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ABSTRACT

The rise of multidrug-resistant pathogens highlights the need for antimicrobial
materials beyond conventional antibiotics. Copper has intrinsic antibacterial activity,
but its practical use is limited by durability and corrosion issues. This doctoral research
utilizes ultrashort pulsed direct laser interference pattering (USP-DLIP) to create
microscale structures on copper-based alloys to enhance the antibacterial efficiency.
Brass, bronze, and copper-nickels alloys were structured, and systematically
characterized using microscopy, diffraction, and spectroscopy, and finally assessed
against Escherichia coli. The findings demonstrate that three factors - alloy composition,
oxidation and topography - play a joint role in modulating the antibacterial activity on
these laser structured surfaces. In this case, the microscale structures with dimensions
(3 pm) matching that of the bacterial cells showed an enhanced contact-killing effect.
While, removing oxides via citric acid etching restored the copper-rich surface leading
to a further increase in antibacterial activity. Overall, the line-like structures due to a
better dimension compatibility outperformed other complex honeycomb patterns.
These findings establish a strong framework for designing durable and scalable
antimicrobial copper-based alloys with relevance in healthcare, public infrastructures,
and international initiatives such as Biofilms, Touching Surface, and ConTACTS

Concordia.




KURZFASSUNG

Der Anstieg multiresistenter Pathogene verdeutlicht den Bedarf an antimikrobiellen
Materialien tiiber konventionelle Antibiotika hinaus. Kupfer besitzt intrinsische
antibakterielle Eigenschaften, jedoch ist seine praktische Anwendung durch begrenzte
Haltbarkeit und Korrosionsanfalligkeit eingeschrankt. Dieser Arbeit nutzt die
ultrakurzgepulste ,Direct Laser Interference Patterning”-Methode (USP-DLIP), um
Mikrotopographie auf Kupferlegierungen zu erzeugen und die antibakterielle
Wirksamkeit zu verbessern. Messing, Bronze und Kupfer-Nickel-Legierungen
wurden strukturiert, mittels Mikroskopie, Beugung und Spektroskopie charakterisiert
und gegen  Escherichin  coli  getestet. Die Ergebnisse zeigen, dass
Legierungszusammensetzung, Oxidation und Oberflachentopographie gemeinsam
die antibakterielle Wirksamkeit bestimmen. Strukturen auf der Mikroskala von etwa
3 um, vergleichbar mit der Grofie bakterieller Zellen, zeigten einen verstirkten
Contact-Killing-Effekt. Das Entfernen von Oxiden durch Zitronensaureédtzung stellte
eine kupferreiche Oberflaiche wieder her und erhohte die antibakterielle Aktivitat
weiter. Linienformige Strukturen tibertrafen komplexe Wabenmuster aufgrund
besserer dimensionsbezogener Kompatibilitat. Diese Erkenntnisse schaffen einen
Rahmen fiir die Entwicklung langlebiger, skalierbarer antimikrobieller
Kupferlegierungen, was fiir das Gesundheitswesen, die Infrastruktur und
internationale Initiativen wie BIOFILMS, Touching Surfaces und ConTACTS Concordia

von Bedeutung ist.
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RESUME

L'augmentation des pathogenes multirésistants souligne la nécessité de développer
des matériaux antimicrobiens au-dela des antibiotiques conventionnels. Si le cuivre
possede une activité antibactérienne intrinseque, son utilisation pratique est limitée
par sa durabilité et sa sensibilité a la corrosion. Ce travail de these applique la
technique USP-DLIP (Direct Laser Interference Patterning) 4 impulsions ultracourtes
pour texturer la surface d’ alliages a base de cuivre et améliorer leur efficacité
antibactérienne. Des alliages de laiton, de bronze et de cuivre-nickel ont été structurés,
caractérisés par microscopie électronique, diffraction des rayons X et spectroscopie,
puis testés contre Escherichia coli. Les résultats montrent que la composition de l'alliage,
l'oxydation et la topographie de la surface influencent conjointement I'activité
antibactérienne. Des microstructures d'environ 3 pum, comparables a la taille des
bactéries, ont renforcé 1'effet de destruction par contact. L'élimination des oxydes par
gravure a l'acide citrique a permis de restaurer une surface riche en cuivre et
d'augmenter encore 1'activité antibactérienne. Les structures linéaires ont surpassé les
motifs alvéolaires complexes en raison d'une meilleure compatibilité dimensionnelle.
Ces résultats fournissent un cadre pour la conception d'alliages de cuivre
antimicrobiens durables et évolutifs, pertinents pour les soins de santé, les

infrastructures et les initiatives internationales.
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ERWEITERTE ZUSAMMENFASSUNG

Die wachsende Bedrohung durch multiresistente (MDR) Mikroorganismen stellt eine
dringende Herausforderung fiir die moderne Gesellschaft dar, die sich vor allem aus
dem iibermafiigen Einsatz von Antibiotika und das daraus resultierende Auftreten
von unbehandelbaren Infektionen zurtickzufiihren ist. Diese Erreger verbreiten sich in
Gesundheitseinrichtungen leicht tiber Kontakt und Biofilmbildung und machen
Oberflichen zu einem wichtigen Ubertragungsweg. Sterilisations- und
Desinfektionsmethoden sind zwar nach wie vor unerlasslich, jedoch arbeitsintensiv
und nur voriibergehend wirksam. Ein nachhaltigerer Ansatz liegt in der Entwicklung
antimikrobieller Materialien, die das Uberleben von Bakterien bei Kontakt hemmen

und so sowohl das Infektionsrisiko als auch den Wartungsaufwand reduzieren.

Kupfer gehort zu den wirksamsten bekannten Materialien zur Abtétung von Keimen,
was in erster Linie auf die Freisetzung von Cu*- und Cu*-Ionen zuriickzufiihren ist,
die die Membranen und intrazelluldren Bestandteile von Bakterien schadigen.
Allerdings weist reines Kupfer eine begrenzte mechanische Festigkeit und
Korrosionsbestandigkeit auf, was seinen Anwendungsbereich einschrankt. Durch
Legieren von Kupfer mit Elementen wie Zink, Zinn oder Nickel lassen sich die
Eigenschaften fiir die jeweilige Anwendung optimieren. Dariiber hinaus sind die
Mechanismen, die die Legierungszusammensetzung, die laserinduzierte
Oberflachenstrukturierung, die Oxidation und das antibakterielle Verhalten
miteinander verbinden, noch nicht ausreichend verstanden. Um diese Wissensliicke
zu schliefen, wuntersucht die vorliegende Doktorarbeit systematisch, wie
Zusammensetzung, Oberflachentopographie und Chemie die antibakteriellen
Eigenschaften von Kupferlegierungen beeinflussen, die durch ultrakurzgepulste

direkte Laserinterferenzstrukturierung (USP-DLIP) modifiziert wurden.

Die Arbeit umfasst fiinf begutachtete Studien, die zusammen eine umfassende

Untersuchung von Messing (mit 15 und 37 Gew.-% Zn), Bronze (mit 6 Gew.-% Sn) und
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ERWEITERTE ZUSAMMENFASSUNG

Kupfer-Nickel-Legierungen (mit 10 und 30 Gew.-% Ni) bilden. Diese bindren Systeme
wurden ausgewdhlt, um den Einfluss von Zink, Zinn und Nickel auf die
Wechselwirkung zwischen Laser und Material, die Oxidbildung und die Reaktion der
Bakterien zu untersuchen. Ziel der Studie ist es, die antibakterielle Wirksamkeit durch
Vergrofierung der effektiven Kontaktflache mittels Strukturierung auf der Mikroskala

zu verbessern.

Im ersten Teil der Arbeit wurden Messinglegierungen mittels Laser strukturiert, um
periodische linienféormige Muster mit einer Grofie von 3 um zu erzeugen, die mit E.
coli-Zellen vergleichbar sind. Fortgeschrittene Oberflachenanalysen (GI-XRD, STEM-
EDS, APT, Raman und XPS) zeigten nanoskalige Veranderungen in einer Tiefe von
einigen hundert Nanometern, darunter eine Anreicherung mit Zink und die Bildung
von ZnO-, Cu20- und CuO-reichen Oxidschichten. Diese Veranderungen hatten einen
erheblichen Einfluss sowohl auf das Korrosionsverhalten als auch auf die
antibakterielle Wirkung. Die laserstrukturierten Messingoberflachen wiesen im
Vergleich zu polierten Oberflachen eine geringere Abtotungsrate auf, was in erster
Linie auf eine geringere Kupferkonzentration an der Oberfliche und die Bildung
chemisch stabiler Zinkoxide zuriickzufithren war, da diese die Freisetzung von Cu-
Ionen begrenzten. Durch Zitronensdure-Atzung wurden jedoch ZnO und CuO
selektiv entfernt und gleichzeitig die Cu-reichen Bereiche wiederhergestellt, was
insbesondere bei Messing mit geringerem Zinkgehalt zu einer verbesserten
antibakteriellen Wirkung fiihrte. Die Ergebnisse zeigen, dass der Zinkgehalt die
Oxidstabilitdt und damit die antibakterielle Wirkung stark beeinflusst.
Messinglegierungen mit einem Zinkgehalt von weniger als 30 Gew.-% bieten ein

glinstiges Gleichgewicht zwischen Korrosionsbestandigkeit und Kupferverfiigbarkeit.

