antiviral properties across all three 

concentrations tested, with a maximum viral reduction of 96.9 ±0.3% being achieved at 

2 wt%. As these nanoparticles contain both copper and zinc, it can be assumed the 

antiviral mechanism involves both copper and zinc modes of action. It should also be 

noted that these nanoparticles were not as potent as the copper-silver nanoparticles, 

this observation can be attributed to the presence of zinc in replacement of silver. The 

inhibitory effect of zinc is thought to involve two primary mechanisms: (i) zinc attaches 

to the virion surface thus consequently preventing the virus from binding to and 

penetrating the host cell, (ii) zinc may also interfere with protein activity, such as 

transcription (Haraguchi et al., 1999; Kümel et al., 1990; Suara and Crowe, 2004). 
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4.3 Summary 

In this study, the minimum concentration required to inhibit microbial growth of a 

number of nanoparticles was established and plausible mechanisms of action were 

proposed. Prior to antimicrobial studies, the physical properties of the particles were 

assessed using a multitude of characterisation techniques. 

 

Microbial properties were tested against a Gram-negative bacterium, Gram-positive 

bacterium and a DNA virus model organism. The results demonstrate carbon-based 

materials, GO and GNPs, and intermetallic nanoparticles, copper-silver and copper-zinc, 

to have the most statistically significant potent properties towards all organisms tested. 

As carbon-based materials are routinely used in water purification for the absorption of 

pollutants, these materials will be studied and utilised in this thesis. Flow 

cytofluorometric methods showed at 2 wt%, GO and GNP killed 96% and 63% of E. coli 

populations, respectively, and 99% of S. aureus populations. The plaque assay showed 

both materials completely inactivate all virions at all concentrations investigated. 

Therefore, the minimum concentration of GO or GNPs required to inhibit microbial 

growth is 2 wt%. 

 

The cytotoxic mode of action of these materials is thought to involve physical and 

chemical interactions. Characterisation of the materials morphology showed the 

materials exhibit a flat 2D shape with sharp edges. It is believed GO nanosheets and 

GNPs cause structural damage through direct and indirect interaction with the outer 

membrane of the pathogenic microorganisms and subsequently cause inactivation. 

Another way in which cell death is caused is through oxidative stress. 
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Understanding the bactericidal properties of these nanomaterials is critical for their 

future application. GO and GNPs demonstrated stronger cytotoxicity towards Gram-

positive bacteria, when compared to Gram-negative bacteria, this difference is thought 

to be related to the difference in structure of the two organisms. 

 

The work presented in this chapter emphasises the potential of nanomaterials as novel 

antimicrobials. For the first time the antimicrobial activity of GO nanosheets and GNPs 

is presented. This information can be used in the following experiments.   
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Chapter 5: Preparation of Fibrous Filter Membranes 

The strategy adopted in designing an antimicrobial fibrous membrane involved 

identifying a suitable antimicrobial agent. This was achieved in Chapter 4 where GO 

nanosheets and GNPs were recognised as the most potent and suitable antimicrobial 

agents amongst the materials tested. The next challenge to overcome, is to establish a 

suitable polymer-solvent system to incorporate the antimicrobial agent in. The chosen 

hybrid component must have the appropriate mechanical, physical and chemical 

properties making it suitable for water filtration applications. The material must also be 

economically priced in order to reduce the component costs thus making the filter an 

attractive product. 

 

Materials that are currently used in filter membranes include: glass fibre, polypropylene, 

high impact polystyrene, polyvinyl chloride, high density polyethylene, and borosilicate 

glass. However, these materials are difficult to process using pressurised gyration due 

to an extensive number of reasons, including poor solubility, expense and inability to 

form consistent well-defined fine fibres. The aim of this study was to select a suitable 

polymer-solvent system and to identify the key parameters for optimal production of 

fine porous fibres using pressurised gyration. 

 

5.1 Solubility and Spinnability of Poly(methyl methacrylate) 

PMMA, also known as acrylic, is a synthetic resin produced from the additive 

polymerisation of methyl methacrylate (Jia et al., 1999). Methyl methacrylate is 

commonly produced using the acetone cyanohydrin route, whereby the cyanohydrin 

produced from the condensation of acetone and hydrogen cyanide is hydrolysed in the 
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presence of sulphuric acid to form a sulphate ester (Nagai, 2001). Methanolysis of this 

ester gives rise to ammonium sulphate and methyl methacrylate as a by-product (Nagai, 

2001). Methyl methacrylate then undergoes free radical vinyl polymerisation, where an 

initiator, such as 2,2’-azobisisobutyronitrile, is added and forms two free radicals. These 

radicals draw electrons from the methyl methacrylate molecules to form a long chain.  

 

PMMA is widely used as a lightweight shatter-resistant alternative for glass. It has many 

technical advantages over other transparent polymers, including high resistance to UV 

light and weathering, tensile strength, flexural strength, impact strength, heat 

resistance and excellent light transmission. Additionally, PMMA does not contain the 

extremely harmful bisphenol-A (BPA) subunits found in many plastics, such as 

polycarbonate and epoxy resins. Therefore, PMMA is the preferred polymer of choice 

owing to its moderate properties, easy handling and processing, low cost, 

hydrophobicity, resistance to chemicals (except solvents) and ability to form surface 

pores. Several studies have adopted this material for the development of fibrous 

filtration media (Charvet et al., 2010; Han et al., 2006; Illangakoon et al., 2017b; Joy et 

al., 1998; Uyar et al., 2010; Yun et al., 2010). 

 

The resistance of polymers to solvents is both theoretically and practically important. 

Seven different organic solvents were used in studying the solubility and processability 

of PMMA. Chloroform, or trichloromethane, is a colourless, volatile liquid with an ether-

like odour. Formerly used as an inhaled anaesthetic during surgery, the primary use of 

chloroform today is in industry, where it is used as a solvent and in the production of 

refrigerant. As a by-product of water chlorination, chloroform may be present in small 

amounts in chlorinated water. Acetone, or propane, is a colourless, volatile, flammable 
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liquid with a characteristic odour. It is the simplest and smallest ketone and occurs 

naturally in plants, trees, forest fires and as a breakdown product of animal fat 

metabolism. DMF is a colourless, water-soluble hygroscopic liquid with a faint fishy 

odour. It is toxic by inhalation or skin absorption and is routinely used as a polar aprotic 

solvent and a hepatotoxic agent. Ethyl acetate is the acetate ester formed between 

acetic acid and ethanol. It is a colourless liquid with a distinctive sweet fruity odour and 

is usually found in cereal crops, fruit and vegetables, confectionary, perfumes and nail 

varnish removers. Ethyl acetate is a highly favourable solvent due to its low cost and low 

toxicity. Ethanol is a renewable solvent made from the distillation of various plant 

materials. It is a clear and colourless liquid widely used in disinfectants, food and 

beverages and as a preservative in pharmaceutical drugs. HFIP is a clear colourless oily 

volatile liquid with a pungent aromatic odour. It exhibits strong polarity and hydrogen 

bonding, thus allowing it to dissolve a range of substances. It is highly combustible and 

extremely toxic. DCM is a polar colourless volatile organochloride compound. It has a 

sweet, penetrating, ether-like odour. It is non-combustible but may emit toxic narcotic 

chloride fumes when subjected to heat. Routinely used as a solvent and paint remover 

and is immiscible in water. 

 

The solubility of PMMA in organic solvents was mathematically calculated using Hansen 

solubility parameters and Flory-Huggins theory (Table 5.1).  
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Table 5.1: Theoretical solubility of poly(methyl methacrylate) in organic solvents. 

 PMMA 
Chlorof

orm 
Acetone Ethanol DMF 

Ethyl 

Acetate 
DCM HFIP 

Molecula

r Volume 

(cm3×mol

-1) 

- 79.7 73.5 56.8 77.0 98.5 63.9 105.3 

Vapour 

Pressure 

(mm/Hg) 

- 160.0 184.0 44.6 2.7 73.0 353.0 159.1 

Vapour 

density 

(vs×air) 

- 4.1 2.0 1.6 2.5 3.0 2.9 1.5 

Boiling 

Point (oC) 
- 61.0 56.0 78.4 153.0 77.0 40.0 58.2 

dD 

(J×cm3)1/2 
18.6 17.8 15.5 18.8 17.4 15.8 18.2 17.2 

dP 

(J×cm3)1/2 
10.5 3.1 10.4 8.8 13.7 5.3 6.3 4.5 

dH 

(J×cm3)1/2 
7.5 5.7 7.0 19.4 11.3 7.2 6.1 14.7 

d 

(J×cm3)1/2 
22.7 19.0 19.9 28.4 24.9 18.2 20.2 23.0 

Ra - 7.8 6.3 12.0 5.5 7.7 4.5 9.8 

RED - 0.9 0.7 1.4 0.6 0.8 0.5 1.1 

Xij - 0.3 0.2 0.5 0.1 0.4 0.06 0.6 

 

Hansen solubility parameters are commonly relied upon when estimating the miscibility 

of polymers. This model takes into consideration the dispersion forces, dipolar 
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intermolecular forces and hydrogen bonds between molecules. These three forces 

(Hansen parameters) are considered coordinates of a point in three-dimensions, also 

known as the Hansen space. The closer the polymer and solvent are in this three-

dimensional space, the more likely they are to dissolve each other. Therefore, the 

Hansen solubility parameter distance (Ra) is a qualitative measure of how similar the 

polymer and solvent are, Hansens’ theory states ‘like dissolves like’, where one molecule 

is defined as being ‘like’ another if it bonds to itself in a similar way. If the solvent and 

polymers parameters are alike, the Ra will be low, therefore indicating mutual solubility. 

The calculated results show DMF and DCM to have the strongest affinity for PMMA. 

 

The distance, Ra, can be compared with the interaction radius of PMMA, R0, to 

determine if the solvent can dissolve the polymer. If the solubility parameter distance, 

Ra, is less than the interaction radius, R0, then it is very likely the solvent will dissolve the 

polymer. If the RED value is less than 1, the solvent will dissolve PMMA and can be 

considered a good solvent, if RED is equal to 1, the solvent will partially dissolve the 

solvent and if RED is more than 1, the solvent will not dissolve PMMA and can be 

considered a bad solvent. From these calculations, ethanol and HFIP can be considered 

as bad solvents for PMMA. 

 

The Flory-Huggins interaction parameter Xij measures the interaction between the 

polymer chains and the solvent molecules as well as the polymer-polymer interaction, 

non-idealities, dissimilarity in molecular sizes and the entropy of mixing (Aryanti et al., 

2018). It quantitively estimates phase equilibria and the enthalpic interactions in the 

polymer solution and is based on thermodynamics and the entropy of mixing. In general, 

PMMA is considered soluble in solvents with an Xij value between 0 and 0.5, the closer 
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to 0 the Xij value is, the more similar the solvent and polymer are. Acetone, chloroform, 

DCM, ethyl acetate and DMF had Xij values of <0.5, thus can be classified as good 

solvents. In these solvents, PMMA chains overlap less and therefore there is a greater 

interaction with the polymer-solvent molecules. 

