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7o believe with certainty,
we must begin with doubting.

Stanistaw Leszczynski






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 Oberflache
erwiesen. Ziel dieser Arbeit ist es, die Kupferkorrosionsphdnomene zu untersuchen, die am
hiufigsten bei einer bestimmten Art von antibakteriellen Wirksamkeitstests, der sogenannten
Tropfchenmethode, beobachtet werden. Durch die Durchfiihrung verschiedener metallurgischer Ex-
situ-Methoden wurden chemische und morphologische Verdnderungen an Kupferoberflichen
charakterisiert, mit denen der Kupferionengehalt und die antibakterielle Aktivitdt korreliert wurden.
All diese Ergebnisse helfen nicht nur den Ursprung der antibakteriellen Kupferionenfreisetzung zu
verstehen, sondern verlagern auch den Forschungsschwerpunkt zuriick auf die Kupferoberflache
selbst, um zu zeigen, wie die Materialforschung fiir ein gezieltes Design antibakterieller

Oberflachengestaltung funktionieren kann.

Le cuivre métallique a été largement prouvé comme une surface antibactérienne prometteuse. Ce
travail vise a étudier les phénomeénes 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 1'origine de la libération
d'ions cuivre antibactériens, mais aussi de recentrer la recherche sur la surface du cuivre elle-méme,
ce qui suggere comment la recherche sur les matériaux peut fonctionner dans la conception de

surfaces antibactériennes.
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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 X-
ray 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 Cu,0 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 CuzO 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.



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 auffalligsten: Sie konnten auf verschiedenen Arten von Oberflichen
lange Zeit iiberleben. Deshalb wurden Mittel wie die Reinigung und Desinfektion von héufig
beriihrten Oberflichen entwickelt, um durch Bakterien verursachte Infektionen einzuddmmen.
Inzwischen wird aber auch einer anderen Strategie viel Aufmerksamkeit geschenkt: die
antibakteriellen Oberflichen.

Metallisches Kupfer hat sich bereits mehrfach als eine vielversprechende antibakterielle
Oberflache erwiesen. Dies wird hauptsachlich auf die Freisetzung von Kupferionen zurtickgefiihrt,
die auf mehreren Ebenen zu Schiden in Bakterienzellen fiihren konnen. Um die antibakterielle
Wirksamkeit einer bestimmten Oberfldche zu quantifizieren, oder zwischen mehreren Oberfldchen
zu vergleichen, miissen antibakterielle Wirksamkeitstests durchgefiihrt 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
Kupferoberflichen und Bakteriensuspensionen erhebliche Auswirkungen auf die Bewertung der
antibakteriellen Wirksamkeit.

Ziel dieser Arbeit ist es, die Kupferkorrosionsphanomene zu untersuchen, die am héufigsten
bei einer bestimmten Art von antibakteriellen Wirksamkeitstests, der sogenannten
Tropfchenmethode, beobachtet werden. Durch die Durchfiihrung verschiedener metallurgischer Ex-
situ-Methoden wurden chemische und morphologische Verdnderungen an Kupferoberflichen
charakterisiert, mit denen der Kupferionengehalt und die antibakterielle Aktivitét korreliert wurden.
Fir das erstgenannte Ziel wurden Rontgenbeugung unter streifendem Einfall, Raman-
Spektroskopie und Rasterelektronenmikroskopie eingesetzt, wihrend fiir das letztgenannte Ziel die
Massenspektrometrie mit induktiv gekoppeltem Plasma verwendet wurde.

Es wurden einige nennenswerte Merkmale gefunden, die das Verstindnis der Rolle von Oxiden,
Bakterien und Pufferldsungen bei einem antibakteriellen Wirksamkeitstest fordern. Beispielsweise
wurden in verschiedenen Pufferlosungen unterschiedliche Kupferfreisetzungskinetiken
aufgezeichnet (Phosphatgepufferte Salzlosung, Na-4-(2-Hydroxyethyl)-1-
piperazinethansulfonsédure, Isotonische Kochsalzlosung 0.9%); gleichzeitig konnte die Entstehung
von Cux0O auch pufferabhingig sein. Dieses Oxidwachstum wurde als eine Barriere betrachtet, die
die Kupferoberfliche vor direkter Korrosion schiitzt. Dieser Effekt wurde durch die Einfiihrung

einer gesputterten Cu,O Beschichtung weiter verifiziert.
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Der néchste Schritt war die Untersuchung der Wirkung von Bakterien, wie sie im
antibakteriellen Wirksamkeitstest tatsdchlich vorhanden sind. Im Falle einer Bakteriensuspension
(Escherichia coli in Phosphatgepufferte Salzlésung) konnte das Oxidwachstum ausreichend
gehemmt werden, was mit dem Kupferakkumulationseffekt durch die Bakterien zusammenhéngt.
Wihrenddessen wurde ein lokalisiertes Korrosionsphdnomen aufgedeckt.

Dariiber 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
mikrostrukturabhéngig. Es wurde festgestellt, dass die Bakterienadhésion selbst keine zusétzlichen
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 atmosphirischen 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 zuriick auf die Kupferoberflache
selbst, um zu zeigen, wie die Materialforschung fiir ein gezieltes Design antibakterieller
Oberflachengestaltung funktionieren kann. Einerseits ist es notwendig, bei der Interpretation der
antibakteriellen Wirksamkeit die Wechselwirkung zwischen Puffern und antibakteriellen
Oberflachen zu beriicksichtigen. Zum anderen konnte die Gestaltung der Mikrostruktur eine Rolle
bei der Erhohung der antibakteriellen Wirksamkeit spielen, bei der die Freisetzung antibakterieller

Substanzen hauptsédchlich durch Korrosion erfolgt.
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Résumé Détaillé

Les bactéries pathogenes et résistantes aux antibiotiques se répandent dans le monde entier et nous
concernent tous. Elles sont trop petites pour étre facilement remarquées, il est donc difficile de dire
si un objet est contaminé, ou non. Et le plus frappant : elles peuvent survivre longtemps sur
différents types de surfaces. C'est pourquoi des approches telles que le nettoyage et la désinfection
des surfaces fréquemment touchées ont été développées, afin de limiter les infections causées par
les bactéries. Mais en attendant, une autre stratégie fait I'objet d'une grande attention : les surfaces
antibactériennes.

Le cuivre métallique a été largement prouvé comme une surface antibactérienne prometteuse.
Cela est principalement attribué¢ a la libération d'ions de cuivre, qui pourrait introduire des
dommages dans les cellules bactériennes a plusieurs niveaux. Pour quantifier 1'efficacité
antibactérienne d'une certaine surface, ou pour comparer entre plusieurs surfaces, des tests
d'efficacité antibactérienne doivent étre effectués. Cependant, dans ces tests, la suspension
bactérienne n'est pas seulement un objet a examiner, mais aussi un facteur environnemental introduit
dans un tel systéme de corrosion. Comme ce sont précisément les réactions de corrosion qui libérent
des ions cuivre antibactériens, les interactions entre les surfaces de cuivre et les suspensions
bactériennes ont des impacts significatifs sur 1'évaluation de 1'efficacité antibactérienne.

Ce travail vise a étudier les phénomenes 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 €lectronique a balayage ont été appliquées pour le premier objectif, tandis
que la spectrométrie de masse a plasma a couplage inductif a été utilisée pour le second.

Certaines caractéristiques remarquables ont été trouvées, favorisant la compréhension des rdles
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
¢thane sulfonique, Sérum physiologique 0.9%) ; en méme temps, la croissance du CuxO pourrait
¢galement étre dépendante de la solution tampon. Cette croissance d'oxyde a été considérée comme
une barriere empéchant la corrosion directe de la surface du cuivre. Cet effet a encore été vérifié
par l'introduction d'un revétement de Cu20 pulvérise.

L'étape suivante consistait a étudier 1'effet des bactéries, telles qu'elles sont réellement présentes

dans le test d'efficacité antibactérienne. Dans le cas d'une suspension bactérienne (Escherichia coli
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dans le tampon phosphate salin), la croissance de I'oxyde pourrait étre suffisamment inhibée, ce qui
est lié a I'effet d'accumulation du cuivre par les bactéries. Entre-temps, un phénoméne de corrosion
localisé a été révélé.

En outre, la croissance d'oxyde et les sites de corrosion préférés ont été examinés plus avant
sur des coupons de cuivre électropoli. La croissance des oxydes peut étre décrite comme un
processus de redéposition, et les sites de corrosion localisés dépendent de la microstructure. On
constate donc que l'adhésion localisée des bactéries n'a pas introduit d'attaques de corrosion
supplémentaires, ce qui indique le réle dominant du tampon.

En conséquence, une autre comparaison a été faite entre I'eau salée et I'eau pure, ou le chlorure
a démontré son facteur significatif dans l'introduction de la corrosion localisée. Il accélere la
libération des ions cuivre et renforce I'efficacité antibactérienne. Les caractéristiques de la corrosion
atmosphérique ont été obtenues sur des coupons en cuivre prétraités a la solution saline.

Tous ces résultats permettent non seulement de comprendre I'origine de la libération d'ions
cuivre antibactériens, mais aussi de recentrer la recherche sur la surface du cuivre elle-méme, ce
qui suggere 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 1'efficacité antibactérienne. D'autre part,
la conception de la microstructure pourrait jouer un rdle dans l'amélioration de I'efficacité
antibactérienne, dans laquelle la libération de substances antibactériennes est principalement

assurée par la corrosion.

viii



Contents

Abstract, Zusammenfassung, RESUME ..........cociuviiiiiiiiiiiiiii i 1
EXtended SUMMATY ....ocviiiiiiiiii et n e il
Erweiterte ZusammenTaSSUNE .........cccviieiiiiiiiieiiee et v
RESUME DELAINLE ...t vii
(10 1131 LT T O PR PP PPRT PP X
1. Background INfOrmation ..........cccooiviiieiiiiiiieise e 1
1.1, Antibacterial SUITACES .......cueiiiiiiiiiie e 1
1.1.1. Antibacterial Surfaces and Applied Fields ..........cccooviiiiiiiiiiiiiicc e 2

1.1.1.1. Hospital ENVIFONMENE ........coiviiiiiiiiiiiiesieciesee e 3

1.1.1.2. In VIVO ENVITONMENL. ... .ciiiiiiiiiiiiieiie e 4

1.1.1.3. Food Industries and Water Distribution SyStems ..........cccccvveververirieennennenn. 4

1.1.1.4. Microbiologically Influenced Corrosion (MIC) in Shipping Industry......... 5

1.1.2. Antibacterial MeChaniSmS .........cocviiiiiiiiiiiieiiesie e 6

1.1.2.1. Antiadhesive SUrfaces ..........cccoiiiiiiiiiiiiiicc e 6

1.1.2.2. Bactericidal SUIaCeS .......c.uciiiiiiiiiiiiieiii e 7

1.1.3. Evaluations of Surface Antibacterial Effect............cccooiiiiiiiiiii 8

1.1.3.1. Droplet Method (Wet Plating Method) ..........ccccooiiiiiiiiie 8

1.1.3.2. Dry Plating Method..........cccooiiiiiiiieee e 10

1.1.3.3. Live/Dead Staining........cccoovieiiiiiiiiiiiie e 11

L.1.3.4. TN VIVO TESES vttt 11

1.1.3.5. CINICAL TESES ...eeeivieiiiii ettt 12

1.1.3.6. Disk Diffusion Method...........cccooiiiiiiiiiiiiiiee e 12

L2 COPPET ettt 13
1.2.1. Copper as Antibacterial Candidate............cocoviviiiiiiiiiii i 14

1.2.1.1. Copper and Copper ALLOYS .....cccueviiiiiiiiiiieiiii e 14

1.2.1.2. COPPEI OXIACS .....veeuieiiirieiiiiieesiee et 16

1.2.2. Potential APPIICATIONS .....veeieriiiieiiiieiies e 16

1.2.2.1. Antibacterial Surfaces 1: Bulk Surfaces..........cccccooviiiiiiiiniiiiii, 16

1.2.2.2. Antibacterial Surfaces 2: Coatings & Thin Films .........cccccooviiiininnn 17

1.2.2.3. Micro/nano-scale and Embedding Materials............ccccooviiiiiiiiininninene 18

R T 1) a (0 3 [0 ) H TP P PO TRTUPTUURUPRO 19
1.3.1. Copper AQUEOUS COTTOSION ...eiuvvieiirieiieiesiieessieeesbeeessbeesssbeesssreesssreesnsreesssneesseeens 20



1.3.2. LOCAlISEA COTTOSION ... eeeeeeieeeee e et ee et e e e e e e et e e e e e e e e e e eee e s eeeeeeeeennneanseeeeereenns 21

1.3.2.1. Selective COTTOSION ......cviiiiiiiieiieiiesieeie ettt 21

1.3.2.2. Intergranular Attack .........cccoiiiiiiiiiiiiiie i 22

1.3.2.3. Grain Dependent EtChing..........ccccoiiiiiiiiiiiiiicc 23

13,24, PIEENE ..t 24

1.3.2.5. Microbiologically Influenced Corrosion (MIC) ........ccccocveviiiiiiiiiriiieenne, 25

1.3.3. Other Issues of COPPer COTTOSION. ........oiveiriiieiieiieie e 26

1.3.3.1. Oxide GrOWth.......ccoviiiiiiiiiiii s 26

1.3.3.2. Role of Chloride TonS........cccoiieiiiiiieiiciieecee e 27

1.3.3.3. AING O SUITACE ....oviiiiiiiiiie s 28

1.4. Aims and Structure of this TRESIS ......c.ciiveiiiiiiiieii e 29

2. Experimental MEthodsS ........cuviiiiiiiiiiie it s 32
2.1. Materials and Solutions Preparations.............ccueeiriieerieiinieseese e 32
2.1.1. BULK MAteTialS......ciueiiiiiiiiiiesiiete et 32

2.1.2. Reactive Magnetron SPUttering ..........ccovvveiiiiiiiiniiiiiiiesise e 33

2.1.3. Solutions and SUSPENSIONS ......c.verueeriiriririeiirieie et 34

2.1.4. Corros1on ProtOCO] .........oiiiiiiiiiii e 35

2.2. Characterisations MethOdS..........ccoiuiiiiiiiiiiiii s 35
2.2.1. Grazing Incidence X-ray Diffraction ..........ccccooiiiiiniiiiiciccecec e 35

2.2.2. RAMAN SPECITOSCOPY - .ureerreemreererimreesieessreesseessseesmeessreessesasneesneessreessessneesneesnneennes 36

2.2.3. OptICAl MICTOSCOPY ...uviivriiiiiitiiiiisiie ittt sttt 36

2.2.4. Scanning Electron MICIOSCOPY ..veiuvverureirierieiirieieeseesee e s 37

2.2.5. Electron Backscatter Diffraction Patterns............cccoooeriiiiiiiicic e 39

2.2.6. Focused Ion Beam...........cccoiiiiiiiiiiiii s 39

2.2.7. Scanning Transmission Electron MICIOSCOPY ......uevreerviriiereiiiriesresiee e 39

2.2.8. Energy Dispersive X-1ay SPECLrOSCOPY ...eerverrreererrireerrirreeseesreesessneessessneenses 40

2.2.9. pH Values MEaSUTEMENLS.........ccuiiiiiiiiiiiiiiiiisie e 41

2.2.10. Ton Release MEasUICMENT .........covverieeirieniiiiii e 41

2.2.11. Antibacterial Efficacy TSt .......cccovoiiiiiiiiiiii e 42

3. Buffer Comparison: PBS vs. Na-HEPES...........cccooiiiii 43
4. Effects of Bacteria on Copper Surface in PBS ... 55
5. Corrosion Attacks and Oxide Growth on Copper Surface in PBS...........ccoooiii 68
6. Roles of NaCl in Aqueous Environment and Atmospheric Corrosion on Copper Surface ........ 85
7. Conclusions and OULIOOK ..........cciiiiiiiiiiiii i 96



RETEIEIICES ...ttt ekttt h e st e ket e st e e e bt e e ab e e ke e e nb e e ebeeenb e e beeenne e e 98
List of units, abbreviations and SYMbOIS .........ccciiviiiiiiiiiiie e 114
ACKNOWICAZEIMENES ...evviieiiiie ittt e s sbb e e e bb e e e nbbeesbneesnsneens 116

Xi



1.1. Antibacterial Surfaces

1. 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.

1.1. 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 [1].

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 [2]. Nevertheless, even for such small beings, there is a great amount
of variations in terms of their microscopic morphology, such as Cocci (spherical), Bacilli (rod-
shaped), 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 [3]. In the recent years, Escherichia coli known as E. coli,
have led to foodborne outbreaks in every corner of the globe, hitting the headlines [4-6]. Even an

inconspicuous skin wound on a child’s leg could be the perfect place where next infection occurs,
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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 [7].

There has been almost 90 years since the first ever antibiotic Penicillin was discovered in the
UK [8]. From then on, a range of antibiotics has been discovered, extracted, synthesised, and tested,
one after another [9]. 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 [10]. Meanwhile, repeated and
improper use of antibiotics increase their exposure to the environment, accelerating the rapid rise
of antibiotic resistance [11]. Besides, other advanced treatments such as external fixation or
implantation also place greater demands on the presence of antibacterial effect [12].

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.

1.1.1. Antibacterial Surfaces and Applied Fields

Among many newly developed methods, antibacterial surfaces are attracting widespread research
interest [13]. 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 [14]. These biofilms are composed as well as surrounded by extracellular polymeric

substances (EPS), forming networks that gather bacteria and distribute nutrients. Most importantly,
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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.

1.1.1.1. 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: healthcare-
associated infections (HAIs) [15]. 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 [17].

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 [18-20], Klebsiella pneumonia [19, 20], E. coli [19],
Pseudomonas aeruginosa [19, 20], Enterococcus faecalis [21], Enterococcus faecium [21], MRSA
[20], Candida albicans [20] , Mycobacterium tuberculosis [20], 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 [22], bed rails [23, 24], chairs
[25], tables [24, 26], pens [27], push plates, and even toilet seats [28] 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
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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
[29].

1.1.1.2. 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 [30]. 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 implant-
associated infections (IAls) [31]. Especially for those non-degradable implants, infections could
induce tissue damage or an implantation failure in a long term [32].

Bacterial adhesion and biofilm formation are often responsible for IAls [33]. Consequently, the
surface of implant has been developed to incorporate with antibacterial activity [34]. Different
approaches have been tested depending on the specific in vivo environment where the implant is
designed for [35]. For example, physical vapour deposition (PVD) could be applied to fabricate
copper containing antibacterial coating on commercial titanium alloys [36], 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 [37]. 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 [38].

Although many ongoing studies are improving these strategies, other functions are gradually
aimed to be incorporated. Such as low cytotoxicity, better biocompatibility [39] or disrupting

different stages of the biofilm formation [40] are obtaining much attention.

1.1.1.3. 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
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food contact surfaces.

On food contact surfaces where nutrients are provided, bacterial adhesion and reproduction
could proceed even easier than other exposed surfaces [41]. 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 [42].

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 [43].
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 [44].

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 [45]. 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 [46].

1.1.1.4. 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 [47]. What’s more, reduction
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of the maximum MIC, pit depth, and the weight loss have been reported after copper was added

[48], indicating its practical potentials in relevant applications.

1.1.2. 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.
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Figure 1.1 Schematic summary of antibacterial mechanisms covered in the main text.

1.1.2.1. 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
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by coating techniques. For example, a Teflon-like film fabricated by plasma technique on
micro/nano-textured PMMA was examined [49], 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 [50]. 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 [51], 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 [52]. 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 [53], 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, SiO; substrate was functionalised by immobilised polysaccharide
molecules [54], 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 [55]. In general, it is their resistance to protein adsorption that eventually weakens the

bacterial adhesion.

1.1.2.2. 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 well-
known 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
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by their ionic form [56]. Certainly, these metals or their alloys can already be utilised as bulk
materials [57]. Copper containing structural materials such as different types of copper-bearing
stainless steel [47, 58, 59], 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 [60, 61], metal alloys [62, 63], composites [64, 65], oxides [36, 66],
nano-structures [67, 68], doped layers [69, 70], etc. have been produced and tested to a great extent.

Antibacterial peptides [71] and chitosan [72] 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 [73] or cicada [74].
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 [75].

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 [76].

1.1.3. 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.