Aufbauend auf diesen Ergebnissen wurde das zweite System, Bronze (Cu mit 6 Gew.-
% Sn), untersucht, um die Rolle von Zinn bei der Laserstrukturierung und dem
antibakteriellen Verhalten zu bewerten. Unter Verwendung derselben USP-DLIP-
Technik wurden periodische Linienstrukturen mit einer Breite von 3 um hergestellt,

und durch anschlieBendes Atzen wurden die wihrend der Bearbeitung entstandenen




ERWEITERTE ZUSAMMENFASSUNG

Oxidschichten effizient entfernt. Die resultierenden Oberflachen wiesen eine erhchte
Hydrophobie und eine um bis zu 2,5-fach grofiere effektive Oberflache als polierte
Bronze. Antibakterielle Tests gegen E. coli zeigten Abtotungsraten, die mit denen von
reinem Kupfer vergleichbar waren, was bestatigt, dass die strukturelle Kompatibilitat
zwischen Bakteriengrofie und Strukturperiodizitit ein entscheidender Faktor fiir die
Kontaktabtotung ist. Diese Studie hat gezeigt, dass einfache Linien-Geometrien, wenn
sie dimensional optimiert sind, ausreichen, um eine signifikante antibakterielle
Verbesserung zu erzielen, und dass USP-DLIP solche Mikrotopographien

reproduzierbar und mit hoher Prazision erzeugen kann.

In der nédchsten Forschungsphase wurden die Oxidationseffekte in gemeinsam
gesputterten Cu-Ni-Diinnschichten wuntersucht, um zu verstehen, wie die
Oberflachenchemie allein die antibakterielle Wirksamkeit modulieren kann.
Thermische Oxidationsexperimente zeigten, dass das Oxidationsverhalten stark vom
Kupfergehalt abhangt. Cu-reiche Schichten (92 at. %) bildeten bei 200 °C Cu:20-
Schichten, wahrend Ni-reiche Schichten (55 at. %) fiir eine vergleichbare Oxidation 250
°C benotigten. Diese chemische Entwicklung ging mit erheblichen Veranderungen der
antibakteriellen Leistung einher: Die Oxidation beeintrachtigte die Aktivitat in Cu-
reichen Schichten, verstarkte sie jedoch in Ni-reichen Schichten, was bestatigt, dass
eine kontrollierte Oxidation je nach Zusammensetzung die antibakterielle Funktion
entweder unterdriicken oder fordern kann. Diese Erkenntnisse fuhrten dazu, dass die
Oxidation als einstellbares Designinstrument zur Verbesserung weniger aktiver

Kupferlegierungen durch Modifikation der Oberflichenchemie eingefiihrt wurde.

Schliefdlich wurde die Laserstrukturierungsstrategie auf Cu-Ni-Legierungen (CulNil0
und CuNi30) angewendet, um die Kontrolle der Zusammensetzung und der
Topografie zu kombinieren. Zwei periodische Designs - linienformig und
wabenformig — wurden von USP-DLIP hergestellt. Chemische Analysen ergaben, dass
die Laserbearbeitung die Bildung von kupfer- und nickelreichen Oxiden induzierte,
wobei die CuNil0-Oberflaichen von Cu20 und die CuNi30-Oberflaichen von NiO

dominiert wurden. Nach dem Atzen waren die CuNil0-Oberflachen iiberwiegend

xi



ERWEITERTE ZUSAMMENFASSUNG

Kupferreich, wahrend NiO aufgrund seiner hohen Stabilitdt teilweise auf CuNi30
erhalten blieb. Antibakterielle Tests zeigten, dass gedtzte CuNil0-Linienstrukturen die
schnellste Abtotung von Bakterien erzielten, wahrend CuNi30 eine wesentlich
geringere Aktivitit aufwies, was auf den Kupfergehalt zuriickzufiihren war, der unter
den wirksamen antibakteriellen Schwellenwert (~60 Gew.-%) fiel. Dariiber hinaus
tibertrafen Linienstrukturen durchweg Wabenstrukturen, was zeigt, dass die Effizienz
der Kontaktabtotung sowohl von der Verfiigbarkeit von Kupfer als auch von der
dimensionalen Kompatibilitat zwischen Bakteriengrofie und Oberflachenmerkmalen
abhangt. Diese Ergebnisse definierten einen kritischen Zusammensetzungsbereich
(70-90 Gew.-% Cu) fiir die Aufrechterhaltung des antibakteriellen Verhaltens in
laserstrukturierten Cu-Ni-Legierungen und unterstrichen das Potenzial der

Kombination von Legierungsdesign mit geometrischer Optimierung.

In allen untersuchten Systemen zeigt diese Arbeit einen klaren Zusammenhang
zwischen  Legierungszusammensetzung, = Oxidchemie und antibakterieller
Wirksamkeit. Legierungselemente beeinflussen die Wechselwirkung zwischen Laser
und Material sowie das Oxidationsverhalten stark: Zink und Nickel neigen dazu,
stabile Oxide zu bilden, die die Freisetzung von Kupferionen begrenzen, wahrend
Zinn ein kontrolliertes Oxidwachstum férdert. Oberflichenbehandlungen wie Atzen
oder kontrollierte Oxidation konnen diesen Effekten entgegenwirken, indem sie

kupferreiche Bereiche wieder freilegen.

Die Oberflachentopografie bietet eine weitere Kontrollmoglichkeit: Mikroskopisch
kleine Linienstrukturen mit einer Periodizitit von ~3 um bieten durch Maximierung
des Bakterienkontakts bei gleichzeitiger Erhaltung einer ausreichenden

Kupferexposition die hochste antibakterielle Wirksamkeit.

Mechanistische Analysen bestdtigten diese Trends: ICP-MS zeigte, dass die
Freisetzung von Kupferionen mit der antibakteriellen Wirksamkeit korreliert,
wihrend HR-SIMS und SEM Nanoagglomerate auf Bakterienmembranen nachwiesen,

was eine direkte Wechselwirkung zwischen Kupfer und Bakterien belegt. Somit ist die
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ERWEITERTE ZUSAMMENFASSUNG

durch ionenvermittelte und mechanische Schaden verursachte Kontaktabtétung der
dominierende antibakterielle Mechanismus, wobei Benetzungseffekte nur eine

untergeordnete Rolle spielen.

Insgesamt schafft diese Arbeit einen umfassenden Rahmen, der Zusammensetzung,
Struktur und Oberflaichenchemie mit antibakterieller Funktion verbindet. Die
effektive Leistung ergibt sich aus der gemeinsamen Optimierung dieser Faktoren: Die
Laserstrukturierung erhtht den Kontakt mit Bakterien, das Atzen stellt aktives Kupfer
wieder her und die kontrollierte Oxidation stabilisiert funktionelle Oxide. Diese
Erkenntnisse bilden die Grundlage fiir die rationale Entwicklung antibakterieller
Materialien auf Kupferbasis und unterstiitzen nachhaltige, selbstdesinfizierende
Anwendungen im Gesundheitswesen, im oOffentlichen Raum wund unter

Weltraumbedingungen.
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RESUME DETAILLE

La menace croissante que représentent les micro-organismes multirésistants (MDR)
constitue un défi urgent pour la société moderne. Elle est principalement due a
l'utilisation excessive d'antibiotiques et a l'apparition d'infections incurables qui en
résulte. Ces agents pathogenes se propagent facilement dans les établissements de
santé par contact et par la formation de biofilms, faisant des surfaces un vecteur de
transmission important. Les méthodes de stérilisation et de désinfection restent
indispensables, mais elles sont laborieuses et n'ont qu'une efficacité temporaire. Une
approche plus durable consiste a développer des matériaux antimicrobiens qui
inhibent la survie des bactéries au contact, réduisant ainsi a la fois le risque d'infection

et les besoins d'entretien.

Le cuivre est 1'un des matériaux les plus efficaces connus pour tuer les germes,
principalement grace a la libération d'ions Cu* et Cu* qui endommagent les
membranes et les composants intracellulaires des bactéries. Cependant, le cuivre pur
présente une résistance mécanique et une résistance a la corrosion limitées, ce qui
restreint son champ d'application. L'alliage du cuivre avec des éléments tels que le
zing, I'étain ou le nickel permet d'optimiser ses propriétés pour l'application concernée.
De plus, les mécanismes qui relient la composition de 1'alliage, la structuration de
surface induite par laser, I'oxydation et le comportement antibactérien ne sont pas
encore suffisamment compris. Afin de combler cette lacune, cette these examine de
maniere systématique comment la composition, la topographie de surface et la chimie
influencent les propriétés antibactériennes des alliages de cuivre modifiés par

structuration directe par interférence laser a impulsions ultrabreves (USP-DLIP).

Le travail comprend cinq études évaluées qui, constituent ensemble une analyse
complete des alliages de laiton (avec 15 et 37 % massique de Zn), de bronze (avec 6 %
massique de Sn) et de cuivre-nickel (avec 10 et 30 % massique de Ni). Ces systemes

binaires ont été sélectionnés afin d'étudier l'influence du zinc, de 1'étain et du nickel
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sur l'interaction entre le laser et le matériau, la formation d'oxyde et la réaction des
bactéries. L'objectif de 1'étude est d'améliorer l'efficacité antibactérienne en

augmentant la surface de contact effective grace a une structuration a micro-échelle.