 

Theoretical probabilities provide a great prediction on solubility; however, these models 

make a number of presumptions and ignore several factors, especially when considering 

complex materials such as polymers. Therefore, an experimental study of PMMAs 

dissolution in different solvents was also developed. When choosing a carrier solvent, 

its ability to dissolve PMMA is not the only factor to consider, many other constraints, 

such as its effect on fibre formation should also be surveyed (Louwerse et al., 2017). 

 

During polymer processing, the interaction between PMMA monomers and solvent 

molecules greatly dictates the rheological properties of the spinning-solution (Li et al., 

2014b). When a polymer has great dissolution in a solvent, the polymer chains swell and 

expand to maximise the intermolecular interactions, giving rise to strong polymer-

solvent interactions. Whereas when a polymer has poor solubility in a solvent the 

polymer chains contract and stay closer to each other to minimise the polymer-solvent 

interactions (Mahalingam et al., 2015). Thus, altering the solutions viscoelasticity, 

critical minimum concentration and polymer chain entanglement, all of which affect 

fibre formation. The selection of a suitable carrier-solvent is crucial in determining the 

processability of PMMA by pressurised gyration. 

 

The solubility and spinnability of PMMA in various solvents have been summarised in 

Table 5.2. PMMA solubility was determined by the ability of PMMA to completely 
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dissolve in the chosen solvent. Results were recorded as insoluble, partially soluble and 

soluble. If the polymer solution produced uniform fibres when processed using 

pressurised gyration, it was considered to have good spinnability. 

 

From the results obtained, there was no direct correlation between the solubility of 

PMMA and the structure or properties of the chosen solvent, including its polarity. 

PMMA was found to be completely insoluble in ethanol (as predicted by theoretical 

calculations) at ambient temperatures as it formed a cloudy white solution with solid 

PMMA chunks suspended in the solution. This is due to the lack of hydrogen bonding 

between the ethanol molecules and the ester moieties of the polymer (Hoogenboom et 

al., 2010; Ocola, Costales and Gosztola, 2015). 

Table 5.2: Poly(methyl methacrylate) solubility and fibre formability by pressurised gyration. 

Solvent PMMA Solubility 
PMMA 

Spinnability 

Average Fibre 

Diameter (µm) 

Average Pore 

Size (nm) 

Chloroform Soluble Fibres 3.3 ±1.2 126 ±18 

Acetone Soluble Fibres 11 ±3 - 

N,N-

dimethylformamide 
Soluble Fibres 1 ±4 - 

Ethyl Acetate Soluble Fibres 5.1 ±1.1 199 ±54 

Ethanol Insoluble - - - 

1,1,1,3,3,3-

Hexafluoro-2-

propanol 

Soluble Fibres 0.24 ±0.05 - 

Dichloromethane Soluble Fibres 4.3 ±2.1 126 ±33 

 

Chloroform, acetone, DMF, ethyl acetate, HFIP and DCM, displayed high solubilising 

properties, as these solvents were able to completely dissolve PMMA within 60 minutes 
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to form homogenous solutions. It is thought that these solubilising properties are 

related to the partially substituted hydrocarbon structure of the solvents (Evchuk et al., 

2005). 

 

In the case of chloroform, DCM and HFIP, the dissolution process involves the 

halogenated compounds swelling PMMA and subsequently allowing the solvent to 

penetrate and separate the polymer chains (González-Benito and Koenig, 2002; 

González-Benito and Koenig, 2006). The overall rate of this process is determined by the 

rate of diffusion of a liquid into the polymer, in accordance with Fick’s second law of 

diffusion. These solvents are regarded as a highly polar solvents due to the presence of 

halogens, resulting in each solvent containing a carbon atom that carries a minimum of 

two electronegative atoms. This causes polar interactions between the halogen atoms 

and the carbon holding the ester group in PMMA and increases solubility. 

 

The dissolved solutions were then subjected to pressurised gyration. Figure 5.1 shows 

the low and high magnification images of the fibres obtained from these solvents. The 

prepared fibres should have a small size, narrow diameter distribution and well-defined 

porosity. Fine fibres have the advantages of a high specific surface area to volume ratio, 

low basis weight, interconnected pore structure and high permeability, making them 

attractive for water filtration applications (Kellie, 2016). In addition, small fibre sizes 

have demonstrated greater interception and inertial impaction efficiencies due to the 

slip flow phenomena, thus improving capture efficacy (Afshari, 2016). 
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(i) (j) 

  

(k) (l) 

Figure 5.1: Low and high magnification images of the fibres from when 20 w/v% poly(methyl methacrylate) in (a), (b) 

chloroform, (c), (d) acetone, (e), (f) dimethylformamide, (g), (h) ethyl acetate, (i), (j) HFIP and (k), (l) dichloromethane 

were subjected to pressurised gyration at 0.1 MPa and maximum rotational speeds.  

All dissolved solutions using chloroform, acetone, DMF, ethyl acetate, HFIP and DCM 

formed continuous tubular fibres. This suggests the solutions had sufficient 

intermolecular entanglement and chain overlap, therefore satisfactory viscosity and 

surface tension at the interfacial boundary to overcome the centrifugal force and 

dynamic fluid flow and to stabilise the polymer jet ejecting from the perforations during 

pressurised gyration. HFIP (Figures 5.1 (i) & (j)) produced the narrowest fibres with an 

average fibre diameter of 0.24 ±0.05µm (likely due to its strong electronegativity), whilst 

acetone (Figures 5.1 (c) & (d)) produced wide glass like fibres with an average fibre 

diameter of 11 ±3µm. 
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It has been reported that if solvent evaporation from the surface of the polymer is faster 

than solvent diffusion from the core towards the surface, this will result in flat fibres 

with a ribbon like cross-section (Li et al., 2014b). This observation was made when using 

acetone as the solvent thus resulting in fibres with large diameter. Whereas in the case 

of HFIP, although both solvents have similar boiling points, they have different solubility 

parameters, therefore solvent evaporation from the surface was not as fast as solvent 

diffusion, resulting in narrower fibres. 

 

As shown in Figure 5.1, the fibres prepared using chloroform, DMF, ethyl acetate, HFIP 

and DCM had smooth topography, whereas fibres formed with acetone had textured 

surfaces. This observation is likely caused by a combination of factors including acetones 

low energy for dispersion forces (dD) and its miscibility in water. London dispersion 

forces are the weakest intermolecular forces and play a crucial role in solubility and fibre 

formation (Luo, Stride and Edirisinghe, 2012). When compared with the other fibres, the 

effect of miscibility on surface morphology was much more pronounced for the acetone 

solvent system. During the fibre forming process, the water vapour in the atmosphere 

is absorbed into the polymer jet travelling to the collector. When water is introduced, 

polymer rich and polymer poor regions within the jet were created, giving rise to crater-

like shapes/indentations on the fibre surface. This topography was only observed on 

fibres made with acetone, as this miscible solvent has less polarity when compared to 

DMF and HFIP. 

 

Samples prepared from chloroform, DCM and ethyl acetate exhibited pores while 

samples from acetone, HFIP and DMF did not show surface pores. High scanning 

electron micrographs of samples are shown in Figure 5.2. Surface porosity provides 
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depth filtration to the filter membrane by improving particle holding capacities and 

extending its longevity (Sikorska, Gac and Gradoń, 2018). As water flows through the 

membrane, the random alignment of fibres creates a tortuous path causing pathogenic 

microorganisms to become entrapped or adsorbed both within and on the filter 

membrane, this is referred to as size exclusion as pathogens are physically removed 

(Sikorska, Gac and Gradoń, 2018). Surface pores also increase the surface area available 

for the microorganism to come into contact with, thus having greater exposure to the 

antimicrobial material on the surface. These factors are important distinctions from UV 

technology and chemical treatments that solely rely on adsorption technologies. 

 

DMF and HFIP are highly miscible in water due to their polarity, therefore the water 

vapour formed due to solvent evaporation and environmental humidity diffuses into the 

polymer jet rather than being deposited on the polymer jet, resulting in fibres with a 

smooth surface (Illangakoon et al., 2017a). The inability of these solvents to form surface 

pores on the fibres deems them unsuitable for this application. 

 

The fibres formed using chloroform, ethyl acetate and DCM exhibit surface pores. In 

previous literature, the formation of hierarchical structures from different solvents was 

mainly attributed to solvent volatility, phase separation, solvent miscibility or the breath 

figures phenomenon (Megelski et al., 2002; Yazgan et al., 2017). However, from the 

observations made with acetone, DMF and HFIP the formation of topological features is 

due to a combination of these factors. 
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(a) (b) 

 
 

(c) (d) 

 
 

(e) (f) 

Figure 5.2: Scanning electron micrographs of demonstrating the surface pores of the poly(methyl methacrylate) fibres 

prepared using (a), (b), chloroform, (c), (d) dichloromethane and (e), (f) ethyl acetate. Solutions spun using pressurised 

gyration at 0.1 MPa and maximum rotational pressure. 
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Chloroform, ethyl acetate and DCM are highly volatile solvents, so when they begin to 

evaporate from the polymer jet ejecting from the orifices on the gyration pot, the 

temperature at the air-liquid interface decreases rapidly due to the enthalpy of 

vaporisation. It has been reported the temperature of a chloroform solution can fall 

between 0 to -6oC during evaporation (Chiu et al., 2011). This temperature drop 

(evaporative cooling) significantly lowers the dew point of the atmosphere and 

consequently leads to moisture nucleation and the deposition of small water droplets 

on the surface of the fibre. The water droplets then form a stable PMMA/water interface 

via adsorption of PMMA to prevent coalescence (Srinivasarao et al., 2001). The droplets 

then expand and sink into the fibre or cause indentations on the surface owing to 

Marangoni convection and thermocapillary effects (Maruyama et al., 1998; Wan et al., 

2014). The droplets self-arrange into an array on the polymer jet and evaporation of the 

droplets begins after the initiation of solvent evaporation therefore the water droplet 

imprints remain as pores on the fibres (Park and Kim, 2004; Srinivasarao et al., 2001). 

The topological features observed on these fibres are only on the surface as chloroform, 

ethyl acetate and DCM are immiscible with water. This prevents the water droplets from 

penetrating to the fibre core. In addition, the rate of solvent evaporation on the surface 

of the polymer jet and solvent diffusion from the core of the jet to the surface of the 

polymer jet also plays a significant role in the final fibre structure. 

 

The fibres yielded using ethyl acetate and DCM demonstrated thick fibre morphology. 