1.1.3.1. Droplet Method (Wet Plating Method)

This could be one of the most commonly used and reproducible evaluation methods [77-79]. In this

method, it is also convenient to simulate different aqueous conditions (environmental factors). More
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Figure 1.2 Schematic and simplified procedures of evaluation methods in laboratory for antibacterial

surfaces.

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 [80, 81],
instead of buffer suspension. Presented in another research, antibiotics were added into the buffer

in order to test the joint antibacterial effect [82]. Other than keeping the inoculum as droplet,
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approaches can be taken to force it to spread over the coupon (e.g. by covering a sterile plastic film
[83]), 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 [84].
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 [85].

1.1.3.2. Dry Plating Method

This is another popular method to simulate a frequent touched surface [21, 62, 80, 86]. “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 [87]. 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 [88].
Furthermore, it is universally observed that the bacterial killing rate obtained from this method is
much higher than that from the droplet method [87, 89]. This suggests additional antibacterial

mechanisms may take effect when bacteria come in close contact with the surfaces.
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1.1.3.3. 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 [90-92],
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 [92]. 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 [89, 90] or mutation events [93] 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 [94]. Furthermore, if antibacterial substances target other parts of bacteria

instead of cell membrane, staining method will not be able to identify actual cell death [92].

1.1.3.4. In vivo Tests

All those three methods aforementioned are in vitro, but lab environment can be extremely different
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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 [35, 37, 40]. 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.

1.1.3.5. 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 [27, 28, 95].
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 [96].

1.1.3.6. 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
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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 [97-99] 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 [100].

1.2. 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 [101]. 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 [102]. 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 (Cuz0)
and cupric oxide (CuO) [103]. These oxides usually turn the appearance of copper surface darker.
Besides, together with oxygen (O.), carbon dioxide (CO.), and water (H20), intermediate products
such as copper hydroxide (Cu(OH)2) and copper carbonate hydroxide (Cu2(OH)>CO3) could form,
turning the surface into green colours.

For the biological process for both human and plants, copper is one of the essential elements
[104]. 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
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the limit [105].

1.2.1. Copper as Antibacterial Candidate

For a long time, known for its purifying effect [106] 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.

1.2.1.1. 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:

lonic copper. Copper has two ionic forms, cuprous ions (Cu®) and cupric ions (Cu?"). 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 [107].

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 [108]. 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 [109]. 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 [80].

Several destructive effects introduced by copper ions have already been confirmed. Damage of
bacterial cell membrane is one of those frequently observed [89, 90, 93]. 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
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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 [93, 110, 111]. But a study has indicated that in MRSA, DNA was degraded
and bacteria were found inactivated even without membrane damage [92]. 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 [108]. Production of ROS such as hydroxyl radical
(*OH) completed via the Fenton-like reaction intercellularly: hydrogen peroxide (H20>) is catalised
under Cu" (which consequently becomes Cu?"). The unpaired electron of *OH has been proven to
react with the unsaturated fatty acids on cell membrane, leading to its structural damage [90].

Similarly, interactions between copper ions and other substances in the environment are also
found to be essential. For instance, presence of chloride ions (CI") 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 [112].

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 [107]. This, together with the route of ROS formation, may provide hints
in clarifying the difference in toxicity between Cu* and Cu*".

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 [80, 87, 89, 113].

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 1on 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 [87].

Nevertheless, another viewpoint has been proposed based on the survival of bacteria that
resistant to dry copper surface in moist (wet) testing [86]. 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.
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1.2.1.2. 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 [114]. But comparison between metallic and
oxides surfaces do not reach a globally accepted conclusion yet, with regard to their antibacterial
efficiency [115, 116]. 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 (03), while *OH can be produced from holes and water [117].
Both of them belong to ROS, as described above, contributing to the antibacterial efficiency [118].

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 [119], but also by direct contact (and therefore

can be influenced by aggregation) [120], likely resulting in non-oxidative stress [121].

1.2.2. 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.

1.2.2.1. 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 [13].
Aside from applying copper (alloys), it is also practicable to obtain copper containing surfaces by
doping, such as 1% copper doped titanium [37] and 3.9% copper doped stainless steel [122].

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
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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 [92],
Enterococcus faecalis [21], E. coli O157 [123], 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 [18, 19, 80]. 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 [124]. 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 [125].

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 [28], Germany [95], South Africa
[26], and the US [24], 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 [95]. 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.

1.2.2.2. Antibacterial Surfaces 2: Coatings & Thin Films

Advanced deposition techniques provide alternatives to obtain antibacterial copper surfaces,
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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 [126], strengthening the antibacterial effects.

For instance, relatively thick copper based coatings have been achieved by techniques such as
laser cladding [78], electroplating [127], and spraying [128]. 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.) [70, 129, 130] or
chemical vapour deposition (CVD) [115, 131]. With these techniques, not only the precise
compositions as alloys can be achieved [62, 132], but copper oxides [115, 130] or composites (e.g.
Cu:C composite) [133] 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 [130, 131].

1.2.2.3. 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 [134], micro-crystals [135], nano-particles
[120], nano-sheets [136], nano-wires [137], 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 [138-140].
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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 [141]. The antibacterial efficacy of Cu,O microcrystals were also found to be
shape/morphology-dependent, attributing to the intrinsic antibacterial activity [142], or adsorption
and desorption abilities towards bacteria [143] 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 [144-146]. 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 [147]. Apart from being bonded to the flexible bulk substrates, these materials can also

be immobilised on thin films [118, 148], further widening the antibacterial applications.

1.3. 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 [149]. 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 [150]. On anodic sites,
oxidation reaction transforms a metal (M) to its ionic form (M", 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 oxidation-
reduction (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
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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 [151], drinking water distribution systems [152], oil and gas production industries
[153], 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
[154]. Furthermore, specific corrosion phenomena have also begun to be considered in other
emerging areas, from automotive [155] and aerospace [156] industries to biomedical devices and
biomaterials [157].

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 [158].

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.

1.3.1. 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 [159], 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?*/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 [160]. However, in near-neutral pH conditions where

dissolved oxygen is not avoided, corrosion of copper can be induced as:
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Reduction reaction (cathode):
0,(g) + 2H,0(1) + 4e~ - 40H™ (aq)
Oxidation reaction (anode):
Cu(s) - Cu?*(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 Cu,0, CuO, Cu(OH),, and the like, consuming

the copper ions presented in the aqueous environment.

1.3.2. 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 [161]. 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.

1.3.2.1. 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 [162], 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
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Figure 1.3 Schematic examples for localised corrosion.

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 [124, 163].

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 [164], since both copper and zinc should have been
removed from the crystal lattice at the same time. There should be a dissolution-precipitation (re-
deposition) 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.

1.3.2.2. 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.

22



1.3. Corrosion

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 [165]. For example, coherent
boundaries such as twin boundaries are usually regarded to have higher corrosion resistance [166,
167]. 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 [168].

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 [169]. 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.

1.3.2.3. 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 [165]. A variation of
corrosion rate among different grains after polarisation is recently observed, by comparing the
change in height using scanning tunnelling microscopy (STM) [170]. Interestingly, the reason

behind does not solely come from the discrepancy in corrosion resistance of each single grain. It
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also relates to the relatively potential difference among exposed grains nearby [171]. 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 [172]. 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 [173], 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.

1.3.2.4. 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 [174, 175]. 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 [176] or climbs [177] are presented, but
not necessarily following a one-to-one correspondence [178].

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.
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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 [179].
This can be explained partially based on the grain dependent etching that happens on the same grain
[174, 175, 180]. 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 [181]. However, Cu,0 membrane that separates the inner pitting region from the
environment could in turn affect the pitting process [182].

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.

1.3.2.5. 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 [183, 184].

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 [185]. 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 [186]. 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** to Fe** as a process of their
metabolism, causing formation of Fe(OH); precipitation, accelerating the anode dissolution kinetics

[187]. On the other hand, iron-respiring bacteria can inversely reduce Fe’" to Fe*" by various
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mechanisms [186]. In addition, sulphate-reducing bacteria (e.g. Desulfovibrio desulfuricans) could
obtain energy from the environment by reducing sulfates (SO%~) [187]. 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 [188], which have to be characterised

comprehensively in each specific case.

1.3.3. 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.

1.3.3.1. 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 Cu,O and CuO can be
individually identified depending on the corrosion conditions. Other corrosion products such as
Cu(OH); and Cu2(OH),CO3 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 [114], they directly dissolve and become non-
detectable 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 [189]. 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
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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 re-
deposition process in solutions with copper containing substances [190], where some specific
orientation relationships between copper grains and the newly deposited oxide layer were found.
Carefully combing atomic force microscopy (AFM) [191] and STM [192, 193] 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 [194].

1.3.3.2. Role of Chloride lons

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 [124].
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CI" 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 CI in
buffers [195]. Attention should therefore be drawn to its possible reactions with copper surfaces or
other substances in the solution. Studies [181, 196] 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) + 2CI"(aq) = CuCl; (aq) + e~
Reaction 2 (Dissociation):
CuCl; (aq) — Cu*(aq) + 2CI~
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; (aq) = CuCl(s) I +Cl~(aq)
Besides, Cuz0 could form in two ways based on the local pH conditions:

Reaction 4:

2CuCl(s) + H,0(1) - Cu,0(s) + 2H*(aq) + 2C1(aq)
Reaction 5:
2CuCl(s) + 20H™ (aq) — Cu,0(s) + H,0(1) + 2Cl™ (aq)

Although CI" do not necessarily accelerate the corrosion process, it can be a causal factor of
pitting corrosion in some cases [ 165, 181, 182]. 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.

1.3.3.3. 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 [197]. This

process allows the salts absorbing water from the atmosphere and thereby dissolving themselves on
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the surface. A consequence of this process is to shift the near-surface environment to a quasi-
aqueous 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 [198], 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 [199]. 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 [200]. However, having a deliquescence point around 75% relative
humidity (RH), deliquescence transition in daily/lab environment might not be predominant, while

diffusion of CI" within the adsorbed water monolayers could still age the copper surfaces.

1.4. 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)?
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1.4. Aims and Structure of this Thesis

® [f 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 Cu20
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.

® (Cu20O 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 Cu,O 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
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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 CI". 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 Cu,O layer and/or oxygen containing species.
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2. Experimental Methods

2.1. Materials and Solutions Preparations

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

2.1.1. Bulk Materials

Near-surface
deformed layer
produced by grinding

Real original grains
to be revealed by
electropolishing

* : . ; bl ¥ 4 : Sputtered films

1pm

Figure 2.1 Comparison among exposed copper grains prepared by grinding, electropolishing, and

sputtering, shown by their SEM cross-section images.

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 um diamond paste, and cleaned with soap. These coupons were electropolished in 85 wt%
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2.1. Materials and Solutions Preparations

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.

2.1.2. Reactive Magnetron Sputtering

Apart from the copper coupons, a small portion of the experiments was performed on cuprous oxide
(Cu20). 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 Cuz20 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 Oz 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 4ps,
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).
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2.1.3. 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 NaH>PO4. 1H,0 (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*).

Na-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.

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.

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
°C in a water bath with a speed of 220 rpm. The stationary cells from culture were collected by
centrifugation for 15 min at 5000xg, 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 3x10° to 5x10° 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 re-
suspension 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.
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2.1.4. 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 uL 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 (HCI) 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.

2.2. 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.

2.2.1. 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 K, with 1° grazing angle, PANalytical
X’Pert PRO-MPD) is a helpful tool applied in the study. Similar to conventional X-ray
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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.

2.2.2. 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.

2.2.3. 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.
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(1)

(1) Incident beam

*The final detected beam is a combined result of beam (2), beam (3) and their optical
path difference, which are all influenced by the thickness of corrosion product.

Figure 2.2 Schematic illustration of the application of OM in differentiating areas covered by oxides

that are different in thickness.

2.2.4. 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
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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.

Secondary electron (SE) imaging Backscatter electron (BSE) imaging
BSE lost in
Scanning v cavity causing
electron lower intensity
Bt Near-surface
information
obtained

*Both the details presented in SE and the detection depth revealed by BSE are highly
affected by the acceleration voltage applied.

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

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.
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2.2.5. 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 um (for fast scan at droplet edges) with an acceleration
voltage of 20 kV in SEM.

2.2.6. Focused lon 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.

2.2.7. 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

39



2.2. Characterisations Methods

Scanning
electron
beam

Select
position

e 3 Transmitted
Transfer ” y

y electron
to the grid 4

Further
thinning

A

(2) Dark field (DF)
(3) High-angle annular dark-field (HAADF)

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

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.

2.2.8. Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDS) is a function embedded in electron microscope system
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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.

2.2.9. 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 puL of various samples were applied on these strips.

2.2.10. lon 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 uL 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 uL samples were transferred
and mixed in SafeSeal 1.5 mL tubes. After being centrifuged for 5 min at 5 krpm, 10 pL of
supernatant were collected and diluted in nitric acid as mentioned above.

For all samples, before being measured by ICP-MS, 3 pL 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 pug/L of copper were used. After obtaining the results with a unit
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of ppb, the final values with a unit of uM 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.

2.2.11. 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 pL of these re-suspended cells on the coupons in a
water-saturated atmosphere at room temperature. After the set times, 10 pL 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 °C 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 pL 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.
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3. Buffer Comparison: PBS vs. Na-HEPES

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

Early-stage corrosion, ion release, and the antibacterial effect of copper and cuprous oxide in
physiological  buffers:  Phosphate-buffered saline vs  Na-4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid

Reproduced from Jiaqi Luo, Christina Hein, Jean-Frangois Pierson, Frank Miicklich,

Biointerphases, 2019, 14, (2021, 16 for Erratum) with the permission of AIP Publishing

DOI: 10.1063/1.5123039
DOI: 10.1116/6.0000835 (Erratum)

—e— Na-HEPES
—=—PBS

10° L L L L
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Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements and

TEM observations), Investigation, Writing — Original Draft, Visualization, Project administration.
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Early-stage corrosion, ion release, and the antibacterial effect of copper
and cuprous oxide in physiological buffers: Phosphate-buffered saline
vs Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Jiagi Luo,">® Christina Hein,® Jean-Francois Pierson,? and Frank Miicklich’
' Functional Materials, Saarland University, 66123 Saarbruecken, Germany

2Université de Lorraine, CNRS, IJL, F-54000 Nancy, France

3Inorganic Solid State Chemistry, Saarland University, 66123 Saarbruecken, Germany
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Copper surfaces are well known for their antibacterial effects due to the release of copper ions. This
benefit has been shown in many antibacterial efficiency tests, however, without considering the cor-
rosion behaviors of copper in the physiological solutions, which could play an indispensable role in
ion release from the metallic surface. This study compared the ground copper surface and sputtered
cuprous oxide (Cu,O) coating in two common physiological buffers: phosphate-buffered saline
(PBS) and Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Na-HEPES). The growth of the
cuprous oxide (Cu,0) layer was found on copper in pure PBS, inhibiting further copper ion release.
In contrast, a continuous release of copper ions was recorded in Na-HEPES for 3 h, where no oxide
formation was observed. The antibacterial efficiency of copper (against E. coli) was measured and
discussed with the ion release kinetics in the presence of E. coli. Similar results were obtained from
Cu,0 coating, ruling out its assisting role in showing the antibacterial property from copper sur-
faces, but they did indicate the importance of taking environmental parameters into consideration in

interpreting the antibacterial efficiency of copper surfaces. Published by the AVS.

https://doi.org/10.1063/1.5123039

I. INTRODUCTION

Nowadays, there are many threatening situations caused
by bacteria or other microbes. For example, we are not only
facing the growth of Healthcare-Associated Infections,' but
also the rapid rise of antibiotic resistance of microorgan-
isms.” To confront them, a range of strategies have been
developed. Particularly, antibacterial effects exhibited by
various surfaces are attracting much attention. These surfaces
could deactivate bacteria in different ways, including disturb-
ing biofilm formation,® producing reactive oxygen species
through photocatalytic reactions,” physically piercing cell
wall,” releasing toxic ions,® etc. Copper,” copper alloys,® and
copper incorporated materials’ have been developed as
popular antibacterial surfaces since copper ions are proven
to cause damage on cell membranes, nucleic acids, and
proteins. '

To obtain copper ions from the metallic copper surface,
corrosion is a key step. It is no surprise that corrosion pro-
cesses highly depend on the methods or conditions applied
to measure the antibacterial efficiency. Because no matter in
the film contact method'' (where the bacterial suspension is
spread on the coupon surface) or the wet-plating method'?
(where only a droplet of the suspension is placed), one factor
can never be avoided: the physiological buffer. A buffer is
applied in order to maintain a stable pH range and osmotic
pressure for the survival of bacteria. Even in the so-called
“dry” contact killing method,'® bacteria still need to be pre-
pared with the buffer, so as to be transferred onto the

“Electronic mail: jiagi.luo@uni-saarland.de

061004-1 Biointerphases 14(6), Nov/Dec 2019

1934-8630/2019/14(6)/061004/8/$30.00

surfaces investigated. Buffers with complicated composition
have also been applied, in order to simulate the organic
contamination'* or the synthetic perspiration environment,'’
which have practical meanings for everyday scenarios.

There are studies attempting to compare the antibacterial
behavior of copper in different buffers,'>'® where the rela-
tionship with the amount of copper ions was discussed.
However, discussions were not extended to corrosion phe-
nomena, namely, how copper ions were released. On the
other hand, corrosion of copper never lacks research
attention, unfortunately without correlating its antibacterial
properties. For instance, regarding phosphate-buffered saline
(PBS), a recent electrochemical analysisI7 confirms the cor-
rosion species formed on the copper surface, showing the
role of chloride ions in oxide formation. In another work,'®
corrosion resistance of copper was found to be grain-size
dependent, which could be further applied in antibacterial
surface design. It is also reported that other corrosion prod-
ucts such as Cu,CI(OH); could form depending upon the
composition of buffers and copper alloys themselves.'

Our research group also measured copper oxide formation
during the antibacterial test,'® although the emphasis was
then shifted to the antibacterial effects of oxides themselves,
on account of their promising antibacterial potentials.'*?® As
to our best knowledge, still very few studies have been per-
formed to correlate corrosion and antibacterial effects. We
now refocus on this issue. Our ongoing investigations have
recently revealed the corrosion attacks on copper introduced
by PBS (Ref. 21) and the additional influences induced by
bacterial addition.”

Published by the AVS. 061004-1
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The purpose of this study is to better understand the rela-
tionship between corrosion and the antibacterial activity on
copper surfaces. To better verify the relevant factors,
cuprous oxide (Cu,O) coating was also prepared by the
sputtering method for comparison. Two buffers [PBS and
Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(Na-HEPES)] that introduced corrosion phenomena were
characterized by ex situ metallographic means. Kinetics of
copper ion release from two types of surfaces into two
buffers are discussed, taking the role of bacteria into con-
sideration, correlated with the antibacterial efficiency
measured.

Il. MATERIALS AND METHODS
A. Materials

Coupons of copper (99.99%, K09, Wieland) were first
mechanically ground with a silicon carbide sandpaper
(stepped down to grit number P600), then cleaned with
ethanol in an ultrasonic bath, and finally dried by air.
Cuprous oxide (Cu,O) coating was fabricated on a micro-
scope glass slide, by a reactive magnetron sputtering tech-
nique. Before being transferred into the sputtering chamber,
the substrate was cleaned with ethanol in an ultrasonic bath.
The distance between the substrate and the Cu target
(99.99%) was 50 mm. During deposition, the sputtering pres-
sure was maintained at 0.5 Pa, while the flow rate of argon
and oxygen was 25 and 7 scem, respectively. The sputtering
process was performed with a constant current of 0.3 A
(power around 150 W) by a pulsed-DC generator (Pinnacle,
Advanced Energy). Frequency and off time were 50 kHz and
4 us, respectively. The total deposition time was 5 min.
Confirmation of its phase composition is shown in Fig. 1 in
the supplementary material.>”

B. Solutions

PBS was prepared with NaH,PO,-1H,O (Merck,
Germany, final concentration 0.01M), NaCl (VWR,
Germany, final concentration 0.14M), and pure water for
analysis (Merck, Germany), and its pH value was adjusted
by adding NaOH to 7.4. Na-HEPES (final concentration
0.1IM) was prepared with HEPES-free acid (VWR,
Germany), pure water for analysis, and NaOH in the same
way, with a final pH of 7.0. Both buffers were sterilized in
an autoclave after preparation.