Dans la premiere partie du travail, des alliages de laiton ont été structurés au laser afin
de créer des motifs linéaires périodiques de 3 um, comparables a la taille des cellules
E. coli. Des analyses de surface avancées (GI-XRD, STEM-EDS, APT, Raman et XPS)
ont révélé des modifications a I'échelle nanométrique a une profondeur de quelques
centaines de nanometres, notamment une accumulation de zinc et la formation de
couches d'oxyde riches en ZnO, Cu:0 et CuO. Ces modifications ont un impact
significatif tant sur le comportement a la corrosion que sur l'effet antibactérien. Les
surfaces en laiton structurées au laser présentent un taux de destruction plus faible
que les surfaces polies, principalement en raison d'une concentration plus faible en
cuivre a la surface et de la formation d'oxydes de zinc chimiquement stables qui
limitent la libération d'ions Cu. Cependant, la gravure a l'acide citrique a permis
d'éliminer sélectivement le ZnO et le CuO tout en restaurant les zones riches en Cu, ce
qui a amélioré 1'effet antibactérien, en particulier pour le laiton a faible teneur en zinc.
Les résultats montrent que la teneur en zinc a une forte influence sur la stabilité de
I'oxyde et donc sur I'effet antibactérien. Les alliages de laiton dont la teneur en zinc est
inférieure a 30 % massique offrent un équilibre favorable entre la résistance a la

corrosion et la disponibilité du cuivre.

Sur la base de ces résultats, le deuxieme systeme, le bronze (Cu avec 6 % massique de
Sn), a été étudié afin d'évaluer le role de l'étain dans la structuration laser et le
comportement antibactérien. En utilisant la méme technique USP-DLIP, des structures
linéaires périodiques d'une largeur de 3 um ont été produites, puis les couches d'oxyde
formées pendant le traitement ont été efficacement éliminées par attaque chimique.
Les surfaces obtenues montrent une hydrophobicité accrue et une surface effective
jusqu'a 2,5 fois plus grande que celle du bronze poli. Les tests antibactériens contre E.
coli ont montré des taux de destruction comparables a ceux du cuivre pur, ce qui

confirme que la compatibilité structurelle entre la taille des bactéries et la périodicité
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de la structure est un facteur déterminant pour la destruction par contact. Cette étude
a montré que des géométries linéaires simples, lorsqu'elles sont optimisées sur le plan
dimensionnel, suffisent pour obtenir une amélioration antibactérienne significative, et
que 1'USP-DLIP est capable de produire de telles microstructures de maniere

reproductible et avec une grande précision.

Au cours de la phase suivante de la recherche, les effets de I'oxydation ont été étudiés
dans des couches minces de Cu-Ni laborées par co-pulvérisation afin de comprendre
comment la chimie de surface peut a elle seule moduler I'efficacité antibactérienne. Des
expériences d'oxydation thermique ont montré que le comportement a l'oxydation
dépend fortement de la teneur en cuivre. Les couches riches en cuivre (92 % at.) ont
formé des couches de Cu20 a 200 °C, tandis que les couches riches en nickel (55 % at.)
ont nécessité une température de 250 °C pour une oxydation comparable. Cette
évolution chimique s'est accompagnée de changements significatifs dans les
performances antibactériennes : I'oxydation a réduit l'activité des couches riches en
cuivre, mais I'a renforcée dans les couches riches en nickel, ce qui confirme qu'une
oxydation controlée peut soit supprimer, soit favoriser la fonction antibactérienne en
fonction de la composition. Ces résultats ont conduit a l'introduction de I'oxydation
comme outil de conception ajustable pour améliorer les alliages de cuivre moins actifs

en modifiant la chimie de surface.

Enfin, la stratégie de structuration laser a été appliquée a des alliages Cu-Ni (CulNil0
et CuNi30) afin de combiner le contrdle de la composition et de la topographie. Deux
motifs périodiques — linéaire et en nid d'abeille — ont été produits par 'USP-DLIP. Les
analyses chimiques ont révélé que le traitement au laser induisait la formation
d'oxydes riches en cuivre et en nickel, les surfaces CuNil0 étant dominées par le Cu20
et les surfaces CuNi30 par le NiO. Apres gravure, les surfaces CuNil(Q étaient
principalement riches en cuivre, tandis que le NiO était partiellement conservé sur le
CuNi30 en raison de sa grande stabilité. Les tests antibactériens ont montré que les
structures linéaires CuNil0 gravées ont permis d'obtenir la destruction la plus rapide

des bactéries, tandis que le CuNi30 a montré une activité nettement moindre, liée a sa
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teneur en cuivre inférieure au seuil antibactérien efficace (~60 % en poids). De plus, les
structures linéaires ont systématiquement surpassé les structures en nid d'abeille, ce
qui montre que l'efficacité de la destruction par contact dépend a la fois de la
disponibilité du cuivre et de la compatibilité dimensionnelle entre la taille des bactéries
et les caractéristiques de la surface. Ces résultats ont défini une plage de composition
critique (70-90 % en poids de Cu) pour le maintien du comportement antibactérien
dans les alliages Cu-Ni structurés au laser et ont souligné le potentiel de la

combinaison de la conception des alliages et de 'optimisation géométrique.

Dans tous les systemes étudiés, ce travail montre un lien clair entre la composition de
l'alliage, la chimie de 'oxyde et l'efficacité antibactérienne. Les éléments d'alliage
influencent fortement l'interaction entre le laser et le matériau ainsi que le
comportement a I'oxydation : le zinc et le nickel ont tendance a former des oxydes
stables qui limitent la libération d'ions cuivre, tandis que 1'étain favorise une croissance
controlée de I'oxyde. Les traitements de surface tels que la gravure ou l'oxydation

contrdlée peuvent contrer ces effets en exposant a nouveau les zones riches en cuivre.

La topographie de la surface offre une autre possibilité de controle : des structures
linéaires microscopiques avec une périodicité d'environ 3 um offrent la plus grande
efficacité antibactérienne en maximisant le contact avec les bactéries tout en

maintenant une exposition suffisante au cuivre.

Des analyses mécanistiques ont confirmé ces tendances : I'ICP-MS a montré que la
libération d'ions cuivre est corrélée a l'efficacité antibactérienne, tandis que la HR-
SIMS et le MEB ont détecté des nano-agglomérats sur les membranes bactériennes, ce
qui prouve une interaction directe entre le cuivre et les bactéries. Ainsi, la destruction
par contact causée par les dommages ioniques et mécaniques est le mécanisme

antibactérien dominant, les effets de mouillage ne jouant qu'un réle secondaire.

Dans l'ensemble, ce travail crée un cadre complet qui relie la composition, la structure
et la chimie de surface a la fonction antibactérienne. La performance effective résulte

de l'optimisation conjointe de ces facteurs : la structuration au laser augmente le
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contact avec les bactéries, la gravure restaure le cuivre actif et I'oxydation contrdlée
stabilise les oxydes fonctionnels. Ces résultats constituent la base du développement
rationnel de matériaux antibactériens a base de cuivre et soutiennent des applications
durables et auto-désinfectantes dans le secteur de la santé, dans les espaces publics et

dans les conditions spatiales.
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1. Introduction

The significant increase in infectious diseases and antibiotic resistance has raised
concern for public health, which is mainly driven by the over- und misuse of
antibiotics, leading to rise in the multidrug-resistant (MDR) pathogens[1]. These
pathogens are responsible for an increasing number of untreatable infections,
especially in the hospitals. Moreover, direct as well as indirect contact in such scenarios
can lead to transmission of infections and biofilm formation, further facilitating the

spread of such harmful microorganisms[2-5].

The transmission of pathogen can take place through various means such as
contaminations systems (e.g., pipelines), materials (air or liquid), surfaces, or food and
living organisms[6-10]. While strategies such as immunization and sanitation might
help mitigate the spread of harmful microorganisms, MDR pathogens remain a critical
concern[11,12]. Moreover, the more conventional strategies, including sterilization and
isolation of patients, are effective but resource intensive. Therefore, a more sustainable
approach would be development of antimicrobial surfaces that can inhibit the

colonization of MDR pathogens and reduce maintenance requirements[13].

Nature offers a blueprint for such functionality[14-16]. For instance, the nano pillars
on cicada wings show a natural antibacterial effect[17]. On the other hand, lotus leaves
exhibit hydrophobic nature with self-cleaning properties, which is due to its micro- to
nanoscale surface structures and its surface chemistry[18]. Beyond these properties,
such structures are also responsible for a wide range of effects e.g., the vibrant
coloration of butterfly wings and peacock feathers results from structural coloration
rather than pigments[15], the anti-reflective properties of moth eyes are a result of the
nanoscale surface structures[19], and the skin of shark reduces drag and microbial
adhesion through microscopic riblets[20]. These natural systems have been a

motivation for researchers, which has led to replication and fabrication of such nature-
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inspired surface structures to achieve multifunctional properties for application in

optics, fluid as well as antimicrobial technologies.

One of the most promising technologies for fabricating structures at micro- and
nanoscale is direct laser interference patterning (DLIP)[21,22]. This technique enables
fabrication of periodic surface structures at micro- and nanoscale by interfering two or
more coherent laser beams[23-25]. When combined with ultrashort pulsed (USP)
lasers, this method offers a minimal thermal damage to the bulk material leading to a
precise surface modification[26,27]. The ultrashort pulse duration ensures that the
energy is confined to the superficial layer, avoiding heat diffusion into the bulk
material allowing for a clean ablation and precise structuring[28,29]. Hence, making

USP-DLIP ideal for engineering nature-inspired functionals surface[30,31].