This can be explained by a variety of factors, including their solubility parameters. Ethyl 

acetate had a theoretical Hansen solubility parameter of 7.7 and a Flory-Huggins 

interaction parameter value of 0.6, both of which demonstrate mediocre solubility. DCM 

on the other hand had a theoretical Hansen solubility parameter of 4.5 and a Flory-
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Huggins interaction parameter value of 0.1, suggesting great solubility. While DCM 

molecules contain two chloride atoms, the electronegativity of the central carbon is 

inadequate thus leads to weak hydrogen bonds and consequently does not resist the 

forces applied during pressurised gyration consequently leading to wider fibres. 

 

Results from this study suggested chloroform to be the most suitable carrier-solvent for 

the production of ultra-fine porous fibres. The fibres yielded using this polymer-solvent 

system displayed great porosity, with consistent narrow fibre diameters. 

 

5.2 Optimisation of Poly(methyl methacrylate) Fibre Production 

Pressurised gyration is a fundamentally simple process but involves many parameters. 

By varying these parameters, the end products can be tailored to suit the desired 

application. In this study the influence of applied pressure was studied. Optimisation 

took place using a PMMA/chloroform polymer/solvent system, as solubility and 

spinnability studies showed this system to be ideal for this application. 

 

Table 5.3 and Figure 5.3 show the effect of applied pressure on fibre morphology. It was 

observed that fibres prepared without applied pressure (0 MPa) had were non-uniform, 

beaded and had rough surfaces compared to fibres formed with applied pressure. 

Increasing the pressure to 0.1 MPa gave rise to thicker fibres with larger pores. Further 

increasing the applied pressure to 0.2 MPa and subsequently 0.3 MPa, reduced both the 

fibre diameter and pore size. The results obtained during this research indicates the 

application of pressure plays a crucial role in fibre formation and morphology. By varying 

the applied pressure, fibre morphology can be tailored. 
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Table 5.3: The effect of applied pressure on fibre diameter and pore size.  

Applied Pressure (MPa) Fibre Diameter (µm) Pore Size (nm) 

0.0 2.9 ±2.5 54 ±12 

0.1 3.3 ±1.2 126 ±18 

0.2 2.9 ±1.5 109 ±20 

0.3 2.8 ±1.8 44 ±10 

 

  

(a) (b) 

  

(c) (d) 

Figure 5.3: High magnification scanning electron micrographs of poly(methyl methacrylate) fibres prepared using 

chloroform and various applied pressures: (a) 0 MPa; (b) 0.1 MPa; (c) 0.2 MPa; (d) 0.3 MPa.  
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At 0 MPa, the inertia of the PMMA solution proved insufficient to overcome the capillary 

resistance at the perforations. The lack of shear force and attenuation on the polymer 

jet resulted in larger fibre diameters and diameter distributions. Subsequently the 

critical speed required an excess of 0 MPa for successful extrusion. In addition, the 

absence of applied pressure gave rise to small surface pores, therefore suggesting that 

chloroform evaporation occurred at a slow rate. Slow solvent vaporisation reduces the 

temperature difference between the polymer surface and the atmosphere. This hinders 

water condensation and absorption on the PMMA surface, consequently leading to 

smaller surface pores.  

 

Interestingly at 0.1 MPa, the introduction of a small amount of pressure increased 

average fibre diameter and average pore size. The application of pressure encourages 

rapid solvent evaporation and increases the temperature difference between the 

polymer surface and the atmosphere. This favours water condensation and causes large 

water droplets to be deposited on the fibre surface, giving rise to larger surface pores. 

However, increasing the applied pressure from 0.1 to 0.3 MPa, decreased the average 

fibre diameter and decreased the average pore size. The decrease in fibre diameter is 

because at higher working pressures the increased air flow promotes polymer jet 

elongation. Similar trends have been observed with other polymers such as 

poly(ethylene oxide) and Nylon (Mahalingam and Edirisinghe, 2014; Xu et al., 2015). The 

decrease in surface pore size indicates there is a trade-off between moisture nucleation 

and solvent evaporation from the polymer jet. 
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5.3 Summary 

In this study, the solubility of PMMA in different organic solvents was investigated using 

theoretical and practical experiments. In addition, the effect of applied pressure on the 

formed fibres was also investigated. 

 

The solubility parameters of each solvent greatly differ with respect to PMMA; however, 

it was found that halogenated solvents are most favourable for the dissolution of 

PMMA. This was confirmed during experiments as chloroform showed the most 

promising results for fibre manufacture due to its ability to form narrow porous fibres.  

 

The importance of controlling working parameters during fibre manufacture has been 

highlighted, by the growing evidence, to have dramatic effects on fibre morphology. 

Introducing pressure into the fibre forming process gave rise to uniform fine fibres with 

large surface pores. However further increasing the pressure showed that the 

competition between pore formation and solvent evaporation, determines fibre 

morphology. 

 

From the experimental results obtained during this investigation, spinning 20 w/v% 

PMMA/chloroform solutions at maximum rotational speed and 0.1 MPa using 

pressurised gyration was deemed optimal, as the fibres yielded under these conditions 

had the largest average pore diameter and the smallest fibre diameter variation, 

therefore leading to consistent and reproducible fibre production. Previous literature 

has demonstrated this type of morphology to be ideal for filtration applications. 
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Chapter 6: Manufacture of Functionalised Antimicrobial Fibres 

Although fibres have shown great potential for micro-, nano- and ultrafiltration, most 

conventional membrane materials do not possess antimicrobial properties and thus are 

susceptible to biofouling. Antimicrobial functionalities can be introduced through 

surface treatments or the use of additives. Surface treatments entail antimicrobial 

agents being covalently bound to the fibre surface through methods such as graft 

polymerisation or plasma treatment, however these approaches need to be controlled 

to avoid modifying the pore size and filtration properties of the fibres (Botes and Cloete, 

2010; Yao et al., 2009; Yao et al., 2008). Another approach is the addition of 

antimicrobial agents directly into the spinning solution. Pressurised gyration is a 

relatively simple and robust technique that allows the mass-production of 

nanocomposite fibres. Several studies have demonstrated the successful incorporation 

of nanomaterials into polymeric fibres using this technique (Amir et al., 2016; 

Illangakoon et al., 2017b; Perera et al., 2018; Xu et al., 2016; Zhang et al., 2015; Zhao et 

al., 2018). The proposition of this study was to investigate the manufacture of 

functionalised antimicrobial fibres for the mentioned application using the chosen 

antimicrobial active agents (Chapter 4) and the optical processing parameters (Chapter 

5). Production of uniform, narrow porous fibres with antimicrobial activity was essential 

to prevent microbial colonisation and proliferation. Formed fibres should exhibit 

statistically significant antimicrobial activity against all strains tested. 

 

6.1 Rheological Studies of Graphene/Polymer Suspensions 

Nanocomposite fibres were prepared by the pressurised gyration of PMMA/GO and 

PMMA/GNP chloroform suspensions. Pressurised gyration, along with many other fibre 
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forming processes, have been shown to be affected by the surface tension and viscosity 

of the polymer solution. The surface tension of PMMA solutions containing various 

concentrations of GO and GNPs are shown in Figure 6.1(a). As can be seen, the surface 

tension of the nanofluids decrease with increasing GO/GNP concentration. However, 

the range of decrease is not large, as only a ~3.5% reduction was observed. The pure 

PMMA solution had an average surface tension of 28.5 ±1.2 mN/m, this dropped to 28.1 

±0.8 mN/m upon the addition of 2 wt% graphene materials. In this instance the 

graphene materials behaved as a surfactant and increased the electrostatic forces 

between particles and consequently reduced surface energy and surface tension (Tanvir 

and Qiao, 2012). The addition of 4 wt% and 8 wt% of graphene nanomaterials reduced 

the average surface tension to ~27.8 mN/m for both GO and GNP.  

 

Figure 6.1(b) demonstrates the effect graphene concentration has on the viscosity of 

PMMA chloroform solutions. It can be seen the introduction of a small quantity of GNPs 

initially reduces the average viscosity from 49.3 ±0.2 mPa.s to 48.7 ±0.3 mPa.s. The 

average viscosity continued to decrease for GNP suspensions, where 4 wt% and 8 wt% 

GNP loadings resulted in an average viscosity of 48.2 ±0.7 mPa.s and 47.7 ±0.6 mPa.s, 

respectively. Whereas, in general, an increase in GO concentration resulted in an 

increase in average viscosity. Initially, the addition of 2 wt% GO nanosheets resulted in 

a decrease in average viscosity from 49.3 ±0.2 mPa.s to 47.7 ±0.6 mPa.s, likely due to 

the presence of leftover impurities in the GO nanosheets from manufacturing. 

Thereafter, average solution viscosity was found to increase with the volumetric loading 

of GO nanosheets, with 4 wt% GO leading to an average viscosity of 48.9 ±0.3 mPa.s and 

8 wt% GO resulting in 48.6 ±0.6 mPa.s. When in chloroform suspension, GO nanosheets 

can easily form clusters and aggregates due to its poor compatibility with chloroform. 
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Clustering and aggregation increase the hydrodynamic diameter of nanosheets leading 

to the increase in viscosity (Murshed, Leong and Yang, 2008). 

 

(a) 

 

(b) 

Figure 6.1: Plot of the (a) average surface tension against graphene concentration (n=4); (b) average viscosity against 

graphene concentrations (n=3). 

 
6.2 Graphene Loading of Poly(methyl methacrylate) Fibres 

PMMA fibres loaded with 0, 2, 4, and 8 wt% of either GO nanosheets or GNPs were 

prepared using pressurised gyration at maximum rotational speed and 0.1 MPa applied 
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pressure. The data presented in Table 6.1 shows the effect of nanoparticle loading on 

fibre morphology. Figures 6.2 and 6.3 show SEM images of the produced fibres. 

Table 6.1: The effect of nanoparticle loading on fibre diameter and distribution. 

 Average Fibre Diameter (µm) 

Nanoparticle 

Loading (wt%) 
0 2 4 8 

Graphene 

Nanoplatelets 
0.75 ±0.35 0.95 ±0.40 0.99 ±0.56 2.71 ±1.74 

Graphene Oxide 0.75 ±0.35 1.44 ±0.9 1.55 ±0.9 1.99 ±1.3 

 

As seen in Figures 6.2 and 6.3 (and Chapter 5), pure PMMA fibres were continuous, 

tubular, beaded and highly porous. The successful formation of fibres indicates the 

intermolecular entanglement and chain overlap in the solution was sufficient to stabilise 

the polymer jet ejecting from the perforations during pressurised gyration. The average 

fibre diameter was 0.75 ±0.35μm. Fibre diameter distribution, demonstrates a narrow 

spread, thus allowing for predictable and uniform fibre production. The fibres had 

evenly distributed circular pores on their surface. 