C. Corrosion protocol

To simulate the antibacterial efficiency test further
described in Sec. II E, the droplet exposure method was
applied to introduce corrosion. In brief, 20ul of PBS or
Na-HEPES was applied on coupons with a pipette. These
coupons were placed in a water-saturated atmosphere at room
temperature. After specific time intervals, these solutions
were withdrawn with a pipette, and the coupons were simply
dried in a ventilated room.
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D. Surface characterization

The morphology of copper surfaces before and after the
corrosion experiment was compared in a scanning electron
microscope (SEM, Helios NanoLab600, FEI). Acceleration
voltages will be further mentioned in the corresponding
figure captions. For the phase confirmation of corrosion
products forming on the surfaces, Raman spectroscopy
(Raman, operating at 532 nm, inVia, Renishaw) was applied.
Images and spectra were obtained within 24 h after corrosion
treatment. Additionally, the phase composition of sputtered
coating was examined by Raman and a grazing incidence
x-ray diffractometer (Cu Ko with a 1° grazing angle,
PANalytical X’Pert PRO MRD).

E. Antibacterial efficiency determination

The wet-plating test was used, whose details could also
be referred to the previous publication.'> In brief, the
Escherichia coli (E. coli) K12 strain was grown aerobically
overnight in a lysogeny broth (LB) medium at 37°C in a
water bath with a speed of 220 rpm. The stationary cells
from 5 ml culture were collected by centrifugation for 15 min
at 5000xg, washed and centrifuged three times with PBS or
Na-HEPES accordingly, and finally resuspended in 5 ml of
the same type of buffer. The test started by applying 20 ul of
the bacterial suspension on the coupons that were placed in a
water-saturated atmosphere at room temperature. When the
set duration was reached, 10l samples were withdrawn by
repetitive pipetting, serially diluted in PBS, and spread on
LB agar plates. Following incubation at 37 °C for 24 h, the
colony-forming unit (cfu) on agar plates was counted and
expressed in a way concerning both the fold of dilutions
and relative to the original 20 ul samples. The average values
and standard deviations were obtained by three independent
experiments.

F. Copper release determination

After the corresponding surface treatment (corrosion or
the antibacterial efficiency test), 10ul samples were with-
drawn by repetitive pipetting and diluted in 2.990 ml 1 wt. %
nitric acid (Merck, Germany). Before being measured by
inductively coupled plasma mass spectrometry (ICP-MS,
7500cx, Agilent), 3 ul of 10 mg/l scandium and cesium inter-
nal standard solutions were added to the samples. For cali-
bration, standards with 0.1, 0.5, 2.5, 10, 50, 250, and
1000 ug/l of copper were used. Original results with a unit of
parts per billion were converted to the final results with a
unit of gmol/l (uM), concerning both the fold of dilutions
and molar mass 63.55 g/mol for copper. The average values
and standard deviations were obtained by three independent
experiments.

lll. RESULTS AND DISCUSSION
A. Surface changes of copper in pure buffers

Among those studies focusing on the antibacterial prop-
erty of copper, the status of the copper surface itself is rarely
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examined. Therefore, in the current work, efforts were put
into observing how the surface was transformed, first by high
resolution SEM images shown in Fig. 1. As can be seen, the
copper surface varied significantly when exposing to differ-
ent buffers. In PBS, a considerable amount of small dis-
persed particles are found in 1h. In a longer period, these
corrosion products grew coarser and merged with each other,
gradually covering a bigger portion of the original copper
surface. On the other hand, in the case of Na-HEPES, the
early-stage corrosion phenomena were less evident, since no
corrosion product can be found even in 3 h. There are merely
some submicrometer features with darker contrast and nano-
scale topography differences [Fig. 2 in the supplementary
material (Ref. 37)].

As the chemical composition of the corrosion products
could be helpful, Raman was applied on the 3 h coupons.
Their spectra are grouped with two colors in Fig. 2. Apart
from the slight difference in the background intensity, other
features are similar within each type of coupon. Three major
Raman peaks (148, 219, and 637 em™!) found after PBS
treatment are assigned to Cu,O, confirmed by sputtered
Cu,O coating [Fig. 1 in the supplementary material
(Ref. 37)] as well as results from the literature,”® whereas no

1h

PBS

Na-HEPES

061004-3

Raman peak was obtained from the Na-HEPES treated
coupons, which is consistent with the findings of SEM.

The distinctions with regard to how copper surfaces
evolved in two buffers are necessary in the following inves-
tigation. Because Cu,0 is the only corrosion product found
in the case of PBS, the forthcoming experiment design is
based on it. Therefore, it should be noted that this current
result is unlike our early work'® where an ellipsometer was
applied and a layer of CuO was observed. Although ellips-
ometry is more sensitive to the ultrasurface properties and
can be employed in situ, it is also a technique highly
relying on a precise modeling process. For instance, the
roughness can be a crucial factor in the model, but it is not
easy to consider the sustained topographical change due to
oxide growth. On the other hand, although the current
results were obtained ex situ, the possible impacts have
been excluded to a great extent by reducing the intervals
between corrosion experiments and the SEM/Raman char-
acterization. Hence, the exposure time can still be found as
the most predominant factor. Furthermore, the Cu,O growth
in PBS has also been confirmed and characterized by versa-
tile techniques in our recent studies,”"?> where CuO has
hardly been found.

3h

Fic. 1. Typical SEM images of the copper surface after 1h [(a) and (c)] and 3 h [(b) and (d)] exposure to PBS [(a) and (b)] or Na-HEPES [(c) and (d)]. All

images were obtained at 5 kV and share the same scale bars presented in (a).
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Fic. 2. Raman spectra obtained from the copper surface after 3 h exposure
in two buffers. Three random locations were chosen from each sample repre-
sented by the same color. The reference spectrum was obtained from the
copper surface without exposure to any solution.

B. Copper release and antibacterial efficiency

Apart from having the copper surface modified, corrosion
also results in copper release into the applied droplets. The
trends of copper content presented in the droplets along the
time are plotted in Fig. 3 [values are listed in Table 1 in the
supplementary material (Ref. 37)]. Two distinctive release
patterns in these solutions are observed. At the start, copper
release was rather rapid in PBS, but a plateau was already
recorded after the first 30 min. More interestingly, a slight
decline can be found from 1 h.

In contrast, a different path was recorded in Na-HEPES.
In the first place, the average release rate was relatively low,
with 1.87 x 10> uM after 30 min, which was less than half of
3.41x10*uM that was presented in PBS. However, the
copper content kept rising in Na-HEPES, reaching almost a
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Fic. 3. Copper content released from the copper surface into PBS or
Na-HEPES following various exposure periods. The error bars indicate the
standard deviations calculated from three independent measurements.
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similar value as in PBS in 1h. At the end of the test, this
value ascended to more than one and a half times as in PBS,
without any potential plateaus even until 9 h [Fig. 3 in the
supplementary material (Ref. 37)].

Since the antibacterial activity is strongly correlated with
copper content presented, the wet-plating test against E. coli
was carried out and is displayed in Fig. 4. In PBS, the count
of live bacteria reduced by already one log in 1h and nearly
five logs in 3 h. In comparison, the killing rate was consider-
ably slow in Na-HEPES, which has a only two log deduction
in 3 h. However, only a small section of these trends (before
1 h) could be positively associated with the above-mentioned
copper release. The fact that the higher amount of copper
released into Na-HEPES in the following hours did not as
expected causes a corresponding increase in its killing rate.

One possibility why these two data sets fail to correlate
with each other can be that the presence of E. coli has not
been considered. A recent study®* reported that the presence
of bacteria in PBS significantly increased the copper content
in the suspension. We, therefore, redesigned a similar experi-
ment and verified this discrepancy and attributed it to the
role of E. coli:** they accumulate copper, and thus, the for-
mation of Cu,O is inhibited. As the copper surface is not
covered by Cu,O, corrosion continues and consequently
enhances copper content in the solution.

Therefore, the copper release in Na-HEPES was again
measured, but with the presence of E. coli, as plotted in
Fig. 5. The trend shown in pure Na-HEPES is similar to the
one shown in Fig. 3, and only the absolute values are
slightly different. This could be mainly ascribed to the fact
that the state of the copper coupon where each droplet was
deposited was not perfectly the same. However, adding E.
coli into Na-HEPES did not change the trend dramatically,
compared to the huge rise observed in the case of PBS.?***
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Fic. 4. Results of the antibacterial efficiency test against E. coli on copper
in two buffers. The error bars indicate the standard deviations calculated
from three independent measurements. The values at Oh serve as controls,
representing the cfu measured from both original suspensions when the 3 h
samples were withdrawn.
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Fic. 5. Copper content released from the copper surface into the Na-HEPES
and E. coli Na-HEPES suspension following various exposure periods. The
error bars indicate the standard deviations calculated from three independent
measurements.

Only a higher value was recorded in 1h (reason still
unknown at the moment); nevertheless, the gap between two
scenarios narrowed again in 3h. In other words, copper
release in pure Na-HEPES still approximately reflects a
similar scenario with E. coli addition, but not in the case of
PBS. Because of this, it is no surprise that E. coli were
found being deactivated quicker in PBS.

Nowadays, in order to measure the release profile of the
antibacterial substance, pure buffers rather than bacterial sus-
pensions were widely used. 32526 However, the current
findings imply that the evaluation with pure buffers could
have limits in representing the actual concentration of the
antibacterial substance in the presence of bacteria. When this
is the case (e.g., in PBS), bacterial suspensions should be
applied. Besides, suspensions with dead bacteria can also be
applied®® so as to explore the impacts of bacteria in a more
detailed way.

C. New insights provided by Cu,0 coating

Comparing these corrosion behaviors of copper in two
buffers, it is not difficult to figure out that Cu,O may play an
indicative role. For example, since its formation in pure PBS
could be considered as a barrier hindering direct ion release
from the copper surface, bacteria that inhibit its formation
thus allows continuous copper release.”” On the contrary,
since Cu,0 is not even detectable in pure Na-HEPES, bacte-
rial addition does not cause further enhancement of copper
release.

To better understand the role of this oxide, Cu,O coupons
were prepared by the sputtering method. Their phase infor-
mation was confirmed and is given in Fig. 1 in the supple-
mentary material,” although it has to be admitted that it is
difficult to mimic the exact microstructure or surface rough-
ness of copper coupons or the oxide formation. The antibac-
terial efficacy against E. coli measured in two buffers is
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FiG. 6. Results of the antibacterial efficiency test against E. coli on Cu,O
coating in two buffers. The error bars indicate the standard deviations calcu-
lated from three independent measurements. The values at O h serve as con-
trols, representing the cfu measured from both original suspensions when
the 3 h samples were withdrawn. Trends shown with gray dashed lines repre-
sent the data already shown in Fig. 4 for comparison.

shown in Fig. 6. In general, the Cu,O surface was much less
effective, compared to the copper surface. In 3 h, survival in
PBS that is a bit less, however, is still higher than the 1h
value in Na-HEPES on copper. Similar Cu,O coating pro-
duced by chemical vapor deposition also shows a weaker
killing rate compared to copper coating.?

These observations, nevertheless, rule out the contribut-
ing role of Cu,0 in showing the antibacterial activity of
the copper surface. That is to say, although to oxidize
copper is a necessary step for releasing copper ions, Cu,O
itself does not necessarily exist as an essential direct/inter-
mediate product. Simply supposing it does, then these
Cu,0 coatings should have shown better (or at least equal)
antibacterial efficiency compared to the copper surface
because the route to release antibacterial copper ions should
have been shortened.

It also needs to be noted that, unlike the antibacterial sce-
nario introduced by copper oxide nanoparticles in the
aqueous phase,”’ it was mainly the dissolution that trans-
formed Cu,O coating to copper ions so that the further bacte-
rial membrane, nucleic acids, or protein could be mediated
or undermined.'® Therefore, to further explore how Cu,O
behaves in two buffers, copper release curves of the Cu,O
coating were also measured and are shown in Fig. 7. First of
all, with the presence of E. coli, copper content kept increas-
ing in both buffers but at a different rate. In 3 h, this value
almost reached 400 uM in PBS, whereas less than 150 uM
was recorded in Na-HEPES. This explains why on Cu,O
coating, E. coli in PBS were killed faster than those in
Na-HEPES.

Besides, these release curves within each pure buffer
show certain similarities with those obtained from the copper
surface. Take PBS as an example, E. coli addition again pro-
moted the copper release rate on the Cu,O surface. This
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Fic. 7. Copper content released from Cu,O coating into PBS, the E. coli
PBS suspension, the Na-HEPES or E. coli Na-HEPES suspension following
various exposure periods. The error bars indicate the standard deviations cal-
culated from three independent measurements.

effect was not dramatically influenced by the survival of
bacteria, where more live bacteria were presented, compared
to that on the copper surface. In addition, a slight decline is
again observed in PBS after 1h. On copper surface, this
decline is considered as a result of oxide redeposition.
However, this effect should be less predominant on origi-
nally oxide surface. It is, therefore, suggested that reactions
between copper ions and other ingredients presented in PBS
could happen, resulting in precipitation or redeposition of
other species (e.g., copper phosphatezg).

On the other hand, in Na-HEPES, bacterial addition did
not markedly affect the release trend. Similar features are
obtained on copper as well. This means that although the
presence of E. coli and their additional copper accumulation
effects could reduce the amount of copper ions, unlike in
PBS, they are not governing the Kkinetics of corrosion of
copper or dissolution of Cu,O in Na-HEPES.

D. Copper transference in buffers

With the additional information of the Cu,O surface, the
transfer path of copper in these two buffers can be further
summarized as shown in Fig. 8. In the beginning, corrosion
happens when copper contacts the buffer droplet that con-
tains a limited amount of copper ions. This process, which
could be assisted by other species presented in the buffer
(e.g., chloride ions), turns copper into its ionic form by cor-
rosion, a key step transferring bulk copper into solution. In
most of the cases, this leads to a rise of copper concentration
in the buffer, hereafter named as “Phase 1.”

The release rate varies from buffer to buffer due to their
own corrosion properties. As the free copper content reaches
a certain level, additional species could form in the solution,
consuming copper content, marking the start of “Phase 2.”
In the case of PBS, oxide could redeposit on the copper
surface®’ and gradually impede copper release (i.e., slowing
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FiG. 8. Schematic model of corrosion phenomena on the copper surface in
buffers. The time scale is only approximate. The section as a dotted line in
concentration curves in Phase 3 signifies speculation from the current data.

down corrosion rate). Consequently, the concentration curve
could be recorded as a slower rise.

As the oxide coverage is fulfilled, the condition for direct
release of the copper surface may not exist anymore, which is
classified as the outset of “Phase 3.” Meanwhile, the remain-
ing copper ions in the solution could keep forming oxides or
other copper-contained species until each of their equilibrium
is reached. Since these processes consume copper content and
could lead to sedimentation, a reduction of copper concentra-
tion probably followed by another plateau is expected. A rela-
tively complete path has been mapped in PBS presented in
this study and the NaP; buffer in another research.'> The fact
that they reached different plateau concentrations could be
again associated with the properties of buffers, further result-
ing in the diversity of their corrosion rates, oxides/species for-
mation rates, equilibrium conditions, etc.

Moreover, the timing of entering each phase can be changed
with the presence of bacteria. On one hand, the existence of
bacteria tends to postpone the formation of oxide, prolongs
Phase 1, and thereby promotes copper release. On the other
hand, since bacteria reduce the surrounding copper concentra-
tion, it could also promote ion release when the release kinetics
is, to some extent, governed by it (e.g., the PBS-Cu,O system).
Since the copper surface in Na-HEPES is found staying in
Phase 1 within the current experimental duration, adding bacte-
ria does not alter its release curve, mainly because oxide forma-
tion has not even started. Future work is needed to track its
release curve in much extended duration, if it is the aim to
describe the whole corrosion process or equilibrium situation.

Nevertheless, one should notice that by ICP-MS measure-
ment performed in this study, it was the total amount of
copper present in the aqueous sample that has been mea-
sured, regardless of its existing form. Therefore, the amount
of free copper ions may not be exactly reflected due to the
possible formation of copper phosphate (in the case of PBS)
or complex species (in the case of Na-HEPES). Furthermore,
copper content that has been accumulated by the bacteria
may return to the sample, adding complication to this scenario.
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Both confirmation of the existing species and exact calculation
should be helpful in depicting a more complete picture of the
copper transfer path.

E. Practical hints for antibacterial surface research

For the antibacterial surfaces relying on a certain type of
ion release such as copper and silver,” surface corrosion
plays an essential role in the release process. To discuss cor-
rosion phenomena, not only the surface (material) but also
the applied solution/buffer (environment) should be taken
into account because corrosion behaviors are likely to vary in
different media.” It could affect the release kinetics of the
antibacterial substance. The discrepancy of the antibacterial
activity can thus be obtained from the same surface. In the
current study, replacing PBS by Na-HEPES changed both the
killing rate against E. coli shown by the copper coupon and
Cu,0 coating. For the same reason, applying buffers with dif-
ferent pH values may already induce significant variation. It
is, therefore, important to keep in mind that antibacterial effi-
ciency shall be precisely addressed together with the charac-
teristics of environment that are applied, rather than solely
ascribed to the surface itself.

This perspective, however, adds difficulty and uncertainty
in understanding or performing the antibacterial efficiency test.
Take our former study™ as an example, it reports the antibacte-
rial effect of the cadmium surface, where silver as a widely
known antimicrobial candidate was also included as a reference
but has not shown an outstanding performance. This has been
attributed to a low amount of silver ion release, as a result of
insufficient corrosion. However, one cannot thereby claim that
silver has a poor antibacterial activity, since this result could be
simply caused by picking a “wrong” buffer, which could not
efficiently corrode or interact with the silver surface.

Even a buffer could be “wrong” for some surfaces, in
those widely used antibacterial efficiency tests [e.g., JIS Z
2801 (Ref. 31) and live/dead assays>>], a certain buffer
needs to be chosen and applied for all type surfaces. In
other words, this fair protocol (every surface is treated with
the same buffer) could be essentially unfair. One promising
approach is to investigate the aimed medical environment
before selecting the buffer and then select or design a buffer
with specific composition, which could reflect the actual
scenario to a great extent and thus the corresponding anti-
bacterial efficiency. In this sense, studies that simulated the
organic contamination'* or synthetic perspiration'> have set
a meaningful and practical example.

From the perspective of materials research, there are
many implications once the importance of corrosion is recog-
nized. For instance, by modifying the corrosion tendency
through alloying®® or grain boundary engineering,** the cor-
responding antibacterial property could be better tailored. In
the case of copper, we recently analyzed its localized corro-
sion sites in PBS, which could serve as a guideline in
controlling the release of antibacterial copper ions.”!

Moreover, characterizations of the formation of various
corrosion products on antibacterial surfaces are recommended
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to be included. On one hand, identifying them helps revealing
the possible modifications of the tested surface, especially
during the killing process. On the other hand, since aging of
the surface could influence bacterial behaviors (e.g., adhe-
sion®®), it becomes crucial to examine and recognize the
actual surface status. Furthermore, the corrosion products
themselves have potential to govern (or cease, in the case of
Cu,0) the ion release. That is to say, the release-time profile
could be “programed,” which could be beneficial for biocom-
patible medical applications.>®

IV. SUMMARY AND CONCLUSIONS

In the first part of this work, we compared the corrosion
phenomena on the copper surface caused by PBS and
Na-HEPES. Pure PBS is favorable for the formation of Cu,O
acting as a barrier layer, whereas in Na-HEPES, no obvious
oxide could be observed in 3 h; hence, copper concentration
keeps rising in the whole experimental period. The difference
in antibacterial efficiencies shown by the wet-plating test
against E. coli has been better interpreted with the copper
content measured with the presence of bacteria.

In the second part, sputtered Cu,O coating was introduced
to verify its role in corrosion of metallic copper and how the
antibacterial activity is achieved/affected. Similar discrepan-
cies in antibacterial effects and the ion release trend were
obtained in two different buffers. These detailed results
confirm its poorer antibacterial effect compared to metallic
copper; on the other hand, they reveal a difference in corro-
sion kinetics in two buffers. All of these aspects strongly
suggest the necessity of correlating antibacterial efficiency
not only with the surfaces themselves but also with the spe-
cific environment applied.
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Supplementary Figure 1 | Grazing incidence X-ray diffractogram (indexed with JCPDS #75-1531) (a) and

Raman spectrum (b) of sputtered coating on glass substrate, confirming Cu>O as the predominant phase.