For the antimicrobial applications, one of the most effective strategies is the use
materials that kill pathogens and inhibit its growth via direct contact[32,33]. Among
such materials, copper is the most widely acknowledged for its inherent contact-based
killing properties. This is, primarily, due to its rapid release of copper ions upon
contact with any microorganism, which damage the cell membrane and hinder
intracellular processes[34-36]. Prior studies have shown that modifying copper
surfaces at microscale with USP-DLIP can further enhance this inherent

property[30,37].

Despite its inherent antibacterial properties, the use of copper comes with limitation
due to its relatively low mechanical strength and corrosion susceptibility, which can
restrict its long-term performance in the real-world applications[38]. These limitations
can be addressed through alloying, which enables optimization of the mechanical,
chemical, and functional properties according to a desired application. Several
alloying elements such as zinc, tin, and nickel can be used for copper to acquire an
improved durability and corrosion resistance while preserving its inherent
antibacterial properties[38—40]. This doctoral thesis focuses on modification of copper-

based surfaces using USP-DLIP and the aim is to understand the effect of alloying on
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the laser-material interaction as well as on the bacteria-substrate interaction. Therefore,
this research focuses only on binary copper-based alloys - brass (CuzZnl15, CuzZn37),
bronze (CuSné6), and copper-nickel-alloys (CuNil0, CuNi30) - to evaluate the
influence of each alloy element and its concentration on the aforementioned
interactions. The alloying element concentration was limited to below 40 wt-%, since
international standards recognize copper-based alloys with at least 60 wt-% copper as

antimicrobial[32,41].

Antibiotic Resistance
over the last decades

Surface Modification Application
Ultrashort Pulsed Direct Laser Interference Patterning as Touching Surfaces | - 0P
(USP-DLIP)

»
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Figure 1: Motivation for this doctoral research — using USP-DLIP to modify copper-
based alloys as a solution for antimicrobial surfaces, with potential applications in
high-touch public environments.

The central aim of this research is to increase the contact area of copper alloys’ surfaces
via USP-DLIP, thereby enhancing their antibacterial properties. Therefore, it
investigates the influence of alloying elements — zinc, tin, and nickel - on surface
topography, surface chemistry and antibacterial activity. By pursuing this, the goal is
to achieve surface designs that are durable and low maintenance with effective
antibacterial properties. With this a real-world application in healthcare, public
infrastructure, and related fields can be realised. Moreover, it aligns with the
collaborative research work conducted with the German Aerospace Center (DLR) on
antimicrobial surfaces on earth and under spaceflight conditions[42—44]. This work is
embedded in a broader framework of international projects such as Biofilms[42],

Touching Surface[44], and ConTACTS Concordia, which collectively investigate the
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antimicrobial performance of steel, copper, and copper alloys in polished, micro- as

well as nanostructured states, under diverse environmental conditions.

The BIOFILMS project examines these surfaces both on Earth and under spaceflight
conditions, including microgravity, against a wide range of pathogenic
microorganisms[42]. On the other hand, Touching Surface is centred around “Touch
Arrays” that are placed in high-contact environments, which include the International
Space Station (ISS) and various public institutions. The goal hereby to observe how
microorganisms survive on these materials after human interaction. Ultimately,
through this approach, the project sheds light on how surface materials behave in

everyday environments as well as under the unusual conditions of spaceflight[44].

Similarly, the ConTACTS Concordia project, which is carried out at the Concordia
Station in Antarctica, focuses on antimicrobial surfaces in an isolated and extreme
setting. This project presents valuable insight into how microorganisms interact with
materials in such closed habitats, where environmental factors such as humidity play
a key role, not just in the survival of these microbes but also in the long-term
performance of antimicrobial surfaces. This doctoral research is placed within these
international collaborations highlights its broader relevance that extending from

terrestrial applications to those in space and other extreme environments.

This research work is organized as follows: Chapter 2 focuses on the theoretical as well
as research background of antibacterial activity, relevant material properties, and
fundamentals of laser processing. Furthermore, it explores the current state of art on
surface modification of copper and copper alloys, while outlining the objectives of this
research. Chapter 3 presents the experimental section from materials and their
preparation to the methods and techniques used for modification, antibacterial testing
and characterization of alloy surfaces. Chapter 4 provides an overview of this research,
while Chapter 5 presents the core findings in form of Publications I-V, which are the
main part of this cumulative. The thesis concludes with the summary of the results

and an outlook in Chapters 6-7, respectively.




2. Scientific Background and Research Objectives

2.1 Biological Fundamentals Relevant to the Study

2.1.1 Antibacterial Efficiency

The ability to reduce or inhibit the growth of bacteria, especially the harmful ones, can
be defined as antibacterial efficiency. Several methods have been used to achieve this
affect. One of the most widely used methods is to develop drugs that can combat these
pathogens. Over the decades, several methods have been developed to screen the
antibacterial activity of these drugs such as disk-diffusion, agar or broth dilution,
cross-streak method, and time-kill test[45—48]. However, the over- und misuse of these
drugs has led to increase in MDR pathogens. This has led to new methods, which
include research on materials with focus on enhancing the antibacterial properties. In
this case, the antibacterial activity can be achieved through either higher contact in the
case of materials that generally show a toxic behavior towards the
microorganisms[49,50], or less contact for all material to avoid adhesion of the bacteria
to the surface[42]. In such cases, viability can be tested through wet plating method,
live/dead staining with fluorescent, contact killing in combination with the wet plating
method, adhesion tests, etc.[51-53]. In this study, contact killing method followed by
wet plating method is used to quantify the surviving colony-forming units. This
approach highlights the interaction between substrate and bacteria to assess the

antibacterial activity of the tested surfaces.

2.1.2 Characteristics of Escherichia coli

Escherichia coli (E. coli) is a species of bacteria belonging to the Enterobacteriaceae
family. It comprises a number of strains, some of which are pathogenic[54], but most
of which are harmless and constitute a large proportion of the adaptable bacteria found
in the digestive tract of vertebrates. These non-pathogenic strains play an important

role in digestion and maintaining intestinal health[55]. E. coli is characterized by its
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Gram-negative, rod-shaped, and non-spore-forming structure (see Figure 2). The

bacteria measure approximately 3 um in length and 1 um in diameter.

Escherichia Coli

Nucleoid DNA

Ribisomes
Cell Wall

Flagellum

3 microns

Figure 2: Cell structure of E. coli according to previous studies[56,57]

In this study, the wild-type strain K-12 (BW25113) of E. coli, a non-pathogenic
bacterium, is used for all experiments. BW25113 is the parent strain of the Keio
collection, an extensive library of single-gene knockout mutants of E. coli that facilitates
the study of the effects of individual gene deletions on cell function[58]. This strain is
widely used in genetic and microbiological studies and well-documented, therefore,

ideal for ongoing research.

2.2 Materials with a Focus on Antibacterial Activity

2.2.1 Overview of Antibacterial Materials

Certain metals such as silver and copper have been used since ancient times for their
antimicrobial properties[59]. Silver is traditionally valued for water purification and
wound care[60], while copper is better known for its antibacterial effect on
surfaces[35]. Both metals are known to kill bacteria, possibly by disrupting both
extracellular and intracellular processes, although the exact mechanisms are still
unclear[61-63]. To better understand their antibacterial properties, these metals, as
well as cadmium, have recently been studied in their pure form, as alloys, and as

nanoparticles synthesized using advanced nanotechnologies to enhance their
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antimicrobial efficacy[34,64,65]. In addition, other materials such as graphene oxide,
zinc oxide nanoparticles and titanium dioxide are also being actively researched in this
category[66—69]. Unlike conventional materials, some of these materials require
specific conditions to achieve maximum effectiveness. For example, titanium dioxide
and zinc oxide exhibit antibacterial activity only under UV irradiation. Although zinc

itself is cytotoxic to bacterial cells, it is less effective than copper in its pure form[70].

2.2.2 Pure Copper

Copper is an essential trace element in human biology and plays an important role in
various physiological processes. It is an important component of many enzymes,
supports the function of mitochondria in energy production, contributes to bone
formation, maintains tissue and skin health, strengthens the immune system, and
protects the nervous system from oxidative stress[71-73]. Also, observing from the
materials science perspective, copper has outstanding electrical and thermal
conductivity, which can be attributed to its densely packed atomic structure with high
density of free electrons and a high melting point[74]. Therefore, its applications
include cable and coils for motors and transformers, plates and tubes for heat
exchangers and heat sinks for computers[75-78]. In addition, it holds a unique position
in modern engineering due to its high durability and significant antibacterial
properties. Copper and copper alloys have been the center of extensive research over
the past century due to these distinctive characteristics[79]. Copper is valued for its
antibacterial effects and relatively low cytotoxicity compared to other materials[80].
Thereby, making it ideal for applications in healthcare, consumer products, and public

infrastructure due to its safety for human health.

2.2.3 Toxicity and Interactions with Bacteria

Copper surfaces are known to release ions upon contact with microorganisms, leading
to an accumulation of copper ions. Consequently, this results in microbial death, a
phenomenon known as” Contact-Killing”[35]. However, the exact interactions
between the ions and microorganism cells are not fully understood, although various

theories have emerged through extensive research. Research by Tsvetkov et al.
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(2022)[62] explores the role of copper within living organisms. Though copper is an
essential trace element for all forms of life, an excess of intracellular copper can be toxic
to cells. This toxicity may come from copper’s binding properties, which can cause

damage to the proteins within cells.

a-wu\ ) A Cell wall Copper-ion
%f E. coli r damage @
TTIC T b 4

Cu-based surface . . 5 % . D eakage of

intracellular
components
After contact Cross-sectional
time > 20min representation
B pna \
fragmentation

C Protein ’ ,
deactivation -
e Ly O

Figure 3: Schematic representation of possible microbiological toxicity mechanisms of
copper ions on a bacterial cell according to previous studies[49,51,81]: A) cell wall
damage, B) DNA fragmentation, C) protein deactivation, D) Leakage of intracellular
components.