 

Fibres loaded with 2 wt% of GO nanosheets or GNPs appeared to share similar 

morphologies to pure PMMA fibres as they were able to retain their tubular, porous 

structure. This suggests that at low concentrations, the nanoparticles do not alter fibre 

production, as a result of desirable uniform dispersion within the polymer solution. The 

average fibre diameter obtained for the GNP loaded fibres was 0.95 ±0.40μm. While the 

average fibre diameter of the GO/PMMA fibres was 1.44 ±0.9 µm. The fibre diameter 

distribution suggests distribution is slightly wider when compared to pure PMMA fibres. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 6.2: Scanning electron micrographs and fibre diameter distribution of graphene oxide nanosheet loaded 

poly(methyl methacrylate) fibres produced using pressurised gyration at maximum rotational speed and 0.1 MPa 

applied pressure. (a) and (b) pure poly(methyl methacrylate) fibres, (c) and (d) 2 wt% graphene oxide fibres, (e) and 

(f) 4 wt% graphene oxide fibres, (g) and (h) 8 wt% graphene oxide fibres. In (g) the inset micrograph shows the fibres 

to have smooth surfaces.  
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(a) (b) 
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Figure 6.3: Scanning electron micrographs and fibre diameter distributions of graphene nanoplatelet loaded 

poly(methyl methacrylate) fibres produced using pressurised gyration at maximum rotational speed and 0.1 MPa 

applied pressure. (a) and (b) pure poly(methyl methacrylate) fibres, (c) and (d) 2 wt% graphene nanoplatelet fibres, 

(e) and (f) 4 wt% graphene nanoplatelet fibres, (g) and (h) 8 wt% graphene nanoplatelet fibres. 
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Increasing the concentration to 4 wt% resulted in an increase in beaded fibres and a 

decrease in porosity. The average fibre diameter of GNP loaded fibres was found to be 

0.99 ±0.56μm. This average value is similar to that obtained from fibres with low GNP 

loading, but with a broader fibre distribution. However, the average fibre diameter of 

GO loaded fibres was found to be 1.55 ±0.9 µm.  

 

The rise in bead frequency within the fibre matrix, of both GO and GNP loaded fibres, is 

assumed to be caused by nanoparticle agglomeration. This indicates that at higher 

nanoparticle loadings, there is a non-homogenous dispersion of nanoparticles within 

the solution, and the solution can therefore be described as being nanoparticle 

aggregates dispersed within a polymer matrix. Furthermore, at this concentration a 

broad range of fibre diameters can be observed. One way in which a wider fibre 

diameter distribution was obtained is through the difference in the solutions’ 

rheological properties. The increase in the nanoparticle concentration elicited 

saturation of the PMMA solution, which stemmed the development of nanoparticle 

agglomerates. Nanoparticle agglomerates consequently caused interference with 

polymer chain entanglement and altered fibre production. This theory has been 

corroborated by Weir et al., who has demonstrated GO causes a decrease in interchain 

entanglements within polymer-GO nanocomposites (Weir et al., 2016). Nonetheless, 

functional fibre formation implies the solution had adequate surface tension and 

resistance to withstand the applied centrifugal force and pressure difference to form 

cone jets at the orifices. The solution successfully overcame shear stresses and was able 

to elongate into fibres. The low viscosity and low surface tension observed in the 

rheological studies explains the broad distribution of fibre diameters that were observed 

(Jain et al., 2008; Mahrukh et al., 2016). The presence of thick and thin fibres at 4 and 8 
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wt% GO and GNPs suggests at lower surface tensions, there is an encouragement for 

the major polymer jets to form fine fibres thus leading to the variation in fibre diameter 

distribution. 

 

At higher GO/GNP concentrations the fibre surfaces appeared to contain indentations 

as opposed to surface pores. Decrease in porosity can be ascribed to several theories 

such as Henry’s law (Illangakoon et al., 2017a; Xu, Zhu and Xu, 2005). Chloroform within 

the solution retains a lower vapour pressure at higher nanoparticle concentrations 

(Mahrukh et al., 2016). This lower vapour pressure slows evaporation of the solvent, as 

more heat is required to overcome the Van der Waals forces, resulting in reduced 

differences in temperature between the surface and the surrounding atmosphere (Xu, 

Zhu and Xu, 2005). This then leads to a slower droplet formation, nucleation and rapid 

PMMA precipitation at the droplet-water interface. These factors combined, result in 

the lower porosity. 

 

Increasing the GO nanosheet and GNP concentration to 8 wt% resulted in an increase in 

irregular particles amidst the fibrous structure. The fibres yielded were thicker and 

rougher in comparison to fibres obtained with low concentrations, with average fibre 

diameters of 2.71 ±1.74 µm and 2.0 ±1.3 µm being achieved for GNP and GO, 

respectively. As the processing conditions of each solution remained the same, the 

change in fibre morphology was regarded as a reflection on the GNP and GO nanosheet 

concentration. The pores appeared to be isolated and moderately distributed along the 

fibre. 
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6.3 Antimicrobial Activity 

The GO and GNP loaded PMMA fibres were incubated in microbial suspensions for 24 

hours at 37oC and 150 rpm. The antimicrobial activity of the fibres was determined by 

calculating the microbial reduction after treatment. 

 

Figure 6.4: Microbial properties of 0, 2, 4 and 8 wt% graphene nanoplatelet and graphene oxide loaded poly(methyl 

methacrylate) fibres against E. coli, S. aureus and Bacteriophage T4 when incubated for 24 hours at 37oC and 150 rpm. 

Error bars represent standard deviation. p values of < 0.05 (*), < 0.01 (**), <0.001 (***) and <0.0001 (****) are shown 

on the graph. 

As shown in Figure 6.4, pure PMMA fibres showed a moderate decrease in microbial 

cells (8.84 ±9.56% for E. coli, 2.0 ±5.24% for S. aureus and 11.18 ±1.43% for 

Bacteriophage T4). This minor reduction in microbial cells is likely owing to two factors: 

(i) the lack of nutrients in the medium (PBS) and the PMMA fibres caused the cells to 

become exhausted thus the microbial cultures begin to die (stationary phase) (ii) the 

microbial cell wall becomes damaged due to the hydrophobic interaction between the 

hydrophobic surface of the PMMA fibres and the hydrophobic domains present on the 

bacterial cell wall (Andrade, 1985; Park, Periathamby and Loza, 2003). 
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6.3.1 Graphene Nanoplatelet Nanocomposite Fibres 

2 and 4 wt% GNP loaded fibres showed pro-bacterial properties with an average 

bacterial growth of 79 ±35% and 248 ±75%, respectively. It has been well documented 

in previous literature that bacterial growth in aquatic systems is dependent on the 

carbon content available in the environment (Frias, Ribas and Lucena, 2001; van der 

Kooij, Visser and Hijnen, 1982). Studies have shown a positive correlation between 

carbon source metabolism and microbial proliferation, with carbon source often 

determining the maximum obtainable cell density (Egli and Zinn, 2003; Fonte et al., 

2013; Markou, Vandamme and Muylaert, 2014). This suggests that with fibres 

containing a low concentration of GNP, the bacterial cells metabolise the GNP to support 

microbial growth and cell division. As GNP is an allotrope of carbon, it is generally 

considered an inorganic material, and in aquatic systems, such as PBS, inorganic carbon 

is rapidly converted into an available carbon form that can be readily metabolised and 

used (Cole and Prairie, 2014; Dodds, 2002). 8 wt% GNP fibres showed strong 

antimicrobial activity compared with 0, 2 and 4 wt% GNP fibres, having a cell inactivation 

percentage of 85 ±5%, 92 ±3.03% and 33.55 ±1% for E. coli, S. aureus and Bacteriophage 

T4, respectively. The observed loss of cell viability is considered statistically significant 

when compared to the control (PMMA) fibres. These results indicate that the minimum 

microbicidal concentration of GNP within a fibre is 8 wt%, as at this concentration 

microbial death occurs. However, it should be noted, that as both Gram-positive and 

Gram-negative bacteria have shown tolerance to the 2 wt% and 4 wt% GNP fibres, there 

is a risk of the microbes developing resistance to this treatment method. Therefore, in 

an antimicrobial setting, GNP composite fibres could potentially be more detrimental 

than beneficial if there is a lack in surveillance. 
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6.3.2 Graphene Oxide Nanocomposite Fibres 

PMMA fibres containing 2 wt% GO exhibited antimicrobial properties with average 

microbial reductions ranging between 22 ±1.31% to 69 ±17%. These reductions are 

significantly lower than the observed reduction of pure GO nanosheets. This is due to 

some of the GO nanosheets being embedded within the PMMA fibres and not just on 

the fibre surface. Increasing the GO concentration to 4 wt% increased the antimicrobial 

action of the fibres, showing microbial reductions of 70 ±35%, 82 ±22% and 29 ±1% for 

E. coli, S. aureus and Bacteriophage T4, respectively. This indicates a higher 

concentration of GO nanosheets on the fibre surface, therefore there is more exposed 

GO for the microbes to interact with. Increasing the GO concentration further to 8 wt% 

significantly enhanced antimicrobial action of the fibres, as these fibres showed the 

strongest antimicrobial activity with cell inactivation percentages of 85 ±20%, 95 ±3% 

and 39 ±1% being achieved for E. coli, S. aureus and Bacteriophage T4, respectively. 

Existing literature has reported different minimum inhibition concentrations (MICs) for 

GO. Nanda, Yi and Kim (2016) have reported the MIC to be 1 µg/mL, while Liu et al. 

(2011) reported a MIC of 80 µg/mL (91.6% inhibition), and Shubha et al. (2018) reported 

a MIC of 25000 µg/mL and a minimum bactericidal concentration of 50000 µg/mL. In 

this research, when 8 wt% fibres were used, the GO concentration was 530 µg/mL. 

 

A multitude of mechanisms can be credited with the antimicrobial activity of these 

nanocomposite fibres (described in Chapter 4). As the majority of the graphene-based 

nanomaterials were entrapped within the fibres and not protruding out (Figure 6.2 (g)), 

it is thought the predominant mechanism of action involves the production of oxidative 

stress (Kotchey et al., 2011; Tu et al., 2013; West and Marnett, 2006). This also explains 

why GO was more potent than GNPs (due to the presence of oxygen in its structure). 
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6.4 Post Treatment Characterisation 

GO/PMMA fibres were found to have the most potent antimicrobial behaviour. These 

fibres were then characterised using SEM, FTIR, Raman mapping, Raman scanning, SRS 

and an ROS assay. 

 

SEM analysis was used to examine the interaction between the pathogenic 

microorganisms and the GO/PMMA fibres and to assess any changes in cell morphology. 

Figure 6.5 shows the bacterial cells, E. coli and S. aureus, on the GO/PMMA fibres. 

 
 

(a) (b) 

Figure 6.5: Scanning electron micrographs of graphene oxide/poly(methyl methacrylate) fibres after exposure to (a) 

S. aureus and (b) E. coli. 

In the presence of GO/PMMA fibres the bacteria showed changes in cell morphology. 

