To believe with certainty, we must begin with doubting.
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Abstract, Zusammenfassung, Résumé

Metallic copper has been widely proved as a promising antibacterial surface. This work aims to investigate the copper corrosion phenomena mostly observed in a certain type of antibacterial efficiency test, the so-called droplet method. By performing various ex-situ metallurgical methods, chemical and morphological changes on copper surfaces were characterised, with which the copper ion content and antibacterial activity were correlated. All these findings not only help to understand the origin of the antibacterial copper ion release, but also shift the research focus back on the copper surface itself, suggesting how materials research can function in antibacterial surface design.

Metallisches Kupfer hat sich bereits mehrfach als eine vielversprechende antibakterielle Oberfläche erwiesen. Ziel dieser Arbeit ist es, die Kupferkorrosionsphänomene zu untersuchen, die am häufigsten bei einer bestimmten Art von antibakteriellen Wirksamkeitstests, der sogenannten Tröpfchenmethode, beobachtet werden. Durch die Durchführung verschiedener metallurgischer Exsitu-Methoden wurden chemische und morphologische Veränderungen an Kupferoberflächen charakterisiert, mit denen der Kupferionengehalt und die antibakterielle Aktivität korreliert wurden.

All diese Ergebnisse helfen nicht nur den Ursprung der antibakteriellen Kupferionenfreisetzung zu verstehen, sondern verlagern auch den Forschungsschwerpunkt zurück auf die Kupferoberfläche selbst, um zu zeigen, wie die Materialforschung für ein gezieltes Design antibakterieller Oberflächengestaltung funktionieren kann.

Le cuivre métallique a été largement prouvé comme une surface antibactérienne prometteuse. Ce travail vise à étudier les phénomènes de corrosion du cuivre principalement observés dans un certain type de test d'efficacité antibactérienne, appelé méthode des gouttelettes. En appliquant diverses méthodes métallurgiques ex-situ, des changements chimiques et morphologiques sur les surfaces de cuivre ont été caractérisés, avec lesquels la teneur en ions cuivre et l'activité antibactérienne ont été corrélées. Tous ces résultats permettent non seulement de comprendre l'origine de la libération d'ions cuivre antibactériens, mais aussi de recentrer la recherche sur la surface du cuivre elle-même, ce qui suggère comment la recherche sur les matériaux peut fonctionner dans la conception de surfaces antibactériennes.

Extended Summary

Pathogenic and antibiotic resistant bacteria are spreading across the world, concerning us all. They are too tiny to be easily noticed, therefore it is hard to tell if an object is contaminated or not. And most strikingly: they could survive on various types of surfaces for a long period. As a result, approaches such as cleaning and disinfection of frequently touched surfaces were developed, in order to restrain infections caused by bacteria. But meanwhile, another strategy is also receiving much attention: antibacterial surfaces.

Metallic copper has been widely proved as a promising antibacterial surface. This is mainly attributed to the release of copper ions, which could introduce damages in bacterial cells at multiple levels. To quantify the antibacterial efficiency of a certain surface, or to compare among several surfaces, antibacterial efficiency tests need to be performed. However, in these tests, the bacterial suspension is not only an object to be examined, but also an environmental factor introduced into such a corrosion system. Because it is exactly the corrosion reactions that release antibacterial copper ions, the interactions between copper surfaces and bacterial suspensions have significant impacts on antibacterial efficiency evaluation. This work aims to investigate the copper corrosion phenomena mostly observed in a certain type of antibacterial efficiency test, the so-called droplet method. By performing various ex-situ metallurgical methods, chemical and morphological changes on copper surfaces were characterised, with which the copper ion content and antibacterial activity were correlated. Grazing incidence Xray diffraction, Raman spectroscopy and scanning electron microscopy were applied for the former objective, while inductively coupled plasma mass spectrometry was employed for the latter one. Some noteworthy features have been found, promoting the understanding of the roles of oxides, bacteria, and buffer solutions presenting in an antibacterial efficiency test. For example, diverse copper release kinetics have been recorded in different buffer solutions (phosphate-buffered saline, Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 0.9% saline); at the same time, the growth of Cu2O could also be buffer-dependent. This oxide growth has been regarded as a barrier stopping copper surface from being directly corroded. This effect was further verified by introducing sputtered Cu2O coating.

Next step was to investigate the effect of bacteria, as they are actually present in antibacterial efficiency test. In the case of bacterial suspension (Escherichia coli in phosphate-buffered saline), oxide growth could be sufficiently inhibited, which is linked to the copper accumulation effect by the bacteria. Meanwhile, localised corrosion phenomenon was revealed.

In addition, oxide growth and preferred corrosion sites have been further examined on electropolished copper coupons. Oxide growth can be described as a re-deposition process, and the localised corrosion sites are microstructure dependent. It is thus found that the localised bacteria adhesion did not introduce extra corrosion attacks at that very spots, indicating the dominant role of buffer.

As a result, a further comparison was made between saline and pure water, where chloride demonstrated its significant factor in introducing localised corrosion. It accelerates copper ion release and enhances antibacterial efficiency. Features of atmospheric corrosion were obtained on saline pre-treated copper coupons. All these findings not only help to understand the origin of the antibacterial copper ion release, but also shift the research focus back on the copper surface itself, suggesting how materials research can function in antibacterial surface design. On one hand, it is necessary to take the interaction between buffers and antibacterial surfaces into account, when interpretation of antibacterial efficiency is made. On the other hand, microstructural design could play a part in enhancing antibacterial efficiency, in which release of antibacterial substances is mainly fulfilled by corrosion. v

Erweiterte Zusammenfassung

Pathogene und antibiotikaresistente Bakterien breiten sich weltweit aus, und betreffen uns alle. Sie sind zu winzig, um leicht gefunden zu werden, daher ist es schwer zu sagen, ob ein Objekt kontaminiert ist oder nicht. Am auffälligsten: Sie könnten auf verschiedenen Arten von Oberflächen 

Background Information

This chapter covers three main domains related to the scope of this thesis. It starts with introduction of antibacterial surfaces: the reason why we need them, the circumstances where they can be applied, how they interact with bacteria, and how they are usually evaluated. After that, focus will be directed to copper materials, namely their specific antibacterial mechanisms and potential applications. In the third part, some concepts in corrosion science are presented, which are important for further analysis of the phenomena reported in the later chapters. In the end of this chapter, the way how this thesis is organised is also explained.

Antibacterial Surfaces

Exactly as it is written, "antibacterial" is a kind of effect that plays a significant part in fighting against bacteria. However, before going deep into it, some basic concepts of bacteria themselves would better to be mentioned. As Sun Tzu, a Chinese military strategist who wrote the book "The Art of War", has claimed 2500 years ago: if you know your enemy (as well as yourself), you will not be imperilled even in a hundred battles [START_REF] Griffith | Sun Tzu: The art of war[END_REF].

Bacteria are almost everywhere. However, most of them cannot be seen by the naked eye because of their micro-scale volume. They are thus regarded as microorganisms (or microbes). This tiny size can be attributed to their structures: they exist as single cells (unicellular organisms) and are classified as prokaryotes [START_REF] Mahon | Textbook of diagnostic microbiology[END_REF]. Nevertheless, even for such small beings, there is a great amount of variations in terms of their microscopic morphology, such as Cocci (spherical), Bacilli (rodshaped), and Spirochetes (spiral or helical), etc.

Moreover, there are also different but delicate structures inside (cytoplasmic structures) or outside (e.g. cell wall, surface polymers, and flagella) the cell membrane, ensuring many important functions as well as metabolism for bacterial survival. These intracellular and extracellular structures are fitting the best targets for antibacterial strategies.

But why don't we like these tiny living things? Although not all bacterial species are always harmful to human beings, and sometimes we even need them, there are indeed pathogenic bacteria that do keep risking not just individuals but also the development of human civilisation. The Black Death, which resulted in estimated death from 75 to 200 million in Eurasia in only four years, was due to a bacterium called Yersinia pestis [START_REF] Ziegler | The black death[END_REF]. In the recent years, Escherichia coli known as E. coli, have led to foodborne outbreaks in every corner of the globe, hitting the headlines [START_REF] Rasko | Origins of the E. coli strain causing an outbreak of hemolytic-uremic syndrome in Germany[END_REF][START_REF] Gault | Outbreak of haemolytic uraemic syndrome and bloody diarrhoea due to Escherichia coli O104: H4, south-west France[END_REF][START_REF] Xiong | A novel Escherichia coli O157: H7 clone causing a major hemolytic uremic syndrome outbreak in China[END_REF]. Even an inconspicuous skin wound on a child's leg could be the perfect place where next infection occurs, eventually and unfortunately leads to an amputation, should proper medical treatment be missing.

It is therefore important to find out substances that can influence bacteria, so that these types of scenarios could be prevented, or at least be better controlled.

For instance, there are substances that can completely kill bacteria, resulting in the actual cell death. These are classified as bactericidal agent. On the other hand, there are others that could only control the reproduction of bacteria, which are classified as bacteriostatic agent. Since both these effects inhibit the growth of bacteria, they are defined as antibacterial effects, and the corresponding substances are thus called antibiotic [START_REF] Pankey | Clinical relevance of bacteriostatic versus bactericidal mechanisms of action in the treatment of Gram-positive bacterial infections[END_REF].

There has been almost 90 years since the first ever antibiotic Penicillin was discovered in the UK [START_REF] Hare | New light on the history of penicillin[END_REF]. From then on, a range of antibiotics has been discovered, extracted, synthesised, and tested, one after another [START_REF] Aminov | A brief history of the antibiotic era: lessons learned and challenges for the future[END_REF]. Many of them have become indispensable in clinical usage, saving millions of patients, again and again. Unfortunately, we are not the only one who are strengthening our "weapons", our "enemy" bacteria also have the same 90 years to develop themselves.

Many species/strains have developed the ability to resist one or even multiple types of antibiotics, challenging our limited methods in infection prevention and treatment. For example, multiple-resistant Staphylococcus aureus (MRSA) received the nickname as "superbug", as it is able to resist those common broad spectrum antibiotics such as methicillin and oxacillin, causing panic in public and concerns in hospital environmental sanitation [START_REF] Reynolds | Superbugs and Superdrugs: A history of MRSA, Wellcome Trust Centre for the History of Medicine at UCL[END_REF]. Meanwhile, repeated and improper use of antibiotics increase their exposure to the environment, accelerating the rapid rise of antibiotic resistance [START_REF] Wang | Use and prescription of antibiotics in primary health care settings in China[END_REF]. Besides, other advanced treatments such as external fixation or implantation also place greater demands on the presence of antibacterial effect [START_REF] Zhao | Antibacterial coatings on titanium implants[END_REF].

These are the reasons why the current antibacterial means are never enough, and new weapons are always highly demanded. Only together with multiple methods can we get the upper hand in the war against pathogenic bacteria.

Antibacterial Surfaces and Applied Fields

Among many newly developed methods, antibacterial surfaces are attracting widespread research interest [START_REF] Querido | Self-disinfecting surfaces and infection control[END_REF]. This is because a surface could be a critical and multifunctional hub for the transmission of pathogens. Moreover, a contaminated surface not only serves as a reservoir for bacteria, but also as a hotbed, allowing them to grow and further defend themselves against antibiotics. For instance, some bacteria can form a "biofilm", a community of bacteria, after they stick to surface [START_REF] Garrett | Bacterial adhesion and biofilms on surfaces[END_REF]. These biofilms are composed as well as surrounded by extracellular polymeric substances (EPS), forming networks that gather bacteria and distribute nutrients. Most importantly, this kind of network acts as a "great wall" against the detrimental factors presented in the surrounding environment, making the traditional disinfection methods less effective.

These phenomena call for better understanding of the interactions between bacteria and surfaces. Advances in this aspect is beneficial for further exploring surfaces that could be unfavourable to the bacteria survival, namely the antibacterial surfaces. Nowadays, some circumstances have been identified to be in an urgent need of surface disinfection methods, where antibacterial surfaces could thus help meeting the demands.

Hospital Environment

As one could already imagine, hospitals are the places where numerous types of bacteria could be found, that are brought mostly but not only by patients. Meanwhile, patients themselves are also more vulnerable than others. Both these conditions give birth to a disastrous scenario: healthcareassociated infections (HAIs) [START_REF] Pearson | Historical and changing epidemiology of healthcare-associated infections[END_REF]. Contaminated surfaces, unfortunately have been regarded playing a role in the transmission of the bacteria that are able to survive on top for a long period [16]. Well scheduled cleaning and disinfection procedures such as hydrogen peroxide vapour, ozone, and steam are currently necessary [START_REF] Rock | Innovative Methods of Hospital Disinfection in Prevention of Healthcare-Associated Infections[END_REF].

Other approaches are also assisting to reduce HAIs, one of which is to replace the frequent touched surfaces with antibacterial surfaces, which are also called "self-sanitising surfaces" in these scenarios. To verify the antibacterial effect of these surfaces, bacteria isolated from healthcare facilities or hospital environments were applied. Many copper surfaces have been demonstrated to be actively against Acinetobacter baumannii [START_REF] Różańska | Antimicrobial effect of copper alloys on Acinetobacter species isolated from infections and hospital environment[END_REF][START_REF] Souli | Antimicrobial activity of copper surfaces against carbapenemase-producing contemporary Gramnegative clinical isolates[END_REF][START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF], Klebsiella pneumonia [START_REF] Souli | Antimicrobial activity of copper surfaces against carbapenemase-producing contemporary Gramnegative clinical isolates[END_REF][START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF], E. coli [START_REF] Souli | Antimicrobial activity of copper surfaces against carbapenemase-producing contemporary Gramnegative clinical isolates[END_REF],

Pseudomonas aeruginosa [START_REF] Souli | Antimicrobial activity of copper surfaces against carbapenemase-producing contemporary Gramnegative clinical isolates[END_REF][START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF], Enterococcus faecalis [START_REF] Warnes | Biocidal Efficacy of Copper Alloys against Pathogenic Enterococci Involves Degradation of Genomic and Plasmid DNAs[END_REF], Enterococcus faecium [START_REF] Warnes | Biocidal Efficacy of Copper Alloys against Pathogenic Enterococci Involves Degradation of Genomic and Plasmid DNAs[END_REF], MRSA [START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF], Candida albicans [START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF] , Mycobacterium tuberculosis [START_REF] Mehtar | The antimicrobial activity of copper and copper alloys against nosocomial pathogens and Mycobacterium tuberculosis isolated from healthcare facilities in the Western Cape: an in-vitro study[END_REF], etc.

Furthermore, there are also a number of experiments being conducted in clinics or hospitals. In those actual environments, various touched objects such as handles [START_REF] Colin | Copper Alloy Touch Surfaces in Healthcare Facilities: An Effective Solution to Prevent Bacterial Spreading[END_REF], bed rails [START_REF] Schmidt | Copper Continuously Limits the Concentration of Bacteria Resident on Bed Rails within the Intensive Care Unit[END_REF][START_REF] Salgado | Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections in the Intensive Care Unit[END_REF], chairs [START_REF] Rai | Evaluation of the Antimicrobial Properties of Copper Surfaces in an Outpatient Infectious Disease Practice[END_REF], tables [START_REF] Salgado | Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections in the Intensive Care Unit[END_REF][START_REF] Marais | Antimicrobial efficacy of copper touch surfaces in reducing environmental bioburden in a South African community healthcare facility[END_REF], pens [START_REF] Casey | A comparative study to evaluate surface microbial contamination associated with coppercontaining and stainless steel pens used by nurses in the critical care unit[END_REF], push plates, and even toilet seats [START_REF] Casey | Role of copper in reducing hospital environment contamination[END_REF] were newly equipped with different types of copper surfaces. These experiments usually lasted for weeks or months and many positive results have been obtained.

To sum up, applying antibacterial surfaces are now universally accepted as an effective method to mitigate the bacterial burden in clinical environments. However, they are not designed to totally replace other existing disinfection methods. Applying multiple antibacterial approaches is still the key of battling against these severe bacteria induced scenarios. Indeed, the corresponding disinfection methods may need to be altered, so that the antibacterial effects obtained from these advanced surfaces can be preserved and prolonged. In the case of copper surfaces, it has been preliminarily proven that they can be easily combined with the commercially available disinfectants [START_REF] Steinhauer | Antimicrobial efficacy and compatibility of solid copper alloys with chemical disinfectants[END_REF].