Supplementary Figure 2 | High resolution SEM images of copper surfaces before (a & b) and after (¢) 3 h

exposure to Na-HEPES (not from the same location). Images were obtained at 15 kV.
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Supplementary Figure 3 and Table 1 | The copper content (uM) released from copper surface into PBS or
Na-HEPES as a function of exposure time. The error bars indicate the standard deviations calculated from

three independent measurements, which are also shown in the table.
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In this chapter, the below peer-reviewed publication is going to be presented:

Bacteria accumulate copper ions and inhibit oxide formation on copper surface during

antibacterial efficiency test

Reproduced from Jiaqi Luo, Christina Hein, Jaafar Ghanbaja, Jean-Frangois Pierson, Frank

Miicklich, Micron, 2019, 127, with the permission of Elsevier

DOI: 10.1016/j.micron.2019.102759
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Keywords:
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Copper surface after antibacterial test against E. coli was examined in the aspect of corrosion. Results from
scanning electron microscope (SEM), grazing incidence X-ray diffractometer (GIXRD) and Raman spectroscopy
together confirmed less oxidation on copper surface with the presence of E. coli. The inhibition of the cuprous
oxide (Cu,0) layer instead ensured the continuous exposure of copper surface, letting localised corrosion attacks
observable and causing a stronger release of copper ions. These phenomena are attributed to the fact that E. coli
act as ions reservoirs since high amount of copper accumulation were found by energy dispersive X-ray spec-

1. Introduction

Copper has been drawing the attention of microbiologists in the
recent years (Vincent et al., 2018; Turner, 2017; Rock et al., 2018;
Muller et al., 2018). Copper and its ions, copper oxides as well as oxide
nanoparticle, all of them have shown the toxicity against various bac-
teria or virus (Rosenberg et al., 2018; Rotini et al., 2017). This anti-
microbial property brings copper into the hygiene market, and without
a doubt, a great amount of studies have focused on this aspect. Copper
or copper contained coatings (Wu et al., 2014; Souli et al., 2017),
particles (Gilbertson et al., 2016; Ben-Sasson et al., 2016), fabrics
(Dhineshbabu and Rajendran, 2016; Demir et al., 2015), textiles (Irene
et al., 2016; Turalija et al., 2015), composites (Usman et al., 2016; Kara
et al., 2016) are being fabricated and widely investigated, in terms of
their antimicrobial efficiencies the relevant applications.

To determine the antimicrobial efficiency of a certain material, or
more specifically of a surface, a certain method has to be applied. It
allows us to measure the survival of microbe, to quantify the anti-
bacterial efficacy, and in the end, to compare them. Most of these
methods could be grouped into two main types that worth being briefly
introduced. One is where no suspension with bacteria needs to be
prepared, for instance, in the inhibition zone determination (Usman
et al., 2016; Cano et al., 2018). The coupon to be tested will be placed
on a nutrient agar plate already covered with bacteria. Since the anti-
bacterial agents could release and further diffuse from the coupon, a

gradient of antibacterial substance is supposed to form from the centre
of the coupon outwards. After certain incubation periods, there should
be a zone around the coupon where no obvious growth of colony is
observed. The antibacterial efficiency can be thus compared by the size
or radius of these zones. Moreover, this method may tell better the
diffusion rate of the corresponding antibacterial substance on the agar
plate. It is fairly popular in research especially in testing novel anti-
bacterial composites or fabrics.

In another type of method, a drop of suspension composed of bac-
teria and buffer solution needs to be applied on the coupon. After
several designed time points, part of the suspension is withdrawn.
There are a number of approach to determine the bacterial survival in
the suspension. One way to do this is by fluorescence microscopy (Wu
et al., 2018; Ellinas et al., 2017), which is also often called Live/Dead
staining test. In this test, a red-fluorescent indicator (often propidium
iodide) is used to label the DNA after membrane damage happens, so as
to distinguish whether bacteria are intact or not. Therefore the change
of colour directly tells the killing effect of a substance. Another popular
approach is to count the colony-forming unit (CFU) (Santo et al., 2011;
Tripathy et al., 2017). The withdrawn suspension will be first properly
diluted in series and then plated on an agar plate. The cultivable bac-
teria will grow as colonies that could be big enough to be identified and
directly counted. This method not only produces highly statistical and
reproducible results, but also allows to track the details of antibacterial
efficiency as a function of time. This is why it has been chosen in most
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of our recent studies (Luo et al., 2017a; Hans et al., 2014, 2013), and
again applied in this study.

Although all the methods listed above offer almost sufficient in-
formation of the survival of bacteria, nevertheless, there is a hidden
respect not being considered: the coupons themselves. The bacteria are
inactivated by the antibacterial agents, which are released from the
specific surface in most of the cases. This indicates that the surface itself
is also under a series of change along the time. In the case of copper, it
is corrosion that should be further considered (Zhao et al., 2016; Liu
et al., 2017). Furthermore, the corrosion phenomena occurring on the
surface, in fact, also alter the surface itself during these antibacterial
efficiency tests. In other words, these methods are not always char-
actering the initial surface, in contrary, a constantly changing surface.
Take this into account have two main advantages: one is to know ex-
actly the actual surface being characterised, the other one is to start
exploring its potential aging effects when it comes to the daily life
applications.

Oxidation is certainly drawing attention among the common cor-
rosion phenomena. By mainly electrochemical means, copper oxides
growth on copper or its alloys in buffer solution (Toparli et al., 2017) or
synthetic perspiration (Foster et al., 2016) are recently reported. Dif-
ferent types of oxides (Cu,O, CuO), hydroxide (Cu(OH),) or other
corrosion products (CuyCl(OH)3) could be identified. Their thickness
and in-depth distribution were correlated with different experimental
conditions, such as the chemical composition of the original surface, the
components of the applied solution and the contact period. However,
there is a few research that has considered the aging of copper surface
in a bacterial suspension, not to mention to probe the role of bacteria in
this corrosion system. On the other hand, how bacteria interact with or
influence by various kinds of metallic ions or particles have been ex-
tensively investigated, in terms of the transportation of ions and the
accumulation in different organelles (Carter et al., 2014; Hohle et al.,
2011). But again, bacterial influence on the surface through these ef-
fects are not the focus in these studies.

One recent research (Wakshlak et al., 2015) revealed the re-release
of silver from the silver-killed bacteria back to the solution. It offers a
hint about the interaction between ions enriched bacteria and their
effect on the environment. Here in the current study, we extended the
focus from the solution back to the initial ions releaser: the copper
surface itself. The main question we aim to answer is: during the copper
release process that kills bacteria, does the existence of these bacteria
affect the corrosion process as well? Therefore we investigated the role
of E. coli in copper surface chemical changes during the antibacterial
efficiency test. Ex-situ approaches were performed to distinguish the
changes in morphology and composition in the outermost copper sur-
face. The inhibition effect of oxides was described and its possible
causes were put forward, taking account of the role of bacteria on the
amount of copper ion in suspension.

2. Materials and methods
2.1. Materials

Coupons of copper (99.99%, K09, Wieland) were first ground with a
silicon carbide sandpaper (end with grit number as P600), then they
were cleaned by an ultrasonic bath with ethanol and finally dried by
air.

2.2. Solutions

Phosphate-buffered saline (PBS) was prepared with NaH,PO,4. 1H,0
(Merck, Germany, final concentration 0.01 M), NaCl (VWR, Germany,
final concentration 0.14M) and pure water for analysis (Merck,
Germany). Its pH value was adjusted by adding NaOH to 7.4, sterilised
by an autoclave after preparation. The preparation of PBS with bacteria
could also be referred to the antibacterial efficiency determination in
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previous publication (Molteni et al., 2010). In brief, the E. coli K12
strain was grown aerobically overnight in Lysogeny broth (LB) medium
at 37 °C in a water bath with a speed of 220 rpm. The stationary cells
from 5mL culture were collected by centrifugation for 15min at
5000 x g, washed and centrifuged three times with PBS, and finally re-
suspended in 5mL of the same type of buffer solution. The initial
average cell count was around 3 x 10°-5 x 10° CFU/ml. For the sus-
pension S. cohnii, the Tryptic soy broth (Fluka) medium was chosen.

2.3. Corrosion protocol

Coupons of copper were placed in a water-saturated atmosphere at
room temperature when 20 puL of various solutions were applied on
them with a pipette. After certain exposure time (30 min, 1h, 3h and
6h), these solutions were withdrawn with a pipette and the coupons
were dried in a ventilated room. These steps are chosen in order to keep
it as similar as the antibacterial efficiency tests as described in our other
research (Luo et al., 2017a; Hans et al., 2013).

2.4. Surface corrosion characterization

Scanning electron microscope (SEM, Helios NanoLab600, FEI) was
used to compare the morphology of copper surfaces after various cor-
rosion experiments. The chemical composition was obtained by Energy
dispersive X-ray spectroscopy (EDS) with an acceleration voltage as
5kV. For further confirmation of corrosion products covering the sur-
faces as well as the form of copper in bacteria, Raman spectroscopy
(Raman, laser source with 633 nm, inVia, Renishaw) with a 50X optical
microscopy (OM) and high resolution grazing incidence X-ray dif-
fractometer (GIXRD, Cu Ka with 1° grazing angle, PANalytical X'Pert
PRO-MPD) were applied. All these images and spectra were obtained
within 24 h after corrosion treatment.

2.5. 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 described in Section 2.3, 10 pL of various solutions
were separated and applied again on these strips.

2.6. Copper content determination

For the samples (PBS or PBS with E. coli) to be directly measured,
following almost every step in the corrosion protocol, only whenever
the exposure time is reached, 10 pL samples were withdrawn by re-
petitive pipetting and diluted in 2.990 mL 1 wt% nitric acid (Merck,
Germany). For the measurement of supernatant, every three 10pL
samples were transferred and mixed in SafeSeal 1.5 mL tubes. After
being centrifuged for 5min at 5 krpm, 10 pL of supernatant were col-
lected and diluted in nitric acid as mentioned above. For all samples,
before measured by inductively coupled plasma mass spectrometry
(ICP-MS, 7500cx, Agilent), 3 ul of 10 mg/1 scandium and caesium in-
ternal standard solutions were added to the samples. For calibration,
standards with 0.1, 0.5, 2.5, 10, 50, 250 and 1000 pg/L of copper were
used. After obtaining the results with a unit of ppb, the final values with
a unit of uM 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.

2.7. Bacteria imaging and chemical mapping

Scanning transmission electron microscopy (STEM) mode of trans-
mission electron microscopy (TEM, JEM-ARM 200 F, JEOL) was applied
with a voltage of 200 kV. The bacteria were treated with copper surface
for 3 h as described above. Before having them transferred on a Ni grid,
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1)

\
Fig. 1. Typical SEM images of copper surfaces after 3 h of exposure to PBS (a-b) and PBS with E. coli (c-d). The dashed squares in (a) and (c) indicate the positions of
the following higher magnification images (b) and (d). The arrows indicate localised corrosion attacks.

they were diluted 1:10 with pure water for analysis.

3. Results and discussion

Evolution of surface morphology always reflects the corrosion be-
haviours. Therefore, to directly observe the corrosion phenomena on
copper surface, high resolution SEM images were taken and shown in
Fig. 1. After 3 h in pure PBS, granular sub-micron formation were found
on the copper surface. Consequently, the as-ground morphology be-
comes less obvious. However, with the addition of E. coli, similar cor-
rosion products can hardly be found. In addition to the remained bac-
teria, some area were suffering localised corrosion attacks, resulting in
sub-micron scale pits. No other SEM observable features that can be
identified on this bacterial treated surface. On the other side, it almost
kept the original morphology of the untreated as-ground copper surface
(SI, Fig. 1).

To further identify these corrosion products, GIXRD were applied to
collect the near surface phase information presented in Fig. 2(a). The
range of diffraction peak of (111) planes of Cu,0 was chosen, since it is
expected to be the strongest peak of the Cu,O without any preferential
orientation growth. A clear peak is recorded from the surface corroded
by pure PBS, confirming the main corrosion products described above
as crystallised Cu,0. By contrast, the diffractogram from the coupon
treated with E. coli suspension is rather flat.

Since no copper oxides related diffraction peaks could be assigned,
Raman was applied owing to its higher sensitivity, where a slight oxi-
dation is shown (Fig. 2(b)). Comparatively, these oxides signals are
with lower background and less obvious oxides’ peaks, especially
around 149 cm ™! and 216 cm ™', In addition, compared to the rela-
tively large detection zone of GIXRD, Raman results could be correlated
with more localised features. For example in Fig. 2(c), some dark areas
found in OM are confirmed by SEM as the positions where localised
corrosion attacks occurred. In these positions, higher Raman signal of
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Cu,0 were recorded and shown in Fig. 2(d). Although these localised
corrosion sites are far smaller than the macroscopic pits that could be
observed directly in OM, they do match the features described tradi-
tional pitting corrosion theories (Hoeppner, 1985). They describe the
formation of corrosion products around the opening (cathode) of these
cavities (anode). These product could gradually seal the pits, which has
not yet been observed on our experiments though. Apart from small
difference, all the above-mentioned findings confirm the considerable
changes on copper surface after adding E. coli into PBS: the Cu,O for-
mation becomes less dominant and more non-uniform on copper sur-
face.

Corrosion behaviour of a certain material is never an independent
phenomenon: it is closely correlated to the surrounding environment
which is applied, that is to say, the solutions (PBS or bacterial sus-
pensions) on copper coupons. It is known from the Poubaix diagram of
copper, that Cu,O formation favours alkaline environment, while
acidity increases, it dissolves and exists as cupric ions (Toparli et al.,
2017). For this reason, although PBS is defined and prepared as a buffer
solution, it would still be helpful to know whether the actual condition
in these corrosion tests already exceeds the buffer capacity. Therefore,
the pH values of the samples were checked and given in Table 1. For the
original PBS, no matter with or without bacterial addition, their pH
values were 7.4 as designed. However, in both cases, this value rose
after corrosion tests, indicating an alkaline shift. Most importantly,
when E. coli was added, the solution became even more alkaline, which
theoretically should be more beneficial to the formation of Cu,O.
Therefore, there must be other reasons instead of the acidity that inhibit
the oxide growth in bacterial condition.

To preliminarily verify if E. coli could interactive with Cu,O ac-
tively, another case was designed to place E. coli PBS suspension on
pure PBS treated copper surface (therefore with existing Cu,0). Their
GIXRD results (SI, Fig. 2) show that the previously formed Cu,O layer
does not change obviously after bacterial suspension treatment,
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Fig. 2. (a) High resolution grazing incidence X-ray diffractograms in the range of (111) planes of Cu,0 (JCPDS#75-1531) and (b) typical Raman spectra obtained
from copper surfaces after 3 h exposure to PBS and PBS with E. coli. (¢) OM images and SEM images of two typical features obtained from the bacterial treated surface

and (d) their Raman spectra from the same areas.

Table 1
The pH values of different solutions before and after 3h corrosion tests on
copper surface.

Solution Before corrosion After corrosion
PBS 7.4 77
PBS with E. coli 7.4 7.9
PBS with S. cohnii 7.4 7.9

suggesting that E. coli do not act as an active role in deteriorating Cu,O
layer.

After the examination of the corrosion products on these surfaces,
we then shifted the interest to the solution, namely the withdrawn
droplets. Copper content in pure PBS and E. coli PBS suspension were
measured and plotted in Fig. 3. In pure PBS, the concentration of copper
has quickly reached a plateau in 30 min, which at least lasted for 3 h.
With E. coli addition, on the other hand, the curve evidently follows
another trend: it significantly becomes higher in the whole period. The
variety of these two patterns could be ascribed to the barrier effect of
copper oxides coverage. As fewer oxides were found in the latter case, a
bigger portion of bare copper was exposed to the solution, that is to say,
can still be corroded by the solution. For this reason, release of copper
ion can be thus less hindered and therefore copper content gradually
increase could be observed. In addition, the shown copper content data
can also be transferred into weight loss of the original surface if needed.
Because for pure copper coupons, the amount of copper measured in
solution should be equal to the weight loss. However, it should be noted
that the contribution from the oxide growth will not be considered in
this way as they are still attached to the original surface.

But why did the oxide growth rate slowdown so distinctly? Similar
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Fig. 3. Concentration of copper content in PBS, PBS with E. coli and its su-
pernatant following various exposure periods. The error bars indicate the
standard deviations calculated from three independent measurements.

trends of copper content were also reported with S. cohnii addition
(Hahn et al., 2017). S. cohnii is a type of bacteria with less mobility, as
shown in SI Fig. 3, its PBS suspension has rather similar corrosive in-
fluence on the copper surface: no obvious oxide layer could be found in
3 h. This helps us to exclude the potential effects induced by bacterial
mobility that may change the local near-surface circumstance, such as
substance concentration and fluid flow rate.

Now back to the rise of copper content, which was previously as-
cribed to the bonding effect of complexing agents (Hahn et al., 2017).
Inspired by this aspect, another test was designed to detect the amount
of copper in supernatant (green curve in Fig. 3). This result implies
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Fig. 4. Typical SEM images and EDS spectra from copper surface treated E. coli following various exposure periods, after being transferred to silicon wafer: (a—¢) 1 h;
(d-f) 3h and (g-i) 6 h. The dashed squares indicates the position of the following higher magnification images. The cross shape indicators point out the positions

where the corresponding spectra were collected.

another possibility. These values represent the amount of free copper
ions in the suspension. They are relatively low, fewer than those in PBS
by almost a factor around 5, in spite of the slight increase along the
time. It could probably mean that the concentration of free copper ions
are still far away from its equilibrium that leads to oxides formation.

Apparently, the following question needs to be answer could be:
where are the rest of the huge amount of copper? Logically, if they are
not in the supernatant, then they could only be with bacteria. Fig. 4
presents the copper treated E. coli observed by SEM. Prolonging the
treatment time, in the first place, the shape of bacteria becomes more
regular. However, since no fixation or drying steps were adopted in
order to preserve the potential copper ion accumulation within bac-
teria, morphology of these bacteria might not be interpreted as their
original state.

On the other hand, local elemental analysis done by EDS further
provides more interesting information. First of all, the main elemental
composition of E. coli itself is always considered as a combination of C,
H, O and N (von Stockar and Liu, 1999). Other elements should be thus
considered to have an environmental source. Therefore, the actual EDS
on untreated E. coli (shown in SI Fig. 4) also revealed certain amounts of
Na and P, which could come from the compositions of LB growth
medium or PBS. Besides, signal of Si comes from the silicon substrate
that is supporting the bacteria. The most significant finding belongs to
those Cu peaks. Not only have their signal been successfully collected,
their intensity also progressively increases proportional to treatment
time. This trend indeed represents the copper amount accumulated by
the bacteria, confirming both our results and the latest reported results
obtained from ICP-MS measurements (Hahn et al., 2018).
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As generally reported, 3 h is a period already assures at least 99.9%
E. coli in PBS can be killed on copper surface due to the released copper
ions (Hans et al., 2013). Interestingly, this accumulation process still
continued after 3h, as the intensity from Cu peak reached another
higher value in 6 h. A similar test with sterile E. coli instead of viable E.
coli was carried out, where bacteria were found with high copper
content as well (shown in SI Fig. 5). This may indicate the observed
accumulation process should not be considered as an active process
fulfilled by the living bacteria or biofilm, but rather a passive process in
this condition. Meanwhile, these results also suggest that the inhibition
of oxides are not likely to be linked with the consequences of bacterial
metabolism such as the consumption of oxygen.