Healthy prokaryotic cells form a capsule, a protective layer rich in sugars, proteins and 

alcohol, and/or lipids that help stick bacteria to each other as well as onto the substrate 

(Cvelbar et al., 2009; Wang et al., 2017). In addition to this layer, Gram-negative bacteria 

(E. coli) also contain an asymmetric outer membrane whose inner leaflet is composed 

largely of glycerophospholipids and an outer leaflet composed of lipopolysaccharides. 

These capsules cover the entire bacteria as well as the whole space between bacteria. 
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As shown in Figure 6.5, exposure of the bacterial cells to GO/PMMA fibres caused 

capsule degradation, as the capsule is removed from the exposed parts of bacteria. In 

addition, visible damage on the cell surface can be seen as the cells have a distorted 

structure. This characteristic is symptomatic of ROS degradation (Al-Sharqi et al., 2019; 

Khan et al., 2019). SEM analysis of the strains under investigation clearly provides 

evidence of the antimicrobial activity of the functionalised fibres. SEM analysis was very 

valuable in the assessment of the antimicrobial mechanism. 

 

A combination of FTIR, Raman mapping, Raman spectroscopy and SRS was employed to 

verify the presence of GO nanosheets on the surface of the polymeric fibres. The FTIR 

spectra of GO, PMMA and GO/PMMA fibres (Figure 6.6) showed the specific functional 

groups of C−O−C (~1000 cm−1), C−O (1230 cm−1), C=C (~1620 cm−1) and C=O (1740–1720 

cm−1) bonds.  

 

The spectrum of PMMA showed a peak around 3500 cm−1 and a very sharp signal at 

1732 cm−1, corresponding to the stretching of hydroxyl and ester groups present in 

PMMA, respectively (Tommasini et al., 2018). Typical bands at 987 and 1453 cm−1 

correspond to O–CH3 bending and stretching deformation of PMMA, respectively, while 

bands at 1730 and 1250 cm−1 belong to stretching of C=O groups (Tommasini et al., 

2018). Bands at 1065 and 1197 cm−1 represent C–O stretching vibration and chain 

vibration, respectively. The other bands in the 3000–2800 cm−1, 1490–1275 cm−1 and 

900–750 cm−1 spectral regions belong to CH3 and CH2 vibrational modes (Elashmawi and 

Hakeem, 2008; Ramesh et al., 2007). 
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Figure 6.6: Fourier-transform infrared spectra of graphene oxide, poly(methyl methacrylate) and graphene 

oxide/poly(methyl methacrylate) nanocomposite fibres. 

The typical characteristics of GO in the FTIR spectrum (Figure 6.6) are peaks conforming 

to the C=O stretching vibrations from carbonyl and carboxylic groups at 1735 cm-1, C-C 

in aromatic ring at 1639 cm-1 and C–O–C stretching from epoxy groups at 1072 cm-1, 

which confirms the existence of oxygen-related functional groups. The band in the 

region of 3600–3300 cm−1 corresponds to O−H stretching vibrations of hydroxyl and 

carboxyl functional groups of GO (Tabish et al., 2017, Tabish et al., 2019). Furthermore, 

a peak at 1382 cm-1 and a wide-ranging band at 3400 cm-1 are attributed to the 

stretching vibration of O–H groups (Tabish et al., 2017; Tabish et al., 2018). 

 

The FTIR spectra of GO/PMMA fibres revealed typical peaks corresponding to PMMA 

(3001 and 2954 cm-1 for C–H stretching, 1735 cm-1 for C=O stretching, 1200 and 1148 

cm-1 for C–O stretching) as well as O–H stretching peak at 3500 cm-1, which is due to 

oxygen functional groups of GO (Tripathi et al., 2013). These spectra clearly represent 

0

10

20

30

40

50

60

70

80

90

100

500 1000 1500 2000 2500 3000 3500 4000

Tr
an

sm
it

ta
nc

e 
(a

.u
)

Wavenumber (cm-1)

Graphene Oxide PMMA GO-PMMA



 132 

the chemical interaction between GO and PMMA. Previously reported work on CNT-

PMMA nanocomposites showed the unpaired electrons associated with CNT activates 

the p-bond of CNT, which binds CNT to the polymer chain (Ali et al., 2010). GO has 

comparable physio-chemical characteristics and high specific surface area (in 

comparison to CNTs). Both compounds show similar bands in their FTIR spectra, 

suggesting that the GO molecules are successfully grafted onto the surface of PMMA. 

 

Raman mapping was used to identify GO in the GO/PMMA fibres (Figure 6.7). The dark 

areas in Figure 6.7 (a) are GO as confirmed by Raman spectroscopy in Figure 6.7 (b). The 

D peak (at 1350 cm−1) arises from the breathing mode of the sp2 hybridised carbon and 

induces disorders including edges, functional groups, and structural defects (Stankovich 

et al., 2007).  

 

The intensity ratio of D and G peaks (ID/IG) for GO was 0.88. As the D peak is caused by 

out of plane vibrations of sp2, while the G peak is the result of in plane vibrations of the 

sp2 bonded carbon atoms, a low ID/IG ratio implies the presence of structural defects in 

the GO. The sharp peak seen at ~2800 cm-1 is due to the single layer of GO in the fibre. 

It also indicates that the GO may have some defects as a result of fibre formation during 

pressurised gyration. This peak can also be attributed to the overtone of the D’ peak and 

is called a 2D’ peak. Figure 6.7 (c) and (d) show individual Raman maps of the D and G 

peaks of the same area of the GO/PMMA fibre surface. In the mapping images, the 

colours at each point detail the intensity of the D and G peaks, with red being the most 

intense and green being the least (virtually undetectable). The intense colouring on the 

Raman maps correlate well with the Raman spectroscopy in Figure 6.7 (a) and (b), 

therefore further reiterating the results and conformation of GO on the surface of the 
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fibres. The G peak showed a stronger intensity than the D peak, further confirming the 

calculated low ID/IG ratio and possible damage to the GO nanosheets. 

 
(a) (b) 

  

ID  (X,Y) IG  (X,Y) 

(c) (d) 

Figure 6.7: Raman microscopic image of 4 wt% graphene oxide loaded poly(methyl methacrylate) fibres: (a) 

microscopic image, (b) Raman spectrum, (c) Raman mapping of D and (d) G peaks. 

Detailed Raman spectroscopy of the GO/PMMA fibres was also performed. The Raman 

spectrum was compared with those of ‘free’ GO to investigate the presence of GO on 

the PMMA fibre surface. The Raman spectrum of GO/PMMA fibres is presented in Figure 

6.8. The typical Raman peak of GO was characterized by a G band (1604 cm-1) and D 

band (1354 cm-1) which represent the sp2 hybridisation of carbon atoms and the 

breathing mode of the K-point phonons of A1g symmetry, respectively (Tabish et al., 

2017, Tabish et al., 2018). More specifically the G band is associated with the doubly 

degenerate (longitudinal optical and in-plane transverse optical phonon mode (E2g 
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symmetry) and the Brillouin zone centre and is a characteristic peak of graphene-related 

materials (Wu et al., 2018). The position of the G peak is sensitive to external 

perturbations, such as defects, doping, strain and temperature, thus, is widely used to 

prove the response of graphene-based materials (Wu et al., 2018). The D peak is used 

to characterise disorders and defects in graphene-based materials, such as graphene 

oxide, as the D peak increases with increasing number of defects (Wu et al., 2018). If 

there is no D peak in the Raman spectra, then the graphene material has no defects. The 

six characteristic bands of GO-covered PMMA observed at 2953, 2848, 1739, 1605, 

1453, 1348 cm-1. Raman band 2953 cm-1 represent the C-H stretching vibration (Thomas 

et al., 2008). The band at 1739 cm-1 is ascribed to the combination band arising out of 

ν(C=C) and ν(C–COO) modes (Thomas et al., 2008).  

 

PMMA triggers slight hardening and wide-ranging of the G and D peaks. Both G and D 

peaks are slightly shifted from 1604 and 1354 to 1605 and 1348 cm-1 respectively owing 

to the residual compression strain persuaded by the temperature involved in fibre 

preparation (specifically temperature increase during sonication of the GO suspension 

prior to fibre manufacture). The D band indicates defects including voids, grain 

boundaries, and amorphous carbon species (Guan et al., 2014; Tabish et al., 2018). In 

the GO/PMMA fibres, a small change in the D peak is observed, resulting in a slight 

increase in the ID/IG, undoubtedly demonstrating that sp3 grafting sites are being 

introduced onto the carbon lattice. The ID/IG ratio can be used to calculate the 

interdefect distance and number density of grafted sites per unit area (Cançado et al., 

2011; Tuinstra and Koenig, 1970). The spectra for graphene related materials show D, G 

and 2D peaks, allowing the classification of these materials in different hybridisation 

profiles, where the defect density does not exceed the Tunstra-Koenig limit (Ferrari 
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2007; Tuinstra and Koenig, 1970). It has been evidently proved that this peak arises from 

double resonance in addition to phonon confinement (Ferrari and Basko, 2013). The 

decrease in intensities of both peaks (D and G) also indicates improved graphitization. 

For monolayer graphene, there is a sharp 2D peak at 2848 cm-1 which typically 

represents of the number of graphene layers. In the current work, the band is observed 

to be sharp, indicating that as-prepared GO comprises single layer with defects. These 

defects are also an indication of processing of fibre preparation (Xia, Su and Zhang, 

2012). 

 

Figure 6.8: Raman spectrum of graphene oxide/poly(methyl methacrylate) fibres. 

Post antibacterial studies, 8 wt% GO/PMMA fibres were analysed using SRS. SRS showed 

GO to have a strong signal within the SRS channel, this signal has a broad spectral profile 

which can be attributed to pump-probe interactions within the GO, rather than more 

chemically specific Raman vibrations (Hendry et al., 2010). PMMA is also visualised in 

the SRS channel, the signal from the PMMA shows a strong peak at 2940cm-1 which can 

be attributed to the CH3 Raman vibrations. Figure 6.9 (A) compares the spectra of the 

PMMA fibres and the 8 wt% GO/PMMA fibres after incubation with E. coli. The intensity 
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of the SRS signal in GO/PMMA is much higher than PMMA alone. Figure 6.9 (B) shows 

the results of multi curve regression (MCR) analysis performed on a hyperspectral data 

stack of the sample containing PMMA, GO and bacteria (Zhang et al., 2013). The analysis 

enabled the signal from the PMMA shown in red from the GO shown in green to be 

separated based on their spectral properties. The amber colour indicates a mixture of 

GO and PMMA. The images show flakes of GO distributed across the surface of the 

PMMA fibres, which contribute to the high killing efficacy of composites towards 

pathogenic microorganisms. SRS analysis also confirmed the presence of GO after 

antibacterial studies, thus indicating that is has not been released from the fibres.  