In vivo Environment

Implant therapy is common in the present medical treatment. Many have been applied such as dental implants, orthopaedic implants, cochlear implants, and so on [START_REF] Sykaras | Implant materials, designs, and surface topographies: their effect on osseointegration. A literature review[END_REF]. Principally, implants are designed to partially/fully fulfil the functions of missing parts of human bodies. Nevertheless, it is equally necessary to assure that the implants are accepted by the target tissues and promote their regeneration. Therefore it is crucial to effectively avoid infections around implants, namely implantassociated infections (IAIs) [START_REF] Arciola | Implant infection and infection resistant materials: a mini review[END_REF]. Especially for those non-degradable implants, infections could induce tissue damage or an implantation failure in a long term [START_REF] Cheng | A prospective study of the risk factors associated with failure of mini-implants used for orthodontic anchorage[END_REF].

Bacterial adhesion and biofilm formation are often responsible for IAIs [START_REF] Costerton | Biofilm in implant infections: its production and regulation[END_REF]. Consequently, the surface of implant has been developed to incorporate with antibacterial activity [START_REF] Campoccia | A review of the biomaterials technologies for infection-resistant surfaces[END_REF]. Different approaches have been tested depending on the specific in vivo environment where the implant is designed for [START_REF] Gallo | Antibacterial Surface Treatment for Orthopaedic Implants[END_REF]. For example, physical vapour deposition (PVD) could be applied to fabricate copper containing antibacterial coating on commercial titanium alloys [START_REF] Norambuena | Antibacterial and Biocompatible Titanium-Copper Oxide Coating May Be a Potential Strategy to Reduce Periprosthetic Infection: An In Vitro Study[END_REF], causing a biofilm inhibition without influencing the in vitro viability of normal human osteoblast. Besides, pin tract made of copper containing titanium bulk alloys has been analysed in vivo, where suppression of infection and outstanding osteoid-formation are simultaneously obtained [START_REF] Shirai | Prevention of pin tract infection with titanium-copper alloys[END_REF]. On the other hand, for those where antibacterial substances are not included, micro-topography engineering which could be achieved by laser patterning, has also been demonstrated as an effective means to control bacterial adhesion as well as biofilm formation in an in vivo essay [START_REF] Valle | Evaluation of Surface Microtopography Engineered by Direct Laser Interference for Bacterial Anti-Biofouling[END_REF].

Although many ongoing studies are improving these strategies, other functions are gradually aimed to be incorporated. Such as low cytotoxicity, better biocompatibility [START_REF] Bazaka | Efficient surface modification of biomaterial to prevent biofilm formation and the attachment of microorganisms[END_REF] or disrupting different stages of the biofilm formation [START_REF] Bruellhoff | Surface coating strategies to prevent biofilm formation on implant surfaces[END_REF] are obtaining much attention.

Food Industries and Water Distribution Systems

Both of these aspects emphasise the present challenges of foodborne/waterborne bacteria. As processed foods have been provided increasingly in the market, food safety certainly attracts much attention from consumers. Although well-recognised protocols for producing and processing have been widely applied in food industry, they do not stop researchers from developing antibacterial food contact surfaces.

On food contact surfaces where nutrients are provided, bacterial adhesion and reproduction could proceed even easier than other exposed surfaces [START_REF] Bower | The adhesion and detachment of bacteria and spores on food-contact surfaces[END_REF]. Therefore, there is no doubt that endowing these surfaces with antibacterial activity will enable safer final products. Nevertheless, the uptake of the antibacterial substances by processed food also needs to be considered.

Investigations are therefore in need not only to evaluate the antibacterial effects but also the acquisition of antibacterial substance by food. Copper is in a matter of fact an excellent candidate satisfying these two requirements. Research has shown its antibacterial effect against common foodborne bacteria such as Salmonella enterica and Campylobacter jejuni, while the amount of copper absorbed by chicken or pork remains low enough [START_REF] Faúndez | Antimicrobial activity of copper surfaces against suspensions of Salmonella enterica and Campylobacter jejuni[END_REF].

Situation becomes slightly divergent, when it comes to filters, pipes, and reservoirs in drinking water distribution systems and facilities, where the current threat mainly comes from biofilm [START_REF] Berry | Microbial ecology of drinking water distribution systems[END_REF].

Most notably, the existence of biofilm not just impairs the water quality, it could also result in localised corrosion, accounting for damage of drinking water pipe networks, and further affecting water quality with by-products of corrosion [START_REF] Lechevallier | Examining the relationship between iron corrosion and the disinfection of biofilm bacteria[END_REF].

One general interest is related to the pipe materials, since they constitute the surfaces where bacteria could grow. For example, the copper-bearing stainless steel is a candidate for drinking water systems. It has been demonstrated to be helpful in killing planktonic bacteria and thereby inhibiting biofilm formation [START_REF] Li | Antibacterial Performance of a Cu-bearing Stainless Steel against Microorganisms in Tap Water[END_REF]. In addition, copper can also be installed as electrodes in the entry of pipe system, so that copper ions can be released (consumed) controllably under electric current and thus contribute to water disinfection [START_REF] Triantafyllidou | Copper-silver ionization at a US hospital: Interaction of treated drinking water with plumbing materials, aesthetics and other considerations[END_REF].

Microbiologically Influenced Corrosion (MIC) in Shipping Industry

MIC is a type of corrosion which is introduced by microbes. Similar to the aforementioned situations in water distribution systems, attached bacteria firstly form biofilms. Instead of contaminating the aqueous surrounding, these biofilms could cause localised corrosion of the attached surface. In the case of shipping industry, it results in the reduction of structural lifetime.

On the other hand, accumulation of bacteria could also evolve to biofouling to some extent, reducing the mobility of the vessel and increasing the energy consumption.

As a result, antibacterial or antifouling surface has been investigated to target these issues in such a specific environment. Take the copper-bearing stainless steel as an example for one more time, its antibacterial property has already be proven, by suppressing planktonic growth and biofilm caused by Pseudomonas aeruginosa in artificial seawater condition [START_REF] Lou | Antibacterial ability of a novel Cu-bearing 2205 duplex stainless steel against Pseudomonas aeruginosa biofilm in artificial seawater[END_REF]. What's more, reduction of the maximum MIC, pit depth, and the weight loss have been reported after copper was added [START_REF] Nan | Microbiological influenced corrosion resistance characteristics of a 304L-Cu stainless steel against Escherichia coli[END_REF], indicating its practical potentials in relevant applications.

Antibacterial Mechanisms

As described above, in each scenario, individual requirements need to be fulfilled. The good news is, different types of surface modification means have been consistently put forward and developed.

Some methods that have been extensively investigated are briefly summarised below in two groups (Figure 1.1), depending on the window of opportunity. In other words, it is about which time phase these methods could take effect.

Antiadhesive Surfaces

The first one is to prohibit bacterial adhesion in the first place. If it works, there will be no need for antibiotics substances in the following events. Especially for biofilm formation, prevention of bacterial adhesion is still the most effective strategy, since bacteria become much more resistant to environmental stress once biofilm is formed.

Some fundamental surface properties such as hydrophobicity could be applied to explore newly antiadhesive surfaces. Many studies have attempted to fabricate extraordinary hydrophobic surfaces by coating techniques. For example, a Teflon-like film fabricated by plasma technique on micro/nano-textured PMMA was examined [START_REF] Ellinas | Is There a Threshold in the Antibacterial Action of Superhydrophobic Surfaces?[END_REF], showing low coverage of bacteria compared to control group. Besides, in spite of applying a totally different type of coating, modification of wettability could also be implemented simply by doping [START_REF] Wojcieszak | Structural and surface properties of semitransparent and antibacterial (Cu,Ti,Nb)Ox coating[END_REF]. On the other hand, it has also been reported that the short-ranged hydrophobic interaction between surface and proteins on bacterial cell wall behave as the predominant force [START_REF] Thewes | Hydrophobic interaction governs unspecific adhesion of staphylococci: a single cell force spectroscopy study[END_REF], concluding that higher force is needed to detach bacterial cells from hydrophobic surface. These studies seem to be contradictory, but this very complexity implies that it is worth considering every factor in each specific scenario: the way how tests are designed and performed, the interplay of bacteria, surface and the tested aqueous environment and so on.

Surface roughness or topography also plays an important part, as it affects how the cells could contact materials. It has been demonstrated that a stainless steel surface exhibiting a roughness in an appropriate range could reduce at least 10-fold of adhered bacteria [START_REF] Wu | Role of the Surface Nanoscale Roughness of Stainless Steel on Bacterial Adhesion and Microcolony Formation[END_REF]. This could be further related to the way how bacteria attach to relatively nano-scale rough surfaces: they were found to attach as individual single cell instead of a cluster. On the other hand, the size, type, and periodicity of nano-scale features on the surface also govern the bacterial adhesion [START_REF] Helbig | The impact of structure dimensions on initial bacterial adhesion[END_REF], where the fundamental causes are still under discussion.

Another popular approach is based on functionalised molecules layers, owing the potential to repel bacteria. In one study, SiO2 substrate was functionalised by immobilised polysaccharide molecules [START_REF] Gadenne | Role of molecular properties of ulvans on their ability to elaborate antiadhesive surfaces[END_REF], in which an excellent repelling effect against Staphylococcus aureus (S. aureus) is

shown. In another work, a grafted surface with long-chain zwitterionic poly(sulfobetaine methacrylate) has been proved to reduce bacterial accumulation both in short-term and long-term essays [START_REF] Cheng | Inhibition of bacterial adhesion and biofilm formation on zwitterionic surfaces[END_REF]. In general, it is their resistance to protein adsorption that eventually weakens the bacterial adhesion.

Bactericidal Surfaces

Once bacterial adhesion is unpreventable, another defence mechanism has to take over. These surfaces are called bactericidal surfaces, since they behave as an active antibiotic, inactivating further growth of attached bacteria or directly disrupting the bacterial cells. In the following sections of this thesis, the term "antibacterial" usually refers to "bactericidal" instead of "antiadhesive".

To obtain antibacterial effect, one of the sufficient ways is to decorate the surfaces with wellknown metallic antibacterial substances, such as silver and copper. These candidates are found to have strong antibacterial effect on a broad range of bacteria, mainly thanks to the toxicity presented by their ionic form [START_REF] Turner | Metal-based antimicrobial strategies[END_REF]. Certainly, these metals or their alloys can already be utilised as bulk materials [START_REF] Walkowicz | Impact of oxidation of copper and its alloys in laboratory-simulated conditions on their antimicrobial efficiency[END_REF]. Copper containing structural materials such as different types of copper-bearing stainless steel [START_REF] Lou | Antibacterial ability of a novel Cu-bearing 2205 duplex stainless steel against Pseudomonas aeruginosa biofilm in artificial seawater[END_REF][START_REF] Liu | Corrosion of antibacterial Cu-bearing 316L stainless steels in the presence of sulfate reducing bacteria[END_REF][START_REF] Yin | Study of antibacterial performance of a type 304 Cu bearing stainless steel against airborne bacteria in real life environments[END_REF], are offering a promising solution. Furthermore, advanced coating techniques provide various possibilities to prepare antibacterial surfaces on the existing surfaces.

Objects such as pure metals [START_REF] Champagne | Kinetically Deposited Copper Antimicrobial Surfaces[END_REF][START_REF] Lin | Double glow plasma surface alloying antibacterial silver coating on pure titanium[END_REF], metal alloys [START_REF] Villapún | Tuning the antimicrobial behaviour of Cu85Zr15 thin films in "wet" and "dry" conditions through structural modifications[END_REF][START_REF] Souli | Reduction of Environmental Contamination With Multidrug-Resistant Bacteria by Copper-Alloy Coating of Surfaces in a Highly Endemic Setting[END_REF], composites [START_REF] Sun | Technology and Antimicrobial Properties of Cu/TiB2 Composite Coating on 304 Steel Surface Prepared by Laser Cladding[END_REF][START_REF] Kumar | Bifunctional CuO/TiO2 nanocomposite as nanofiller for improved corrosion resistance and antibacterial protection[END_REF], oxides [START_REF] Norambuena | Antibacterial and Biocompatible Titanium-Copper Oxide Coating May Be a Potential Strategy to Reduce Periprosthetic Infection: An In Vitro Study[END_REF][START_REF] Eswar | Influence of copper oxide grown on various conducting substrates towards improved performance for photoelectrocatalytic bacterial inactivation[END_REF],

nano-structures [START_REF] Mahmoodi | Structural, Morphological and Antibacterial Characterization of CuO Nanowires[END_REF][START_REF] Momeni | Antibacterial and photocatalytic activity of CuO nanostructure films with different morphology[END_REF], doped layers [START_REF] Zamulaeva | Comparative investigation of antibacterial yet biocompatible Ag-doped multicomponent coatings obtained by pulsed electrospark deposition and its combination with ion implantation[END_REF][START_REF] Nkou Bouala | Silver influence on the antibacterial activity of multi-functional Zr-Cu based thin film metallic glasses[END_REF], etc. have been produced and tested to a great extent.

Antibacterial peptides [START_REF] Costa | Covalent immobilization of antimicrobial peptides (AMPs) onto biomaterial surfaces[END_REF] and chitosan [START_REF] Sudarshan | Antibacterial action of chitosan[END_REF] represent another group of effective antibacterial substances: natural molecules. Immobilisation of these molecules onto surfaces offer a practical way to lower the bacterial burden.

Recently, the micro-topography of surfaces is also demonstrated to have potential in interfering bacterial proliferation by physical damage/puncture. Black silicon and graphene-based materials are excellent examples in this sort. Black silicon refers to the silicon surface equipped with high aspect ratio sub-micron scale needles, which are usually modified by reactive-ion etching. It is inspired by a similar micro-topography that can be also found on dragonfly [START_REF] Ivanova | Bactericidal activity of black silicon[END_REF] or cicada [START_REF] Ivanova | Natural Bactericidal Surfaces: Mechanical Rupture of Pseudomonas aeruginosa Cells by Cicada Wings[END_REF].

During bacterial attachment or reproduction, bactericidal effect was therefore shown by the severe mechanical force induced by these sharp structures. Similarly, graphene sheet with blade-like edge can also cause pores at the bacterial cell wall and further damage [START_REF] Pham | Graphene Induces Formation of Pores That Kill Spherical and Rod-Shaped Bacteria[END_REF].

However, a question should be asked when the primary layer of bacteria is disinfected, given that all these promising antibacterial strategies are based on direct contact with the corresponding surfaces. That is to say, how to maintain the potent antibacterial effect after the surface is fully covered with dead bacteria? This calls for a much complicated design of surface structure which could ensure a long-term antibacterial effect, through smartly releasing the attached bacteria [START_REF] Wei | Smart Antibacterial Surfaces with Switchable Bacteria-Killing and Bacteria-Releasing Capabilities[END_REF].

Evaluations of Surface Antibacterial Effect

Antibacterial surfaces cannot be properly studied and compared, unless a certain method is selected and employed so as to evaluate the antibacterial effect. Thus, a number of antibacterial efficiency tests has been developed (Figure 1.2), revealing different aspects of different kinds of antibacterial surface depending upon the potential application conditions.

Droplet Method (Wet Plating Method)

This could be one of the most commonly used and reproducible evaluation methods [START_REF] Luo | Killing of bacteria by copper, cadmium, and silver surfaces reveals relevant physicochemical parameters[END_REF][START_REF] Hans | Laser cladding of stainless steel with a copper-silver alloy to generate surfaces of high antimicrobial activity[END_REF][START_REF] Molteni | Killing of Bacteria by Copper Surfaces Involves Dissolved Copper[END_REF]. In this method, it is also convenient to simulate different aqueous conditions (environmental factors). More precisely, it is also a method showing the number of cultivable bacteria after being inactivated by the surfaces investigated.

Briefly speaking, a certain strain of bacteria is selected and grown in nutrient broth, then harvested and suspended in buffer solution (hereinafter buffer). Afterwards, a certain amount of this suspension is applied as a droplet on the surface to be tested. Coupons are placed in a moist room where evaporation could be avoided to the most extent. After the set intervals are reached, the droplets will be repeatedly pipetted and partially withdrawn. With serial dilutions, bacterial concentration should be suitable (low enough) for plating on nutrient agar plates. Colonies will appear after proper incubation, representing the number/concentration of cultivable bacteria in the original droplet.