A previous study[51] on E. coli suggests that copper ions initially act at an extracellular
level by targeting the lipopolysaccharide membrane and causing structural damage.
When the cell membrane is damaged, intracellular components leak out, ultimately
leading to cell death. Alternatively, another study[81] proposes that copper ions may
initially accumulate on the cell membrane due to electrostatic attractions, altering the
Zeta-potential of the outer cell wall and increasing membrane permeability. This
change assists the absorption of copper ions into the cell, where they are likely to
interact with cellular components and DNA, then to form copper complexes. These
complexes can disrupt the cell’s natural repair systems, eventually leading to its
breakdown[81]. The broad redox potential of copper, resulting from its two oxidation
states, Cu(Il) and Cu(I)[35], may help explain the wide range of reactions that occur
inside bacterial cells. As shown in Figure 3, copper ions can exert their toxic effects

through several possible mechanisms acting on the bacterial cell.
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One of the main reasons this phenomenon remains only partially understood may be
the numerous factors that influence copper ion release during antibacterial testing. For
instance, recent studies[82,83] using the droplet method for contact killing
experiments demonstrate that experimental conditions, such as buffer type and
bacterial presence, significantly impact copper surface corrosion, thereby affecting
copper ion release. Samples using phosphate-buffered saline (PBS) with E. coli showed
increased copper ion release, leading to higher bacterial mortality and highlighting the

importance of surface-bacteria contact in this process.

Furthermore, Bezza et al. (2020)[84] investigated copper oxide nanoparticles' toxicity
in gram-negative and gram-positive bacteria, showing that environmental factors,
such as temperature, pH of the bacterial solution, and sample dimensions, significantly
influence antibacterial effectiveness. Other variables, such as surface state and
composition, which also affect the antibacterial activity of copper surfaces, are

discussed in following sections as well as in the results of this study.

2.24 Copper-Based Alloys

In this study, two main criteria were used for selecting materials. The first and most
important was maintaining copper’s antibacterial functionality, which required that
each alloy contain more than 60 wt-% copper, consistent with international
standards[41,85,86] . The second criterion was simplicity in composition: each material
was limited to a single alloying element. Since the focus of this work was on surface
modifications, minimizing the number of variables in each alloy was essential for
drawing clear comparisons with pure copper. This design makes it possible to
precisely assess how each alloying element influences surface behavior and
antibacterial performance. Zing, tin, and nickel were selected as alloying elements for
this study because all of these elements have practical mechanical and physical
properties[74]. In addition, all three represent different types of binary phase systems

when comparing phase systems.
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Brass alloys are generally classified according to their zinc content as alpha brass (<35%
Zn by weight) and alpha-beta brass (35-45% Zn by weight). Alpha brass with a higher
copper content (80-90 wt-% Cu) is often used in architectural applications, while alloys
with 60-63 wt-% Cu are better suited for extensive cold forming processes[87,88]. In
this study, brass is represented in a binary eutectoid system (see Figure 4 a), in which
a single solid phase simultaneously transforms into two different solid phases at a

specific temperature and composition[89].
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Figure 4: The Phase diagram of binary systems: a) Cu-Zn phase diagram, Original from

Kejzlar et al. (2017)[89], and b) Cu-5n original from Leineweber et al. (2023)[90].

Bronze, like brass, is another popular copper alloy, mainly alloyed with tin. Tin gives
bronze a high yield strength and excellent corrosion resistance. Commercial binary
bronzes typically contain 4-8 wt-% tin, although many industrial bronzes contain
additional elements such as aluminum, nickel, and phosphorus, which further
improve strength, wear resistance, and machinability[91-93]. The Cu-Sn binary phase
diagram shown in Figure 4 b represents an eutectoid system, in which phase
transformations take place at specific compositions and temperatures, similar to those

observed in brass[94].

In contrast, copper—nickel alloys exhibit an isomorphous system characterized by the
complete mutual solubility of both elements, leading to a single crystal structure

throughout all compositions[95]. The addition of nickel increases hardness and

10
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corrosion resistance while reducing susceptibility to biofouling. These properties make
copper—nickel alloys particularly well suited for underwater applications, including

seawater piping and hydraulic systems[96-99].

2.2.5 Antibacterial Applications

Copper has been extensively studied for its antibacterial properties in a variety of
forms, including its pure metallic state, oxides, complexes, and alloys. Research in this
area spans multiple scales, from bulk material sheets and thin films to nanoparticles,
nanowires, and surface coatings. In recent decades, a range of metal(Il) complexes,
particularly those involving copper, have been investigated for potential antibiotic
applications. Chai et al. (2018)[100] reported that copper(Il) complexes display
stronger antibacterial activity than many other metal(II) complexes, with effectiveness
approaching that of conventional antibiotics, though remaining slightly lower. This
enhanced activity is generally attributed to copper’s ability to exist in multiple
oxidation states, which provides it with a wide redox potential and enables

participation in various biological reactions and complex formations[35,101].

However, excessive concentrations of copper can be toxic to the human body [102].
This toxicity arises from copper’s capacity to generate reactive oxygen species (ROS),
which can damage cell membranes, proteins, DNA, and other intracellular
components[103]. Conversely, this same ROS-generating ability can be beneficial in
certain therapeutic contexts, particularly for treating some chronic diseases [71]. In
recent years, increasing attention has been directed toward copper nanoparticles and
their capacity to induce ROS for biomedical purposes [104]. Owing to their high
surface-area-to-volume ratio, these nanoparticles exhibit remarkable efficiency in
combating pathogens at the nanoscale. They hold promise not only as standalone
antimicrobial agents or drug delivery vehicles but also as surface coatings for titanium-

based dental and orthopaedic implants [105,106].

A less invasive strategy for mitigating pathogen transmission involves the use of

copper and copper-based materials as contact-active surfaces[107-109]. These
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materials can be incorporated into infrastructure to inhibit microbial growth on
frequently touched areas. Such applications are particularly valuable for reducing
hospital-acquired infections and could also be extended to high-traffic public spaces,
including schools, buses, and other communal environments. Recent studies[107-109]
have highlighted the use of copper and copper alloys in commonly touched fixtures —
such as door handles, bedrails, handrails, and grab bars—as well as in copper-
impregnated textiles like wound dressings and face masks, as a promising strategy to

reduce the spread of infections.

In recent years, various methods have been utilized to further enhance the antibacterial
effectiveness of these contact-based copper surfaces. These methods are typically for
modifications at the surface level and include the use of copper nanoparticles, coatings,

laser structuring, and other surface engineering methods, as discussed in section 2.5.1.

2.3 DLIP Fundamentals and Ultrafast Laser—-Surface Interaction

Dynamics

The term “LASER” stands for Light Amplification by Stimulated Emission of
Radiation[110]. A laser beam has very significant characteristics. It is highly directional,
operates within a narrow frequency range, and exhibits both temporal as well as
spatial coherence. These characteristics make laser beams exceptionally well suited for

precision applications across a wide range of disciplines[110].

Lasers can cover a broad portion of the electromagnetic spectrum, from infrared to X-
rays and, in the case of pulsed beams, it can achieve extremely high-power densities.
Since their invention in the 1960s, lasers have been the focus of extensive research and
have found applications in various areas such as medicine, communications, and

industrial manufacturing[21,110].

One particularly advanced technique enabled by the laser technology is direct laser
interference patterning (DLIP)[21]. This method makes it possible to fabricate periodic

surface structures at the micro- and submicron scales[21]. DLIP operates by
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overlapping two or more coherent, high-power pulsed laser beams in such a way that
their interference creates periodic energy distributions on the target surface[111,112].
The spatial period p of these patterns can be precisely controlled by the laser
wavelength A and the angle 6 between interfering beams[22], following the
relationship:

A Eq. 1

P = (2 * tan®).

Depending on the number of beams and their geometric configuration, various pattern
types can be produced, ranging from dot-like to line-like to grid-like structures[21], as
shown in Figure 5. DLIP provides remarkable precision, with sub micrometer features

as small as 700 nm successfully achieved on metallic surfaces[23].
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Figure 5: Schematic representation of interference in the DLIP process for (a, d) two
beams, (b, e) three beams, and (c, f) four beams. Top: simulated intensity profiles
resulting from the superposition of the respective beam configurations. Bottom:

arrangement of the individual beams. Adapted from Lasagni et al. (2006)[112].

This technique has been applied across a broad range of materials, including metals
(e.g., copper, stainless steel, titanium), polymers, ceramics, and various thin
tilms[23,25,113,114]. Thereby, making DLIP a highly versatile tool for applications in

materials science, surface engineering, and optics.
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2.3.1 DLIP Pattern Formation and Laser Parameters

The formation of interference patterns via DLIP is highly dependent on both laser and
material parameters[115]. In this case, key factors such as wavelength, fluence, and
polarization influence the precision and outcome of patterning. Overall, laser
parameters like fluence, intensity distribution, and pulse energy can be controlled to
achieve uniform and reproducible patterning[22,26,116,117]. Additionally, material
properties such as optical absorption, surface morphology, and thermal conductivity
are decisive factors in determining the form and evolution of patterns during laser

exposure[23,118].