Apart from this type of copper accumulation, the dissolved copper
exists as another observable form. Fig. 5 reveals this on those bacteria
after treated with copper surface for 3 h: there are some sub-micron
particles with various sizes attaching on these bacteria. EDS spectra
collected from these features tell more details from their composition.
Position 1 represents the spectrum obtained from bacterium without
particle coverage, acting as a contrast. The present elements resemble
those discussed in the above section. The intensity of Cu is relatively
higher, resulting from the fact that during this observation, these bac-
teria were still on copper surface, instead of having been transferred to
silicon wafer in the previous case. Therefore this intensity also includes
the characteristic X-ray excited from the copper surface under the
bacterium due to its small size (more precisely, the thickness) of bac-
terium. On the other hand, the spectrum from position 2 centred on the
sub-micron particle draws a different scene. The intensity of C, N and
Na became less, based on the fact that the particle locates higher than
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Fig. 5. Typical SEM images (a-b) and EDS spectra (c) from 3 h copper surface treated E. coli, on the original copper surface. The dashed squares indicates the position
of the following higher magnification image. The cross shape indicators point out the positions where the corresponding spectra were collected.

the bacterium, and so there was less electrons reaching and exciting
characteristic X-ray from the bacterium. Whereas the other three de-
tected elements, namely O, Cu and P, were recorded with higher in-
tensity. They should thus be considered as the main elemental com-
position of these particles.

Although no exact phase composition of these particles could be
indexed from the current GIXRD results, studies (He et al., 2015; Luo
et al., 2017b) did have shown that a popular approach to produce
copper phosphate nano-particle is by appropriately mixing copper or its
ions with phosphate solution. Unfortunately, we cannot directly con-
clude whether the bacteria promote the formation of the suspected
copper phosphate particles (not the scope of our current study either).
Nevertheless, we could still comment that they are more likely to grow
on bacteria, and it does show us one of the forms how the copper
content being stabilised in the solution instead of being free ions.
Furthermore, since the above ICP-MS results only could show the sum
of both accumulation of copper in bacteria and copper phosphate, it
will be meaningful if future experiments are designed to show the
proportion.

These sub-micron particles are easily found, mainly because their
distribution on the surface of bacteria. However, for the dispersed
copper that could only be detected by EDS, it is still yet to know
whether they entered the bacteria or only attached with the outer
membrane. STEM mode in TEM was therefore applied so as to collect
the information of the elemental distribution, as shown in Fig. 6. BF
image outlines the profile of bacteria better. While in the ADF image, it
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could already be observed that the sub-micron particles contain ele-
ments with higher atomic number, since higher intensity from these
locations were recorded. This information is further confirmed by EDS
mapping, where O, Cu and P were found highly concentrated in those
regions. Another important fact could be extracted from the EDS
mapping, is the distribution of copper in a bacterium. It is true that for a
2D top-view of a 3D object (the bacterium), it’s hard to tell where the
copper exactly are. However, one could still suppose that if the situation
was that the copper only anchored on the outer membrane of a bac-
terium. In this case, the copper amount should be found a significant
increase from the centre of the bacterium to its edge. This is because
from a 2D top-view, the edge of a bacterium consists of overlap of the
membrane in top-view that should have resulted in a higher copper
content. But this has not been observed in the current result, suggesting
that it is highly possible that those dispersed copper were located
within the bacteria. To further investigate the more precise locations of
copper, further work could be done by combing other more localised
techniques such as NanoSIMS, with almost 100 nm lateral resolution
(Kraft et al., 2006) combining with depth profiling. Another equally
interesting information is about the state of these copper contents. Thus
far have we applied GIXRD and Raman on the copper treated bacteria
(shown in SI, Fig. 6), unfortunately no (or not enough) crystalline phase
could be indexed.

With these observations, the role of bacteria in the antibacterial
efficiency test (copper-PBS system) is summarised in Fig. 7. The first
phase is the release of copper ions when the contact of suspension and
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Fig. 6. Typical STEM observation from copper surface treated E. coli for 3 h: (a) BF image; (b) ADF image. The dashed squares indicate the position of the following
chemical mapping: (¢) carbon; (d) oxygen; (e) phosphorus and (f) copper.
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Fig. 7. Schematic description of the main paths of copper ions in PBS in the presence of E. coli.
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copper surface begins, which leads to an increase of copper content in
suspension. The existence of bacteria does not essentially alter this in-
itial phase. However, when these ions “meet” the bacteria, they begin to
be accumulated by the bacteria, with two main paths confirmed: one is
through the absorption of the bacteria. It is not the first time to report
that the microbe may act as a reservoir of metal ions (Veglio and
Beolchini, 1997; Wang and Chen, 2009), but to link this behaviour not
only to the surrounding solution environment but also another object
(in this case: copper surface) sharing the same environment is still
seldom considered. Another path is the formation of copper phosphate
sub-micron particles. As the bacteria begin to collect free copper ions
from the solution, the amount of the actual copper ions in the solution
has been gradually consumed. This process keeps the amount of free
copper ion low, favouring less the oxide formation. Exposure of copper
surface without fully oxides coverage enables the continuous corrosion,
explaining why the total amount of copper in the whole suspension is
much higher.

At last, there are a few concerns that should be noticed basing on
the current observations. For example, due to the additional effect in-
troduced by bacteria, we should now realise the importance of inter-
preting the each corresponding scenario also with bacteria. In other
words, although analysis of interaction between pure buffers and sur-
face can help, but does not necessarily represent the actual situation
(e.g. copper content level). On the other hand, the ion accumulation
and its effects on corrosion process could be better validated, for in-
stance, by well-defined experiments where copper content in the bac-
terial suspension can be precisely regulated. Moreover, further work
should focus on the details of corrosion phenomenon on antibacterial
copper as well as its consequences. Attempts to investigate how these
changes could affect the antibacterial behaviour could also be mean-

ingful.

4. Conclusions

This study focuses on copper surface evolution during the anti-
bacterial efficiency test. The environmental components as well as the
role of bacteria in buffer suspension were considered. Several con-
cluding remarks are listed below:

e Copper surface oxidation in PBS is inhibited as the presence of E. coli

in the suspension, confirmed by GIXRD and Raman. In contrast,

without the Cu,O coverage, localised corrosion attacks are much
visible on the copper surface.

Due to the absence of Cu,O layer as an ion release barrier, the

amount of copper ions released by the metallic surface strongly

grows, where the plateau phase has not been reached in 3h ex-
posure.

e The released copper ions are found to be stored inside the bacteria
and forming copper phosphate sub-micron particles outside the
bacteria. These two main paths on one hand enhance the capacity of
copper storage of the suspension, on the other hand, reduce the free
copper ions in the suspension.

e This accumulation is considered as a passive process since viable
bacteria is not the necessary condition.
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Supplementary Information

Supplementary Figure 1 | High resolution SEM images of as-ground copper surfaces. The dashed square

in (a) indicates the position of the following higher magnification image (b).
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Supplementary Figure 2 | Grazing incidence X-ray diffractogram in the range of (111) planes of Cu,O
(#75-1531) of 3-hour PBS treated ground copper surface, and another 3-hour E. coli PBS suspension treated

on the same surface.
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Supplementary Figure 3 | (a) Photo of PBS Suspension with E. coli or S. cohnii after one night standing,
showing the less mobility of S. cohnii was observed. (b-¢) Typical SEM images of copper surfaces after
three hours of exposure to PBS with S. cohnii. Its grazing incidence X-ray diffractogram (d) and (e) a high
resolution scan in the range of (111) planes of Cu,O (#75-1531).

Experimental details: The growth of S. cohnii was with Tryptic soy broth (Fluka) medium, other parameters

followed exactly the protocol for E. coli described in manuscript 2.2.
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Supplementary Figure 4 | (a) Typical SEM imagesand (b) EDS spectrum from untreated E. coli. The cross

shape indicator points out the position where the corresponding spectrum was collected.
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Supplementary Figure 5 | Typical SEM images of sterile £. coli on silicon wafer: (a) before and (b-c) after
three hours of exposure to copper surface. The cross shape indicators point out the positions where (d) the
corresponding EDS spectra were collected. Difference in copper content could be due to the fact that these
bacteria only deposited on the surface randomly (but not through their own mobility). Those who deposited
on a certain layers of bacteria were far away from the copper surface, having collected less copper. (e) High
resolution grazing incidence X-ray diffractogram in the range of (111) planes of CuxO (#75-1531) of the

copper after three hours of exposure to PBS with sterile E. coli.
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Supplementary Figure 6 | (a) High resolution grazing incidence X-ray diffractogram and (b) typical Raman

spectrum, both obtained from silicon wafer with copper surface treated E. coli for 3 hours.
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5. 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

Reproduced from Jiaqi Luo, Christina Hein, Jean-Frangois Pierson, Frank Miicklich, Material

Characterization, 2019, 185, with the permission of Elsevier

DOI: 10.1016/j.matchar.2019.109985

Epitaxial oxide growth

Droplet exposure Cu,0
corrosion test ’:‘Q&jﬁ“

Copper beneath Cu,0 on top

Localised corrosion attacks

Intergranular attack
Crystallographic etching

E. coli did NOT introduce corrosion sites

*

Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements),

Investigation, Writing — Original Draft, Visualization, Project administration.
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ARTICLE INFO ABSTRACT

Keywords: Phosphate-buffered saline (PBS) is a buffer commonly used in antibacterial surface research. However, how
Copper copper surface varies in the buffer, in terms of corrosion attacks and oxide growth, is not yet fully recognised. In
Cuprous oxide this study, PBS was applied as droplet on two types of copper surface: ground and electropolished. By scanning
PBS X electron microscope (SEM), the similarities of their corrosion sites were compared, revealing the initiation of
g:::::;;n intergranular attack and orientation-dependent crystallographic etching. High resolution grazing incidence X-
E coli ray diffractometer (GIXRD), optical microscope (OM), Raman spectroscopy, and electron backscatter diffraction

(EBSD) together provided detailed description of the epitaxial growth of cuprous oxide (CuO) on electro-
polished copper. The amount of copper ions released from two types of surface were determined by inductively
coupled plasma mass spectrometry (ICP-MS). By introducing E. coli into PBS, the inhibition of Cu,O growth on
electropolished coupon was observed. However, bacteria were found to hardly alter the corrosion mechanisms or

the distribution of corrosion sites.

1. Introduction

Copper and its alloys have been regarded as important candidates in
microbiology or hygiene market [1]. This should be credited to their
capability to release copper ions, which have been proved to exhibit
strong antimicrobial effect [2,3]. Therefore studies have been per-
formed in order to understand phenomena such as cell damage and the
mechanism of copper-DNA binding [4]. Tasks belong to materials re-
searchers are, on the other hand, to figure out the approaches to in-
corporate copper into/onto different materials/surfaces [5-7], ac-
cording to each of their application field [8-10]. Take the clinical
environment as an example, touch surfaces made of coppers are pro-
mising in coping with not only those common germs such as E. coli or S.
aureus [11-13], but also those deadly pathogenic strains/microbes such
as E. coli 0157 [14] and Norovirus [15].

Long-term efficacy is essential for daily touch surfaces. On one
hand, bulk copper may be regarded as a self-healing antimicrobial
touch surface. It is not difficult to imagine if the top layer of copper is
destroyed, the newly-exposed surface, which is still copper, has the
same antibacterial property as the original one. This ensures no sub-
stantial damage will be induced by daily touching, cleaning, or even
scratching. However, oxidation of copper is not neglectable [16]. Its

two regular oxides: cuprous oxide (Cu,0) and cupric oxide (CuO) have
also been revealed to have relatively weaker antimicrobial activity
[17]. Therefore, some other ongoing studies also began to produce
corresponding oxides on coppers [18], in order to better evaluate the
changes in antibacterial performance as well as the role of oxides.

Another relevant concern is related to the methods applied to study
surface antimicrobial efficacy. In these tests, microbes need to be
transferred onto the coupons together with buffer solutions, in most of
the cases, designed to cover the tested surfaces for the whole experi-
mental periods [19]. The presence of these buffers could cause addi-
tional effects on the surface, which have been seldom addressed or
considered in the existing research.

Phosphate-buffered saline (PBS) is one of the widely used physio-
logical buffers in many microbiological and antibacterial studies
[20-22]. In this buffer, disodium phosphate (Na,HPO,) or monosodium
phosphate (NaH,PO,4) helps to stabilise a pH of 7.4, when sodium
chloride (NaCl) ensures a suitable osmotic pressure for microbes.
However, these functions do not always secure a fair antimicrobial
surface test. Two criteria should be further considered: first, does this
buffer represent the specific environment (e.g. in everyday life) where
the surface is applied? Second, does it play a neutral role, or will it
instead bring additional effects into the tested system, altering the
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original surface status, and hence the antimicrobial performance?

To fulfil better the first criterion, artificial perspiration as an ex-
ample, has been applied to simulate the scenario of daily touch surfaces
in a few research [23,24]. However, the second criterion itself is
somewhat contradictory, especially regarding copper surface. Con-
tinuous release of the antibacterial copper ions implies the original
surface is undergoing chemical changes, which in many circumstances
are, accomplished by corrosion attacks. Furthermore, these attacks
generally do not just cause dissolution of the metallic surface, but also
the formation of corrosion products, where growth of copper oxides
become foreseeable.

Considering the corrosion attacks on copper, they have been
abundantly investigated over the past decades. To analyse these attacks
induced by PBS, certain known aspects are worth being briefly men-
tioned. First of all, it is the reactants that promote corrosion in the
neutral condition as in PBS. Dissolution of copper is mainly promoted
by dissolved oxygen instead of hydrogen ions [25]. However, PBS
contains chloride ions (CI), which is a reactive species especially pro-
moting pitting corrosion [26]. Its existence also brings the possibility of
more complex intermediate/final corrosion products such as copper
chloride (CuCl) or dicopper chloride trihydroxide (Cuy(OH);Cl) that
could develop into different scenarios in pitting corrosion [27]. Pits
themselves, have the bright side for microstructures studies, simply
because defects such as dislocations are found to be the preferential
pitting sites for most of the time [28]. For the same reason, localised
corrosion attacks at grain boundaries and twin boundaries were also
investigated [29], where high angle and incoherent grain boundaries
are found to be corroded more easily. Meanwhile, grain orientation
affects the corrosion resistance of the neighbouring boundaries [30,31].
Furthermore, under certain electrochemical conditions, etch pits occur
on different grains are found to have crystallographic features, which
can be highly related to the grain orientation [32].

Another aspect of the corrosion phenomena is the oxide growth.
Analysis of this process enhances understanding of the (electro)che-
mical reactions involved. Usually, oxides are confirmed and further
analysed by multiple phase analysis methods or electrochemical mea-
surements [33]. However, the microscale details of the growth process
itself seldom draw attention in the current existing research. To best our
knowledge, there are only a few studies mentioning the epitaxial
growth of Cu,O on copper in aqueous environment [34], or deposition
of epitaxial Cu,O crystal in copper contained solution [35]. The focus of
these investigations is the confirmation of orientation relationships that
have also been previously reported in oxidation at elevated temperature
[36,371], instead of the relevant corrosion processes.

Our recent study has reported the localised corrosion attacks that
can be directly found on ground copper, since oxide growth is inhibited
by the accumulation of copper in bacteria [38]. Therefore in the current
study, more details from the corrosion aspect are revealed. In the first
part of this work, we first revisited the corrosion sites on ground copper
induced by PBS, but with another method, namely backscatter electron
imaging. Afterward, the focus was diverted to both the localised cor-
rosion attacks and oxide growth on electropolished copper. Additional
ex-situ characterisations such as electron backscatter diffraction was
conducted. Various results enable us to describe the detailed features of
corrosion sites such as intergranular attack, crystallographic etching,
and grains with certain preferential orientations. Moreover, the epi-
taxial growth of Cu,O has also been recorded and analysed. Based on
these results, the second part of the work applied E. coli PBS suspension
for comparison, where the roles of bacteria on corrosion behaviours on
copper were further discussed.

2. Materials and methods
2.1. Materials

Copper (99.99%, K09, Wieland) was chosen for both types of
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coupon: ground and electropolished. Ground coupons were mechani-
cally ground with silicon carbide sandpaper (stepped down to grit
number P600). Electropolished coupons were firstly mechanically
ground and polished, finishing with 1 um diamond paste, and cleaned
with soap. Importantly, these coupons were electropolished in 85 wt%
orthophosphoric acid (2V, 3min). After these grinding or polishing
procedures, both types of coupon were rinsed with water, cleaned with
ethanol in an ultrasonic bath, and dried by air.

2.2. Solutions

The preparation of PBS (0.01 M NaH,PO,. 1H,0, 0.14 M NaCl, pH
about 7.4) and PBS with E. coli K12 can be referred to our recent
publication [38]. For the bacterial suspension, the initial cell count was
around 3 x 10°-5 x 10° CFU/ml.

2.3. Corrosion protocol

To introduce corrosion on copper coupons, droplet exposure method
(instead of immersion) was applied, in order to be kept as similar as the
antibacterial efficiency tests performed in our other works [17,39]. In
brief, 20 pL of PBS or E. coli PBS suspension was applied on coupons
with a pipette. These coupons were placed in a water-saturated atmo-
sphere at room temperature. After certain exposure time (1 h, 3h, and
6h), these solutions were withdrawn and the coupons were further
cleaned with ethanol in an ultrasonic bath.

To remove the corrosion products from the coupon surface, acid
etching was used. Coupons were immersed in 4 wt% hydrochloric acid
(105s), rinsed with water rinse, and cleaned with ethanol in an ultra-
sonic bath.

2.4. Surface characterization

Different functions of scanning electron microscope (SEM, Helios
NanoLab600, FEI) were applied to observe copper surface after various
corrosion experiments. Secondary electron detector (SE) was applied to
describe the top-surface as well as cross-section of the coupons, while
backscatter electron detector (BSE) depicted localised corrosion attacks
exposed or covered by corrosion products. Acceleration voltages will be
further mentioned in the corresponding figure captions. Transmission
electron microscope lamella was prepared by focused ion beam (FIB)
and finally attached on copper grid, so that scanning transmission
electron microscopy mode (STEM) can be carried out at 30 kV, in order
to survey the details of corrosion products. To investigate the orienta-
tion relationship between the corrosion products and the substrates
underneath, electron backscatter diffraction patterns (EBSD) were col-
lected at 20 kV, with step sizes of 200 nm (for fine scan at small regions)
or 1um (for rapid scan at droplet edges). Optical microscope (OM,
0OLS4100, Olympus) photos were captured in 3D bright field mode to so
that the colours induced by the corrosion products can be preserved.
For further confirmation of these corrosion products covering the sur-
faces, Raman spectroscopy (Raman, operating at 633nm, inVia,
Renishaw) with a 50X OM and high resolution grazing incidence X-ray
diffractometer (GIXRD, Cu Ka with 1° grazing angle, PANalytical X'Pert
PRO-MPD) were applied. All these images and spectra were obtained
within 24 h after the corresponding treatments.

2.5. Copper content determination

For the coupons to be measured, 10 UL samples were withdrawn by
repetitive pipetting in the end of the corrosion protocol. To prepare the
final samples for inductively coupled plasma mass spectrometry (ICP-
MS, 7500cx, Agilent) measurement, they were first diluted in 2.990 mL
1 wt% nitric acid (Merck, Germany). Afterwards, 3 pl of 10 mg/1 scan-
dium and caesium internal standard solutions were added to the sam-
ples. For calibration, standards with 0.1, 0.5, 2.5, 10, 50, 250, and
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6h

Fig. 1. Typical SEM images of ground copper surface after 1 h (a & d), 3h (b & e), and 6 h (¢ & f) exposure to PBS. Same locations were imaged simultaneously with
SE detector (a—c) and BSE detector (d—f) at 20 kV. All images share the same scale bars that presented in (a).

1000 pg/L of copper were used. The original results with a unit of ppb
were converted to the final values with pmol/L (uM), considering the
fold of dilutions and molar mass 63.55 g/mol for copper. Results from
ICP-MS represent the sum of every type of copper form presented in the
samples. The average values and standard deviations were obtained by
three independent experiments.

3. Results and discussion

3.1. From ground copper to electropolished copper: localised corrosion
attacks, oxide growth, and copper release

Growth of Cu,O on ground copper was observed in PBS, which has
been preliminarily discussed in our previous study [38]. Here, special
emphasis is placed on the copper substrate underneath. To obtain in-
formation not only from the upper oxide layer but also from the copper
substrate covered, higher acceleration voltage (20 kV instead of 5kV)
was employed in SEM. From the SE images shown in Fig. 1(a—c), the
growth of oxide over time is observed by the change of microscale to-
pography. They are less evident as the scratches, since an electron beam
with higher incident energy produces secondary electrons from a larger
and deeper region of the sample, weakening the fine topographic
contrast [40].