However, variations are sometimes introduced in the procedure. For example, the presence of carbon contamination could be simulated, simply by applying bacterial nutrient suspension [START_REF] Zhu | Antimicrobial activity of different copper alloy surfaces against copper resistant and sensitive Salmonella enterica[END_REF][START_REF] Różańska | Antimicrobial Properties of Selected Copper Alloys on Staphylococcus aureus and Escherichia coli in Different Simulations of Environmental Conditions: With vs. without Organic Contamination[END_REF],

instead of buffer suspension. Presented in another research, antibiotics were added into the buffer in order to test the joint antibacterial effect [START_REF] Tripathy | Outstanding Antibiofilm Features of Quanta-CuO Film on Glass Surface[END_REF]. Other than keeping the inoculum as droplet, approaches can be taken to force it to spread over the coupon (e.g. by covering a sterile plastic film [START_REF] Kawakami | Antibacterial Properties of Metallic Elements for Alloying Evaluated with Application of JIS Z 2801[END_REF]), so that the contact area is better controlled.

There are, nevertheless, two main issues need to be considered, since they tend to let this method count fewer actual survival. First, as mentioned previously, the final results could only reflect the quantity of bacteria that are cultivable. For those still viable but with supressed reproduction ability, they might not be able to grow as a colony and thus will not be counted [START_REF] Robine | Assessing bactericidal properties of materials: the case of metallic surfaces in contact with air[END_REF].

Another issue is, the adhered bacteria could be missed. According to the time interval as well as the behaviours of bacteria, more and more bacterial cells could turn from planktonic mode to sessile mode. Repeated pipetting may not provide enough force to detach those bacteria. Alternatively, to achieve effective detachment of these sessile bacteria, ultrasonic bath and vortexing may be included if necessary [START_REF] Ciacotich | An electroplated copper-silver alloy as antibacterial coating on stainless steel[END_REF].

Dry Plating Method

This is another popular method to simulate a frequent touched surface [START_REF] Warnes | Biocidal Efficacy of Copper Alloys against Pathogenic Enterococci Involves Degradation of Genomic and Plasmid DNAs[END_REF][START_REF] Villapún | Tuning the antimicrobial behaviour of Cu85Zr15 thin films in "wet" and "dry" conditions through structural modifications[END_REF][START_REF] Zhu | Antimicrobial activity of different copper alloy surfaces against copper resistant and sensitive Salmonella enterica[END_REF][START_REF] Santo | Isolation and Characterization of Bacteria Resistant to Metallic Copper Surfaces[END_REF]. "Dry" indicates that bacteria are not maintained in an aqueous condition during the inactivation period.

Similar to the droplet method, bacterial suspension is still required in the first place.

Nevertheless, only a relatively small amount of droplet will be applied on the coupon. In the next step, this droplet could be dried naturally or manually by sterile air. As a consequence, only bacteria (and precipitates, if there is any) are left on the tested surface. Bacteria will be retrieved after a certain period of time, usually by sonication or vortexing in buffer. More effective approaches may be needed, since bacteria are forced to contact the surface in the first few minutes, which could result in a stronger adhesion compared to the droplet method. If the same agar plating evaluation (as described in the droplet method) is used, then only cultivable cells will be finally detected.

As mentioned above, this dry method could reflect the antibacterial efficacy for those touched surfaces, because in most of cases, these surfaces are equipped in daily atmospheric environment.

Besides, this test could also be performed in a moist chamber where the humidity can be regulated on purpose [START_REF] Elguindi | Metallic copper corrosion rates, moisture content, and growth medium influence survival of copper ion-resistant bacteria[END_REF]. This could be one of the advantages for researchers, as on some copper surfaces, it has been demonstrated that the relative humidity does influence the antibacterial activity [START_REF] Michels | Effects of temperature and humidity on the efficacy of methicillin-resistant Staphylococcus aureus challenged antimicrobial materials containing silver and copper[END_REF].

Furthermore, it is universally observed that the bacterial killing rate obtained from this method is much higher than that from the droplet method [START_REF] Elguindi | Metallic copper corrosion rates, moisture content, and growth medium influence survival of copper ion-resistant bacteria[END_REF][START_REF] Santo | Bacterial Killing by Dry Metallic Copper Surfaces[END_REF]. This suggests additional antibacterial mechanisms may take effect when bacteria come in close contact with the surfaces.

Live/Dead Staining

To overcome the drawback of the abovementioned methods regarding the unsatisfactory detection of viable but nonculturable bacteria, staining method is applied in some cases [START_REF] Hong | Membrane Lipid Peroxidation in Copper Alloy-Mediated Contact Killing of Escherichia coli[END_REF][START_REF] Noyce | Potential use of copper surfaces to reduce survival of epidemic meticillin-resistant Staphylococcus aureus in the healthcare environment[END_REF][START_REF] Weaver | Potential action of copper surfaces on meticillin-resistant Staphylococcus aureus[END_REF],

supplementing the physiological state of the bacterial cells.

This method only focuses on the counting process: instead of diluting and plating the withdrawn bacteria suspension, fluorescent dyes are added to the withdrawn suspension. This stained bacterial suspension will be transferred to fluorescence microscopy and observed with appropriate filters.

One of the commercial pairs of dyes are SYTO9 and propidium iodide. Both of them are nucleic acid stains, nevertheless, have dissimilar penetrability through the cell membrane. SYTO9, which is a green-fluorescent stain, labels all live or dead bacteria. Propidium iodide, on the other hand, can only reach the nucleic acid inside bacteria only after the membrane is damaged. Afterwards, these bacteria will be stained fluorescent red. Therefore, if a bacterium simply turns nonculturable with intact membrane structure, it could still be correctly recognised as alive (green). Besides, as an improved method, it is also feasible to add staining suspension directly to the sample on the tested surface [START_REF] Weaver | Potential action of copper surfaces on meticillin-resistant Staphylococcus aureus[END_REF]. This approach includes detection of those adhered bacteria, without taking any efforts to detach them from the tested surfaces.

Another advantage of staining is that it could be easily combined with other approaches so as to extract more detailed information of the bacterial cell. For instance, the molecular cellular target sites of copper ions were once unclear. Well-designed mutagenicity assay and staining experiments together show that, increase of DNA breakage [START_REF] Santo | Bacterial Killing by Dry Metallic Copper Surfaces[END_REF][START_REF] Hong | Membrane Lipid Peroxidation in Copper Alloy-Mediated Contact Killing of Escherichia coli[END_REF] or mutation events [START_REF] Santo | Antimicrobial metallic copper surfaces kill Staphylococcus haemolyticus via membrane damage[END_REF] cannot be observed, unless the membrane damage occurred. Although these findings only reflect the specific type of bacterial strain, the method itself ensures the possibility of further exploring the copper attacking events.

On the other side, although such a method offers more actual and real-time information of the state of bacteria, the main challenge is still to quantitatively count and compare results obtained from different surfaces or conditions. For instance, a recent attempt has targeted to quantify the biomass represented by in-situ staining on antibacterial coating, where the trends were shown with a noticeable deviation [START_REF] Ciacotich | In Situ Monitoring of the Antibacterial Activity of a Copper-Silver Alloy Using Confocal Laser Scanning Microscopy and pH Microsensors[END_REF]. Furthermore, if antibacterial substances target other parts of bacteria instead of cell membrane, staining method will not be able to identify actual cell death [START_REF] Weaver | Potential action of copper surfaces on meticillin-resistant Staphylococcus aureus[END_REF].

In vivo Tests

All those three methods aforementioned are in vitro, but lab environment can be extremely different to the human body. To examine the actual antibacterial activity of implants, in vivo experiments seem to be indispensable in the final step of product development [START_REF] Gallo | Antibacterial Surface Treatment for Orthopaedic Implants[END_REF][START_REF] Shirai | Prevention of pin tract infection with titanium-copper alloys[END_REF][START_REF] Bruellhoff | Surface coating strategies to prevent biofilm formation on implant surfaces[END_REF]. During in vivo tests, antibacterial effect of the prototype is supposed to be characterised by the final infection situations of the tissue, biofilm or bacterial adhesion located on the implants, and the release rate of antibacterial substances. Other possible negative aspects of the tested surface could also be studied, such as the potential weakening of cell adhesion and cytotoxicity.

Clinical Tests

So far, all the abovementioned in vitro methods are based on a certain simulated set-up. However, these set-ups may not reflect the actual environment. Therefore other methods are meant to be involved. Consider the applications aiming at the hospital environment as an example, clinical tests provide a direct way to check the effectiveness of antibacterial touched surfaces [START_REF] Casey | A comparative study to evaluate surface microbial contamination associated with coppercontaining and stainless steel pens used by nurses in the critical care unit[END_REF][START_REF] Casey | Role of copper in reducing hospital environment contamination[END_REF][START_REF] Mikolay | Survival of bacteria on metallic copper surfaces in a hospital trial[END_REF].

Although there is not yet a global standard how these tests should be performed, most of the current conducted tests were based on the following steps. Firstly, a certain number of wards or rooms should be selected for antibacterial surfaces installation. A similar and comparable of section in the same hospital should work as a control group. Secondly, detailed cleaning procedures as well as infection records of patients should be documented. Thirdly, a proper timetable is needed for collecting bacteria from the surfaces, in both tested and control groups. Fourthly, results will be compared considering the bacterial concentration collected as well as the type of bacteria isolated.

This kind of tests provide considerably sufficient and practical information of those to be used as potential touched surfaces. However, it takes an extremely long time and costs financial and human resources, making it impossible for every newly developed antibacterial surface. In the same manner, even some of the tested surfaces have shown positive results, the cost of applying into actual scenarios still needs to be considered [START_REF] Dessauer | Potential effectiveness of copper surfaces in reducing health care-associated infection rates in a pediatric intensive and intermediate care unit: A nonrandomized controlled trial[END_REF].

Disk Diffusion Method

Also named as inhibition zone test, it is a quick but only qualitative measurement to compare across antibacterial substances based on their diffusion kinetics.

In short, nutrient agar plates are firstly spread with a number of bacteria on top. Before incubation, tested coupons (usually cut into same round shape) are separately placed upside down on the agar plates, so that the surfaces are in close contact with the bacteria. After incubation, for those coupons showing antibacterial effects, a circular zone without bacterial growth should appear around the coupons. This zone is thus called inhibition zone. It is generally believed that the bigger the zone (diameter) is, the better antibacterial efficacy the tested surface has.

For those surfaces where release of antibacterial substances [START_REF] Pandiyarajan | Synthesis and concentration dependent antibacterial activities of CuO nanoflakes[END_REF][START_REF] Ekthammathat | Antimicrobial activities of CuO films deposited on Cu foils by solution chemistry[END_REF][START_REF] Sonia | Synthesis of hierarchical CuO nanostructures: Biocompatible antibacterial agents for Gram-positive and Gram-negative bacteria[END_REF] is a key factor in suppressing bacterial growth, this disk diffusion method is rather practical and popular. The weakness of this method is also evident: as how it is called, the inhibition effect favours those antibacterial substances with higher diffusion efficiency. That is to say, it may hide the potential antibacterial effect of those surfaces where diffusible substances are not formed or direct contact is necessary [START_REF] Zhang | A new antibacterial titaniumcopper sintered alloy: Preparation and antibacterial property[END_REF].

Copper

Copper (Cu) with atomic number 29, which has been utilised in human civilisations for thousands of years, is still playing an indispensable role in modern industries [START_REF] Radetzki | Seven thousand years in the service of humanity-the history of copper, the red metal[END_REF]. For instance, owing to its high electrical conductivity as well as ductility, copper is always the best candidate for cables, connectors, and layers in electronic components. Furthermore, as an excellent thermal conductor, it is the most frequently used materials to fabricate heat sinks. The relatively great amount of known reserves around the world and its low price make these applications affordable.

In addition to serving as pure metal, copper alloys share some extensive applications in the modern world [START_REF] Davis | Copper and copper alloys[END_REF]. Bronze, a series of copper alloys mainly containing tin (Sn), has lower melting point for metallurgical processing, higher stiffness and corrosion resistance. Therefore it has been widely used in sculptures, bearings, and mechanical parts in ships. Brass, where zinc (Zn) is the main alloying element, has outstanding wear resistance and thus been applied in many parts in precise instruments. Alloying also helps to adjust the colour of the surfaces, adding its potential in decoration market.

On the other hand, copper and its alloys have become vastly popular in architectures, also thanks to its electrochemical stability: they do not easily react with water. However, oxidation could take place, covering copper surfaces with two possible native oxide layers: cuprous oxide (Cu2O) and cupric oxide (CuO) [START_REF] Platzman | Oxidation of Polycrystalline Copper Thin Films at Ambient Conditions[END_REF]. These oxides usually turn the appearance of copper surface darker.

Besides, together with oxygen (O2), carbon dioxide (CO2), and water (H2O), intermediate products such as copper hydroxide (Cu(OH)2) and copper carbonate hydroxide (Cu2(OH)2CO3) could form, turning the surface into green colours.

For the biological process for both human and plants, copper is one of the essential elements [START_REF] Borkow | Copper as a Biocidal Tool[END_REF]. On the other side, excess intake of copper could produce toxicity resulting in liver damage, but fortunately, total copper intake from daily food consumption is not supposed to easily exceed the limit [START_REF] De Romaña | Risks and benefits of copper in light of new insights of copper homeostasis[END_REF].

Copper as Antibacterial Candidate

For a long time, known for its purifying effect [START_REF] Borkow | Using Copper to Fight Microorganisms[END_REF] just like silver, copper has been chosen for a food carriers and containers. It is the toxicity of copper towards cells that inspires exploration of its antibacterial effect. In the above sections, it can also be seen that similar concepts have been continuously developed into many examples to fight against bacteria in the modern society. Studies on copper-based materials can range from different forms of copper to divergent antibacterial mechanisms, which are briefly reviewed in the following sections, respectively.

Copper and Copper Alloys

Pure copper and its alloys are one of the most common forms to exploit the antibacterial effect of copper, which is in general achieved through two aspects:

Ionic copper. Copper has two ionic forms, cuprous ions (Cu + ) and cupric ions (Cu 2+ ). These two species can be obtained by corrosion of copper containing surfaces and thereby released into the environment. Bacteria, regardless of whether Gram-positive or Gram-negative, usually develop multiple ways reach copper homeostasis, such as enzymes that pump copper across the cytoplasmic membrane, or proteins that bind excess cytoplasmic copper [START_REF] Solioz | Copper and Bacteria: Evolution, Homeostasis and Toxicity[END_REF].

That being said, by separately applying chelators of each type of ion, both species have been confirmed to be responsible for, to a certain degree, the antibacterial effect observed on copper surfaces [START_REF] Santo | Contribution of Copper Ion Resistance to Survival of Escherichia coli on Metallic Copper Surfaces[END_REF]. On the other hand, another research that generated Cu + by disproportionation and tested in a growth medium, recorded a stronger efficiency of Cu + , while metallic copper did not even behave as an antibacterial candidate [START_REF] Saphier | Prevalence of Monovalent Copper Over Divalent in Killing Escherichia coli and Staphylococcus aureus[END_REF]. No matter how different these results are, it is still clear that discrepancy could be obtained in antibacterial tests from the same tested surface, should the applied medium contains substances that could bind any type of copper ions [START_REF] Zhu | Antimicrobial activity of different copper alloy surfaces against copper resistant and sensitive Salmonella enterica[END_REF].

Several destructive effects introduced by copper ions have already been confirmed. Damage of bacterial cell membrane is one of those frequently observed [START_REF] Santo | Bacterial Killing by Dry Metallic Copper Surfaces[END_REF][START_REF] Hong | Membrane Lipid Peroxidation in Copper Alloy-Mediated Contact Killing of Escherichia coli[END_REF][START_REF] Santo | Antimicrobial metallic copper surfaces kill Staphylococcus haemolyticus via membrane damage[END_REF]. As mentioned previously, this could be easily characterised by staining method, where bacteria with membrane disrupted will be stained because they become permeable to the specific dye. In addition, since the impaired cell integrity also results in leakage of intercellular contents, increase of these contents detected in buffer could be used as a proof, too.