The first periodic pattern chosen for this study, i.e. line-like structure, can be
fabricated using two-beam DLIP setup (as described in Chapter 3). Achieving a
consistent topographic effect over the entire sample is essential for this study and it
depends on scanning parameters, which must be tailored to achieve uniform coverage
across the patterned area[115,119]. These scanning parameters are influenced by
several initial laser settings. A primary factor is the laser pulse fluence (Fy,,5.), which
is calculated from single pulse energy (Epys.) or laser power. Defined as the energy
per unit area (Agp,) for each pulse, Fyys is calculated as shown in Eq. 2 following the

approach by Fox et al.[119].

Epui
spot

For a broader processed area, the fluence is defined by Eq. 3 and is known as the

accumulated fluence (F..)[119].

Epuise Eq. 3

F. =

 AxxAy
where Ax represents the pulse overlap in the x-direction (scan direction) and Ay is the
step size or hatch distance along the y-axis[119]. From these, the number of

accumulated pulses (n..) over a specified surface area can be derived with Eq. 4[119].
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_ _fe Eq. 4
F pulse
This same framework can also be extended to multi-beam setups (e.g., three-beam

DLIP) to achieve more complex periodic structures with tailored symmetry.

2.3.2 Ultrafast Laser-Material Interaction

The fundamental mechanism behind laser-based surface processing is the interaction
between the laser beam and the material's surface during irradiation. This interaction
depends on the material’s optical and thermal properties, as well as on laser

parameters like wavelength, polarization, fluence, and pulse duration[120,121].

When a sample surface is irradiated with a laser beam, the energy is absorbed and
reflected based on the absorption coefficient of material and surface
characteristics[122]. In case of conductive materials like metals, absorption is
significantly influenced by free electron behavior, which can be modeled using the
Drude model[122,123]. The nature and efficiency of absorption determine the extent

of energy transfer and ultimately, the resulting material response[124,125].

Upon initial absorption, the laser energy is rapidly taken up by the electrons in the
surface layer of the material[126]. The electrons, in this case, heat up almost
instantaneously, while the atomic lattice remains relatively cool[127]. Over a short time
scale, the energy is transferred from the electrons to the lattice, creating a localized
thermal equilibrium[125]. This Two-Temperature model describes how electrons and
the lattice reach thermal balance through electron—-phonon coupling[128,129]. The
rapid rise in temperature can induce a variety of material responses, including melting,
recrystallization, thermal expansion, phase transitions, and defect

formation[111,121,130].

As the laser fluence exceeds the atomic binding energy, laser ablation occurs, which
results in material removal from the surface[131]. This material removal process
depends on the fluence regime. At moderate fluences, melting and spallation

dominate[27,132]. Melting occurs through competing processes, where the liquid-
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crystal interface progresses inward from the surface while homogenous nucleation
and liquid phase growth arise within the crystalline matrix[133]. Conversely,
spallation results from anisotropic expansion and internal pressures induced by laser
irradiation. Consequently, fractures are generated parallel to the surface, and this
results in layer ejection[121,134]. At elevated laser fluences, phase explosion prevails,
with temperatures far surpassing the boiling point and inducing rapid, extensive

homogeneous nucleation within the material[133,135].

These fundamental mechanisms occur across all laser types, but they manifest
differently depending on the pulse duration[27]. In particular, ultrashort laser pulses,
such as femtosecond (fs) pulses, introduce unique interaction dynamics highly

relevant to direct laser interference patterning (DLIP)[120].

In ultrafast laser processing, the pulse duration is shorter than the timescale of thermal
diffusion or lattice relaxation. As a result, energy is deposited faster than it can be
dissipated, leading to cold ablation—a process with minimal heat-affected zones and
highly precise removal[131,136-138]. Because energy is confined both spatially and
temporally, ultrafast lasers significantly reduce the ablation threshold, enabling finer
control of surface features[124,139]. For example, nanosecond lasers may require
fluence levels around 10® W/cm?, while femtosecond systems may require up to 10'3

W/cm?, depending on the material[27].

Overall, DLIP in combination with ultrashort pulse durations is of great significance,
given its effectiveness at generating highly controlled interference patterns with
minimal thermal side effects[140]. Their ability to produce sharp, periodic structures
at submicron resolution makes them ideal for advanced surface engineering
applications[21]. Hence, it is very favorable to employ the central principles of laser—
material interaction alongside the advantages of ultrashort pulse durations for DLIP

systems to achieve exceptional precision and versatility in surface patterning.

16



Scientific Background and Research Objectives

2.4 Critical Surface Characteristics Relevant to the Study

Surface aging is a critical factor, as it can significantly impact a material's lifespan by
altering long-term performance and functionality. Additionally, other factors that are
related to environmental exposure, such as oxidation, corrosion, or contamination, can
lead to further changes in essential surface characteristics, including wettability,
chemical composition, and ion release behavior. These modifications are especially
relevant to antibacterial activity, as noted in the literature reviewed in this section,

where shifts in surface properties directly affect antibacterial efficacy.

2.4.1 Oxidation and Corrosion

In this study, the laser process utilized in the modification of the surfaces can lead to
the possible formation of oxides. Copper has two naturally occurring, stable isotopes
that distribute differently across environmental and biological processes. This
variability also influences its oxidation states and oxide formation. In dry conditions
and at subsurface levels, cuprous oxide (Cu:20) tends to form, while cupric oxide (CuO)

forms more readily in humid environments and on surface layers[141].

Understanding the interplay between corrosion and antibacterial activity is essential,
particularly as copper ion release is a key mechanism for bacterial elimination. Luo et
al. (2019)[82] examined the correlation between corrosion and antibacterial activity of
copper and cuprous oxide coatings in two buffer solutions, Phosphate-buffered saline
(PBS) and Na-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Na-HEPES),
commonly used in E. coli antibacterial tests. Their findings indicate that cuprous oxide
exhibited superior antibacterial efficacy overall. Comparing the buffer solutions,
copper ion release was lower in PBS. However, in the presence of E. coli, corrosion was
accelerated, leading to an increased release of copper ions in PBS. In another study,
Luo et al. (2020)[142] demonstrated that when sodium chloride, which is commonly
found in buffer solutions, was compared to pure water, this led to increased presence
of chloride ions, which likely further contributed to increased corrosion. This effect is

attributed to chloride ions promoting the growth of cuprous oxide on copper surfaces.
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Several studies[30,141,143] have investigated the impact of copper oxidation on
antibacterial behavior. The findings revealed that cuprous oxide (Cu20) had a higher
antibacterial effect in comparison to cupric oxide (CuO). This suggests that the specific

oxidation state of copper significantly influences its antibacterial properties.

The copper alloys chosen for this research contain additional elements such as zinc,
tin, or nickel, all of which possess higher affinities for oxidation than copper. Due to
their lower activation energies for oxide formation, these elements preferentially
oxidize under ambient conditions, leading to surface layers of zinc oxide, tin oxides,

or nickel oxides as described in the literature[144].

Among these, zinc is particularly notable for both its corrosion-related and
antibacterial properties. In mild environments, the formation of zinc oxide (ZnO) on
brass surfaces adds to the passive, protective barrier that enhances corrosion
resistance[145]. However, in more aggressive environments—such as acidic or
chloride-rich conditions—zinc becomes susceptible to dezincification and a

consequent loss of structural and mechanical integrity[146].

Similarly, tin and nickel form their respective oxide layers, which contribute to
passivation and improved corrosion resistance[98,147,148]. The effectiveness of this
passivation is highly dependent on its concentration in the alloy; higher tin or nickel
content generally results in greater corrosion resistance in humid or aqueous
conditions. Notably, in copper-nickel alloys with low nickel content, cuprous oxide is
still the dominant copper oxide phase formed[148]. Moreover, since the alloy surface
typically includes copper, the resulting oxide layer is often a heterogeneous mixture

of copper and alloying element oxides.

In contrast to zinc, there is currently no substantial evidence supporting independent

antibacterial properties of elements tin or nickel.

Zinc, however, has been studied for its antimicrobial potential[66,149]. However, its
antimicrobial efficacy is significantly lower than that of copper and is highly

dependent on both its particle size, morphology, and chemical form[66]. A
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commonality between zinc and copper lies in their ion release behavior; zinc ions
(Zn?)[70], much like copper ions (Cu*/Cu?), play a critical role in antimicrobial

activity, as discussed for copper in section 2.2.3.

Research[66,150] indicates that zinc oxide (ZnO) nanoparticles can enhance
antibacterial effectiveness due to their increased surface-to-volume ratio.
Nevertheless, this enhancement is often contingent upon UV irradiation, which
facilitates the release of zinc ions from the nanoparticulate structure. Zinc oxide (ZnO)
nanoparticles are primarily investigated for incorporation into pharmaceutical
formulations. However, when applied as surface coatings, they may offer potential
antimicrobial benefits. Despite this, their efficacy under ambient, non-UV-irradiated
conditions is generally limited. Consequently, in comparison to bulk copper alloys, the
practical applicability of ZnO nanoparticles for high-touch surface applications

remains significantly constrained.

2.4.2 Wettability

Wetting behavior is another key surface characteristic that influences antibacterial
activity. In this study, antibacterial tests are conducted using the wet plating method
(see section 3.2.3), making wettability a particularly relevant parameter to characterize

and understand.