Nevertheless, dark dot-like zones became visible. They become
much more obvious in the BSE images shown in Fig. 1(d-f). The size of
these dots gradually increased as the corrosion prolonged from 1h to
3 h. But when it extended to 6 h, they are hard to be located. Based on
the origins of BSE contrast and the fact that no inclusion should be
introduced during the corrosion process, it is thus suggested that each
of these dark zone represents a cavity beneath the oxide coverage, as a
result of localised corrosion attacks. Increase of these cavities in size
implies that pitting continued. In the meantime it is the corrosion
process that allowed the release of copper into solution. On the other
hand, missing of these cavities in 6 h could be ascribed to a few causes.
Firstly, it is clear that the oxide layer was getting thicker as a function of
time, as a higher acceleration voltage is needed to detect the corrosion
sites (SEM images in SI Fig. 1). Secondly, oxide could also grow inside
these cavities, in another word, filling the cavities from inside (Raman
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spectra in SI Fig. 1).

Another important fact of these pits are their non-random dis-
tribution: along the scratches seems to be the favourable locations.
Scratches that are introduced in grinding procedure do not simply re-
present height difference but also inhomogeneity of microstructure
such as finer grain sizes and internal stress. Therefore this phenomenon
is consistent with the previous study revealing pits distributed along
dislocations [28]. That is to say, the state of copper surface has a huge
influence on its corrosion behaviour, and in this case, the positions
where pits initiate. As ground copper is always reported being covered
by a deformed layer [41], it makes further analysis difficult if the aim is
to comprehensively understand the correlation between the micro-
structure and the corrosion behaviours in PBS.

Therefore, electropolished copper were prepared, so that distin-
guishable grains could be revealed. Typical SE and BSE images of these
coupons are displayed in Fig. 2. At the beginning of corrosion (1h),
different “blocks” can be distinguished in the SE micrograph, indicating
that grains were somehow corroded differently, leading to a topo-
graphic contrast. This contrast becomes ignorable as time goes by, since
oxide layer began to form on all these grains covering those corrosion
sites on grains. Results from BSE show a similar trend, but the origin of
the contrast shown on 1h coupon is different: it is mainly ascribed to
the strong electron channelling effect of the copper grain orientation
[40]. When it comes to the cavities (darker zones in BSE), their di-
mension kept increasing from 1h to 6 h, symbolising continuous pit
growth. Meanwhile, their locations were more regular: most of them
are found lying along the copper grain boundaries, a sign of the in-
itiation of intergranular attack.

Oxide layer on these electropolished coupons was growing thicker
as well. To observe the pits underneath, low acceleration voltage is
insufficient anymore for the long time corrosion coupons (SI Fig. 2).
Besides, the oxide grown on these coupons has its own characteristic
compared to that on ground copper. Typical cross-sectional SE images
of these two coupons after 6 h corrosion are compared in Fig. 3 (a) and
(b). Oxide layer on ground copper is relatively homogeneous in thick-
ness, following the substrate topography. On electropolished copper,
first of all, the aim of electropolishing protocol is confirmed, as a sharp
edge with relatively low roughness copper surface is found. Secondly,
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Fig. 2. Typical SEM images of electropolished copper surface after 1h (a & d), 3h(b & e), and 6h (¢ & f) exposure to PBS. Same locations were imaged si-
multaneously with SE detector (a—c¢) and BSE detector (d-f) at 20 kV. All images share the same scale bars that presented in (a).

the edge selected here as the copper-oxide interface is found still intact
after corrosion. Furthermore, oxide grown on electropolished copper
shows a particular phenomenon less visible on ground copper owing to
the absence of near-surface deformed layer: the thickness of oxide
seems to highly depend on the copper grain underneath.

Since FIB cross-sections are always too local and thus may lack of
statistics, OM was applied to provide macroscopic details. The colour of
these oxides in OM mainly depends on their thickness as a result of
interference [42]. Therefore these OM photos (Fig. 3 (c—e)) suggest the
localised similarity of the oxide thickness. Moreover, the intensity of
oxide signal shown in GIXRD results could be regarded as a qualitative
index of the oxide amount. In Fig. 3 (f) and (g), {111} diffraction peaks
were compared since they are the most observable peaks for such a
small amount of Cu,O. It is evident that the sum of oxide grown on
electropolished copper was fewer (also means slower in growth rate)
than that on ground copper.

Corrosion not only introduces chemical changes on the surface, but
also influences the environment, which is the solution in this case. For
example, content of copper that released and entered the solution, is
usually positively correlated with the antibacterial efficiency shown
[17]. It could also tell the chemical interaction along the time. As
shown in Fig. 4, the copper concentration in the droplet that contacted
with electropolished coupons did not go through a decline phase as that
with ground coupons. This phase could imply the occurrence of oxide
coverage, which consumed copper ions by its formation, and at the
same time, acted as a barrier stopping copper from direct release.
However, owing to the exposure of distinct copper grains on electro-
polished coupon, oxide growth became more grain-dependent and
therefore less homogeneous. One of the consequences is that it takes
longer time for some certain grains to be fully covered by oxide.
Therefore before this moment, copper ions are still allowed to be re-
leased directly. On the other hand, the ground copper released almost
twice more copper ions in 1 h. This could mean that the electropolished
copper actually has relatively higher corrosion resistance. It further
implies that intergranular corrosion also dominates on ground coupons,
since the existence of highly deformed layer is consisted of finer grains
and thus owns a higher boundary density.
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3.2. Re-deposition of oxide on copper grains

Since the oxide grown on electropolished copper has its distinct
features, much attention is now drawn by it. For example, Fig. 5 pre-
sents some higher resolution micrographs of the oxide layer. Above all,
boundaries exist among these oxides. Different parts of the oxide layer
vary not only in contrast but also in sub-micron roughness/topography.
If one looks carefully, it can be found that this slight difference is caused
by the very fine facet-like features. These features are more distin-
guishable in those STEM images. The shapes of oxide on one grain are
found to follow the same pattern. This pattern exists not just on the
front side that was exposed directly by FIB (profiled red), it is also true
for the other parts (profiled blue) that were covered by the Pt protection
layer. And again, the copper grain shown here under the oxide seems to
be still intact.

To better understand the microstructure of oxide grown on elec-
tropolished copper, EBSD was performed near the trace of droplets.
Inverse pole figure (IPF) maps of coupons after 1h and 6 h corrosion
test are shown in Fig. 6 (a) and (c), respectively. It is clear that the edge
of the droplet divides two regions that each has its own distinct or-
ientation distribution. Although it has to be noted that, on the 1h
coupon, the orientation information on the droplet side may not simply
represent the oxide layer. As shown in SI Fig. 3, the confidence index
(CD on the droplet side is much lower (and therefore darker). This CI
indicator thus tells two facts: first, oxide layer grown in 1h was still
very thin, therefore EBSD detector also collected the Kikuchi patterns
from the copper substrate below; second, similarity between the crystal
structures of Cu,O and copper leads to two similar sets of Kikuchi lines.
The origins of these superposed diffractions are undistinguishable for
the software. The CI values improve as the oxide grew thicker, implying
that only Kikuchi lines from the upper part of the oxide layer was
collected.

Back to the IPF maps, there is no doubt that sort of preferential
oxide growth appeared, as the orientations presented by colours such as
green, yellow, and blue become predominant on the droplet side. For
the present, it seems more reasonable to call those oxides sharing a
similar orientation as a “pseudo oxide grain”, since it is not easy to tell
from definition whether they really belong to one grain (see SI Fig. 4).
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Fig. 3. Typical SEM cross-section SE images (5kV) of ground copper (a) and electropolished copper (b) after 6 h exposure to PBS. Typical optical micrographs
obtained from the edge of the droplet traces on electropolished copper surface after 1 h (c), 3 h (d), and 6 h (e) exposure to PBS. High resolution GIXRD results in the
range of Cu,0 (111) planes (JCPDS#75-1531) obtained from ground copper surface (f) and electropolished copper surface (g) following various exposure periods in

PBS.

Still, it is worth to mention that these pseudo oxide grains do not differ
too much from the copper grains (outside the droplet) in size. This
feature, together with the above STEM results, suggest certain crystal-
lographic relationships may exist between the oxides and the copper
substrate beneath.

To investigate this potential relationship, it is necessary to remove
the oxide so as to obtain information from the copper grains under-
neath. This was accomplished by hydrochloric acid etching. EBSD of the
same coupons at the same locations were obtained, whose IPF maps are
shown in Fig. 6 (b) and (d). Comparing the regions outside the droplet
with their un-etched state, only a small orientation drift is nevertheless
inevitable because the extremely exact sample mounting is impossible.
On the other hand, the former droplet sides share a similar orientation
distribution as the outer regions, confirming that the acid etching is
sufficient: the copper substrate was already exposed.

From a rough comparison amid Fig. 6, it is obvious that almost
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below every pseudo oxide grain there is a corresponding copper grain.
To further investigate their orientation relationships, distribution of
four certain crystal directions were chosen and re-drawn in Fig. 7, with
certain degrees as tolerance. Their correspondences are considerably
clear: the reason why “blue blocks” in IPF become dominant is that
except from CuyO {111} preferential grown on Cu {111}, it is also
common to find out Cu,O {111} on Cu {001}. For the same reason,
because of other two relationships, namely Cu,O {101} // Cu {101}
and Cu,0 {101} // Cu {113}, “green blocks” become popular too.
Similar orientation relationships have been reported when Cu,O
was found growing on copper single crystal in elevated temperature
[36,37]. This is mainly attributed to the low misfit of copper atom
positions in the interface between two phases. However, in those cir-
cumstances, growth of oxide depends on a series reactions such as
capture of oxygen species, reconstruction of interface, further growth
through diffusion of oxygen or oxygen vacancies, etc. [43] Also, there
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Fig. 4. Copper content in PBS following various exposure periods from ground
copper surface (Cu_ground) and electropolished copper surface (Cu_EP). The
error bars indicate the standard deviations calculated from three independent
measurements.

are usually two consistently moving oxide fronts: the side exposed to
the air and the oxide-metal interface, not just the former one shown in
the current STEM results. In addition, this type of epitaxial growth was
also found on copper single crystal when it was immersed in a copper
contained solution where further considered as a deposition process
[35].

These relevant examples are helpful in understanding the current
study. The solution applied (PBS) for sure does not contain any copper
species in the beginning, however, it becomes a copper contained so-
lution once corrosion happens and copper ions are released. Afterwards,
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the process can be described similar to the epitaxial growth in thin films
fabrication [44]. Firstly, copper oxide nucleation centres are formed.
These nucleus are tiny, separate but sharing the same crystal orienta-
tion with that are also growing on the same copper grain. They keep
growing as long as the copper ions in the solution are adequate, and
finally merge with each other, becoming seemingly a pseudo grain. This
type of growth is also statistically confirmed from the EBSD results.
From this perspective, the reason why thickness of oxides differ from
grains can also be explained: the growth rates are also orientation-de-
pendent, i.e. grain-dependent. To sum up, the formation of Cu,O on
electropolished copper in PBS is a re-deposition process, assisted and
accomplished by the copper ions presented in the solution, rather than a
classical direct oxidation of the metallic surface in elevated temperature
conditions.

3.3. Localised corrosion attacks on specific microstructures

Now that the oxide layer has been removed, an opportunity to check
the corrosion sites on copper surface is provided. A localised EBSD scan
was performed with a finer step size for the 6 h corrosion coupon and
various forms of this scan are shown in Fig. 8. For example, image
quality (IQ) map is an effective way to present the locations of pits or
cavities, since these areas have less clear Kikuchi patterns, i.e. worse
image quality. Combining carefully with the grain boundary map
(possible obstacles see SI Fig. 5), it is clear that intergranular corrosion
occurred at both twin boundaries and other grain boundaries. However,
only small proportion of twin boundaries was found attacked, whereas
other boundaries seem to be more susceptible to the corrosion attack.
Former research has suggested that low angle grain boundaries and
coherent/twin boundaries have higher corrosion resistance in Cl" con-
tained solution [29]. It is, nevertheless, fair to claim that only the latter
preference is observed in this study, because the proportion of low

- -
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Fig. 5. High resolution SEM images of electropolished copper surface after 6 h exposure to PBS taken by SE detector (a) and BSE detector (b) at 5kV. STEM cross-
section images of the same coupon taken in: (¢) bright field (BF), (d) dark field (DF), and (e) high angle annular dark field (HAADF).
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Fig. 6. EBSD results indexed and shown in the form of inverse pole figure (IPF) maps obtained from the edge of the droplet traces on electropolished copper surface
after 1 h (a-b) and 6 h (¢—d) exposure to PBS. The same areas were first sampled directly after exposure (a & ¢) and then after acid etching (b & d). Long dash - dot

lines indicate the edge of PBS droplets. A schematic description of the treatment process and the sampled location is shown below the maps. The legend is for the
above IPF maps.
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Fig. 7. Crystal direction (CD) maps extracted from the EBSD results obtained from the 6 h PBS treated electropolished copper surface after (a & ¢) and before (b & d)
acid etching. The tolerance (maximum value) of misorientation angles of each CD are set as below: 10° for {001}; 15° for {111}; 12° for {113}; 15° for {101}.
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Fig. 8. Grain boundary networks (a) of electropolished copper surface after 6 h exposure to PBS and the following acid etching. Image quality (IQ) indicator and
crystal direction (CD) map are combined in (b), where threshold of IQ is set as 30% of the maximum measured value. High resolution SEM images of from the square
region marked in (a) and (b) were taken by SE detector (c¢) and BSE detector (d) at 5kV. EBSD result of the same region is shown within white dash squared in (e) as
a combination of inverse pole figure (IPF) map and IQ map (threshold of 50%) with lattice indicators. The grey dash squared region is further presented in the
following Fig. 9. Legend (a*) for (a) has defined £3 boundary as “twin boundary”, grain boundary with misorientation from 5 to 15° as “low-angle boundary” and
from 15 to 62.8° as “high-angle boundary”. The legend (b*) which shows tolerance (maximum value) of misorientation angles in of each CD (b) are set as below: 10°
for {001}; 10° for {101}; 10° for {111}; 13° for {102}. (e*) is the legend of (e).

angle boundaries are relatively low and may not show the general trend
even there is one.

Moreover, removal of oxide layer helps to find out the corrosion
sites within grains. It happens to be less obvious on grains with regular
Miller index planes ({001}, {101}, and {111}) parallel to the surface.
On the contrary, for most of the grains suffering severe corrosion, they
tend to share a closed crystal direction to {102}. However, it is also true
that grain-dependent corrosion may not be simply related to the grains
themselves: studies using in-situ scanning electrochemical microscopy
(SECM) found out that the tip current measured on grains, which could
symbolise the corrosion resistance, was also determined by the neigh-
bour grains [30,31]. Scanning electrochemical cell microscopy
(SECCM) can be a promising method for the future work, since the
electrolyte can be restricted on a single grain [45], so that the likely
influences from the neighbour grains should be isolated.

Specifically, high resolution SEM images (Fig. 8 (c-d)) provide de-
tails of the corrosion sites in terms of their shapes: SE images tell the
bare facets exposed inside a cavity, while BSE images highlight the
appearance of cavity itself. It is easily found that both these shapes
follow certain patterns, reflecting the crystal direction of the grains they
belong to (Fig. 8 (e)). This implies a result of crystallographic corro-
sion/etching, where the most dissolvable crystallographic planes were
left and exposed [32,46]. Thus the shape of a cavity highly depends on
the grain orientation. Identifying this mechanism helps to know better
how preferential corrosion occurs as a quasi-two-step process. The first
step is the initiation of the corrosion. Take grain boundaries as an ex-
ample, they are generally believed to be less stable therefore favourable
to corrosion. But once these unstable regions are corroded away, the
rest are the relatively perfect grains on both sides of the original
boundaries. However, corrosion does not necessarily stop, it could
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widen the cavity, not as a result of the unstable regions, but through
crystallographic corrosion. Reactants (Cu®>* & CI) and pH inside pits
that are usually different from the bulk solution, should play an assis-
tanting role in this step. Otherwise global nucleation of corrosion sites
should have been observed, instead of the sustained developing of the
existent attacked sites.

Since corrosion sites are always lower than the original surface, this
means that these locations may not always be available for EBSD ana-
lysis. On one hand, due to the topographical shadow effect (i.e. pro-
jection effect), the corresponding relationship between the actual re-
gions and patterns received may not match. On the other hand, the
quality of Kikuchi patterns could worsen, therefore the orientation in-
formation of certain positions cannot be correctly identified by the
software. Consequently, to compare and identify Kikuchi patterns
manually could be a meaningful approach to extract those distorted
information. Fig. 9 shows a region mainly composed by three identified
grains and an intergranular attack site among them. Kikuchi patterns
from these three grains are clear and distinguishable, providing eligible
references for the following comparison. Kikuchi patterns from three
positions inside the groove, nevertheless, are as expected with con-
siderably worse contrast. Especially for position 2 and 3, a relatively
large portion of EBSD camera did not receive any effective signal and
thus looks completely dark. The reason is that those Kikuchi lines
generated were blocked by the “cliff” of grain C. However, to carefully
compare the recorded parts, one could still find out that all these three
positions should be identical to each other. And most importantly, they
can be classified as part of the pattern obtained from grain A. That is to
say, although the so-called intergranular corrosion initiated in the grain
boundary, the further expansion of the pit could be grain-preferential
and therefore anisotropic, probably owing to the localised galvanic
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&
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Fig. 9. SEM image (5kV) of electropolished copper surface after 6 h exposure to PBS and the following acid etching, at a tilt angle of 70°. Same region has been
indicated in Fig. 8 (e). Actual or/and reconstructed Kikuchi patterns of the indicated grains (named by letters) or positions (named by numbers) are shown.

corrosion between two grains. In this case, the exposed surface is in fact
part of grain A, suggesting that grain A was acting as anode for the
whole corrosion period, suffering from most intense dissolution. Grain
B and grain C, on the other hand, were cathodic sites and free from
corrosion. These details are also the evidence of how neighbour grains
could influence the tendency of intergranular attack.

3.4. Corrosion phenomena in E. coli PBS suspension

Thus far, we have obtained fundamental information from the
copper-PBS system, which further fosters a better understanding in the
corrosion phenomena if E. coli are presented. As shown in Fig. 10 (a),
localised corrosion attacks are commonly found in this circumstance.
These pits are following the similar distribution as those identified on
PBS corroded coupon (originally shown in Fig. 1). On electropolished
copper, Fig. 10 (b) and (c) also show similar corrosion sites as those
introduced by pure PBS: some grains and some sections of grain
boundaries were under severe attack. It should be noted that, these SEM
observations were done without acid etching, since there were almost
no GIXRD detectable oxide coverage formation (Fig. 10 (d)). This could
be attributed to the roles played by bacteria, such as copper ion accu-
mulation from the solution [38]. This argument is now further sup-
ported by the re-deposition mechanism of oxide growth described in
previous section: copper ions are accumulated by the bacteria and
therefore cannot be used to form oxide.

For the same reason, direct EBSD analysis of the corrosion sites
becomes possible. Fig. 11 demonstrates very similar details of those
preferential corroded sites in the presence of E. coli: grain boundaries
and {102} direction grains are relatively vulnerable; marked

7

intergranular attack and crystallographic etching are found as well.
These similar features on electropolished coupons regardless of the
presence of E. coli are together suggesting one fact: adding E. coli into
PBS does not significantly change the major corrosion mechanisms on
copper.

However, does this fact also mean that E. coli would not introduce
new corrosion sites either? Observations shown in Fig. 12 can provide
some hints. For example, except from the pits and the remained bac-
teria (owing to insufficient withdrawal), a huge amount of separate
dark sites are found. They are different in size, but the largest ones are
similar to the size of E. coli cell. After compared with the same feature
under those bacteria remained, it is thus reasonable to deduct that these
dark sites might represent the locations where the bacteria once were
(i.e. before they were withdrawn). Their chemical information is un-
known at the moment, as the BSE image already suggests its thinness,
making in-situ EDS analysis impractical. However, it is much more
noteworthy that the copper surface covered by these marks were not
necessarily be corroded. The opposite is also true: the locations where
pits appeared do not necessarily have these marks on/around them.
This may verify the role of E. coli in the present corrosion experiment
and thereby answer the abovementioned question: no new corrosion
sites introduced exclusively by E. coli is found.