Another route for copper ions to interfere bacterial cells is through genotoxic effect, namely

1.2.
Copper the damage of deoxyribonucleic acid (DNA). However, many studies have shown mutation and DNA damage are not observable when the leakage of membrane occurs, indicating that DNA might not the primary target [START_REF] Santo | Antimicrobial metallic copper surfaces kill Staphylococcus haemolyticus via membrane damage[END_REF][START_REF] Tian | Copper as an antimicrobial agent against opportunistic pathogenic and multidrug resistant Enterobacter bacteria[END_REF][START_REF] Zhang | Bactericidal behavior of Cu-containing stainless steel surfaces[END_REF]. But a study has indicated that in MRSA, DNA was degraded and bacteria were found inactivated even without membrane damage [START_REF] Weaver | Potential action of copper surfaces on meticillin-resistant Staphylococcus aureus[END_REF]. These facts together may suggest copper ions could be genotoxic, but it can only be observed when the membrane is not vulnerable.

The abovementioned phenomena are closely linked with the generation of reactive oxygen species (ROS) at the presence of copper ions [START_REF] Santo | Contribution of Copper Ion Resistance to Survival of Escherichia coli on Metallic Copper Surfaces[END_REF]. Production of ROS such as hydroxyl radical (•OH) completed via the Fenton-like reaction intercellularly: hydrogen peroxide (H2O2) is catalised under Cu + (which consequently becomes Cu 2+ ). The unpaired electron of •OH has been proven to react with the unsaturated fatty acids on cell membrane, leading to its structural damage [START_REF] Hong | Membrane Lipid Peroxidation in Copper Alloy-Mediated Contact Killing of Escherichia coli[END_REF].

Similarly, interactions between copper ions and other substances in the environment are also found to be essential. For instance, presence of chloride ions (Cl -) is believed to considerably accelerate the antibacterial process thanks to the generation and participation of reactive chlorine species (RCS), where Cu + again acts like catalyst [START_REF] Wang | Chloride-accelerated Cu-Fenton chemistry for biofilm removal[END_REF].

Apart from the above multiple but indirect antibacterial effects via the formation of ROS, a direct toxicity is also being studied in the recent years: Cu + may damage enzymes by replacing iron in their iron-sulfur clusters [START_REF] Solioz | Copper and Bacteria: Evolution, Homeostasis and Toxicity[END_REF]. This, together with the route of ROS formation, may provide hints in clarifying the difference in toxicity between Cu + and Cu 2+ .

Metallic copper. Dry metallic copper surfaces are commonly seen in practical scenarios.

Intriguingly, many studies have shown faster killing rates against bacteria in dry conditions, compared to the results obtained by droplet (wet/moist) methods [START_REF] Zhu | Antimicrobial activity of different copper alloy surfaces against copper resistant and sensitive Salmonella enterica[END_REF][START_REF] Elguindi | Metallic copper corrosion rates, moisture content, and growth medium influence survival of copper ion-resistant bacteria[END_REF][START_REF] Santo | Bacterial Killing by Dry Metallic Copper Surfaces[END_REF][START_REF] Warnes | Lack of Involvement of Fenton Chemistry in Death of Methicillin-Resistant and Methicillin-Sensitive Strains of Staphylococcus aureus and Destruction of Their Genomes on Wet or Dry Copper Alloy Surfaces[END_REF].

A major difference between these two methods is whether a close contact between bacteria and the tested surfaces is rapidly assured. In other words, for most of the bacteria presenting on dry surfaces, they could be influenced immediately after the experiment starts and do not have to wait for the copper ion diffusion (as in droplet methods). A longer actual/effective copper treated period is therefore achieved. Besides, the copper homeostasis is also considered less efficient on dry copper surfaces, owing to the lack of extracellular fluid [START_REF] Elguindi | Metallic copper corrosion rates, moisture content, and growth medium influence survival of copper ion-resistant bacteria[END_REF].

Nevertheless, another viewpoint has been proposed based on the survival of bacteria that resistant to dry copper surface in moist (wet) testing [START_REF] Santo | Isolation and Characterization of Bacteria Resistant to Metallic Copper Surfaces[END_REF]. Unexpectedly, the resistance developed to counter dry copper surface does not take any effects in the moist condition: these bacteria survived as poor as the negative control group (those without resistance to dry copper surface). That is to say, another individual antibacterial mechanism may exist on dry metallic coppers, which does not rely on the release of copper ions.

Copper Oxides

Copper oxides, without a doubt, share all the respects mentioned above in ionic copper, because of their relatively high solubility in aqueous conditions [START_REF] Palmer | Solubility of copper oxides in water and steam[END_REF]. But comparison between metallic and oxides surfaces do not reach a globally accepted conclusion yet, with regard to their antibacterial efficiency [START_REF] Hassan | Antimicrobial activity of copper and copper(i) oxide thin films deposited via aerosol-assisted CVD[END_REF][START_REF] Hans | Role of Copper Oxides in Contact Killing of Bacteria[END_REF]. This could be ascribed to the fact that oxides have exclusive ways to enhance the antibacterial effect.

Photocatalytic effect. Consider CuO as an example, as a p-type semiconductor, electron excitation could occur under light irradiation. Electrons are thereby transferred from valence band to conduction band, leaving holes on the conduction band. These electrons could then combine with oxygen and form superoxide radicals (O 2 • ), while •OH can be produced from holes and water [START_REF] Katwal | Electrochemical synthesized copper oxide nanoparticles for enhanced photocatalytic and antimicrobial activity[END_REF].

Both of them belong to ROS, as described above, contributing to the antibacterial efficiency [START_REF] Akhavan | Cu and CuO nanoparticles immobilized by silica thin films as antibacterial materials and photocatalysts[END_REF].

Nano-scale effect. So far, decline in the antibacterial effects of copper or its oxides is not expected even though they are reaching nano-scale. On the contrary, their nano-particles could exhibit antibacterial effect not just by dissolution [START_REF] Moore | Time-dependent bacterial transcriptional response to CuO nanoparticles differs from that of Cu2+ and provides insights into CuO nanoparticle toxicity mechanisms[END_REF], but also by direct contact (and therefore can be influenced by aggregation) [START_REF] Rotini | Salinity-Based Toxicity of CuO Nanoparticles, CuO-Bulk and Cu Ion to Vibrio anguillarum[END_REF], likely resulting in non-oxidative stress [START_REF] Wang | The antimicrobial activity of nanoparticles: present situation and prospects for the future[END_REF].

Potential Applications

Based on these multifunctional antibacterial effects introduced by copper related substances, many attempts have been made to incorporate them into promising applications. Potential applications of antibacterial surfaces have been previously reviewed in detail, therefore focus will be shifted to the means of fabrication. Other research attentions are also briefly summarised.

Antibacterial Surfaces 1: Bulk Surfaces

Bulk surface applications usually require the whole workpiece to be made of the antibacterial copper or its commercial alloys. This kind of design fits those lightweight and frequently touched surface really well, no matter in the clinical environments, food industries, school, or public spaces [START_REF] Querido | Self-disinfecting surfaces and infection control[END_REF].

Aside from applying copper (alloys), it is also practicable to obtain copper containing surfaces by doping, such as 1% copper doped titanium [START_REF] Shirai | Prevention of pin tract infection with titanium-copper alloys[END_REF] and 3.9% copper doped stainless steel [START_REF] Ren | Determination of Cu2+ ions release rate from antimicrobial copper bearing stainless steel by joint analysis using ICP-OES and XPS[END_REF].

One of the advantages of the bulk surface attributes to its low requirement in wear resistance.

Even the surface undergoes inevitable erosion, the freshly abraded and exposed surface with the identical chemical composition still retain the same excellent antibacterial effect. On the other hand, this process helps to "release" the dead but adhered bacteria, avoiding full coverage of bacteria on the surface, which could be unfavourable for long-term antibacterial efficacy.

A number of research has been conducted directly on copper (alloys). In most of these cases, either droplet or dry evaluations were chosen. Regarding the tested strains, S. aureus and E. coli are a popular pair since they represent well-studied Gram-positive and Gram-negative bacteria, respectively. Besides, other common pathogenic bacteria or strains such as MRSA [START_REF] Weaver | Potential action of copper surfaces on meticillin-resistant Staphylococcus aureus[END_REF],

Enterococcus faecalis [START_REF] Warnes | Biocidal Efficacy of Copper Alloys against Pathogenic Enterococci Involves Degradation of Genomic and Plasmid DNAs[END_REF], E. coli O157 [START_REF] Noyce | Use of Copper Cast Alloys To Control Escherichia coli O157 Cross-Contamination during Food Processing[END_REF], etc. have also been demonstrated to be vulnerable on copper surfaces such as C11000 (99.9% copper), C28000 (60% copper, 40% zinc), C51000 (95% copper, 5% Sn), etc. Nevertheless, a final wide-spectrum test should be done before serving these surfaces to the market.

However, compared to pure copper, it is common to find coupons made of copper alloys less effective [START_REF] Różańska | Antimicrobial effect of copper alloys on Acinetobacter species isolated from infections and hospital environment[END_REF][START_REF] Souli | Antimicrobial activity of copper surfaces against carbapenemase-producing contemporary Gramnegative clinical isolates[END_REF][START_REF] Zhu | Antimicrobial activity of different copper alloy surfaces against copper resistant and sensitive Salmonella enterica[END_REF]. This has been often linked with their lower copper contents, although the antibacterial efficiency or copper release level is not always proportional to the atomic/weight percentage of copper [START_REF] Horton | Tarnishing and Cu Ion release in Selected Copper-Base Alloys: Implications towards Antimicrobial Functionality[END_REF]. This phenomenon will be elaborated in the following corrosion section.

Nevertheless, there are still hundreds of copper alloys that have been approved as antibacterial surfaces by Environmental Protection Agency (EPA) in the US, since they show a minimum 99.9% killing rate in 2 h against certain types of bacteria [START_REF] Grass | Metallic Copper as an Antimicrobial Surface[END_REF].

Owing to the fair stiffness and machinability of copper and some of its alloys, a few clinical tests have been already carried out. There are hospitals in the UK [START_REF] Casey | Role of copper in reducing hospital environment contamination[END_REF], Germany [START_REF] Mikolay | Survival of bacteria on metallic copper surfaces in a hospital trial[END_REF], South Africa [START_REF] Marais | Antimicrobial efficacy of copper touch surfaces in reducing environmental bioburden in a South African community healthcare facility[END_REF], and the US [START_REF] Salgado | Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections in the Intensive Care Unit[END_REF], where copper surfaces have been installed in selected room and facilities.

These studies have shown the considerable reduction of bacterial burden in the copper equipped environments: the number of microorganisms collected from the copper containing items was much lower; the rate of HAIs became significantly declined, and the like.

Nevertheless, some issues need to be discussed before fully applying copper surfaces, irrespective of where they are installed. As copper surfaces tend to be oxidised in atmosphere, a major concern is the compatibility of the existing cleaning method [START_REF] Mikolay | Survival of bacteria on metallic copper surfaces in a hospital trial[END_REF]. Even though copper oxides are demonstrated to be antibacterial, they are not necessarily desirable in these conditions. Therefore, a deeper knowledge is urgently needed in terms of copper surfaces aging, so that adequate innovation can be embedded in the present standard hygiene procedures.

Antibacterial Surfaces 2: Coatings & Thin Films

Advanced deposition techniques provide alternatives to obtain antibacterial copper surfaces, without sacrificing other properties of the bulk materials/substrates, and potentially reducing the manufacturing cost. Moreover, deposition techniques can also be cooperated with substrates already with specific micro/nano-structures [START_REF] Tripathy | Enhancing the Bactericidal Efficacy of Nanostructured Multifunctional Surface Using an Ultrathin Metal Coating[END_REF], strengthening the antibacterial effects.

For instance, relatively thick copper based coatings have been achieved by techniques such as laser cladding [START_REF] Hans | Laser cladding of stainless steel with a copper-silver alloy to generate surfaces of high antimicrobial activity[END_REF], electroplating [START_REF] Zeiger | Surface structure influences contact killing of bacteria by copper[END_REF], and spraying [START_REF] Champagne | A demonstration of the antimicrobial effectiveness of various copper surfaces[END_REF]. On one hand, not only the cost of the corresponding methods needs to be considered, but also whether the substrate is capable to withstand the coating process (e.g. high temperature or immersion in a certain solution). On the other hand, microstructure, micro-topography, and generation of side products (e.g. oxides) heavily depend on the coating approach and relevant parameters, which further determine the release of copper ions and thus the antibacterial efficacy. For example, electroplated copper owns smaller surface structures, which is considered to boost copper ion release; compared other spraying methods tested, cold spray introduces higher dislocation density and less oxidation, therefore shows a more outstanding antibacterial effect.

Thin films, particularly with nano-scale thickness, on the other hand, are more commonly to be prepared by PVD (such as thermo-ionic vacuum arc, sputtering, and so on.) [START_REF] Nkou Bouala | Silver influence on the antibacterial activity of multi-functional Zr-Cu based thin film metallic glasses[END_REF][START_REF] Codiþã | Antimicrobial activity of copper and silver nanofilms on nosocomial bacterial species[END_REF][START_REF] Rtimi | Accelerated Escherichia coli inactivation in the dark on uniform copper flexible surfaces[END_REF] or chemical vapour deposition (CVD) [START_REF] Hassan | Antimicrobial activity of copper and copper(i) oxide thin films deposited via aerosol-assisted CVD[END_REF][START_REF] Yates | Dual functionality anti-reflection and biocidal coatings[END_REF]. With these techniques, not only the precise compositions as alloys can be achieved [START_REF] Villapún | Tuning the antimicrobial behaviour of Cu85Zr15 thin films in "wet" and "dry" conditions through structural modifications[END_REF][START_REF] Kang | Controlling the antibacterial activity of CuSn thin films by varying the contents of Sn[END_REF], but copper oxides [START_REF] Hassan | Antimicrobial activity of copper and copper(i) oxide thin films deposited via aerosol-assisted CVD[END_REF][START_REF] Rtimi | Accelerated Escherichia coli inactivation in the dark on uniform copper flexible surfaces[END_REF] or composites (e.g.

Cu:C composite) [START_REF] Javid | Size-controlled growth and antibacterial mechanism for Cu:C nanocomposite thin films[END_REF] too. The antibacterial efficiency of thin films depends on similar properties as coating, which can be finely modified by the parameters of fabrication or post treatment.

To conclude, coatings or thin films are universal and economic ways to obtain antibacterial properties on targeted surfaces. However, their adhesion should be examined in the intended applied environment. So far, seldom research has attempted to evaluate from this respect.

In addition, there are also concerns regarding the durability of these surfaces, such as: how long will this layer deplete? Does it meet the designed lifetime? To examine its long-term performance, preliminary experiments have been designed to compare the antibacterial rate in some successive cycles [START_REF] Rtimi | Accelerated Escherichia coli inactivation in the dark on uniform copper flexible surfaces[END_REF][START_REF] Yates | Dual functionality anti-reflection and biocidal coatings[END_REF].

Micro/nano-scale and Embedding Materials

Especially for copper oxides, the antibacterial properties shown by their micro/nano-scale forms have been studied extensively, such as micro-particles [START_REF] Turalija | Copper(i)oxide microparticles -synthesis and antimicrobial finishing of textiles[END_REF], micro-crystals [START_REF] Lee | Morphology-dependent antibacterial activities of Cu2O[END_REF], nano-particles [START_REF] Rotini | Salinity-Based Toxicity of CuO Nanoparticles, CuO-Bulk and Cu Ion to Vibrio anguillarum[END_REF], nano-sheets [START_REF] Gilbertson | Shape-Dependent Surface Reactivity and Antimicrobial Activity of Nano-Cupric Oxide[END_REF], nano-wires [START_REF] Swarnkar | Enhanced antibacterial activity of copper/copper oxide nanowires prepared by pulsed laser ablation in water medium[END_REF], etc. Meanwhile, a huge range of chemical-based synthesis methods has been applied to produce copper containing micro/nano-scale materials, whereas green and eco-friendly synthesis methods have also been developed [START_REF] Ramaswamy | Potentiating effect of ecofriendly synthesis of copper oxide nanoparticles using brown alga: antimicrobial and anticancer activities[END_REF][START_REF] Udayabhanu | Tinospora cordifolia mediated facile green synthesis of cupric oxide nanoparticles and their photocatalytic, antioxidant and antibacterial properties[END_REF][START_REF] Lingaraju | Rauvolfia serpentina-Mediated Green Synthesis of CuO Nanoparticles and Its Multidisciplinary Studies[END_REF].