 

Figure 6.9: (a) Stimulated Raman Scattering (SRS) spectra from poly(methyl methacrylate) and graphene oxide in the 

graphene oxide/poly(methyl methacrylate) E. coli treated samples, (b) the results of Multi-Curve Regression analysis 

performed on a hyperspectral stack of SRS images from bacteria and graphene oxide/poly(methyl methacrylate). Here 

the poly(methyl methacrylate) (red) and graphene oxide (green) signals can be separated by the different spectral 

profiles as shown in (a). Amber colour indicates a mixture of graphene oxide and poly(methyl methacrylate).  

FTIR, Raman mapping, Raman spectroscopy and SRS of the GO/PMMA nanocomposite 

fibres confirmed the presence of GO on the fibre surface. This fibre characteristic plays 

a vital role in the antimicrobial mechanism of action of the fibres. 
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Oxidative stress caused by GO has been reported as a main toxicity mechanism (Zhang 

et al., 2010). In this work, the prepared GO/PMMA nanocomposite fibres were studied 

to see if they produce ROS. From Figure 6.10 it is evident ROS production began at 

approximately 70 minutes and steadily increased over the 400-minute incubation 

period. The delay in signal may be explained by the availability of hydrogen peroxide in 

the control to reduce the probe, while for the GO/PMMA fibres ROS generation may 

depend on the generation of an intermediary (Gomes, Fernandes and Lima, 2005). 

Overproduction of ROS is a principal representative of oxidative stress; hence the 

measurement of ROS indicates ROS-mediated oxidative stress is the likely antibacterial 

mode of action (Zhang et al., 2010, Gurunathan et al., 2013). It is thought that the GO 

present on the surface of the fibre produces ROS. In the presence of light, the GO on the 

surface of the PMMA fibre forms oxidative (valence band holes) and reductive 

(conduction band electron) transients (Hou et al., 2015). These co-occurring transients 

react with dissolved oxygen in the liquid medium to yield ROS such as singlet oxygen, 

hydroxyl radicals and superoxide anions (Hou et al., 2015; Zhang, Yan and Song, 2014). 

While the formation of singlet oxygen does not involve electron transfer, the formation 

of superoxide anions is initiated by electron transfer from an excited state substrate to 

oxygen (Xu et al., 2011). The self-combination serves as a major degradation process for 

superoxide anions, which results in hydrogen peroxide formation, and finally production 

of hydroxyl radicals. Hydroxyl radicals play a significant role in radical-induced cellular 

damage. ROS causes the oxidative damage of a variety of cellular macromolecules, this 

includes generation of protein radicals, activation of lipid peroxidation, DNA-strand 

breakage, modification to nucleic acids, gene expression through activation of redox-

sensitive transcription factors and modulation of inflammatory responses through signal 

transduction (Evans, Dizdaroglu and Cooke., 2004; Fu et al., 2014; Fu et al., 2012; Poli et 
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al., 2004; Poon et al., 2004; Stadtman and Berlett, 1997). All of which lead to the release 

of pro-apoptotic proteins, loss of function, and increased rate of mutagenesis and 

ultimately cell death. 

 

Figure 6.10: Generation of reactive oxygen species from graphene oxide/poly(methyl methacrylate) fibres. The 

fluorescence of DCF was measured using a fluorimeter with excitation at 485 nm and emission at 530 nm. Positive 

control represents a 1:1 dilution of 30% hydrogen peroxide in phosphate buffered saline, whilst the negative control 

represents phosphate buffered saline only. 

6.5 Summary 

GO and GNP loaded PMMA fibres were produced using the optimal pressurised gyration 

parameters. The results obtained in this investigation indicated that fibre morphology 

was dependent on nanoparticle concentration. It was observed that as GO/GNP 

concentration increased, average fibre diameter increased, average porosity decreased, 

and fibre morphology became increasingly irregular. 

 

This research also showcased microbial properties of the prepared nanocomposite 

fibres. Understanding the microbial properties of GO and GNP loaded PMMA fibres is 
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critical for the future application of these emerging carbon-based nanomaterials. The 

effect of these carbon-based nanomaterials on E. coli, S. aureus and Bacteriophage T4 

were compared. Microbial studies revealed that 2 and 4 wt% GNP loaded fibres showed 

pro-bacterial activity, whilst 8 wt% GNP, 2 wt%, 4 wt% and 8 wt% GO fibres showed 

antimicrobial activity. These findings suggest the effect of the fibres on microbial cell 

growth and division were concentration dependent. The bacterial growth observed with 

lower GNP concentration fibres may be attributed to GNP serving as a nutrient source 

for microbial growth. The microbial cytotoxicity of the nanocomposite fibres is 

attributed to the production of oxidative stress, as demonstrated by ROS studies. The 

most potent fibres were further characterised using SEM, Raman mapping, Raman 

spectroscopy FTIR and SRS to confirm the successful incorporation of the GO 

nanosheets. With the knowledge obtained in this study in can be concluded that, GO 

nanocomposite fibres demonstrate a great potential in filtration applications.  
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Chapter 7: Antimicrobial Membranes in Water Filtration  

Microbiologically safe water is required for sustaining life and many anthropogenic 

activities such as agriculture, washing, and industries (Pooi and Ng, 2018). Water supply 

networks are a major source of waterborne pathogens, even after extensive sterilisation 

and disinfection (Baumgartner, Murcott and Ezzati, 2007). 

 

Water sterilisation can be achieved through centralised and/or decentralised treatment. 

In developed countries and major cities, water supplies are primarily managed by 

centralised water treatment. Conventional centralised water treatment systems consist 

of essential processes to remove harmful microorganisms (Betancourt and Rose, 2004). 

Treated water is then distributed to households via extensive piping systems. 

Widespread expansion of centralised water treatment has been hindered, particularly 

in urban fringes, poverty-stricken areas and indigenous communities, largely due to the 

expense and technical complexities of the required infrastructure (Mankad and 

Tapsuwan, 2011). Nonetheless, treated water is still at high risk of microbiological 

pollution due to the formation of biofilms and contamination of water supply networks. 

Point-of-use interventions have therefore been considered a low-cost and effective 

alternative for the reduction of waterborne pathogens that can be implemented on-site. 

 

This study focuses on the performance microbiological efficacy of the prepared point-

of-use filters. These membranes are expected to effectively deactivate pathogenic 

microorganisms in water supplies at the point-of-use. Conventional water filters remove 

microorganisms by size exclusion, whereby microorganisms larger than the pore size will 

be retained (Betancourt and Rose 2004). Whereas the prepared nanocomposite 

membranes are thought to work by disinfection, causing the inactivation and 
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destruction of microorganisms in the fluid flow (Ratnayaka, Brandt and Johnson, 2009). 

For a comprehensive assessment of their antimicrobial performance, the membranes 

were tested under simulated water filtration conditions on their ability to 

decontaminate water flows. 

 

7.1 Water Filtration 

Waterborne diseases can be circumvented by proper microbiological decontamination 

of water. A recent systematic review conducted by the WHO on water, sanitation and 

hygiene interventions has concluded that simple, user friendly, low maintenance, grid-

independent, socially acceptable and inexpensive interventions at the point-of-use have 

the potential to significantly ameliorate the microbiological quality of water and 

subsequently diminish waterborne disease by 30 – 40%. Thus, making such treatments 

more effective than improvements at the source (Clasen et al., 2007; Esrey, Feachem 

and Hughes, 1985; Esrey et al., 1991; Fewtrell et al., 2005). Even though an assortment 

of point-of-use technologies have been proposed, trialled, and deployed, not all have 

evidence supporting efficacy and sustained use (Clasen et al., 2007; Fewtrell et al., 

2005). One of the challenges to making informed decisions about widespread 

dissemination of these technologies is the lack of rigorous scientific evidence (Clasen et 

al., 2007; Fewtrell et al., 2005). 

 

The capability of point-of-use water treatment technologies to produce sufficient 

volumes of sterile water is critical. This measurement is typically based on the ability to 

produce 20 L of sterile water in 4 hours, a sufficient quantity to meet the critical drinking 

water needs of 5-member households (World Health Organisation, 2005). Ceramic 

point-of-use filters employ flow rates of 1 – 3 L per hour, whereas biosand filters are 
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able to filter 15 – 60 L of water per an hour (Sobsey et al., 2008). In this study a flow rate 

of 30 L per an hour was used. When compared to ceramic point-of-use filters, the flow 

rate employed in this study was significantly higher. The narrow fibre diameter and high 

fibre density allowed for high membrane surface are to volume ratio, resulting in a 

higher flow rate.  

 

The antimicrobial efficiency of pure and functionalised nanocomposite fibrous 

membranes was tested using a water filter apparatus (Figure 3.2). The apparatus was 

used to verify the extent to which the filter is able to deactivate pathogenic 

microorganisms passing through it. This measurement was obtained by simulating a 

passage of contaminated water through the membrane sample. The presence of 

microbes, which were injected into the testing apparatus and passed through the 

membrane, were analysed (Figure 7.1). 

 

Figure 7.1: Antimicrobial activity of graphene oxide/poly(methyl methacrylate) fibrous membranes after water 

filtration. Error bars represent standard deviation. P values of <0.0001 (****) is shown on the graph. 

0

10

20

30

40

50

60

70

80

90

100

E. coli S. aureus Bacteriophage T4

An
tim

icr
ob

ia
l A

ct
iv

ity
 (%

)

PMMA GO

**
**

**
**

**
**



 143 

The results of the water filtration test correspond to the values of the 8 wt% GO/PMMA 

fibres. These results lead to the assumption that it is sufficient to use 8 wt% GO/PMMA 

fibrous membranes as microbial filters for water sterilisation as a short contact time is 

sufficient. The nanocomposite membranes were effective against all model organisms 

tested. The GO/PMMA membranes had the strongest potency against Gram positive 

bacteria, followed by Gram negative bacteria and DNA viruses, with 95.02 ±2.51%, 83.79 

±1.21% and 32.13 ±2.86% microbial reductions being observed, respectively. When 

compared to other point-of-use filter technologies that utilise nanoparticles, the 

prepared GO/PMMA membranes demonstrated a comparable performance. Studies 

have shown ceramic filters coated with silver nanoparticles are able to remove 87.11% 

of coliform (Kallman, Oyanedel-Craver and Smith, 2011). However silver nanoparticles 

have been found to be ineffective against MS2 bacteriophage (You, Zhang and Hu, 

2011). Studies using the Pall-Aquasafe Water Filter, a commercially available product, 

have shown a bacterial reduction of >99% in Gram-negative and Gram-positive bacteria, 

however no viral results were investigated or reported (Sheffer et al., 2005). These 

results are comparable to the results obtained in this study. 