From another perspective, the existence of these dark marks convey
a hidden message: E. coli tend to settle down and contact with the
surface. It is no surprise that this happens to E. coli after they get killed
because of the antibacterial nature of copper ions [39], and therefore
lose their mobility. Although this type of contact does not show any
influence in the corrosion attack on copper, it does reduce the area
where copper is directly exposed to solution. Oxide re-deposition could
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Fig. 10. Typical SEM image (a) of ground copper surface after 3 h of exposure to E. coli PBS suspension. SE image (b) and BSE image (c) were taken at the same
region of an electropolished copper surface after 6h exposure to E. coli PBS suspension. High resolution GIXRD result in the range of Cu,O (111) planes
(JCPDS#75-1531) obtained from electropolished copper surface (d) following various exposure periods in E. coli PBS suspension.

also be prevented in such a way.

Combined with other results discussed, a more comprehensive pic-
ture of antibacterial efficiency test is now shown, in terms of interplay
between copper surface and bacteria in PBS environment, where cor-
rosion should be considered as the key. On the other hand, efficient
design of antibacterial surfaces could be expected based on the phe-
nomena observed. For example, surface with finer grains contains
longer grain boundary section should include more favourable corro-
sion sites to release antimicrobial copper ions. Preferred growth of
copper thin films could also be applied to control exposed facet, re-
sulting in a different corrosion resistance, which eventually leads to a
controllable antibacterial activity. Furthermore, surfaces consisted of
exposed crystallographic planes with lower oxide growth rate should
benefit long-term application.

4. Conclusions

Chemical and morphological changes induced by PBS on copper
surfaces were examined, which can be divided into two simultaneous
process: localised corrosion attacks of copper surface and oxide growth
on top. Some significant features and important implications found in
these two processes are summarised below.

For localised corrosion attacks:

@ Pitting sites were found along the scratches on ground copper. They
grew in size from 1 h to 3 h, but become less distinguishable in 6 h.
@ On electropolished copper, intergranular corrosion was the most
predominant attack, where twin boundaries were less vulnerable.
After an intergranular attack initiates on the grain boundaries, it can
further develop in an extremely anisotropic way, probably due to

10

78

localised galvanic corrosion between neighbouring grains.

@ Copper grains have also shown different corrosion resistance. Those
suffered much attack have orientations close to {102} planes par-
allel to the surface. The appearance of the corrosion sites indicates
the occurrence of crystallographic etching.

@ E. coli addition in PBS did not evidently change the characteristics of
above-mentioned corrosion phenomena in 6 h experiment. No cor-
relation has been found between the corrosion sites and the posi-
tions where bacteria locate.

For oxide growth:

@ After same treatment durations, fewer amount of Cu,O has grown
on electropolished copper, which was less homogeneous than on
ground copper. Distinction in the copper release trend could be one
of the consequences.

@ On electropolished copper, growth of Cu,O can be regarded as an
epitaxial re-deposition process, which leaded to a grain-dependent
growth rate as well as a distinct difference in sub-micron surface
morphology.

@ Four major pairs of orientation relationships were found, namely
Cu,0 {111} // Cu {001}, Cu0 {111} // Cu {111}, Cu,0 {101} //
Cu {101}, and Cu,O {101} // Cu {113}, suggesting that it was the
misfit of copper atom positions that mainly determine this re-de-
position process.

® With addition of E. coli in PBS, oxide growth on electropolished
copper was inhibited to a great extent.
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Fig. 11. Grain boundary networks (a) of electropolished copper surface after 6 h exposure to E. coli PBS suspension. Image quality (IQ) indicator and crystal direction
(CD) map are combined in (b), where threshold of IQ is set as 30% of the maximum measured value. High resolution SEM images of from the square region marked in
(a) or (b) were taken by SE detector (¢) and BSE detector (d) at 5kV. EBSD result of the same region is shown within dash squared in (e) as a combination of inverse
pole figure (IPF) map and IQ map (threshold of 50%) with lattice indicators. Legend (a*) for (a) has defined £3 boundary as “twin boundary”, grain boundary with
misorientation from 5 to 15° as “low-angle boundary” and from 15 to 62.8° as “high-angle boundary”. The legend (b*) which shows tolerance (maximum value) of
misorientation angles in of each CD (b) are set as below: 10° for {001}; 10° for {101}; 10° for {111}; 13° for {102}. (e*) is the legend of (e).

Fig. 12. SEM images of electropolished copper surface after 6 h exposure to E. coli PBS suspension were taken by SE detector (a) and BSE detector (b) at 5kV.
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Supplementary Information

20 kv 10 kv 5 kv 3 kv

Raman Shift (cm™)

Supplementary Figure 1 | Typical SEM images of ground copper surface after 1 h (a-d) and 3 h (e-f)
exposure to PBS imaged with BSE at different accelerating voltages (listed above each column). Raman
spectra (g) of two types of locations obtained from the 3 h coupon are marked with different colours.

Brief interpretation: From the SEM images, the pits could still be distinguished at 5 kV for the 1 h corrosion
coupon, while those on the 3 h coupon have already become much less observable even at 10 kV. These
observations indicate the growth of oxide in thickness. The Raman results, on the other hand, show higher

oxide signal from pits, suggesting the possibility of oxide growth inside the pits.
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20 kv 10 kv 5 kv 3kv

Supplementary Figure 2 | Typical SEM images of electropolished copper surface after 1 h (a-d), 3 h (e-h)
and 6 h (i-1) exposure to PBS imaged with BSE detector at different accelerating voltages (listed above each

column).
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Supplementary Figure 3 | Confidence index (CI) indicator are extracted (threshold of 100%) from the
EBSD results obtained from the edge of the droplets on electropolished copper surface after 1 h (a) and 6 h

(b) exposure to PBS.

100 pm

Supplementary Figure 4 | Unique grain colour maps extracted from the same region shown in Manuscript
Figure 6 (¢), defined with different misorientation angle criterion for grains.

Brief interpretation: It is clearly shown that as the maximum misorientation angle applied in grain
definition decreases, changes on the droplet side is more obvious. This suggests the misorientation within

pseudo oxide grains is relatively larger than that within copper grains.
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Low-angle
misorientation

High-angle
misorientation

100%

10 pm

Supplementary Figure 5 | EBSD results extracted from the same region shown in Manuscript Figure 8
(e). There are (a) inverse pole figure (IPF) map, (b) unique grain colour map overlaid with boundaries map
(grains have tolerance as 5 degree, £3 boundary has defined as “twin boundary”, misorientation from 5 to
15 degrees as “low-angle misorientation” and from 15 to 62.8 degrees as “high-angle misorientation™) and
(¢) a series of IPF maps that overlaid with image quality (IQ) or confidence indicator (CI) with different
threshold values.

Brief interpretation: Intergranular corrosion may induce two typical types of boundaries indicated in
squares “Boundary A” and “Boundary B”. Type A represents the boundaries that have suffered from less
deterioration, therefore the collected data points still have high values of IQ or CI, which allow their
orientations to be correctly indexed. This allows the software further recognise these boundaries as grain
boundaries. In this way, the misorientation values reflect the actual type of boundaries. However, for those
locations endured severe corrosion (Type B), their data have extremely low CI (they already appear when
the threshold is set as 5%). This could be attributed to low IQ resulted from the cavity. These data points
cannot be grouped as one grain or classified into their original grains. Consequently, they form a number of
data points with (usually high-angle) misorientation with each other, however, they would not be classified

into grain boundaries by definition. In this case, the information of this type of original boundaries is lost.

S4

84



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

6. 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 chloride assists copper release, enhances antibacterial efficiency, and introduces

atmospheric corrosion on copper surface

Reproduced from Jiaqi Luo, Christina Hein, Jean-Frangois Pierson, Frank Miicklich, Surfaces and

Interfaces, 2020, 20, with the permission of Elsevier

DOI: 10.1016/.surfin.2020.100630

for copper surface

1. Assists copper release 3. Introduces atmospheric corrosion
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2. Enhances antibacterial efficiency

Contribution: Conceptualisation, Methodology, Validation (except from ICP-MS measurements),

Investigation, Writing — Original Draft, Visualization, Project administration.
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Sodium chloride assists copper release, enhances antibacterial efficiency,
and introduces atmospheric corrosion on copper surface
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Jiaqi Luo™”
# Functional Materials, Saarland University, 66123 Saarbruecken, Germany

b Université de Lorraine, CNRS, IJL, F-54000 Nancy, France
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ARTICLE INFO ABSTRACT

Keywords:

Copper

Cuprous oxide
Chloride

Corrosion

E. coli

Antibacterial surface

Sodium chloride (NaCl) is commonly found in physiological buffers. This study found out its additional but
important role in antibacterial efficiency test by better corroding metallic copper surface. Combined with
multiple characterisation methods including scanning electron microscopy, grazing incidence X-ray dif-
fractometry, and inductively coupled plasma mass spectrometry, 0.9% saline was observed to cause localised
corrosion attacks on copper surface, enhancing release of copper content. The 1 h killing rate against Escherichia
coli was thus promoted from 22% (when re-suspended in pure water) to 98%. By a long-term observation (3-

week), residual NaCl crystals on 0.9% saline treated copper surface were found partially disappeared in atmo-
spheric environment, contributing to an additional Cu,O layer forming above the treated surface. Besides,
formation of oxygen-containing species was observed on fresh copper surface exposed by focused ion beam after
saline treatment, suggesting a chloride-assisted atmospheric corrosion process.

1. Introduction

Antibacterial surfaces are drawing attentions in the recent years
[1-3]. They can be applied as touched surfaces, having enormous po-
tential demands in those heavily microbial burdened healthcare en-
vironments [4-6] as well as in our daily lives [7,8]. In order to verify
and assess the antibacterial ability of newly fabricated surfaces, anti-
bacterial efficiency tests were designed and carried out.

Nowadays, there are different types of evaluation methods such as
dry plating [9], wet plating [10], agar disk diffusion [11], etc. Limited
by the incubation of bacteria and transfer process of bacterial suspen-
sion, a certain medium must be introduced during these evaluations.
This medium is usually called buffer, which provides a suitable aqueous
environment for bacterial survival without further growth. Despite the
wide selection of buffers, in most of the cases, two main requirements
should be satisfied: (1) a manageable pH range and (2) a suitable os-
motic pressure for the microbes. Take phosphate-buffer saline (PBS) as
an example [12], it contains a pair of acid and its conjugate base so as
to compensate the pH fluctuation around 7.4. For the second purpose, it
is sodium chloride (NaCl) that plays the part.

As can be seen, the design of buffers mainly considers the needs of
microbes. But when they are to be applied in antibacterial surface re-
search, a question needs to be raised: should the potential interactions

between buffers and surfaces also be considered? The answer may be
“certainly”. For example, copper-containing surfaces have been re-
cently developed for antibacterial applications in various occasions
[13-15]. Their antibacterial capability originates from the multi-
functional antibacterial effects of copper ions [16]. To strongly interfere
the survival of harmful microbes, copper ions should be efficiently re-
leased from the surfaces. As metallic surfaces, this release process is,
most of the time, achieved by corrosion. The composition and the
properties of buffer could become decisive, as they could facilitate or
retard the corrosion process. Therefore, the solution and the copper
surfaces together display how effective the antibacterial activity would
be shown in antibacterial efficiency test.

Back to the example of PBS or other saline solutions, without a
doubt, NaCl is expected to play an extremely important factor in re-
vealing the antibacterial efficiency of copper surface. Electrochemical
study has investigated the roles of chloride ions (Cl ™) in formation and
transformation of corrosion product (CuCl, Cu,0, Cu(OH),, etc.) [17],
which could further affect the diffusion of copper ions [18]. In general,
the presence of Cl~ also leads to a relatively corrosive environment for
copper, depending on the concentration of CI~ [19]. Meanwhile, it
easily promotes pitting corrosion and further deterioration on the sur-
face [20]. This could, on the contrary, contributes to the copper anti-
bacterial efficiency. Because whenever the corrosion is enhanced, a
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faster dissolution process of the antibacterial substance (copper ions) is
anticipated. For example, a latest study that evaluated antibacterial
property of copper-silver surface has discovered the constructive effect
of chloride addition in dissolving antibacterial copper ions [21]. Other
experiments also suggest that Cu-Fenton chemistry, as one of the anti-
bacterial mechanisms, could be accelerated by CI~ [22], resulting in a
better biofilm removal. On the whole, a different antibacterial effi-
ciency is therefore highly expected in Cl ™ -containing environment.

Other than affecting the corrosion behaviour in media, it is note-
worthy that NaCl deposits could induce atmospheric corrosion on dry
surfaces. At high humidity levels, for instance, deliquescence of NaCl
could happen, initiating micro-droplets formation on metallic surfaces
and introducing further corrosion [23]. In lower humidity circum-
stances (below than 79% RH, deliquescence point of NaCl), where NaCl
does not dissolve though, adsorption of water on the surface could form
several layers that act as bulk water [24]. Diffusion of CI~ could thus
occur in this quasi-aqueous condition resulting in corrosion attack on
copper [25]. Either way, tracking this atmospheric corrosion effect after
antibacterial efficiency test may have significant implication for long-
term product design [26].

Lately, we commenced focusing on buffers by comparing PBS and
Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Na-HEPES) in
terms of their impacts on evaluating the antibacterial performance of
metallic copper and Cu,O surface [27]. Corrosion behaviours in-
troduced by PBS caught our attention, and therefore further experi-
ments were designed to reveal the roles of bacteria [28] and to discuss
the corrosion attacks and oxide growth [29]. Since PBS contains NaCl,
this study narrows down to find out if NaCl plays an important factor as
expected, in respect to corrosion. The primary objective is to explore
how 0.9% saline affects the antibacterial efficiency test on metallic
copper surface. Afterwards, the corrosion behaviours were compared
among saline with different C1~ or Escherichia coli (E. coli) concentra-
tions. Finally, the following atmospheric aging effects resulting from
the residual NaCl crystals on copper surface were also characterised.

2. Materials and methods
2.1. Materials

Copper (99.99%, K09, Wieland) coupons were ground with a silicon
carbide sandpaper (stepped down to grit number P600), then cleaned
with ethanol in an ultrasonic bath, finally dried by air.

2.2. Solutions

Saline with various final concentrations (0.45%, 0.9%, and 1.8%)
was prepared with NaCl (VWR, Germany) and pure water for analysis
(Merck, Germany). PBS was prepared with NaH,PO,4. 1H,O (Merck,
Germany, final concentration 0.01 M), NaCl (VWR, Germany, final
concentration 0.14 M) and pure water for analysis, and its pH value was
adjusted by adding NaOH to 7.4. These buffers were sterilised in an
autoclave after preparation.

The preparation of bacterial suspension will be described in
Section 2.6. Besides, a fivefold concentration E. coli NaCl suspension
was simply prepared by re-suspending bacteria in 0.2 mL of saline in-
stead of its original volume 1 mL. A tenth fold diluted E. coli NaCl
suspension was prepared in the similar manner (i.e. by re-suspending
bacteria in 10 mL saline).

2.3. Corrosion protocol

Droplet of 20 pL pure solution or E. coli suspension was applied on
ground copper surfaces with a pipette. These copper coupons were
placed in a water-saturated atmosphere at room temperature for 3 h.
Solutions or suspensions were then withdrawn with a pipette. These
steps are chosen to simulate the antibacterial efficiency test further
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described in Section 2.6.

If not specified, the coupons were then cleaned with ethanol in an
ultrasonic bath immediately after withdrawal of droplet. However, for
the tests with various NaCl or bacterial concentrations (Section 3.4), the
treated surfaces were firstly wiped with detergent-dipped cotton pads in
order to remove the adhered bacteria. On the other hand, for some tests
designed for atmospheric aging experiments (Section 3.5), the coupons
remained unwashed. They were constantly kept in the lab atmosphere
at room temperature, except for the time being characterised.

2.4. Surface characterization

Different functions of scanning electron microscope (SEM, Helios
NanoLab600, FEI) were employed to observe copper surfaces after
various corrosion experiments. Secondary electron detector (SE) was
applied to examine the top-surface as well as cross-section of the cou-
pons. Meanwhile, with backscatter electron detector (BSE), localised
corrosion attacks covered by corrosion products were explored.
Acceleration voltages will be further mentioned in the corresponding
figure captions. The chemical composition of bacteria was obtained by
energy dispersive X-ray spectroscopy (EDS) at 5 kV. Optical microscope
(OM, OLS4100, Olympus) photos were captured in 3D bright field
mode. For further confirmation of the corrosion products covering the
surfaces, high resolution grazing incidence X-ray diffractometer
(GIXRD, Cu K, with 1° grazing angle, PANalytical X'Pert PRO-MPD) was
applied. In the atmospheric aging experiments, focused ion beam (FIB)
was applied to fabricate fresh cross-section of the copper coupon after
corrosion treatment, using gallium ions with an accelerating voltage of
30 kV. Images and spectra were obtained within 24 h after the corre-
sponding corrosion treatments, except from the atmospheric aging ex-
periments.

2.5. Copper content determination

After corresponding surface treatment, 10 uL samples were with-
drawn by repetitive pipetting and diluted in 2.990 mL 1 wt% nitric acid
(Merck, Germany). Before being measured by inductively coupled
plasma mass spectrometry (ICP-MS, 7500cx, Agilent), 3 pL of 10 mg/L
scandium and caesium internal standard solutions were added to the
samples. For calibration, standards with 0.1, 0.5, 2.5, 10, 50, 250, and
1000 pg/L of copper were used. Original results with a unit of ppb were
converted to the final values with umol/L (uM), concerning both the
fold of dilutions and molar mass 63.55 g/mol for copper. The average
values and standard deviations were obtained by three independent
experiments.

2.6. Antibacterial efficiency determination

Wet-plating test was used, whose details can be referred to a pre-
vious publication [10]. In brief, the E. coli K12 strain was grown
aerobically overnight in Lysogeny broth (LB) medium at 37 °C in a
water bath with a speed of 220 rpm. The stationary cells from 1 mL
culture were collected by centrifugation for 15 min at 5000 x g, wa-
shed and centrifuged three times with the corresponding solutions, and
finally re-suspended in 1 mL of the same type of solution. The test
commenced by applying 20 uL of these re-suspended bacteria on the
coupons, which were placed in a water-saturated atmosphere at room
temperature. After 1 h, 10 uL samples were withdrawn by repetitive
pipetting, serially diluted in PBS and spread on LB agar plates. Fol-
lowing incubation at 37 °C for 24 h, the colony-forming unit (cfu) on
agar plates was counted and expressed in a way concerning both the
fold of dilutions and relative to the original 20 uL samples. The average
values and standard deviations were obtained by three independent
experiments.
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Fig. 1. Typical SEM images of ground copper surfaces after 3 h exposure to 0.9% NaCl (a-c) or pure water (d, ). Images were obtained by SE detector (a, d) and BSE
detector (b, ¢, e) at 20 kV. The dotted lines in (a, b) surround a typical localised corrosion zone. Images (a, b) correspond to the square dash marked region in (c).
High resolution GIXRD results (f) in the range of (111) planes of Cu,0O (JCPDS#75-1531) obtained from these surfaces.

3. Results and discussion
3.1. Corrosion of copper surface in 0.9% NaCl and pure water

Before analysis of the actual antibacterial efficiency test, this study
first focuses on the corrosive effects introduced by 0.9% NaCl (this
concentration is hereafter simply referred to as “saline”) without bac-
teria. For instance, Fig. 1 (a-c) shows the morphological change and
formation of corrosion product on the copper surface after 3 h exposure
to this environment. Uniformly distributed sub-micron corrosion pro-
ducts are evident in SE image. Meanwhile, at some locations, much
lower intensity was recorded in BSE (therefore darker), indicating
missing of material underneath the corrosion product. These cavities
signify where localised deterioration took place. Variation of micro-
structure definitely has impacts on the initiation of these localised at-
tacks [30]. The distribution of these attacks can be mostly referred to a
recent study [29], where how electropolished copper surface corroded
by PBS droplet was investigated in detail.

Coupon exposed to pure water for the same duration is shown for
comparison purposes in Fig. 1 (d and e). Fewer features can be sum-
marised: no obvious additional product coverage nor localised corro-
sion sites. Therefore, it can be preliminarily concluded that, adding
NacCl into pure water significantly varies the environmental corrosivity
towards copper.