These micro/nano-scale copper containing materials are designed as candidates mainly for aqueous applications. Thus their antibacterial efficacy is frequently characterised by their minimum inhibitory concentration, rather than the aforementioned tests designed for antibacterial surfaces.

Likewise, antibacterial property of these micro/nano-scale materials are found to be closely associated with their sizes and morphologies. For instance, copper particles with smaller size reach a maximum antibacterial activity with a lower concentration, however, going through an evident decrease after 24 h [START_REF] Zakharova | Considerable Variation of Antibacterial Activity of Cu Nanoparticles Suspensions Depending on the Storage Time, Dispersive Medium, and Particle Sizes[END_REF]. The antibacterial efficacy of Cu2O microcrystals were also found to be shape/morphology-dependent, attributing to the intrinsic antibacterial activity [START_REF] Jung | Morphology-controlled Synthesis of Octahedral-to-Rhombic Dodecahedral Cu2O Microcrystals and Shape-dependent Antibacterial Activities[END_REF], or adsorption and desorption abilities towards bacteria [START_REF] Pang | Morphology effect on antibacterial activity of cuprous oxide[END_REF] presented in different exposed crystal facets.

Another approach to apply these micro/nano-scale materials is to embed them into the existent surfaces, such as textiles and fabrics [START_REF] Sedighi | Tunable shaped N-doped CuO nanoparticles on cotton fabric through processing conditions: synthesis, antibacterial behavior and mechanical properties[END_REF][START_REF] Errokh | Controlled growth of Cu2O nanoparticles bound to cotton fibres[END_REF][START_REF] Emam | Copper(I)oxide surface modified cellulose fibers-Synthesis, characterization and antimicrobial properties[END_REF]. These loaded surfaces thereby obtain antibacterial property, which is accomplished by the release of the substances. In view of their flexibility, these surfaces have potential hygiene applications such as wound dressings and antibacterial food packaging [START_REF] Shankar | Facile approach for large-scale production of metal and metal oxide nanoparticles and preparation of antibacterial cotton pads[END_REF]. Apart from being bonded to the flexible bulk substrates, these materials can also be immobilised on thin films [START_REF] Akhavan | Cu and CuO nanoparticles immobilized by silica thin films as antibacterial materials and photocatalysts[END_REF][START_REF] El Saeed | Synthesis of cuprous oxide epoxy nanocomposite as an environmentally antimicrobial coating[END_REF], further widening the antibacterial applications.

Corrosion

Metals in the nature are seldom found in a pure state. This is because pure element, in the majority of the cases, is not the most thermodynamically stable state. Most of them tend to react with the surrounding substances in atmosphere, waters, and soils. Compounds are consequently formed and remain in the natural environment. However, these compounds may not be the optimal forms to be directly employed in industries. Metallurgical operations have been thus developed, by which pure metals can be finally obtained [START_REF] Tylecote | A history of metallurgy[END_REF]. But for the same reason, the state of these final products is not "final". Depending on the storage/applied environments, they could again be driven to (partially) transform into compounds.

Corrosion is one of the significant routes realising this transformation. Corrosion describes a physicochemical process that happens on the surface with the environment [START_REF] Cramer | ASM handbook[END_REF]. On anodic sites, oxidation reaction transforms a metal (M) to its ionic form (M n+ , cations), which may also be further converted into metal hydrated ions, hydroxides, or oxides. Meanwhile, reduction reaction must accompany on the cathodic sites, consuming the electrons that leave the anodic sites. As it is shown, this process introduces variation in the oxidation state, therefore it is classified as an oxidationreduction (redox) reaction. Since the change from pure element to its ionic/oxidised form usually causes mass loss of the original material, corrosion is generally regarded as a harmful process that is meant to be prevented.

Just as widespread as bacteria, corrosion also happens everywhere. It has drawn much (or enough?) attention in a number of scenarios. For example, aqueous conditions in marine environment [START_REF] Ijsseling | General guidelines for corrosion testing of materials for marine applications: Literature review on sea water as test environment[END_REF], drinking water distribution systems [START_REF] Nawrocki | Corrosion in a distribution system: Steady water and its composition[END_REF], oil and gas production industries [START_REF] Heidersbach | Metallurgy and corrosion control in oil and gas production[END_REF], are all facing some serious corrosion problems. On the other side, studies in corrosion of historical artefacts in atmospheric conditions are also meaningful in protecting cultural heritage [START_REF] Dillmann | Corrosion and conservation of cultural heritage metallic artefacts[END_REF]. Furthermore, specific corrosion phenomena have also begun to be considered in other emerging areas, from automotive [START_REF] Lebozec | Accelerated corrosion tests in the automotive industry: a comparison of the performance towards cosmetic corrosion[END_REF] and aerospace [START_REF] Benavides | Corrosion control in the aerospace industry[END_REF] industries to biomedical devices and biomaterials [START_REF] Hansen | Metal corrosion in the human body: the ultimate bio-corrosion scenario[END_REF].

However, just like every coin has two sides, better comprehension of corrosion may also turn it into a highly practical tool. Taking materials science research as an example, etching has become one of the indispensable procedures in metallurgical research, aiming to selectively display grains and differentiate phases of the coupons investigated [START_REF] Petzow | Metallographic etching: techniques for metallography, ceramography, plastography[END_REF].

Back to the topic of this thesis, deterioration induced by corrosion serves positive functions too.

After all, dissolution of the material from its original surface, in fact, provides an effective way for releasing substances from the surface. Especially on copper, it equally means the release of antibacterial copper ions. Hence the following sections will place emphasis on relevant aspects of copper corrosion.

Copper Aqueous Corrosion

Copper is one of the very few noble metals, having an excellent anti-corrosion tendency as silver and gold. For example, when one looks up in the reactivity series of metals, copper is regarded as one of the least reactive. This can be better understood from the aspect of electrochemistry/thermodynamic theory [START_REF] Bastidas | Copper deterioration: causes, diagnosis and risk minimisation[END_REF], as standard electrode potential (usually relative to the standard hydrogen electrode, SHE) aids to judge the direction of corresponding redox reaction.

As the copper reduction reaction (Cu 2+ /Cu) has a positive value (+ 0.342 V), it can thus be concluded that copper will not react with non-oxidising acid or generate hydrogen (by proton reduction or water reduction).

However, this is not the whole story of copper aqueous corrosion process, because the role of dissolved oxygen has not yet been considered. In oxygen free water, elaborate and long-term experiment has been designed so as to confirm corrosion only occurs to limited extent in accordance with the established thermodynamic data [START_REF] Hedin | Corrosion of copper in pure O2-free water?[END_REF]. However, in near-neutral pH conditions where dissolved oxygen is not avoided, corrosion of copper can be induced as:

Reduction reaction (cathode):

O 2 (g) + 2H 2 O(l) + 4𝑒 -→ 4OH -(aq)
Oxidation reaction (anode):

Cu(s) → Cu 2+ (aq) + 2𝑒 -
As can be seen, metallic copper is therefore transformed to its ionic form, representing the most important step for releasing copper ions from the metallic copper surface. Meanwhile, many other copper containing species may directly form, such as Cu2O, CuO, Cu(OH)2, and the like, consuming the copper ions presented in the aqueous environment.

Localised Corrosion

Electrochemistry tells how the corrosion reactions and phase transformations could happen, or even how to evaluate the corrosion rate, nevertheless, may have difficulties in describing the localised tendency at the micro/nano-scale [START_REF] Vinogradov | On the corrosion behaviour of ultra-fine grain copper[END_REF]. Because most of the time, corrosion does not occur uniformly, even on a single-phase metallic surface. As the nature of electrochemical redox process, it is clear that some areas of the surface play the role of cathode. Insoluble reduction products could be found in these cathodic sites. Meanwhile, other parts of the surface serve as anodes. Anodes are the victim of corrosion, where dissolved metal ions are generated and released.

It is important to identify and further classify the corresponding localised corrosion phenomena.

Since the more knowledge we have about various corrosion forms, the better the chance to realise antibacterial ion release. A few common localised corrosion behaviours closely related to this work (Figure 1.3) are addressed in brief as below.

Selective Corrosion

The term "selective corrosion" usually refers to the situation of some alloys, for the dissimilar corrosion resistance presented on one surface. According to the galvanic series, the element or phase that is less noble, acts as an anode and will be selectively corroded. For this reason, it is sometimes called as "de-alloying".

Copper has been developed to a range of alloys sharing wide commercial interest. As most of the applied alloying elements are less noble compared to copper, it is not difficult to imagine the propensity of selective corrosion [START_REF] Weisser | The de-alloying of copper alloys[END_REF], not to mention the complex alloy phases that could formed.

Among different kinds of copper alloys, brass is particularly vulnerable to this type of damage. A famous phenomenon is called dezincification, that is, zinc could be selectively removed, leaving copper in the matrix. Since copper alloys are also considered as candidates for antibacterial surfaces, this phenomenon has already been reported in artificial perspiration solution or bacteria contained environment [START_REF] Horton | Tarnishing and Cu Ion release in Selected Copper-Base Alloys: Implications towards Antimicrobial Functionality[END_REF][START_REF] Valcarce | Brass dezincification in a tap water bacterial suspension[END_REF].

However, zinc (when it is less than 35 wt.%) does not exist as a secondary phase in brass. A solid solution should be found instead. Therefore, studies have suggested that this process is not simply governed by the selective dissolution [START_REF] Hashimoto | Dezincification of Alpha Brass[END_REF], since both copper and zinc should have been removed from the crystal lattice at the same time. There should be a dissolution-precipitation (redeposition) of copper that deviates the final composition from the original one, causing an "illusion" of selective dissolution. This has a meaningful implication in corrosion research: dissolution should not be easily considered as the end of the corrosion process, since the following reactions between aqueous species could continuously alter the corroded surface.

Intergranular Attack

This is not a typical type that can be observed on copper. Nevertheless, the significance of this type of corrosion lies in its relationship with material microstructure and its unique consequence: localised corrosion sites around grain boundaries. One way to understand this phenomenon is to regard it as a similar type of selective corrosion.

It is now the grain boundaries that are under severely attacked, acting as anode in the galvanic corrosion. The preferential dissolution of a grain boundary is usually attributed to its inhomogeneity, in respect to atomic defects and precipitated phases, which are likely brought by metallurgical process for bulk materials, or fabrication method/parameters for coating/thin films. However, existence of atomic defects is somehow inevitable, as they represent the nature of the locations where grains meet each other.

For the latter cause (precipitated phases), an appropriate heat treatment method would help, through their re-dissolution back into the matrix. Together with processing methods, the fractions of different types of grain boundary, which is defined by the misorientation between two neighbouring grains can be regulated. It has been demonstrated that these boundaries behave differently in terms of dissolution rate and corrosion tendency [START_REF] Martinez-Lombardia | Study of the influence of the microstructure on the corrosion properties of pure copper[END_REF]. For example, coherent boundaries such as twin boundaries are usually regarded to have higher corrosion resistance [START_REF] Lapeire | Influence of grain size on the electrochemical behavior of pure copper[END_REF][START_REF] Zhao | The effect of nanotwins on the corrosion behavior of copper[END_REF]. Furthermore, the shape of grain boundary (curved or relatively straight) is recently found closely relevant to the type of the corresponding boundary as well as its corrosion behaviour [START_REF] Martinez-Lombardia | In situ scanning tunneling microscopy study of the intergranular corrosion of copper[END_REF].

Another interesting scenario is how the predominant corrosion mechanism could shift after the initiation of intergranular attacks. That is to say, new situation could arise when the grain boundaries become geometrically lower, as a result of material loss. These uneven regions could have significant impacts on the mass transfer process, resulting in localised discrepancy in term of acidity, concentration of substances, and fluid flow rate compared to other intact near-surfaces. These will be further discussed in the following section related to pitting, as the scenarios share huge similarity.

In most of the cases, intergranular attacks are described to extend from the surface into the bulk materials crossing several grains. As a result, a cross section of the investigated surface would be the best approach to display the consequence [START_REF] Sowards | Corrosion of copper and steel alloys in a simulated underground storage-tank sump environment containing acid-producing bacteria[END_REF]. However, in view of the relatively short corrosion periods covered by this thesis, only the initiation of intergranular attacks can be observed and considered. Therefore direct evaluation from top view has been selected.

Grain Dependent Etching

Contrary to the attacks occurring at grain boundaries, another type of corrosion targets the grains, which could also happen simultaneously alongside the intergranular attacks [START_REF] Martinez-Lombardia | Study of the influence of the microstructure on the corrosion properties of pure copper[END_REF]. A variation of corrosion rate among different grains after polarisation is recently observed, by comparing the change in height using scanning tunnelling microscopy (STM) [START_REF] Martinez-Lombardia | In Situ Scanning Tunneling Microscopy Study of Grain-Dependent Corrosion on Microcrystalline Copper[END_REF]. Interestingly, the reason behind does not solely come from the discrepancy in corrosion resistance of each single grain. It also relates to the relatively potential difference among exposed grains nearby [START_REF] Martinez-Lombardia | Scanning electrochemical microscopy to study the effect of crystallographic orientation on the electrochemical activity of pure copper[END_REF]. Therefore, any attempts to characterise the corrosion rate for a certain orientation would not succeed.

Moreover, it should be noted that it is in fact, not the bulk, but the exposed crystallographic facet of a certain grain that shows the electrochemical potential difference [START_REF] Lapeire | Effect of neighboring grains on the microscopic corrosion behavior of a grain in polycrystalline copper[END_REF]. Therefore some facets act as anode and dissolve. However, since the exposed facets on an investigated polished surface usually lie on the orientation of their respective grains, this effect is still frequently considered to be grain dependent.

This kind of detailed information on grain scale, nevertheless, will not be collected or reflected in the macroscopic electrochemical measurement, where only the global response of the whole surface is recorded. Instead, technique like scanning electrochemical cell microscopy (SECCM) become promising in this circumstance [START_REF] Ebejer | Scanning Electrochemical Cell Microscopy: A Versatile Technique for Nanoscale Electrochemistry and Functional Imaging[END_REF], as electrolyte can be restricted by the tip and thus can be applied on just one grain. Influence from the neighbouring grains are likely to be isolated.

Pitting

This is another type of localised corrosion, which has been extensively observed on the grain surface.

Compared to other localised corrosion phenomena, pitting usually evolves in a clear phase sequence that can be predicted [START_REF] Seo | Formation of Crystallographic Etch Pits during AC Etching of Aluminum[END_REF][START_REF] Cruickshank | In Situ Observations of Shape Evolution during Copper Dissolution Using Atomic Force Microscopy[END_REF]. The first step is the "nucleation" of the pits, signified by the local breakdown of the existing oxide films. To exactly predict the initiation of pits is still difficult.

Nevertheless, research has demonstrated that the nucleation sites could strongly favour the microstructural inhomogeneity sites, where dislocations [START_REF] Livingston | The density and distribution of dislocations in deformed copper crystals[END_REF] or climbs [START_REF] Livingston | Etch Pits at Dislocations in Copper[END_REF] are presented, but not necessarily following a one-to-one correspondence [START_REF] Ruff | Dislocations and Chemical Etch Pits in Copper[END_REF].

After a small pit appears, it is then the acidity and chemical concentration in such a micro-scale region that come to play. In the forthcoming pit growth phase, the inner parts of the pit act as anode, keep dissolving themselves and releasing metal ions. Meanwhile, the bare metal sites around the pit act as cathode, where reduction reactions occur simultaneously, increasing the pH. Around the pit, the dissolved metal ions may diffuse from the pit and form porous corrosion products (passive films) as a result of the local supersaturation. Formation of these products have two major effects. Firstly, they gradually close the pit, impeding the mass transfer between the pit and the outside environment; secondly, they could consume hydroxide (OH -) and thereby lower the pH inside the pit, probably accelerating the pitting rate.

The final phase could be the seal of the pits. However, it does not necessarily signify the end of the pitting, while further corrosion could continue in the pits depending on each specific circumstance.