Wetting behavior describes how a liquid interacts with and spreads across a solid
surface and is normally characterized by the contact angle (CA) of a three-phase
system involving the liquid, solid surface, and air[151]. A CA less than 90° indicates a
hydrophilic surface, which readily attracts water, while a CA greater than 90° signifies
a hydrophobic surface that repels water. Surfaces with a contact angle exceeding 150°

are classified as superhydrophobic, demonstrating extreme water repellency[152,153].

The measurement is usually performed using the sessile drop (droplet) method, in
which a droplet of a volume of 2-5 pL is placed on the surface, and the static contact
angle is measured[151]. This can then be analyzed using Young’s model for smooth

surfaces and Wenzel or Cassie-Baxter model for rough surfaces[154,155].
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Inspired by natural systems such as lotus leaves and insect wings, several studies have
sought to mimic nature-inspired surface architectures to tailor wetting properties[156—
159]. Research[30,139,160,161] shows that surface chemistry and texture down to the
micro- and nanoscale can influence the wetting behavior and hence the antibacterial
activity. A consistent finding across these studies is that surfaces exhibiting moderate
hydrophobicity tend to show enhanced antibacterial effects, likely due to reduced
bacterial adhesion and increased disruption of microbial membranes in the case of
non-copper surfaces[139,160], and—in the case of copper surfaces—a favorable

balance between these effects and direct bacterial contact with the copper itself [30].

In this context, direct laser interference patterning (DLIP) has emerged as a precise and
versatile technique for engineering both surface topography and surface chemistry,

enabling fine-tuning of wetting behavior on a variety of materials[111,113,162].

A recent study[163] investigating the wettability of laser-structured copper surfaces in
relation to surface chemistry revealed distinct differences between polished and laser-
treated specimens. For polished copper, wettability is predominantly influenced by
surface chemistry, particularly the adsorption of airborne hydrocarbons. In contrast,
laser-structured surfaces exhibit inherently hydrophobic behavior due to the micro-
and nano-roughness introduced by laser patterning. This study, along with recent
work on stainless steel[164], highlights that line-like laser structures result in
anisotropic wettability, whereby the wetting behavior varies depending on the
direction of the surface features. These findings underscore the importance of surface

topology in governing liquid—surface interactions.
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2.5 Current State of Research

Extensive research has been conducted on pure copper in relation to its surface
modification and antibacterial performance. Multiple studies [33,64,83,141] confirm
that direct contact between bacteria and the copper surface is very crucial for
antibacterial activity, and this is primarily due to localized ion release and membrane
disruption. Building upon this foundational knowledge, recent work has turned
toward enhancing copper’s antibacterial efficacy through advanced surface

engineering techniques.

2.5.1 Role of Surface Modifications in Antibacterial Performance

Various approaches have been taken for the surface modification to enhance
antibacterial activity and then to investigate such contact-active materials, particularly
copper and its alloys. These strategies include the use of antibacterial coatings,

nanoparticles, and laser-based surface texturing[165-168].

Antibacterial coatings typically operate by either releasing ions to kill bacteria or by
preventing microbial adhesion and colonization. For coatings, materials such as
copper and silver are widely used and deposited as thin films or embedded in porous
matrices[167,168]. These coatings are fabricated using techniques like physical vapor

deposition (PVD), sputtering, and chemical surface treatment[169-171].

However, coatings that rely on ion release, especially the ones incorporated with silver
or copper, often face challenges related to long-term efficacy, as the active ions may
gradually become depleted[165]. Furthermore, factors like durability, mechanical
robustness, and cost-effectiveness might still be a hindrance to applications on a larger
scale[165]. Therefore, future development must focus not only on enhancing
antimicrobial activity but also on ensuring stability and scalability under real-world

conditions.

One way to address these challenges is the implementation of scalable surface
structuring techniques, such as laser-based texturing, which have emerged as

promising alternatives[172,173]. These methods enable the fabrication of precisely
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controlled micro- and nanostructures, which can simultaneously promote contact-
based bacterial killing and inhibit bacterial adhesion, and this without relying on
consumable chemical agents[173]. Such dual-function surfaces represent a promising

direction for the next generation of durable, effective antibacterial materials.

2.5.2 Surface Modification of Copper-Based Alloys using DLIP

Surface modification of copper alloys using ultrashort pulsed laser systems has only
recently become the focus of a limited number of studies. Margetic et al. (2000)[136]
examined the differences in ablation processes and morphology in brass when using
nanosecond versus femtosecond pulse durations. Their findings highlighted those
various brass compositions influence ablation rates, whereas these appeared most
probably to be independent of pulse duration. This effect is likely due to differences in

optical properties, a key material parameter in laser processing.

In a subsequent study, Caneve et al. (2006)[174] investigated laser ablation of ternary
and quaternary bronze alloys using laser-induced breakdown spectroscopy,
employing both single and double pulses. The analysis was carried out on the depth
and shape of the resulting craters. They observed that ablation depth increased with
the number of laser shots, and the double pulses, in this case, consistently produced
deeper craters. Another significant finding was the effect of zinc on ablation
composition. Still, due to concurrent variation in tin and lead, the precise role of
individual elements remains unresolved, highlighting a critical gap in isolating

compositional effects during laser processing.

Hans et al. (2012)[111] offered an initial insight into fabricating microscale periodic
line-like structures on a bronze (CuSn8) and brass (CuZn23Al13Co) surfaces with a
nanosecond pulsed laser, focusing on wetting behavior. These findings suggest
anisotropic wetting behavior with hydrophobicity, similar to the ones mentioned in
section 2.4.2. It is an insight relevant to this study, given the established link between

surface wettability and antibacterial performance.
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Similarly, Miiller et al. (2020)[25] adopted a comparable approach to achieve
topographical modifications, producing micro- and sub microscale periodic structures
on brass. This study also examined the effects of single and double laser pulses on the
thermal response of brass along with copper, and stainless-steel surfaces. While this
study advances our understanding of morphological evolution, it does not fully
address how specific alloying elements influence laser-induced transformations under

USP conditions.

Collectively, these studies offer valuable foundational insights into laser—alloy
interaction mechanisms for copper-based materials. However, they also reveal a
critical knowledge gap: the complex interplay between chemical composition and
laser-material interaction dynamics in the context of ultrashort pulsed lasers remains
insufficiently understood. Specifically, the role of individual alloying elements, such
as zinc, tin, and nickel, in governing ablation behavior, oxide formation, and the
development of functional surface properties has not been systematically investigated.
Addressing this knowledge gap is critical for advancing composition-tailored laser
processing strategies, particularly in applications where contact-mediated

antibacterial activity is required.

2.5.3 USP-DLIP Processing on Pure Copper

In the context of contact-based bacterial inactivation, prior studies[33,175] have shown
that direct contact with copper surfaces is critical to facilitating copper ion release,
which drives antibacterial efficacy. To optimize this mechanism, surface structuring at
the bacterial scale has been proposed as a means of improving bacteria—surface
interaction[30,37]. Direct laser interference patterning (DLIP) enables the fabrication of
highly controlled, periodic surface features at micro- to sub micrometer scales, making

it a promising technique for tailoring antibacterial copper surfaces.

Recent studies[25,31] have applied USP-DLIP to pure copper to create line-like
structures on a micro- and sub-micrometer scale, focusing on how laser settings can be

optimized to shape surface topography and affect chemical changes. These studies
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show that laser fluence plays a crucial role in defining pattern geometry during USP-
DLIP processing. At lower fluences, copper surfaces develop sharp, well-defined
edges. However, as fluence increases past the phase explosion threshold, the resulting
lattice heating causes melt expulsion, which makes patterns less precise. Additionally,
laser-induced roughness and oxidation enhance copper's absorptivity, especially with
repeated pulsing, sometimes causing sub-micrometer patterns to fade with a single

extra pulse.

Miiller et al. (2021)[30] expand on this by showing the formation of flake-like structures
on the copper surface after laser structuring, attributed to oxide formation. This effect
was largely minimized by etching, which removed most of these oxide flakes.
Chemical analysis showed oxide presence, with valleys having less oxide than peaks.

After etching, oxide presence was effectively reduced on the surface.
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Figure 6: Contact-Killing results reproduced from Miiller et al. (2021)[176] in its
original form licensed under CC BY-NC 4.0.

In a subsequent study, Miiller et al. (2021)[176] demonstrate that USP-DLIP-treated
copper surfaces significantly improve antibacterial performance, with patterned

surfaces showing up to a 15-fold increase in E. coli reduction (see Figure 6). Enhanced
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bacterial killing is linked to stronger bacteria-surface interactions and elevated Cu ion
release in the presence of bacteria, especially on as-processed laser-structured surfaces.
Additionally, hydrophobic surfaces exhibited greater antibacterial efficacy than
hydrophilic ones, emphasizing the influence of surface wettability and topography.
These results underscore the potential of customized surface modifications to optimize

copper's antibacterial effects beyond simple Cu ion release.

These findings establish a robust foundation for the current study. The extensive work
on DLIP-treated pure copper in this last decade has yielded valuable insights into
several aspects such as laser—material interaction, surface chemistry, and structure-
dependent antibacterial behavior. This knowledge now provides the basis for a
systematic investigation into copper-based alloys, where the role of alloying elements
in defining antibacterial functionality through USP-DLIP processing remains largely

unexplored.