 

Mechanisms of action have been discussed in the previous chapter; whereby oxidative 

stress is thought to be the predominant mode of action. During traditional water 

filtration, microbes are captured by the filters. In this instance, the pathogenic 

microorganisms are deactivated by the GO in the PMMA membranes. This not only 

prevents the spread of microorganisms but also avoids biofouling of the filter thus 

improving longevity.  
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Filtration technologies are among the most effective water sterilisation treatments. In 

fact, Clasen et al. (2007 and 2015) have concluded that membrane filtration is the most 

effective method to prevent diarrhoea. However, for the majority of filtration 

technologies implemented at the point-of-use, such as biosand filtration and membrane 

filtration, an external driving force, such as electrical pumping, is typically required to 

achieve the desired flow rate. The strength of the force required is determined by 

membrane pore size, surface area and influent water quality. Larger forces are needed 

to filter water across membranes with a small surface area and pore size, while smaller 

forces are needed for membranes with a larger surface area and pore size (Pooi and Ng, 

2018). The need for grid-independent water filtration systems is crucial, as not only do 

many places around the world lack access to a continuous electric or water supply, there 

is also increasing concern regarding global energy consumption. Therefore, grid-

independent water filtration systems are highly sought after. The GO/PMMA 

antimicrobial membranes presented in this study can be used without the use of an 

external force. When testing the antimicrobial efficacy of the GO/PMMA membranes, 

the membrane relied on gravity to pull the liquid through the nanocomposite mesh and 

the membrane functioned without the use of an external force or vacuum. 

 

Though the high microorganism deactivation results achieved with the 8 wt% 

GO/PMMA fibrous membranes make these membrane systems more reliable and 

effective than conventional filters, they can be improved to further enhance their 

antimicrobial efficacy. One way in which they can be developed is by increasing the 

quantity of exposed GO on the fibre surface. This can be achieved through the use of 

core-sheath fibres. Recent research has shown pressurised gyration is capable of 

generating nanofibers with a core-sheath configuration (Mahalingam et al., 2020). For 
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filtration applications, the core-sheath fibres can be tailored whereby only the sheath 

contains the active antimicrobial agent (GO) and the core of the fibre provides 

mechanical support. This will reduce GO wastage and improve antimicrobial activity. 

 

7.2 Post Filtration Characterisation 

The GO/PMMA membranes were imaged after filtration using SEM to assess the degree 

of microbial interaction with the fibres (Figure 7.2). It is clear from the SEM images that 

the pathogenic microorganisms present in the fluid interacted and made contact with 

the GO/PMMA fibres in the membrane. The GO/PMMA fibrous membranes affected cell 

morphology as there is no clumping and damage to the cellular protein capsule can be 

observed. In addition, these cells have abnormal concave structures with pits being 

present on the cell surface. Oxidative stress has detrimental effects on proteins, in 

particular sulphur containing amino acids cysteine and methionine (Ezraty et al., 2017). 

Exposure of microbial cells to GO/PMMA fibres damages the cellular components. The 

amino acids cysteine and methionine are particularly sensitive to oxidative damage 

owing to the electron rich sulphur atom in their side chain (thiol) (Ezraty et al., 2017). 

Furthermore, the accumulation of lethal levels of ROS in bacterial cells leads to a change 

in membrane potential, which consequently promotes pit formation in the membrane 

and further lysis leading to cell death. The obtained SEM images further validated the 

toxic effects of the GO/PMMA fibres. 
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(a) (b) 

Figure 7.2: Scanning electron micrographs of the graphene oxide/poly(methyl methacrylate) membranes post 

filtration (a) S. aureus and (b) E. coli. 

 

7.3 Summary 

Decontamination of water supplies is an important way of reducing waterborne 

diseases. Antimicrobial GO/PMMA nanocomposite fibrous membranes were fabricated 

using pressurised gyration and tested in point-of-use application. GO treatments 

significantly improved the quality of the PMMA effluent, and the experiments 

performed herein are the first to specifically identify the beneficial effects of GO/PMMA 

fibrous membranes for water filtration. The disinfection efficiency of the GO treatments 

appeared to depend primarily on the mass of GO in the filter, as no antimicrobial activity 

was observed with pure PMMA filters. The antimicrobial performance of the GO/PMMA 

nanocomposite fibrous membranes agreed well with the results gathered in Chapter 6, 

as they were effective in deactivating Gram-negative, Gram-positive and DNA viruses. 

No apparent difference was found between the fibres in suspension and in application. 

SEM analysis showed structural changes in the cell morphology, indicating ROS is the 

main antimicrobial mode of action. The filters were able to produce microbiologically 
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safe water in large quantities in order to meet critical drinking water needs. These 

findings are line with observations made in Chapter 6 and offer an immediate, validated 

barrier against waterborne microorganisms. 
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Chapter 8: Conclusions and Future Work 

Pressurised gyration is a hybrid technique offering a promising route for the mass-

production of nanocomposite fibrous membranes. It involves rotating a pressurised 

perforated pot containing a polymer solution at high speed to form uniform fibres. The 

central focus of this project was to prepare an antimicrobial nanocomposite fibrous 

membrane for point-of-use water filtration using this technique. This objective was 

achieved by addressing major gaps in available literature: 

1. Discovery of novel antimicrobial agents that are effective against broad spectrum of 

waterborne pathogens and the minimum concentration required to observe a 

statistically significant microbe reduction. 

2. Development of fibrous filter membranes that display surface porosity and a narrow 

fibre diameter distribution using pressurised gyration. this would be achieved by 

understanding the solubility and spinnability of PMMA and the effect processing 

parameters have on the resulting fibres. 

3. Functionalisation of polymeric fibres using pressurised gyration and confirmation of 

their antimicrobial activity. 

4. Validate the as-prepared nanocomposite fibrous membranes in point-of-use water 

filtration.  

 

8.1 Summary of Findings 

8.1.1 Antimicrobial Properties of Nanomaterials 

A multitude of nanomaterials, including carbon and metallic nanoparticles, were 

characterised and assessed for antimicrobial activity against Gram-negative, Gram-

positive and virus model organisms in suspension. Results reported in this thesis showed 
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the nanomaterials to have varying morphology and dose dependent antimicrobial 

activity. SEM analysis showed tellurium particles to have a polygonal structure ranging 

between 2 and 12 µm in diameter. The material was found to have antibacterial activity 

against Gram-negative bacteria, moderate toxicity against DNA viruses and no 

antibacterial activity against Gram-positive bacteria. In general, tungsten nanoparticles 

and its derivatives, tungsten oxide and tungsten carbide, had average diameters 

between 1.55 ±0.74 µm and 2.97 ±2.55 µm, and exhibited no antibacterial activity but 

strong antiviral properties. However, tungsten oxide displayed mild antibacterial activity 

towards Gram-positive bacteria. Copper based intermetallic nanoparticles, copper-

silver and copper-zinc, had average diameters of 95 ±5.32 nm and 135 ±10.76 nm, 

respectively. These nanoparticles demonstrated broad-spectrum antimicrobial activity 

as they were effective against all microorganisms tested. Carbon-based nanomaterials, 

GO and GNPs, demonstrated the most potent activity. 2 wt% was found to be the 

minimum concentration required to inhibit microbial growth after 24 hours of 

incubation. SEM, AFM and TEM revealed the materials had a flat two-dimensional sheet-

like morphology, with widths of 1 – 4 µm and 110 ±0.11 nm for GO nanosheets and 

GNPs, respectively. 

 

8.1.2 Preparation of Fibrous Filter Membranes 

A combination of theoretical and experimental techniques was used to identify a 

suitable polymer/solvent system and processing parameters for the manufacture of 

point-of-use filter membranes. Of the seven organic solvents investigated, halogenated 

solvents were identified as advantageous for the dissolution of PMMA and the 

formation of porous fine fibres, due to their strong electronegativity. Introducing 

applied pressure into the gyration set up initially increased the fibre diameter and pore 
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size but reduced the fibre diameter distribution. Further increasing the pressure 

decreased fibre diameter as well as pore size. This result indicates there is a trade-off 

between solvent evaporation and water nucleation beyond the optimal pressure.  

 

Solvent selection and applied pressure had a significant effect on fibre morphology. 

PMMA/chloroform and 0.1 MPa exhibited favourable properties such as well-defined 

surface porosity and a narrow fibre diameter distribution. The formed fibres had a fibre 

diameter of 3.3 ±1.2 µm a surface pore size of 126 ±18 nm. These parameters were 

outlined as optimal for the given application. 

 

8.1.3 Manufacture of Functionalised Antimicrobial Fibres 

GO and GNP loaded PMMA nanocomposite fibres were successfully prepared using 

pressurised gyration. The as-prepared fibres were characterised by SEM. Average fibre 

diameter increased while average porosity decreased as GO/GNP concentration 

increased. Average fibre diameter of GNP/PMMA fibres increased from 0.75 ±0.35µm 

to 2.71 ±1.74µm. Fibres containing low concentrations of GNPs (2 and 4 wt%) 

demonstrated pro-bacterial properties as they supported the growth and division of 

bacterial cells. Increasing the GNP concentration beyond this to 8 wt% caused the fibres 

to exhibit antibacterial properties. GNP/PMMA fibres showed antiviral properties at all 

concentrations tested. 

 

Average fibre diameter of the GO/PMMA fibres increased from 0.75 ±0.35µm to 1.99 

±1.3µm as GO loading increased. Flow cytofluorometric and plaque assay results 

showed 8 wt% GO/PMMA nanocomposite fibres to have the strongest antimicrobial 

activity. These studies showed the biocidal activity of GO to be dose-dependent, as 
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average microbial reductions steadily rose from 22.37 ±1% to 95 ±3%. Further analysis 

of these fibres showed the cytotoxicity properties of the nanocomposite fibres are 

attributed to the production of oxidative stress. Increasing the concentration of GO in 

the fibres, increases ROS generation and chance for microbes to interact with the toxic 

GO nanosheets on the surface of the fibres (as confirmed by FTIR, Raman mapping, SRS 

and ROS studies). With the knowledge obtained in this study it can be concluded that 8 

wt% GO/PMMA nanocomposite fibres demonstrate great potential in filtration 

applications. 

 

8.1.4 Antimicrobial Filters in Water Filtration 

Point-of-use filters have the potential to be an absolute barrier between humans and 

waterborne pathogens. This research showcases the antimicrobial activity of prepared 

GO/PMMA nanocomposite fibrous membranes in point-of-use water filtration 

applications. 8 wt% GO/PMMA nanocomposite fibrous membranes eliminated Gram-

negative, Gram-positive and virus model organisms from contaminated water samples. 

The microbiologic quality of the water samples was significantly improved with the use 

of functionalised point-of-use filters. The results collected in this study support the 

hypothesis that as-prepared functionalised nanocomposite fibrous membranes are able 

to demonstrate antimicrobial activity at the point-of-use, therefore demonstrating 

effectiveness in the real world. 

 

8.2 Study Limitations 

Although this thesis has shown great potential it also has limitations to consider. Firstly, 

it is assumed that the model pathogens used in this study are representative of the 

pathogens frequently associated with waterborne disease. However, this may not be a 
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true reflection. The individual strains selected were also assumed to be representative 

of their species. This assumption was made in order to facilitate testing due to resource 

limitations, and also because these were the most clinically significant organisms within 

those groups in terms of transmission and incidence. However, it is still an assumption 

and not all strains will be representative of the organisms causing waterborne disease. 