Another feature could be observed is called crystallographic etching. It leaves particular shapes of the pits or sub-microscopic steps on grains, which could even happen below the surface [START_REF] Kakinuma | Mechanism for the Morphological Change from Trenching to Pitting around Intermetallic Particles in AA1050 Aluminum[END_REF].

This can be explained partially based on the grain dependent etching that happens on the same grain [START_REF] Seo | Formation of Crystallographic Etch Pits during AC Etching of Aluminum[END_REF][START_REF] Cruickshank | In Situ Observations of Shape Evolution during Copper Dissolution Using Atomic Force Microscopy[END_REF][START_REF] Young | Etch Pits at Dislocations in Copper[END_REF]. That is to say, in a given circumstance, there are some atomic planes that dissolve faster than the others. In such a situation, the atomic planes that dissolved relatively slowly will disappear, and those most susceptible planes will gradually occupy the interior of pits.

External environmental variables usually have considerably strong influence on the formation of pits. In a number of instances, addition of chloride could form extra products such as copper chloride (CuCl) on copper surface, which might develop to pit sites if its transformation into Cu2O

is not sufficient [START_REF] Warraky | Pitting corrosion of copper in chloride solutions[END_REF]. However, Cu2O membrane that separates the inner pitting region from the environment could in turn affect the pitting process [START_REF] Sequeira | Inorganic, physicochemical, and microbial aspects of copper corrosion: literature survey[END_REF].

Pitting rate is one of the important aspects in this phenomenon. Laser scanning microscopy (LSM) has been one of the powerful ex-situ tools to measure the depth of pits. However, only the early initiation of pits will be presented in this thesis, whose sizes are too small for the limited lateral resolution of LSM.

Microbiologically Influenced Corrosion (MIC)

This is also simply called microbial corrosion or bacterial corrosion, indicating the dominant role of microbes, mostly bacteria, in the aqueous corrosion process. Copper pipes in water distribution system is well known for universally risking this kind of corrosion since a long time [START_REF] Fischer | Copper deterioration in a water distribution system of a county hospital in Germany caused by microbially induced corrosion -I. Description of the problem[END_REF][START_REF] Wagner | Copper deterioration in a water distribution system of a county hospital in Germany caused by microbially influenced corrosion -II. Simulation of the corrosion process in two test rigs installed in this hospital[END_REF].

Once bacteria arrive on the surfaces or form biofilm, many local environmental components could be influenced. Enzymes and acidic metabolites (e.g. organic acids) could be aggressive, which will be continuously provided by the bacterial metabolism as long as they are viable. In the case of copper, not just the corroded substrate but also the passive layer can be influenced by these products, possibly affecting its protective capability [START_REF] Webster | Microbiologically Influenced Corrosion of Copper in Potable Water Systems-pH Effects[END_REF]. For the same reason, concentration of other substances or dissolved gas species could be affected, altering the corrosion kinetics. For example, bacterial respiration is known for consuming oxygen in the aqueous environment [START_REF] Lee | Microbial iron respiration: impacts on corrosion processes[END_REF]. Besides, coverage of bacteria compromises the fluid flow rate and mass transport, which could play a decisive factor on the corrosion process.

The type of corrosion also strongly depends on the special capability of the specific bacteria.

Fox example, Acidithiobacillus ferrooxidans could oxidise Fe 2+ to Fe 3+ as a process of their metabolism, causing formation of Fe(OH)3 precipitation, accelerating the anode dissolution kinetics [START_REF] Iverson | Advances in Applied Microbiology[END_REF]. On the other hand, iron-respiring bacteria can inversely reduce Fe 3+ to Fe 2+ by various mechanisms [START_REF] Lee | Microbial iron respiration: impacts on corrosion processes[END_REF]. In addition, sulphate-reducing bacteria (e.g. Desulfovibrio desulfuricans) could obtain energy from the environment by reducing sulfates (SO 4 2-) [START_REF] Iverson | Advances in Applied Microbiology[END_REF]. This causes hydrogen sulphide gas (H2S) production and introduces severe corrosion on iron and steel. What's more, bacterial species may assist each other in biofilm, making the corrosion phenomena involved increasing complexity.

It has to be noted that, the micro-scale chemical or physical variations caused by bacteria or biofilm near the corroded surface could, however, decelerate the corrosion (e.g. by cutting down the oxygen content). That is to say, introducing bacteria or slight change of the environmental components could have multiple and complicated effects [START_REF] Javed | Inhibition or acceleration: Bacterial test media can determine the course of microbiologically influenced corrosion[END_REF], which have to be characterised comprehensively in each specific case.

Other Issues of Copper Corrosion

As can be seen, the complexity of the corrosion environments presented later in this work will be rather complex. In order to focus more on the corrosion behaviours of copper, particularly a few independent issues still worth to be briefly mentioned.

Oxide Growth

Oxide growth is one of the most common and obvious chemical changes frequently observed on the corroded copper surfaces. Two thermodynamically stable oxides, namely Cu2O and CuO can be individually identified depending on the corrosion conditions. Other corrosion products such as Cu(OH)2 and Cu2(OH)2CO3 are often found too. Whether ex-situ characterisation of the presence of these species is feasible also depends on their formation rates and scales. Especially when some have relatively high solubility in a specific condition [START_REF] Palmer | Solubility of copper oxides in water and steam[END_REF], they directly dissolve and become nondetectable on the surface afterwards.

Traditionally, oxidation (particularly thermally) of metallic surfaces should be investigated with respect to diffusion of metallic atoms and oxygen, formation of the oxidised species, shift of the oxide front (interface between metal and oxide), and the like [START_REF] Lawless | The oxidation of metals[END_REF]. It is true that some general conclusions obtained from these perspectives are helpful in understanding the oxide formation on copper in aqueous conditions, however, may not describe all existing processes comprehensively.

For example, in the case of pitting corrosion, another special mode of oxide growth could be found assisted by the aqueous environment: re-deposition. As already described, the pit serves as an anode that dissolves copper ions into the solution. Meanwhile, oxide growth could be found on the cathodic sites, namely the opening and the surrounding of the pit. Concentrations of the species as well as the electrons transferred through the metal (and grown oxide) could account for why this type of re-deposition reaction is restricted near the exposed surface, creating an "illusion" of direct oxidation of the metallic surface. Consequently, unlike in thermal oxidation process, diffusion of metallic/oxygen atoms at the oxide-metal interface becomes a minor concern. The oxide front should as well shift less obviously, as the metal on the interface does not go through an oxidation reaction.

Nevertheless, re-deposition could result in a layer composed of precipitates, or a solid-state grown film. Although in the latter case, there is no expected mass transfer between the layer and the original exposed metallic surface, this surface could still strongly influence how the re-deposited layer forms in the first beginning. For instance, studies have shown a similar copper oxide redeposition process in solutions with copper containing substances [START_REF] Lawless | The epitaxial relationships of cuprous oxide formed on copper single crystals immersed in an aqueous solution of copper sulfate[END_REF], where some specific orientation relationships between copper grains and the newly deposited oxide layer were found.

Carefully combing atomic force microscopy (AFM) [START_REF] Ikemiya | In situ AFM observations of oxide film formation on Cu(111) and Cu (100) surfaces under aqueous alkaline solutions[END_REF] and STM [START_REF] Kunze | In Situ Scanning Tunneling Microscopy Study of the Anodic Oxidation of Cu(111) in 0.1 M NaOH[END_REF][START_REF] Kunze | In situ STM study of the duplex passive films formed on Cu(111) and Cu(001) in 0.1 M NaOH[END_REF] with electrochemical polarisation, is was found that this lateral growth mechanism is simultaneously controlled by adsorption of oxygen species, surface reconstruction, and growth of stepped surface.

These results therefore emphasise the assisting role of the substrate in the oxide nucleation phase.

There are many implications why oxide formation should be better considered in this thesis.

First of all, having noticed the presence of oxides during antibacterial tests helps evaluate the actual antibacterial effect generated by metallic copper surface. Secondly, oxide growth consumes the existing antibacterial ionic copper in the aqueous environment, which is considered to be detrimental for antibacterial process and should be avoided. Moreover, more oxide coverage results in less metallic copper exposed to the environment, which could also impair the release of copper ions and better to be avoided [START_REF] Hutchison | Solute Capture and Doping of Al in Cu2O: Corrosion, Tarnish Resistance, and Cation Release of High-Purity Cu-Al Alloys in Artificial Perspiration[END_REF].

Role of Chloride Ions

To simplify the discussion and to put forward the basic aspects of copper corrosion, thus far, only pure water has been taken into consideration in most of cases. Unfortunately, this simplified condition seldom reflects the actual environmental components. Especially in antibacterial efficiency test, buffers composed of different chemicals have to be applied, in order to ensure the survival of the bacteria. Among different compositions, sodium chloride (NaCl) is one of the common components, adjusting the osmotic pressure to a suitable level, or directly simulating the perspiration environment [START_REF] Horton | Tarnishing and Cu Ion release in Selected Copper-Base Alloys: Implications towards Antimicrobial Functionality[END_REF].

Cl -are inevitably introduced into the aqueous environment. A recent study performing on copper-silver alloy surface has reported a better antibacterial property in the presence of Cl -in buffers [START_REF] Ciacotich | Influence of chlorides and phosphates on the antiadhesive, antibacterial, and electrochemical properties of an electroplated copper-silver alloy[END_REF]. Attention should therefore be drawn to its possible reactions with copper surfaces or other substances in the solution. Studies [START_REF] Warraky | Pitting corrosion of copper in chloride solutions[END_REF][START_REF] Mayanna | Role of chloride ions in relation to copper corrosion and inhibition[END_REF] have proposed how the presence of Cl -interferes the corrosion process through the probable reactions listed below:

Reaction 1 (Adsorption of Cl -and complex formation):

Cu(s) + 2Cl -(aq) → CuCl 2 -(aq) + 𝑒 - Reaction 2 (Dissociation): CuCl 2 -(aq) → Cu + (aq) + 2Cl -
Depending on the concentration of the above substances, additional reactions can take place, which could inhibit further corrosion/dissolution of copper surface:

Reaction 3 (Deposition):

CuCl 2 -(aq) → CuCl(s) ↓ +Cl -(aq)
Besides, Cu2O could form in two ways based on the local pH conditions:

Reaction 4:

2CuCl(s) + H 2 O(l) → Cu 2 O(s) + 2H + (aq) + 2Cl -(aq)
Reaction 5:

2CuCl(s) + 2OH -(aq) → Cu 2 O(s) + H 2 O(l) + 2Cl -(aq)
Although Cl -do not necessarily accelerate the corrosion process, it can be a causal factor of pitting corrosion in some cases [START_REF] Martinez-Lombardia | Study of the influence of the microstructure on the corrosion properties of pure copper[END_REF][START_REF] Warraky | Pitting corrosion of copper in chloride solutions[END_REF][START_REF] Sequeira | Inorganic, physicochemical, and microbial aspects of copper corrosion: literature survey[END_REF]. As a result, chloride introduced by the buffers could add many complications in showing the antibacterial efficiency of copper surfaces, since it affects the release routes and rate of the antibacterial copper ions.

Aging of Surface

This section aims to cover the corrosion phenomena not anymore in aqueous condition, but simply in atmosphere. Concerning the lifespan of antibacterial metallic copper surfaces, it is important to realise how these surfaces could age in the specific conditions, and how these aging effects influence the antibacterial efficiency. Currently, as a cause of various types of structural failures and accidents, atmospheric corrosion on outdoor metallic surfaces such as bridges, mobiles, ships, and other architectures has been widely investigated. It provides a perfect introduction for aging analysis.

One major factor that needs to be constantly considered is the humidity. In relatively high humidity, salts deposited on a surface could go through a process called deliquescence [START_REF] Li | Deliquescence and efflorescence behavior of individual NaCl and KCl mixture aerosol particles[END_REF]. This process allows the salts absorbing water from the atmosphere and thereby dissolving themselves on the surface. A consequence of this process is to shift the near-surface environment to a quasiaqueous condition, likely leading to many corrosion attacks.

However, even if the humidity is lower than the deliquescence point of a certain substance, it does not ensure that surface will be intact. Because water adsorption could still results in formation of monolayers of water on the surfaces [START_REF] Schindelholz | Wetting phenomena and time of wetness in atmospheric corrosion: a review[END_REF], which may act similarly to bulk water. It is therefore possible for the salts to dissolve and its containing ions to further diffuse above the surface within this layer [START_REF] Chen | Effect of Sodium Chloride Particles on the Atmospheric Corrosion of Pure Copper[END_REF]. These dissolved ionic species and the monolayers of water together act as electrolyte. It thus again becomes a similar quasi-aqueous condition, which could be favourable for some corrosion reactions, aging not only the original salts deposited locations, but the surrounding areas too.

As mentioned in the previous section, NaCl is a common component for buffers applied in antibacterial tests, therefore it can be found on the tested surfaces even after the solution is withdrawn. NaCl is, unfortunately, one of the typical salts that has been confirmed to be active in both abovementioned effects [START_REF] Li | Atmospheric corrosion initiation on steel from predeposited NaCl salt particles in high humidity atmospheres[END_REF]. However, having a deliquescence point around 75% relative humidity (RH), deliquescence transition in daily/lab environment might not be predominant, while diffusion of Cl -within the adsorbed water monolayers could still age the copper surfaces.

Aims and Structure of this Thesis

To sum up, for copper and its relevant surfaces, it is corrosion that seems to determine the release of the antibacterial copper ions as well as the outcome of antibacterial efficiency test. This could further suggest that, in order to correctly interpret the results or trends obtained, one would better consider how the corrosion conditions and the corresponding consequences differ.

However, the evidence of such a correlation is still lacking. That is the reason why comprehensive characterisation of the corroded copper coupons in physiological environments is indispensable. For instance, investigation of micro-morphology or microstructure features provides information on the corrosion mechanisms that facilitate antibacterial copper ion release.

Confirmation of corrosion products is, on the other hand, necessary for further analysis on the particular corrosion processes. In addition, evaluation of the aqueous environment itself reflects its potential impacts on corrosion as well. Therefore multiple characterisation techniques were applied in this thesis, which will be introduced in detail in Chapter 2.

Combining with these methods, this work targets the major issues as below:

• Will the corrosion behaviours of copper surface change when the aqueous condition is altered (i.e. in another buffer, or absence of microbes)?

• If yes, then how do these variations affect the release of copper ions as well as the antibacterial effects?

• Are there any dominant corrosion mechanisms can be observed during the antibacterial efficiency test?

• What kinds of corrosion products will form on the copper surface, and what are their impacts to the antibacterial process? These questions will be partially and gradually answered as research developed in the following main chapters:

Chapter 3 initiated the attention of the how important a buffer could be in revealing antibacterial effect of metallic copper surface. Meanwhile, the roles of bacteria and Cu2O formation are introduced and preliminary discussed. PBS and Na-HEPES were chosen, and the corrosion phenomena on copper as well as the antibacterial efficiency against E. coli were compared.

Assisted by the results obtained from the well-defined sputtered Cu2O coating coupon, three main features were observed:

• Corrosion behaviours shown on copper surface in two buffers have a huge impact on the antibacterial copper ion content and thus the antibacterial efficacy measured.

• Bacterial addition is an influential factor to the corrosion environment. It causes a discrepancy in copper ion release.

• Cu2O formation may exist as a barrier layer hindering copper ion release, instead of promoting antibacterial effect.

To learn more from these observations, experiments were designed, and investigation was expanded in the following chapters.

Chapter 4 further characterised the corrosion phenomena introduced by PBS and discussed how they can be influenced by E. coli addition in the antibacterial efficiency test. It is found that when E. coli was added into PBS, formation of Cu2O on copper surface was inhibited.

These changes have been attributed to that fact that the bacteria cells passively accumulate copper ions by storing copper inside and promoting the formation of copper phosphate sub-micron particles outside. On the other hand, localised corrosion sites were revealed. Since it is at these sites where antibacterial copper ions are heavily released, the next chapter was designed to conduct comprehensive research on it.