The corrosion product formed on copper was further examined by
high resolution GIXRD shown in Fig. 1 (f). Crystalline Cu,O has been
identified as the major product after saline treatment, but not in pure
water. Similar observation was obtained from potentiostatic polarisa-
tion [20], highlighting the formation of intermediate product CuCl,
followed by the formation of Cu,O and initiation of pits in a temporal
sequence. However, CuCl is not identified in the current study. Mean-
while, the cavities were found being gradually covered by Cu,O films,
instead of destroying the films. Therefore, dissolution-precipitation or
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re-deposition mechanism [27] seems to be more appropriate in ex-
plaining the oxide growth: the exceeding copper ions gather near the
copper surface and form oxide.

3.2. Corrosion of copper surface in bacterial suspensions

By adding E. coli (hereafter referred to as “bacteria”), solution be-
comes suspension, some corrosion behaviours on copper surface thus
alter accordingly, as can be found in Fig. 2. In saline, localised corrosion
attack is still predominant, which can be easily recognised from the BSE
images. SE image usually shows more morphological details, but the
above-mentioned (Section 3.1) sub-micron corrosion product Cu,O
forming in pure solution can hardly be seen. The missing diffraction
peak of CuyO (111) in GIXRD also matches this observation. Highly
similar phenomena were recently reported in the case of PBS [28],
which could help interpret the current scenario: it is attributed to the
bacterial accumulation effects of copper ions. Copper concentration
near surface is thus reduced and oxide growth is inhibited.

Without oxide coverage, a considerable amount of cavities, as a
result of localised corrosion attacks, become visible even in SE mode.
Those invisible ones, on the other hand, may imply another mechanism
of pit initiation: a Cu,O membrane could be found, separating the inner
pitting region from the aqueous environment and promoting further
pitting corrosion under the uppermost copper surface [31]. Similar sites
have also been observed in the intermetallic particles induced crystal-
lographic pitting grown beneath the surface [32], suggesting galvanic
couple could be considered in the current scenario.

In the case of pure water, its bacterial suspension has not introduced
distinct morphological or chemical changes on copper surface. These
contrasts suggest the important roles of E. coli: although its presence
inhibits the formation of Cu,0, it does not affect the major corrosion
attacks (especially in saline) or cause additional corrosion effect
(especially in pure water). In other words, it is still the properties of
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Fig. 2. Typical SEM images of ground copper surfaces after 3 h exposure to E. coli 0.9% NaCl suspension (a-c) or E. coli pure water suspension (d, e). Images were
obtained by SE detector (a, d) and BSE detector (b, ¢, ) at 20 kV. The dotted lines in (a, b) indicate two types of localised corrosion site. Images (a, b) correspond to
the square dash marked region in (c). High resolution GIXRD results (f) in the range of (111) planes of Cu,0O (JCPDS#75-1531) obtained from these surfaces.
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Fig. 3. Copper content (a) in 0.9% NaCl or pure water, with or without E. coli after 3 h exposed to ground copper surfaces. Antibacterial efficiency of ground copper
surfaces (b) against E. coli in two different suspensions in 1 h. The error bars indicate the standard deviations calculated from three independent measurements.
Percentages in (b) above the bars represent the killing rate in 1 h (compared to the “Original” data). Average values from (a) and (b) are listed in the tables. Typical
EDS results (c) collected from the bacterium (E. coli) transferred onto silicon wafer after being treated with copper surface in two suspension for 3 h.
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Fig. 4. Typical SEM images (BSE, 5 kV) of ground copper surfaces after 3 h exposure to E. coli suspension with different NaCl concentration: (a) 0.45%; (b) 0.9%; (c)
1.8%. The dotted lines in (a, ¢) indicate typical localised corrosion cavities. Image (c) corresponds to the square dash marked region in (d). The orange arrows in (d)

indicate regions with oxide growth, while the white arrows for those without.

solution that determine the corrosion process.

From the microbiological perspective, addition of bacteria in-
troduces not only bacteria themselves, but also their metabolism as well
as the products of it. Bacterial respiration, for example, is one of the
universal processes frequently discussed, as it could help reducing
oxygen content in the aqueous environment [33]. Meanwhile, dissolved
oxygen happens to play an indispensable factor in the corrosion of
metallic copper in aqueous [34] or Cl™ -containing environment [35].
However, in the following sections, this aspect will be further ruled out
from the present conditions.

3.3. Copper release and antibacterial efficiency

In the above sections, the corrosion behaviours of copper surface
were revealed, in terms of how it varies after being exposed to different
solutions or suspensions. But apart from this, it is also meaningful to
investigate the effects of corrosion on the contacting droplet itself. For
instance, the rise of copper content measured by ICP-MS shown in Fig. 3
(a) offers valuable information. First of all, it is evident that the copper
content measured from the bacterial suspension is higher than its cor-
responding pure solution. This can be again correlated with the role of
bacterial addition summarised above: since bacteria decrease the
amount of free copper ions in solutions, it favours a continuous release
kinetics. This particularly affects the situation in saline, as it suppresses
the formation of Cu,O, which could have formed as a barrier layer
reducing the metal/solution interface [27] as well as retarding ion
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diffusion [18].

Another marked discrepancy is found between saline and pure
water: the amounts of copper presented in saline are, in both cases,
evidently higher than that in pure water. This trend matches the SEM
observation: copper surface always suffers from more detectable loca-
lised corrosion attacks in saline. This is likely attributed to C1~, which
has been regarded as an accelerator of corrosion on metallic surfaces
most of the time [36]. With respect to copper, there was also study
conducted on the relationship between Cl~ concentration and corrosion
rate [19]. It shows that the Cl~ attachment allows complex formation
and thereby promotes a faster ion release.

Additionally, it is still worth noting that neglectable variations of
surface topography does not necessarily represent similar copper re-
lease level. In the case of pure water, although SEM results do not in-
dicate significant difference, its bacterial suspension does enhance
copper release by about three times, from 75.29 uM to 299.15 uM (data
listed in the table in Fig. 3). This suggests that it is the uniform corro-
sion that dominates the copper release in pure water, instead of loca-
lised corrosion.

Copper content presented in suspension is also positively related to
the surface antibacterial efficiency, as presented in Fig. 3 (b). Bacteria
in both suspensions were grown from the same broths and thence share
similar original concentration. Merely in 1 h, their survival already
parted ways: around 98% were killed in the saline suspension, while
only 22% was recorded in pure water. Not surprisingly, these numbers
match the difference of copper content evaluated in ICP-MS discussed



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

J. Luo, et al.

Surfaces and Interfaces 20 (2020) 100630

Fig. 5. Typical SEM images (BSE, 5 kV) of ground copper surfaces after 3 h exposure to (a) fivefold E. coli 1.8% NaCl suspension; (b) tenth fold diluted E. coli 0.45%
NaCl suspension; (c) tenth fold diluted E. coli 0.9% NaCl suspension; (d) tenth fold diluted E. coli 1.8% NaCl suspension. Dash line in (a) separates the severe
corrosion zone from the almost intact zone. Table (e) summarises the characteristics of oxide growth and corrosion sites in different conditions: more “+” represents

«»

bigger particle size; more

above and that accumulated in the bacterium compared in Fig. 3 (c):
Stronger Cu L, radiation at 0.930 keV was recorded from the bacteria
killed in saline.

These comparisons demonstrate how corrosion behaviour and an-
tibacterial efficiency are correlated: even though same type of microbe
was tested on same type of metallic copper surface, the composition of
the solution can dictate the release of antibacterial substance and thus
result in a different antibacterial efficiency. Saline, a relatively corro-
sive solution, causes a higher amount of copper release (at least within
a certain period), raising the copper concentration and enabling a faster
killing rate against E. coli. A recent study [21] conducted by another
research group also found out a similar role of Cl ™ in enabling sufficient
corrosion on not only copper and but also copper-silver alloy to deac-
tivate S. aureus.

Two additional remarks may help further interpreting the anti-
bacterial efficiency results. Since the killing rate follows the same trend
of the increasing copper content, it cannot be estimated in the current
experiment, how much of the antibacterial efficiency was assisted by
the C1™ accelerated Cu-Fenton reaction [22] or other combined effects
[37]. On the other hand, one may notice that pure water is not a buffer,
but a low osmolarity environment in the strict sense. Hypoosmotic
shock does not necessarily lead to cell death [38], but even if it does,
the contribution of copper in reaching a 22% killing rate should be
considered even lower.

3.4. Effects of NaCl concentration and E. coli concentration on copper

Since the effects of NaCl and E. coli in this corrosion system have
been preliminarily identified, additional experiments were designed to
explore these effects. Fig. 4 (a-c) compare the effects of NaCl
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represents smaller localised corrosion sites; “X” represents situations where particle coverage was rarely observed.

concentration on the corrosion behaviours of copper surface. For all
these selected concentrations, copper was subjected to a similar type of
localised corrosion attacks. As the NaCl concentration increases, the
expansion of cavities is observed, identified by imaging contrast in BSE.
Besides, contrast can also be found even within a single cavity. This
implies that the localised attack inside the cavity is not uniform. On the
other hand, oxide growth is ignorable in both 0.45% and 0.9% sus-
pensions. But when it added up to 1.8%, huge areas covered by sub-
micron oxides are found. Meantime another striking feature is also
observed regarding the distribution of oxide on copper surface: they
only grew on specific locations.

According to the re-deposition mechanism discussed (at the end of
Section 3.1), oxide growth usually corresponds to excessive copper ions.
Therefore, the emergence of oxide could be attributed to a faster cor-
rosion kinetics in a high Cl~ concentration scenario, where the amount
of copper ions exceeds the accumulation capacity of E. coli. However, as
the bacteria presenting in the droplet are supposed to be well-mixed,
their copper accumulation effect should be distributed evenly on the
surface. That is to say, the localised copper ion concentration is ex-
pected similar across the whole near surface. Therefore, other than
copper concentration, there must be another factor governing the pre-
ferential locations of oxide growth.

As it can be seen in Fig. 4 (d), oxide coverage seems to follow the
grinding marks. It strongly suggests its correlation with the state of the
original copper surface (e.g. microstructural or morphological differ-
ence introduced by the grinding procedure). In other words, variation
of the state of the surface might dominate the distribution of cathodic
sites, where oxide growth prevails. To design similar experiments on
electropolished copper surface may help, as it did reveal the crystal-
lographic dependency of copper corrosion in PBS [29].
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Fig. 6. Typical SEM images (SE, 5 kV) of ground copper surfaces 3 weeks after 3 h exposure to 0.9% NaCl solution. Coupon shown in (a) has been ultrasonic cleaned
by ethanol immediately after the 3 h corrosion experiment, while (b) was kept without further cleaning. Both images share the same scale bars that presented in (a).
The dotted region in (b) indicates the missing of NaCl crystal as well as the exposed original oxidised copper surface. High resolution GIXRD results (¢) obtained from
these surfaces 12 weeks after the original treatment. Cu (JCPDS#04-0836), NaCl (JCPDS#05-0628), and Cu,O (JCPDS#75-1531) were applied to index the patterns.
The diffraction peaks marked with hexagonal star () represent diffraction of Cu (111) planes under Cu-Kg and W-Ly;.

To verify the role of ion accumulation effect introduced by E. coli,
another corrosion test was conducted with 1.8% NaCl, whereas fivefold
E. coli was re-suspended. After the same duration, oxide coverage can
hardly be seen on copper surface, as shown in Fig. 5 (a). Surge of the
amount of bacteria boosts both the capacity and efficiency of the ion
accumulation, compensating the increase of copper release in high C1™~
concentration. Besides, higher bacterial concentration did not affect the
selective distribution of localised corrosion sites, indicating that the
corrosion mechanism stays the same. However, the size of cavities did
shrink, and they are easy to be found connected altogether. Meanwhile,
even on the locations that are free from severe localised corrosion,
slight degradation can be observed, as the grinding marks can hardly be
found. It is unclear at the current stage, but these phenomena could be
related to but not limited to the variation of local chemical con-
centration (Cl~ or chemicals produced by bacterial metabolism), local
fluid flow rate (induced by the mobility of bacteria), etc.

On the other hand, with lower bacterial concentration (tenth fold
diluted), oxide coverage can always be found in whole series of NaCl
concentration (Fig. 5 (b-d)). Oxide particles with bigger size are noticed
in lower NaCl concentration. That is, NaCl concentration has an impact
on the nucleation density of oxide. The trend of how NaCl and bacterial
concentration influence oxide growth and corrosion attacks are quali-
tatively summarised in Fig. 5 (e).

3.5. Atmospheric corrosion caused by residual NaCl crystals

So far, the impacts of NaCl on copper surface have only been dis-
cussed during corrosion test or antibacterial efficiency test. However,
even though the saline will be withdrawn afterwards, some NaCl re-
sidues could stay on the copper surface. These NaCl crystals are found
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to continue playing a decisive part in the copper aging process.

Fig. 6 compares the copper surfaces observed 3 weeks after having
been exposed to saline. Coupon shown in Fig. 6 (a) has been cleaned
immediately after the saline was withdrawn in the end of the corrosion
test, therefore no NaCl crystal was remained. In this case, the oxide
coverage is found unchanged in 3 weeks. However, coupon that has not
been cleaned properly experienced significant changes, as shown in
Fig. 6 (b). Firstly, a secondary layer with a slightly different roughness
formed on the previous Cu,O coverage. Moreover, the reason why some
uncovered previous Cu,O can be located, is likely related to the NaCl
crystals (with brighter colour in SE mode) lying aside: it is assumed that
these uncovered zones were also originally covered by the NaCl crys-
tals. Nevertheless, these crystals gradually disappeared during the 3-
week atmospheric aging.

From GIXRD results, two facts have been clearly shown. First, NaCl
residues were efficiently cleaned by the current protocol, as much weak
diffraction signals are found on the cleaned coupon. Second, more Cu,O
diffraction peaks with higher intensity appeared from the coupon
without cleaning, confirming the newly grown secondary layer is
mainly composed of Cu,0 as well.

Intriguingly, this kind of aging effect does not occur only on the
directly treated copper surface. As shown in Fig. 7, a hole on the copper
coupon was fabricated by FIB, immediately after the corrosion test
without applying cleaning protocol. This exposes some “fresh” areas
beneath the original surface. “Fresh” is here defined as having not di-
rectly “met” the saline, since they were still inside the bulk copper
during the corrosion test. OM image taken straightway after FIB op-
eration (i.e. Day 0) recorded some bright zones, not just in the hole, but
also around it, as a result of Ga ion beam bombardment. The areas
inside the hole that are darker were due to rougher topography,
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Fig.7. OM images (a-d) and SEM images (e-k) (SE, 5 kV, coupon being 52 tilted) of fresh section of copper surface prepared by FIB after 3 h explosure to 0.9% NaCl.
OM images and SEM images share the same scale bars presented in (a) and (e), respectively. This position was repeatedly examined every 7 days. Dark areas
surrounded by dotted lines in (a) are the regions pointed out by arrows in (e). Area marked with dotted line in (d) serves as an example for positions that suffered
colour change compared to the same positions in (a). High magnification images of the square dash marked regions in (f-h) are further shown in the following Fig. 8.
A schematic description of the treatment process is shown below the SEM images.

confirmed by SEM images.

However, as the aging experiment proceeds, the bright zones shown
in OM turned darker from the boundaries inwardly. This is related to
the morphological changes displayed in Fig. 8: submicron particles
were forming on top of these surfaces. Being continuously exposed to
atmosphere, part of this region extended, from the cross-section (edge
of the hole) towards the bottom of it. Meanwhile, coarsening can be
observed on some of these particles. At the cross-section (invisible in
OM owing to observation angle) which is supposed to be relatively
smooth at the original state, similar particle formation and coarsening
phenomenon are also found. Although the exact chemical or phase
composition has yet to be determined, these locations do contain an
extra amount of oxygen content (Fig. 8 (d&e), obvious O K, radiation at
0.525 keV), suggesting the formation oxygen-containing species. Served
as the control groups, same type of FIB cross-sections was produced on
copper coupon exposed to either pure water or E. coli water suspension
for the same duration. Neither of these surfaces shows such changes
after 3 weeks (data not included), excluding the potential additional
effects brought by Ga ion implantation during FIB operation.

All these comparisons help to preliminarily pin down the cause of
atmospheric aging: NaCl, as it is the only varied environmental para-
meter. In the end of corrosion test where the solution cannot been
withdrawn completely, NaCl crystallised locally on the copper surface
after the remained water evaporated. However, this is not yet the final
fate of these crystals. Atmospheric corrosion continues to play a role.
For example, these salts could go through a process so-called deli-
quescence [23], thereby absorbs the water from the atmosphere and
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induce aqueous corrosion. But this process requires a relatively high
humidity (79% RH for pure NaCl), which is usually not fulfilled in the
lab environment.

In spite of this, NaCl crystals could transform in another way, which
is still related to water absorption, not by NacCl itself, but by the general
surface: it is common to find monolayers of water forming on surfaces
[24]. Therefore, the copper surface could still be regarded as being
exposed to a quasi-aqueous environment. In fact, the properties of the
water layer could already affect the nucleation and formation rate of
Cuy0 in a certain range of relative humidity [39]. Besides, these
monolayers dissolve NaCl and transform itself to electrolyte. Mean-
while, Cl™ are able to diffuse through these monolayers, reaching to the
other parts of the surface [25]. Considering all these events, corrosion
related phenomena are not a surprise. In addition, CI~ may not be the
only ions that would diffuse through the surface, as copper ions should
also participate a similar process. Take the saline corroded surface as an
example (Fig. 6 (b)), without copper ion diffusion to the top of the
existing Cu,0, it is hard to imagine how the secondary layer of Cu,O
actually formed on top.

3.6. Insight into antibacterial surface research

Firstly, the current results suggest the significance of buffer selec-
tion in antibacterial surface research. Buffers are more than a friendly
environment designed for microbes. On the contrary, depending on
their components as well as the corresponding properties (corrosivity in
this case), they may react with the investigated surface in different
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Fig. 8. High resolution SEM images (a-c) (SE, 5 kV, coupon being 52° tilted) of fresh section of copper surface prepared by FIB after 3 h exposure to 0.9% NaCl
solution. This position was repeatedly examined every 7 days (a-c), whose lower magnification images are already presented in Fig. 7. Zone covered by light blue
colour in (a) highlights the cross-section (edge of the hole). Image (d) (SE, 5 kV) was taken from the Day 21 coupon. The cross shape indicator points out the position

where the EDS spectrum (e) was collected.

ways, resulting in an enhanced antibacterial efficiency or vice versa.
Evidences for this can also be obtained from other comparisons such as
PBS vs Na-HEPES [27], or nutrient broth (NB) vs minimal media (MM)
[40]. For the same reason, design of materials with weaker corrosion
resistance could enhance release of antibacterial substances [41],
meanwhile considering that the cytotoxicity might need to be and de-
finitely can be avoided in specific scenarios [42].

Secondly, growth and coverage of passive layer as a result of the
subsequent atmospheric corrosion, may not be beneficial for the long-
term antibacterial property of copper surfaces [26]. Therefore, it should
particularly inspire the applied research closely related to touched
surfaces, as NaCl is also one of the major residues of perspiration. To
evaluate its effect on antibacterial efficiency, cyclic test [43] should be
one of the effective ways to be included in the future work.

4. Conclusion

NaCl as a common component in many popular buffers, was ex-
amined in this work in view of its roles in copper corrosion. Some
concluding remarks are summarised as below:

e Ground copper coupon undergoes severe localised corrosion attacks
in the environment of 0.9% saline, regardless of whether E. coli is
added or not.

e A layer of Cu,O grows on copper surface when being exposed to
pure 0.9% saline. In the case of its E. coli suspension, formation of
Cuz0 has been inhibited at least in 3 h.

o A faster killing rate of ground copper surface against E. coli (98% in
1 h) is recorded in 0.9% saline, compared to pure water (22%),
which is attributed to the accelerated corrosion process in the pre-
sence of Cl ™.

e Increase of Cl~ concentration may accelerate copper release,
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forming Cu,O even in E. coli suspension. However, it can be coun-
teracted by increasing the concentration of E. coli, as this enhances
the copper ion accumulation effect.

e Residual NaCl crystals on copper surface promote the formation of
additional Cu,O as corrosion products. A Cl™ -assisted atmospheric
corrosion process is revealed by a FIB-assisted 3-week aging ex-
periment.
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7. 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
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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 CuzO 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.
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