Furthermore, these strains were clinically significant in the UK, but in different 

environments and amongst different populations, other species may be more relevant. 

 

Secondly, bacteriophage T4 was used in a plaque assay to quantify the antiviral 

properties of the materials investigated in this thesis. Though this method has very high 

sensitivity, the virus used infects bacteria cells and not human cells, therefore do not 

accurately mimic the pathogenesis of waterborne viruses. The use of tissue culture 

delays results and would require additional equipment and facilities.  

 

Thirdly, water filtration studies were performed at 30 L/hour. Though this meets WHO 

requirements, it mimics low pressure tap flow rates. The use of standard flow rates, 

between 4 to 6 L/min, should also be investigated. 

 

8.3 Future Work 

The findings from this project demonstrate GO/PMMA fibrous membranes suitable for 

point-of-use water filtration but these results are subjected to certain limitations, 

outlined above. Further studies should be conducted and are described below. 
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8.3.1 Broad Spectrum of Microbes 

The antimicrobial properties of various materials investigated in this thesis showed 

positive preliminary results against Gram-negative, Gram-positive and virus model 

microorganisms. However, only one representative organism was used for each 

category, and though microorganisms in the same category are similar, they do vary and 

behave differently. Furthermore, waterborne pathogens embody a wide range of 

pathogens, including endospores and parasites, therefore antimicrobial studies should 

be done using broader spectrum of pathogenic microorganisms. 

 

8.3.2 Polymer Selection 

As the prepared fibrous membranes will have direct contact with drinking water, a 

material approved by the Water Regulations Advisory Scheme should be used to 

construct the membranes. This will not only improve safety but also avoid fibre shedding 

during the filtration process. Polymers such as polypropylene are commonly used for 

water filtration applications. Polypropylene is a BPA-free polyolefin and is resistant to 

the majority of organic solvents but can be dissolved in nonpolar solvents. The materials 

solubility and spinnability should be investigated for processing using pressurised 

gyration. 

 

8.3.3 Core-Sheath Fibres 

Increasing the quantity of deposited GO on the fibre surface can greatly enhance 

antimicrobial efficacy. As discussed in Chapter 7, core-sheath fibres offer a suitable 

solution to maximise GO exposure and avoid GO being trapped within the fibres. Yeo 

and Cheong (2003) have successfully manufactured bicomponent core-sheath fibres and 

demonstrated the improved antibacterial activity these fibres. In this study, silver 
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nanoparticles were used as the antibacterial agent, and when incorporated in only the 

sheath the had greater antibacterial activity than fibres with silver in the core (Yeo and 

Jeong, 2003). Several other studies have also the reported the use of core-sheath fibres 

in a range of antibacterial applications (Gao et al., 2014; Gong et al., 2019; Yeo, Lee and 

Jeong, 2003). As mass-production is a key requirement of these bioactive fibres, the 

newly devised twin-reservoir pressurised gyration set up can be used for their 

production (Mahalingam et al.,2020). 

 

8.3.4 Filtration Studies 

Tap flow rates and pressure vary all over the UK. Filtration studies should be repeated 

with ranging flow rates, pressure and temperatures. In addition, commercially available 

point-of-use filters have a 31-day lifetime, the as-prepared filters should also be used 

repeatedly to assess repeatability, longevity and its ability to consistently produce 

sufficient quantities of microbiologically safe water. 

 

8.3.5 Leaching and Cytotoxicity Testing 

The creation of safe drinking water is of utmost importance. Leaching is defined as ‘the 

dissolution of metals, solids, and chemicals into drinking water’ (Symons, Bradley and 

Cleveland, 2000). If not regulated, it can result in elevated levels of metals, organic 

contaminants, or other contaminants in the water being consumed. For this reason, a 

leaching study should be performed to investigate the levels of leaching from the 

polymeric loaded fibres. This can be achieved by analysing the filtrate using Gas 

Chromatography-Mass Spectrometry to identify the different substances in the sample. 
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The toxic effect of the 8 wt% GO/PMMA on microbial cells is evident from this research, 

however their effect on human cells needs to be further investigated. Existing literature 

gives conflicting opinions, some articles state that GO is cytotoxic, whilst others state 

that composited GO is not cytotoxic to mammalian cells and can be used in various 

biomedical constructs (Gonçalves et al., 2012; Liao et al., 2011; Liu, Cui and Losic, 2013; 

Pahlevanzadeh, Bakhsheshi-Rad and Hamzah, 2018). 

 

8.3.6 Mechanism of Action 

Though, the physical microbial damage caused by the antimicrobial fibres was explored, 

metabolic studies should also be conducted to better understand the mechanism of 

action. Proteomic, metabolomic, transcriptomic and genomic studies should be 

performed on the microbial cells post treatment to generate a plethora of data that can 

reveal in more detail the mode of action of the fibres. 

 

8.4 Conclusions 

In summary, this thesis and the resulting publications have contributed to 

understanding the antimicrobial activity of various nanomaterials and their underlying 

mechanisms of action, the solubility and spinnability of PMMA, the effect of various 

applied pressures on fibre morphology during the pressurised gyration process, the 

manufacture of functionalised nanocomposite fibres and the efficacy of nanocomposite 

fibrous membranes in water filtration applications. The data acquired has led to 

advancements in antimicrobials, material processing, environmental engineering and 

water treatment.  
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Identification of novel broad-spectrum antimicrobial nanomaterials during this work has 

led to the exploitation of these materials in suitable applications. The nanomaterials 

investigated show promise as alternatives to traditional antimicrobial agents that 

harbour harmful side effects. This motivates their use in a large number of industrial and 

biomedical applications as well as a growing list of consumer products. There is no doubt 

that the multidisciplinary effort of this research to discover novel antimicrobial agents 

is one of the most scientifically promising advancements in material science and has a 

tremendous societal and health impact. The development of these nanomaterials to 

prevent microbial growth and colonisation is assisting in resolving the current global 

health crisis regarding the lack of antimicrobial agents, antimicrobial resistance and 

effective water treatment. Understanding the microbial properties of these 

nanomaterials was crucial for their future application. In Chapter 4, tellurium was shown 

to have strong antibacterial activity towards Gram-negative bacteria (E. coli) and 

moderate antiviral activity. Tungsten nanoparticles and its derivatives showed stronger 

antiviral properties than antibacterial properties. Intermetallic copper-based 

nanoparticles, copper-silver and copper-zinc showed toxic antimicrobial activity 

towards Gram-negative bacteria and viruses. While carbon-based nanomaterials, GO 

nanosheets and GNP, demonstrated antimicrobial properties towards both bacteria and 

viruses. The dose dependent activity of these materials can be exploited and translated 

to many disciplines to make a significant impact on global health. Research in this field 

has generated wider knowledge on three main subjects: (1) morphology of 

nanomaterials, (2) the antimicrobial activity of three classes of nanomaterials: carbon-

based, metallic and copper based intermetallic and (3) the minimum concentration 

required of these materials to inhibit microbial growth. The excellent antimicrobial 

properties of the nanomaterials reported here against a broad spectrum of pathogenic 
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microorganisms, together with their unique material properties make them a significant 

alternative to conventional antimicrobial agents. 

 

The use of flow cytometry in this research to quantify the number of dead and live cells 

in bacterial populations has emphasised the use of this technique in unconventional 

applications. This high throughput method showed no interference by the 

nanoparticles, allowed a clear distinction between live and dead populations to be made 

and gave reproducible and repeatable results. All of which encourage the use of this 

technique in microbiology and material science. 

 

In Chapter 5, the solubility of PMMA in seven different organic solvents was investigated 

using Hansen solubility, Flory-Huggins theory and experimental procedures. Its 

relevance to the pressurised gyration process was also discussed. From the results it was 

evident that the interaction and solubility parameters of each solvent behaved 

differently with respect to PMMA. The swelling of PMMA chains and their chain 

entanglement was predicted and shown that polymer-solvent interactions vary from 

solvent to solvent and these interactions play a major role in the solubility and 

spinnability of PMMA. Dissolution is a complex process, and, in this case, theoretical 

calculations alone failed to accurately predict solubility parameters, showing the need 

for experimental methods. This study demonstrated that by selecting appropriate 

solvents it is possible to fabricate PMMA fibres with various morphologies using 

pressurised gyration. In general, PMMA showed great solubility in halogenated solvents. 

The results obtained in this study are useful in practice and material processing. 
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The effect of applied pressure on fibre morphology and the formation of hierarchical 

structures during pressurised gyration was also studied. Evidence based changes have 

ensured appropriate processing parameters are used when processing PMMA using this 

hybrid technique. This work has shown fibre morphology can be tailored to suit the 

desired application by altering the applied pressure. This improves the efficiency of the 

fibre manufacturing process and allows researchers to selectively choose the 

appropriate working parameters. 

 

Functionalised fibres were successfully produced using pressurised gyration in Chapter 

6. Nanosheet concentration was found to greatly dictate fibre morphology. 

Understanding the influence nanomaterial loading has on polymer solutions and 

subsequently fibre morphology, allows researchers to identify optimal concentrations 

to avoid product waste. The effect of the functionalised nanocomposite fibres on 

microorganisms was also evidenced. These results showed the overall effect of the 

fibres on microorganisms could be tailored to suit the desired application, thus allowing 

researchers to effectively choose the loading. It also demonstrated pressurised gyration 

as a viable method to produce functionalised fibres on a large scale. This processing 

method can be applied to many other nanomaterials, therefore widening the 

application of these materials in medical, biomedical and pharmaceutical research and 

development. The research output of this cross-disciplinary project is of interest to 

chemists, engineers, life and medical science, clinical scientists and clinicians. 

 

The presented studies led to the manufacture of functionalised nanocomposite fibrous 

membranes for water filtration in Chapter 7. This research showed how the as-prepared 

membranes can be utilised in real world water treatment applications. Demonstrating 
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how interdisciplinary research can help tackle and alleviate global burdens. These 

functionalised membranes result in better elimination of pathogenic microorganisms 

from water sources at the point-of-use, consequently decreasing infection rates and 

healthcare expenditure, and improving global health. This research is of interest to UK 

and international policy makers who are involved in shaping policies regarding water 

treatment and controlling the transmission of infectious disease, allowing evidence-

based policies to be made. This research has also led to new collaborations and 

exchange of knowledge between different researchers of different disciplines. 

 

The long-term benefits of this research and the technology developed primarily effects 

the general public. The antimicrobial membranes produced reduce the numbers of 

pathogenic microorganisms in water systems which, in turn, reduce the common 

infection rates. This research brings together different disciplines to maximise the 

potential of the prepared membranes and to make them applicable to real-world 

environments. These membranes can be applied to various water supplies in hospitals, 

airports, schools, offices, and other spaces. The carbon based nanosheets embedded in 

the membranes are also capable of oxidising many other types of molecules, so will also 

be effective at minimising pollution. 
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