Chapter 5 accomplished the investigation on electropolished copper coupon in PBS environment, offering details of how the corrosion attack and oxide growth occur. Distinct localised corrosion sites were identified along grain boundaries and on grains with specific orientations. Characterisation of oxide layer regarding its morphology and orientation, on the other hand, depicts a re-deposition process. Interestingly, it is also worthwhile to mention that the addition of E. coli does not change the distribution of these preferential corroded sites. That is to say, the casual factor of such a localised corrosion phenomenon is still hiding in the buffer itself, which will be identified in the next chapter.

Chapter 6 narrows down the target to Cl -. It introduces localised corrosion attacks on copper and assists atmospheric corrosion process. Copper ion release and antibacterial efficiency were compared between 0.9% saline and pure water. It is therefore clear that copper surface was corroded much severely in saline and thus killed E. coli faster. Furthermore, the residual NaCl deposits on copper surface introduced by saline showed a continuous aging effect in atmosphere, leading to formation of an additional Cu2O layer and/or oxygen containing species.

Experimental Methods

Materials and Solutions Preparations

This section aims to cover the selection of materials and solutions applied in this work.

Bulk Materials

Pure copper (99.99%, K09, Wieland) was chosen for most of the experiments. There are mainly two types of surface finish that have been employed:

Ground copper coupons were mechanically ground with a silicon carbide sandpaper (stepped down to grit number P600), following a conventional metallurgical procedure. They were rinsed with water, cleaned with ethanol in an ultrasonic bath, and dried by air.

This type of surface was used in most of the experiments, for its simplicity and high reproducibility. It could represent the normal (which means not lab-level perfect) surfaces in daily lives.

Electropolished copper coupons were first mechanically ground and polished finishing with 1 µm diamond paste, and cleaned with soap. These coupons were electropolished in 85 wt% orthophosphoric acid for 3 min at 2 V versus a copper slide. They were rinsed with water, cleaned with ethanol in an ultrasonic bath, and dried by air.

By electropolishing, not only has the copper surface become extremely smooth, but also have the original grains (with greater grain size) exposed, instead of the near-surface deform layer (Figure 2.1). These coupons helped to understand the correlation between microstructure and corrosion attacks.

Reactive Magnetron Sputtering

Apart from the copper coupons, a small portion of the experiments was performed on cuprous oxide (Cu2O). These oxide surfaces were thin films fabricated by reactive magnetron sputtering technique (hereinafter sputtering).

Sputtering is a PVD method based on one (or many) source target(s) and a substrate. Both of them are placed in a vacuum chamber and connected with a specific power supply. Argon (Ar) usually serves as the sputtering gas, being ionised in the electric field between the target (cathode)

and the substrate (anode). These ions will be further accelerated by the electric field and bombard at the target. This process generates sputtered ions/particles flying away from the target. Those reach the substrate could deposit and eventually form a layer on top. The term "magnetron" refers to the structure of cathode, where magnetic field is introduced in order to trap the electrons and thereby increase the ionisation efficiency. The term "reactive" indicates that reactive gas is introduced into the system along with Ar, so as to achieve a complex chemical composition of the deposited film.

To prepare Cu2O films, microscope glass slide was chosen as the substrate. These substrates were cleaned by an ultrasonic bath with ethanol before being transferred into the sputtering chamber.

Distance between substrates and Cu target (99.99%) was 50 mm. During the deposition, the sputtering pressure was maintained at 0.5 Pa, while Ar flow rate was 25 sccm and O2 as 7 sccm.

The sputtering power was provided with a constant current as 0.3 A (power around 150 W) by a pulsed-DC generator (Pinnacle, Advanced Energy). Frequency and off time were 50 kHz and 4µs, respectively. The total deposition time was 5 min.

The phase composition was examined by grazing incidence X-ray diffraction and Raman spectroscopy. Owing to such a totally different process compared to the conventional metallurgical fabrication, the crystallinity and microstructure of these thin films are supposed to exhibit a great distinction (Figure 2.1).

Solutions and Suspensions

These aqueous environments/conditions, in most of the cases, play the principle role in causing corrosion on the surfaces investigated. There are mainly two groups of solution that have been applied: one is the pure solutions, which is only composed of chemicals; another sort is bacterial suspension, that is to say, bacteria (live/dead) are added in these solutions.

Phosphate-buffered saline (PBS) was prepared with NaH2PO4. 1H2O (Merck, Germany, final concentration 0.01 M), NaCl (VWR, Germany, final concentration 0.14 M) and pure water for analysis (Merck, Germany). Its pH value was adjusted by adding NaOH to 7.4, sterilised in an autoclave after preparation. Its buffer potential is provided by dihydrogen phosphate (H2PO4 -) and its conjugate base, namely hydrogen monohydrogen phosphate (HPO4 2-). Saline with various concentrations (default to be 0.9%) were prepared with NaCl (VWR, Germany), and pure water for analysis (Merck, Germany), sterilised in an autoclave after preparation.

Na

Suspensions with bacteria. E. coli is well known as an ideal model organism for microbial study. E. coli K12 strain was grown aerobically overnight in Lysogeny Broth (LB) medium at 37

⁰C in a water bath with a speed of 220 rpm. The stationary cells from culture were collected by centrifugation for 15 min at 5000g, washed, and centrifuged three times with the corresponding buffer, and finally re-suspended in the same type of buffer. The initial average cell count in stationary phase was around 310 9 to 510 9 colony-forming unit (cfu)/ml.

Since Staphylococcus cohnii (S. cohnii) was observed with relatively lower mobility, it was therefore applied to examine the potential effects of fluid flow on corrosion. For the suspension with S. cohnii, except that the Tryptic Soy Broth (TSB) medium was applied for overnight culture, other parameters followed exactly the abovementioned protocol for E. coli.

Besides, the concentration of bacterial suspension can be easily adjusted during the resuspension step. For example, a fivefold concentration E. coli saline suspension can be prepared by re-suspending in 0.2 mL of saline instead of the original amount 1 mL.

Corrosion Protocol

Corrosion test is an important part in this work, as most of the characterisations are done on those corroded coupons. The corrosion tests are designed as droplet exposure method (instead of immersion), in order to simulate almost the same procedures of antibacterial efficiency test to be mentioned in the following section. In brief, coupons of were placed in a water-saturated atmosphere at room temperature when droplets of 20 µL buffer or bacterial suspension (hereinafter sample) were applied on them with a pipette. After the set times, these samples were withdrawn.

For coupons investigated in Chapter 3 and 4, they were dried in a ventilated room. Most of the coupons in Chapter 5 and 6 were then cleaned with ethanol in ultrasonic bath immediately after withdrawal.

In Chapter 5, to remove the corrosion products from the copper surface, coupons were immersed in 4 wt% hydrochloric acid (HCl) for 10 s, followed by water rinse and ethanol in ultrasonic bath. Extra and obvious attacks on copper surface after this acid treatment has not been observed.

In Chapter 6, in the test with various NaCl/bacterial concentrations, the treated surfaces were firstly wiped with detergent-dipped cotton pads in order to remove the adhered bacteria. As for the atmospheric aging experiments, the coupons remained unwashed. They were constantly kept in the lab atmosphere at room temperature, except for the time being characterised.

Characterisations Methods

In this section, brief overviews will be presented with respect to the characterisation approaches that have been utilised. It involves the purposes, general parameters, and notice for specific conditions if needed.

Grazing Incidence X-ray Diffraction

Phase analysis and confirmation are essential for corrosion investigation. Corrosion products and deposits can thus be identified, providing valuable information to further elucidate the corrosion process involved.

Grazing incidence X-ray diffractometer (GIXRD, Cu Kα with 1°grazing angle, PANalytical X'Pert PRO-MPD) is a helpful tool applied in the study. Similar to conventional X-ray diffractometer, substances with different crystal structures can be indexed and distinguished, according to Bragg's law. By applying the incident X-ray beam with a grazing angle, the penetration depth of the beam is therefore limited. This becomes an advantage for sensitive surface analysis, since the core interest is the corrosion products attached on the coupon surface. In the majority of cases, they exist as a layer at nano-scale.

The spot of the X-ray beam (i.e. the lateral detection area) can be adjusted by inserting slit and mask with different sizes. Despite this, GIXRD is still a method that provides global information from the corroded surfaces.

Other than revealing the phase information from the corroded surfaces, GIXRD was also employed to confirm the preparation of sputtered thin films, or the precipitates deposited. However, since the detected diffraction planes are not always parallel to the coupon surface, information of preferential growth will be lost.

Raman Spectroscopy

To examine the corrosion products at a much smaller lateral scale, Raman spectroscopy (Raman, laser source with 532/633 nm, inVia, Renishaw) with a 50X optical microscope was applied.

Raman is designed based on the photon scattering effect of the specific bonds of a certain material. These scattering events generate a shift in energy of the photon, which is presented as the Raman shifts in the spectrum. Since the discrepancy and probability (i.e. intensity) of these shifts depend on the molecular vibrations of a substance, they provide fingerprint information for phase confirmation.

This is a method based on focused laser technique and therefore the information will be only collected from the area covered by the laser spot. With the applied configuration, the spot size is around two microns, therefore completely suitable for localised corrosion analysis.

Optical Microscopy

Optical microscope (OM, OLS4100, Olympus, 3D bright field mode) photos were captured so that the colour of the corrosion products covering the original coupon can be preserved. The colour recorded is the joint effect of the optical properties of the corrosion product and the substrate (Figure 2.2). Therefore it was applied to indicate the thickness difference of the same type of corrosion product, exclusively on the electropolished coupons after corrosion test.

Scanning Electron Microscopy

Scanning electron microscope (SEM, Helios NanoLab600, FEI) is a multi-functional system that was used to observe not only the corroded coupons but also the bacteria. In this section, only its image formation system is to be mentioned. The advantage of SEM in obtaining images of an object, is its lateral resolution. Compared to OM, SEM utilises electron beam instead of visible light for imaging, which has a much smaller wavelength (depending on its energy, i.e. acceleration voltage).

Nano-scale spot can thus be obtained, making a similar fine resolution reachable.

However, in order to analyse images collected by SEM, it is also important to understand the electron beam-specimen interactions. The outcome of these interactions is further selectively collected by different type of detectors, forming images that reveal various properties of the coupons (Figure 2.3). In this work, two types of detector are mainly utilised, and for appropriate understanding of the results, some of their essential features are discussed below.

Secondary electron (SE) detector was applied to characterise the morphology of the top-surface as well as cross-section of the coupons. SE are defined as the electrons that ejected from the outer shell of a substance (under electron beam bombardment, in SEM). However, SE detector cannot differentiate the type/origin of the electrons. What it could do is to simply collect those electrons that have less kinetic energy, since that is one of the characteristics of SE. Because only those generated by the near-surface materials can reach the surface and therefore be collected, SE images often reflect the near-surface condition and edge (topographic) effects.

On the other hand, backscatter electron (BSE) detector mostly aimed to explore the localised corrosion attacked sites already covered by corrosion products. Unlike secondary electrons, BSE are those originally from the incident electron beam, which are elastically scattered for several times, and finally escape the material surface. Since their trajectories could have reached much deeper and wider positions, they could help revealing the below-surface information but with poorer lateral resolution. BES images are also influenced by two additional effects, namely the compositional effect, and the electron channelling effect. The former one helps to preliminarily distinguish the density of an object according to the atomic number dependence. Grains with different orientation, on the other hand, could be distinguished by their crystallographic contrast thanks to the latter effect.

Nevertheless, one disadvantage of SEM is about its operating conditions, where vacuum environment is necessary. This suggested that only ex-situ characterisation can be made. Especially, owing to the complex structure and composition of bacteria, the observed morphology may not reflect the actual one before being transferred to the vacuum chamber.

Since different acceleration voltages have been chosen depending on the situations, they are further mentioned in the corresponding figure captions. 

Electron Backscatter Diffraction Patterns

Electron backscatter diffraction (EBSD) patterns are generated by Bragg diffraction of the crystal planes. An EBSD pattern includes a certain amount of Kikuchi lines arranged in a certain way. These lines will be then indexed with the known/expected phases, from which the orientation of the corresponding crystal grain can be further derived.

However, a precise and correct indexing process assisted by software relies on an EBSD patterns with high quality. In other words, if part of the information is lost (e.g. incomplete pattern caused by the shadowing effect), it becomes necessary to apply manual indexing to extract the information aimed.

Results obtained from this method in Chapter 5 help to investigate the orientation relationship between the corrosion product and the substrate underneath. Data were collected with step sizes of 200 nm (for fine scan at local regions) or 1 µm (for fast scan at droplet edges) with an acceleration voltage of 20 kV in SEM.

Focused Ion Beam

Focused ion beam (FIB) is a useful tool integrated in SEM. Metallic ions (gallium, Ga, in this work) are emitted and accelerated by a strong electric field and focused on the coupon. This ion beam has two major functions: (1) to bombard, thus to destroy the coupon on purpose and (2) to assist deposition of addition material on the surface.

In this work, FIB has been applied, in most of the cases, to obtain cross-sectional views at the specific sites of the coupons, and to prepared lamella (a thin layer of material) for further analysis which will be addressed below. FIB assisted platinum (Pt) deposition of was also involved, so as to protect the near-surface from direct ion bombarding.

Scanning Transmission Electron Microscopy

Scanning transmission electron microscope (STEM, Figure 2.4) is one of the modes that can be applied in SEM. The object of this method is usually the lamella prepared by FIB. A lamella is a small portion of the investigated coupon. Polished by FIB with a final thickness less than 100 nm, then a portion of electron beam at 30 kV could therefore penetrate. Consequently, detectors are placed on the other side of the lamella (compared to the incident electron beam). The detector that placed near axis of electron beam is called bright field (BF), which aims to collect the transmitting electrons, preserving the microstructure information. From the axis outwards, there are dark field (DF) and high-angle annular dark-field (HAADF) detectors. Both are designed to detect those highly diffracted electrons, obtaining the compositional information.

Several characterisations have been carried out in Chapter 5 in order to closely survey the details of corrosion products and their relationship with the substrate.

Another example of STEM is in transmission electron microscope (TEM, JEM-ARM 200F, JEOL) in Chapter 4, applied with an accelerating voltage of 200 kV. Although it was operated in TEM, the electron beam was still focused as a spot. Tests were performed on the E. coli PBS suspension withdrawn from copper surface treatment after 3 h. Before having them transferred on a Ni grid for observation, they were diluted 1:10 with pure water for analysis.

Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a function embedded in electron microscope system so as to measure the X-ray distribution (intensity) as a function of its energy. Usually, for elemental composition analysis, it is the characteristic X-ray that produced by an inner shell electron ionisation process that needs to be further indexed and applied for comparison.

In this work, EDS in SEM is mainly applied to discover the chemical composition of bacteria (especially for copper), in spot mode with an acceleration voltage of 5 kV.

However, the lateral resolution of EDS is not simply determined by the spot size of the electron beam. For example, BSE inevitably generate X-ray from the atoms that stay far away from the original focus spot. Therefore, another EDS equipped along with TEM was also adopted in its STEM mode, with an acceleration voltage of 200 kV. Moreover, bacteria were transferred on a Ni grid (with thin carbon foil), unlike a bulk substrate in the SEM sample. This strongly reduces the unfavourable influence of BSE and allows precise elemental mapping.

pH Values Measurements

The pH values were obtained from pH-indicator strips (Merck, Germany), designed for a range from 6.5 to 10.0, with 5 gradations between 7.1 and 8.1, namely 7.1, 7.4, 7.7, 7.9, and 8.1. During the withdrawal process, 10 µL of various samples were applied on these strips.

Ion Release Measurement

The amount of copper ions that released from the coupon and presented in the samples was measured by inductively coupled plasma mass spectrometry (ICP-MS, 7500cx, Agilent). This technique involves two main parts, namely ICP and MS. ICP aims to transform the substances from particles to positive charged ions. Afterwards, these ions from the plasma will be transferred to MS, where ions can be separated according to their mass-to-charge ratio and individually measured.

For the samples to be directly measured, following almost every step of the corresponding corrosion protocol, only whenever the set time is reached, 10 µL samples were withdrawn by repetitive pipetting and diluted in 2.990 mL 1 wt% nitric acid (Merck, Germany).

For the measurement of supernatant in Chapter 4, every three 10 µL samples were transferred and mixed in SafeSeal 1.5 mL tubes. After being centrifuged for 5 min at 5 krpm, 10 µL of supernatant were collected and diluted in nitric acid as mentioned above.

For all samples, before being measured by ICP-MS, 3 µL of 10 mg/L scandium (Sc) and caesium (Cs) internal standard solutions were added to the samples. For calibration, standards with 0.1, 0.5, 2.5, 10, 50, 250, and 1000 µg/L of copper were used. After obtaining the results with a unit of ppb, the final values with a unit of µM were calculated with the fold of dilutions and molar mass 63.55 g/mol for copper. The average values and standard deviation were obtained by three independent experiments.

Antibacterial Efficacy Test

In this work, droplet (wet-plating) method was chosen, whose pros and cons have been addressed

in Chapter 1. Preparation of bacterial suspension has been presented as well. Take E. coli as an example, the test usually began by applying 20 µL of these re-suspended cells on the coupons in a water-saturated atmosphere at room temperature. After the set times, 10 µL samples were withdrawn by repetitive pipetting, serially diluted in PBS, and spread on LB agar plates (TSB agar plates for S. cohnii). Following incubation at 37 ⁰C for 24 h, the cfu on agar plates was counted and expressed in a way concerning both the fold of dilutions and relative to the original 20 µL samples.

The average values and standard deviations were obtained by three independent experiments.

Results from the antibacterial efficiency tests are presented in two ways. In Chapter 3, they were drawn in a logarithmic scale, as a function of time. This facilitates the comparison of "log reduction" along the experimental time. While in Chapter 6, only the antibacterial efficiency in 1 h was investigated. Therefore "reduction rate" is also shown, which is calculated by dividing the number of deactivated bacteria (difference of cfu between the original values and the values obtained in 1 h) by the original number.

Buffer Comparison: PBS vs. Na-HEPES

In this chapter, the below peer-reviewed publication is going to be presented: 

Early

Corrosion Attacks and Oxide Growth on Copper Surface in PBS

In this chapter, the below peer-reviewed publication is going to be presented:

Localised corrosion attacks and oxide growth on copper in phosphate-buffered saline 

Roles of NaCl in Aqueous Environment and Atmospheric Corrosion on Copper Surface

In this chapter, the below peer-reviewed publication is going to be presented: 

Sodium

Conclusions and Outlook

Since the detailed conclusions have been listed in the end of each chapter, here is a short outline, not only to briefly summarise the main results, but also to outline the central research path.

What are the main observations? Corrosion attacks on copper surface. Ground copper surface and electropolished copper surface have been investigated, in terms of the corrosion attacks introduced by physiological buffer solutions. Several types have been detected, namely the intergranular corrosion, preferred corrosion on specific grain orientation, selective/crystallographic corrosion and so on.

What are the reasons these attacks? Chloride in the buffers (e.g. in PBS). This has been confirmed by studying pure saline treated copper surface. At the same time, the effect of bacterial addition (E. coli in this work) has also been excluded.

What are the impacts? Antibacterial copper ion release and oxide formation. Corrosion attacks transform the solid-state copper into antibacterial copper ions, which are crucial in deactivating bacteria in antibacterial efficiency test. However, if the bacteria are missing from the aqueous environment, then oxide formation can be observed. Furthermore, this formation process could already occur even in a "dry" condition, through an atmospheric corrosion process.

What's next? As a thesis, it is compulsory to be completed at a certain point. But some findings acquired still suggest how the following research should be extended. The following suggestions, nevertheless, could already exceed the scope of antibacterial copper surface:

Keep considering the potential interactions between buffers and the antibacterial surfaces examined. It has already been shown on metallic copper surface (Chapter 3 and 6), the composition of buffer evidently affects the way how copper is corroded. Difference in antibacterial efficiency can thus be obtained as the copper ion release differentiates. Therefore, for the similar metal/alloy based antibacterial surfaces, it could be "unfair" to compare their antibacterial behaviour without considering the buffer, namely the corrosion environment.

Technically, to properly isolate the additional effects introduced by various buffers could be a better approach. This could probably mean, to totally exclude the buffers from the design of antibacterial efficiency test. For example, dry plating could be a promising attempt, especially if the deposits from the buffers could also be removed from the tested surfaces.

Modify the parameter/procedure of currently existing antibacterial efficiency test, in order to better reflect a surface antibacterial ability in actual scenarios. Antibacterial surfaces always have their own potential applied fields. It is, unfortunately, true that most of them could only be examined in lab tests in view of the huge expense of time and budget for clinical or in vivo tests.

But this does not change the fact that environmental parameters are still the key to correlate surface antibacterial efficiency. Therefore, it is crucial to find out a better way to mimic each corresponding scenario so as to obtain representative results. So far, adjusting the composition of the buffer is still a usual way, for instance, artificial perspiration is already commercially available and has been applied in a few studies. Further identification of the relevant environments helps to achieve this aim.

Aging of antibacterial surfaces deserves much more attention. In Chapter 6, aging (i.e. atmospheric oxidation) of copper surface has been observed in the presence of NaCl deposits. This phenomenon indicates the potential aging effect of antibacterial copper surface, which could present in the long-term atmospheric practise. The situation on copper could still be optimistic, since its main 3-week aging product Cu2O is also an antibacterial substance, although less efficient. While similar scenarios may not be true on other surfaces, where antibacterial activity could completely lose after passivation or other aging mechanisms in the specific environment. Therefore it is essential to evaluate the effectiveness of antibacterial touched surfaces in a long-term.

Design (or at least consideration) of antibacterial surfaces based on the material microstructure. As we have seen in Chapter 5, grain boundaries as well as grains with specific orientations on copper surface are subject to localised corrosion attacks. This suggests the possibility to tailor the antibacterial copper ion release by delicate microstructure engineering, where research/outcomes of material science can play a big role. Besides, it reminds us that it is always necessary to have a full comprehension of the actual surface state of coupons, which can be easily altered through common preparation processes. those replies to the reviewers, although I got warned when I tried to copy his style in my own submissions.
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  Zeit überleben. Deshalb wurden Mittel wie die Reinigung und Desinfektion von häufig berührten Oberflächen entwickelt, um durch Bakterien verursachte Infektionen einzudämmen. Inzwischen wird aber auch einer anderen Strategie viel Aufmerksamkeit geschenkt: die antibakteriellen Oberflächen. Metallisches Kupfer hat sich bereits mehrfach als eine vielversprechende antibakterielle Oberfläche erwiesen. Dies wird hauptsächlich auf die Freisetzung von Kupferionen zurückgeführt, die auf mehreren Ebenen zu Schäden in Bakterienzellen führen können. Um die antibakterielle Wirksamkeit einer bestimmten Oberfläche zu quantifizieren, oder zwischen mehreren Oberflächen zu vergleichen, müssen antibakterielle Wirksamkeitstests durchgeführt werden. Bei diesen Tests ist die Bakteriensuspension jedoch nicht nur ein zu untersuchender Gegenstand, sondern auch ein in ein solches Korrosionssystem eingebrachter Umweltfaktor. Da es genau die Korrosionsreaktionen sind, die antibakterielle Kupferionen freisetzen, haben die Wechselwirkungen zwischen Kupferoberflächen und Bakteriensuspensionen erhebliche Auswirkungen auf die Bewertung der antibakteriellen Wirksamkeit. Ziel dieser Arbeit ist es, die Kupferkorrosionsphänomene zu untersuchen, die am häufigsten bei einer bestimmten Art von antibakteriellen Wirksamkeitstests, der sogenannten Tröpfchenmethode, beobachtet werden. Durch die Durchführung verschiedener metallurgischer Exsitu-Methoden wurden chemische und morphologische Veränderungen an Kupferoberflächen charakterisiert, mit denen der Kupferionengehalt und die antibakterielle Aktivität korreliert wurden. Für das erstgenannte Ziel wurden Röntgenbeugung unter streifendem Einfall, Raman-Spektroskopie und Rasterelektronenmikroskopie eingesetzt, während für das letztgenannte Ziel die Massenspektrometrie mit induktiv gekoppeltem Plasma verwendet wurde. Es wurden einige nennenswerte Merkmale gefunden, die das Verständnis der Rolle von Oxiden, Bakterien und Pufferlösungen bei einem antibakteriellen Wirksamkeitstest fördern. Beispielsweise wurden in verschiedenen Pufferlösungen unterschiedliche Kochsalzlösung 0.9%); gleichzeitig könnte die Entstehung von Cu2O auch pufferabhängig sein. Dieses Oxidwachstum wurde als eine Barriere betrachtet, die die Kupferoberfläche vor direkter Korrosion schützt. Dieser Effekt wurde durch die Einführung einer gesputterten Cu2O Beschichtung weiter verifiziert. vi Der nächste Schritt war die Untersuchung der Wirkung von Bakterien, wie sie im antibakteriellen Wirksamkeitstest tatsächlich vorhanden sind. Im Falle einer Bakteriensuspension (Escherichia coli in Phosphatgepufferte Salzlösung) konnte das Oxidwachstum ausreichend gehemmt werden, was mit dem Kupferakkumulationseffekt durch die Bakterien zusammenhängt. Währenddessen wurde ein lokalisiertes Korrosionsphänomen aufgedeckt. Darüber hinaus wurden das Oxidwachstum und bevorzugte Korrosionsstellen an elektropolierten Kupfercoupons eingehender untersucht. Oxidwachstum kann als ein Prozess der erneuten Ablagerung beschrieben werden, und die lokalisierten Korrosionsstellen sind mikrostrukturabhängig. Es wurde festgestellt, dass die Bakterienadhäsion selbst keine zusätzlichen lokalisierten Korrosionsangriffe einleitete, was auf die dominierende Rolle des Puffers hinweist. In diesem Zuge wurde ein Vergleich des Korrosionseinflusses zwischen salzhaltigem und reinem Wasser gezogen, wo Chlorid seinen signifikanten Faktor bei der Ausbildung lokalisierter Korrosion zeigte. Es beschleunigt die Freisetzung von Kupferionen und verbessert die antibakterielle Wirksamkeit. Spezifische Merkmale der atmosphärischen Korrosion wurden an salzhaltig vorbehandelten Kupfercoupons untersucht. All diese Ergebnisse helfen nicht nur den Ursprung der antibakteriellen Kupferionenfreisetzung zu verstehen, sondern verlagern auch den Forschungsschwerpunkt zurück auf die Kupferoberfläche selbst, um zu zeigen, wie die Materialforschung für ein gezieltes Design antibakterieller Oberflächengestaltung funktionieren kann. Einerseits ist es notwendig, bei der Interpretation der antibakteriellen Wirksamkeit die Wechselwirkung zwischen Puffern und antibakteriellen Oberflächen zu berücksichtigen. Zum anderen könnte die Gestaltung der Mikrostruktur eine Rolle bei der Erhöhung der antibakteriellen Wirksamkeit spielen, bei der die Freisetzung antibakterieller

Figure 1 . 1

 11 Figure 1.1 Schematic summary of antibacterial mechanisms covered in the main text.

Figure 1 . 2

 12 Figure 1.2 Schematic and simplified procedures of evaluation methods in laboratory for antibacterial surfaces.

Figure 1 . 3

 13 Figure 1.3 Schematic examples for localised corrosion.

Figure 2 . 1

 21 Figure 2.1 Comparison among exposed copper grains prepared by grinding, electropolishing, and sputtering, shown by their SEM cross-section images.

- 4 -

 4 (2-hydroxyethyl)-1-piperazineethanesulfonic acid (Na-HEPES, final concentration 0.1 M) was prepared with HEPES FREE ACID (VWR, Germany) and pure water for analysis, and adjusted by NaOH in the same way as PBS, with a final pH of 7.0. Its buffer potential is provided by the protonation by the lone pair electrons on the amine and the deprotonation on the terminal hydroxy group.

Figure 2 . 2

 22 Figure 2.2 Schematic illustration of the application of OM in differentiating areas covered by oxides that are different in thickness.

Figure 2 . 3

 23 Figure 2.3 Illustration of origins of contrast collected by SE and BSE detector, respectively.

Figure 2 . 4

 24 Figure 2.4 Illustration of lamella preparation by FIB as well as imaging principle of STEM.

  -stage corrosion, ion release, and the antibacterial effect of copper and cuprous oxide Reproduced from Jiaqi Luo, Christina Hein, Jean-François Pierson, Frank Mücklich, Biointerphases, 2019, 14, (2021, 16 for Erratum) with the permission of AIP Publishing DOI: 10.1063/1.5123039 DOI: 10.1116/6.0000835 (Erratum) Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements and TEM observations), Investigation, Writing -Original Draft, Visualization, Project administration.

  Reproduced from Jiaqi Luo, Christina Hein, Jean-François Pierson, Frank Mücklich, Material Characterization, 2019, 185, with the permission of Elsevier DOI: 10.1016/j.matchar.2019.109985 Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements), Investigation, Writing -Original Draft, Visualization, Project administration.

  chloride assists copper release, enhances antibacterial efficiency, and introduces atmospheric corrosion on copper surface Reproduced from Jiaqi Luo, Christina Hein, Jean-François Pierson, Frank Mücklich, Surfaces and Interfaces, 2020, 20, with the permission of Elsevier DOI: 10.1016/j.surfin.2020.100630 Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements), Investigation, Writing -Original Draft, Visualization, Project administration.
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Résumé Détaillé

Cela est principalement attribué à la libération d'ions de cuivre, qui pourrait introduire des dommages dans les cellules bactériennes à plusieurs niveaux. Pour quantifier l'efficacité antibactérienne d'une certaine surface, ou pour comparer entre plusieurs surfaces, des tests d'efficacité antibactérienne doivent être effectués. Cependant, dans ces tests, la suspension bactérienne n'est pas seulement un objet à examiner, mais aussi un facteur environnemental introduit dans un tel système de corrosion. Comme ce sont précisément les réactions de corrosion qui libèrent des ions cuivre antibactériens, les interactions entre les surfaces de cuivre et les suspensions bactériennes ont des impacts significatifs sur l'évaluation de l'efficacité antibactérienne.

Ce travail vise à étudier les phénomènes de corrosion du cuivre principalement observés dans un certain type de test d'efficacité antibactérienne, appelé méthode des gouttelettes. En appliquant diverses méthodes métallurgiques ex-situ, des changements chimiques et morphologiques sur les surfaces de cuivre ont été caractérisés, avec lesquels la teneur en ions cuivre et l'activité antibactérienne ont été corrélées. La diffraction des rayons X en incidence rasante, la spectroscopie Raman et la microscopie électronique à balayage ont été appliquées pour le premier objectif, tandis que la spectrométrie de masse à plasma à couplage inductif a été utilisée pour le second. Certaines caractéristiques remarquables ont été trouvées, favorisant la compréhension des rôles des oxydes, des bactéries et des solutions tampon se présentant dans un test d'efficacité antibactérienne. Par exemple, diverses cinétiques de libération du cuivre ont été enregistrées dans différentes solutions tampons (tampon phosphate salin, acide Na-4-(2-hydroxyéthyl)-1-pipérazine éthane sulfonique, Sérum physiologique 0.9%) ; en même temps, la croissance du Cu2O pourrait également être dépendante de la solution tampon. Cette croissance d'oxyde a été considérée comme une barrière empêchant la corrosion directe de la surface du cuivre. Cet effet a encore été vérifié par l'introduction d'un revêtement de Cu2O pulvérisé. L'étape suivante consistait à étudier l'effet des bactéries, telles qu'elles sont réellement présentes dans le test d'efficacité antibactérienne. Dans le cas d'une suspension bactérienne (Escherichia coli viii dans le tampon phosphate salin), la croissance de l'oxyde pourrait être suffisamment inhibée, ce qui est lié à l'effet d'accumulation du cuivre par les bactéries. Entre-temps, un phénomène de corrosion localisé a été révélé.

Tous ces résultats permettent non seulement de comprendre l'origine de la libération d'ions cuivre antibactériens, mais aussi de recentrer la recherche sur la surface du cuivre elle-même, ce qui suggère comment la recherche sur les matériaux peut fonctionner dans la conception de surfaces antibactériennes. D'une part, il est nécessaire de prendre en compte l'interaction entre les tampons et les surfaces antibactériennes, lors de l'interprétation de l'efficacité antibactérienne. D'autre part, la conception de la microstructure pourrait jouer un rôle dans l'amélioration de l'efficacité antibactérienne, dans laquelle la libération de substances antibactériennes est principalement assurée par la corrosion.
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