2.6 Research Objectives

Building on the foundation established in the previous sections, this section outlines
the research objectives that translate prior findings into a structured investigation of
surface engineering strategies for antibacterial optimization. In recent years, various
studies have provided valuable insights into the fundamental mechanisms behind
copper's antibacterial activity. These investigations have been crucial in understanding
copper acts in various forms, such as nanoparticles, nanowires, and different chemical
compositions, including pure copper, copper oxides, and copper alloys. However,
while these studies have addressed the initial layers of antibacterial potential through
copper, further research is needed to optimize materials for large-scale, practical
applications. This study aims to bridge the gap between this fundamental
understanding and the real-world practical application. This can be achieved by

developing copper-based surfaces that are tailored for such scalable antimicrobial use.

This doctoral research addresses the gap by employing USP-DLIP to fabricate

microscale surface structures aligned with bacterial dimensions (single E. coli cell ~3
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um). It systematically investigates how alloy composition, surface chemistry and

structural design influence antibacterial performance, as shown in Figure 7.
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Figure 7: Research objectives — First, surface modification of copper-based binary
alloys: brass (Publication I & II), bronze (Publication III), and copper-nickel alloys
(Publication V). Second, to investigate the influence of bulk composition on laser—
material interaction, surface topography, and chemistry. Finally, to evaluate how
these factors collectively affect bacteria—substrate interactions.

The overarching goal is to establish design strategies for copper-based surfaces that
exhibit enhanced and reproducible antibacterial activity, thereby advancing the
integration of copper into real-world applications. The following chapters outline the
experimental methodology, and present key findings that aim to address these

unresolved questions.
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3. Experimental Section

3.1 Materials and Preparation

A total of seven different materials, including two reference samples (stainless steel
and pure copper), were selected for the experiments. The compositions and related
information for all materials are provided in Table 1.

Table 1: Overview of materials used in the experiment, including composition,
manufacturer, and preparation method.

Material Label Composition Manufacturer Preparation
Stainless steel SS 304 Brio cleaning
Pure copper Cu 99 % pure Cu Wieland polishing
Cu [wt-%] | Zn [wt-%]
Brass 1 CuZn37 63 37 Wieland grinding + polishing
Brass 2 CuZnl5 75 15 Wieland grinding + polishing
Cu [wt-%] | Sn [wt-%]
Bronze CuSné6 94 6 Wieland grinding + polishing
Cu [wt-%] | Ni[wt-%]
Copper-Nickel 1 | CuNil0 90 10 FEM grinding + polishing
Copper-Nickel 2 | CuNi30 70 30 FEM grinding + polishing

All materials, except for the copper-nickel alloys, are commercially available
compositions and were obtained as sheets with a thickness of approximately 1 mm.
These sheets were then cut into dimensions of roughly 25 x 10 mm?2. Copper-nickel
alloys, however, are not readily available as binary alloys and were specially prepared
by the “Forschungsinstitut Edelmetalle + Metallchemie”(FEM) in Schwabisch Gmiind,
Germany. For these alloys, the material was first cast from pure copper and pure nickel
powders, then cold-rolled to a thickness of 1 mm. The final samples were cut to

dimensions of 25 x 10 mm?.
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Considering that the structures to be prepared are at the microscale, the surfaces need
to be smooth before laser processing. The stainless-steel samples were acquired with a
mirror-quality finish and only required cleaning with acetone and isopropanol to
remove the adhesive layer on the surface. Meanwhile, copper and copper-based alloys
were metallographically prepared to obtain a mirror-quality finish. Before proceeding,
the microhardness of the alloy samples was assessed using a Struers Dura Scan 50
microhardness tester. This step is essential for determining the appropriate polishing
parameters, given the significant copper content in the samples presents a difficulty
due to its soft nature. The Vickers hardness (HV 0.1) was measured as 97 + 5 for
CuZn15, 107 £ 9 for CuZn37, and 181 + 3 for CuSné6. While these values are higher than
that of pure copper, they remain significantly lower than those of steel. To minimize
significant deformations, the first step was fine grinding. Initially, SiC (silicon carbide)
paper with a 15 um grain size was used on a manual Tegrapol system (Struers) to
eliminate the topmost layer of deformations. Following this, the surfaces were
polished using an automated TegraPol system (Struers) to achieve a mirror-like finish.
The polishing was carried out in three stages, utilizing diamond solutions with grain
sizes of 6, 3, and 1 um, respectively, in each step. Finally, all samples were cleaned
with ethanol to remove any impurities before undergoing the laser process and the

antibacterial testing.

3.2 Methods

3.2.1 Ultrashort Pulsed Direct Laser Interference Patterning

Ultrashort pulsed is defined as a range below the threshold of 10 ps. Laser processing,
which is below this pulse duration, makes it possible to produce structures precisely
down to a few micrometers[115]. In this study, a two-beam interference was used to
produce periodic line-like structures on the sample surface. The periodicity of the
structure was chosen according to the size of the bacteria for the antibacterial tests. For

DLIP, a Ti:Sapphire laser emitting source was used with a wavelength of 800 nm, a
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pulse duration of 100 fs, and a repetition rate of 1 kHz. The optical setup[25] is

illustrated in Figure 8.

Figure 8: DLIP — Optical setup. a) laser source, b) aperture, c) wave plate, d) diffractive

optical element (DOE), e) lens, f) sample, and g) sample stage.

A coherent beam is emitted via a laser source, and first it goes through an aperture,
which can change the diameter of the working beam. Following that, through a wave
plate to set the polarization of the beam perpendicular to the sample surface. This is
then split with the help of a diffractive optical element (DOE) into two coherent beams,
which are then focused on the sample with the help of the lens system. For three-beam
interference, the setup remains largely the same, with the only difference being the use

of a DOE designed to split the beam into three paths.

3.2.2 Static Contact Angle Measurement

Contact angle experiments were conducted using a Drop Shape Analyzer DSA 100
(Krtiss GmbH). This facilitated in monitoring the aging of USP-DLIP-structured
surfaces over a period of three weeks[30]. The laser treated samples were stored in a
box at room temperature (20 + 2 °C) and a humidity level of 30 + 7%. The initial
measurement (Week 0) was taken 24 hours post-treatment. Subsequent measurements
were performed at 7-day intervals up to the third week, with each week's test
conducted on an alternative specimen under following conditions: a room

temperature of 21.5 + 0.5 °C and a humidity of 20 + 1.3%.
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A 3 uL droplet of distilled water was dispensed onto the sample surface using the
falling droplet method with a micro-syringe. Each sample was tested with at least five
droplets applied to different surface areas. Due to the anisotropic topography of the
laser-structured samples, the contact angle of each droplet was measured both
perpendicular and parallel to the lines of the structure. Furthermore, to ensure
reproducibility, all measurements were taken within one minute of droplet

application.

3.2.3 Antibacterial Test

The antibacterial activity on the sample surface was investigated using the droplet
method as outlined by Miiller et al. (2021)[30]. This investigation consists of several
steps. Firstly, the preparation of the bacterial suspension, then the droplet application,
and lastly wet plating to count the surviving colony-forming units (CFU), as well as a
parallel ion release test to measure the concentration of copper ions (ug/L) released
during the contact period. Figure 9 illustrates the antibacterial testing setup, including
droplet deposition and contact zone confinement, with a detailed description provided

in the following subsections.

Day 1 Day 2 Day 3
Preparation of Bacterial Solution (BS) | Contact Killing
Sample 1
i from each droplet Plating Counting
(100 uL CFU/mL

@ BS droplet
7', =) (each 40 pL)

- ® - s
oo™ b SR ) 495 uL PBS 495 pL PBS 495 uL PBS
Dilution series @
E. Coliin LB Centrifugation E. Coli in PBS PVC

(25mL) (5mL) (5mL) adher?rl]\;estape Sample 2 ICP-MS -
. ) . from In to 600-fold - -
overnight 1xinLB contact period: 4 each of 0.1% HNO, Cu-ion
cultivation 3xin PBS 120 min droplet release
in pg/L
Day 1 Day 2 > Day 2

Figure 9: Schematic representation of the antibacterial testing setup used for surfaces.
PVC adhesive tape rings are utilized to define the exposed area.
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3.2.3.1 Bacterial Suspension Protocol

E. coli WT K12 (BW25113) strain was cultured aerobically overnight in Lysogeny broth
(LB) medium in a water bath under the following conditions: at 37 °C and a speed set
to 220 rpm. The bacterial culture was retrieved the following day and centrifuged at
5000 x g to remove the stationary cells. The centrifugation procedure was repeated
three times using phosphate-buffered saline solution (PBS) under identical conditions.

Lastly, the stationary cells were resuspended in PBS to make the bacterial suspension.

3.2.3.2 Contact Killing and Wet plating Method

A 40 uL droplet of the suspension was applied to the test surfaces. The experiment
was conducted in a high-humid environment at room temperature for durations of 30,
60, 90 (in some cases) and 120 minutes. After each point, 5 uL of the suspension was
withdrawn from the droplet following repetitive pipetting, serially diluted in PBS, and
then spread onto LB agar plates. These were incubated at 37 °C for 24 hours. Finally,
CFU were counted to determine the bacterial concentration in the suspension. The

initial CFU/mL of the bacterial solution was used as the negative control.

3.2.3.3 Ion Release Test
Another 5 uL of the suspension was withdrawn from the droplet and added in to the
600-fold of 0.1 % nitric acid to measure the Cu-ion release during the contact. This

measurement is done with inductively coupled plasma mass spectrometry (ICP — MS).

3.2.3.4 Solution Information

Phosphate-buffered saline (PBS) was prepared by dissolving NaH:POs 1H20 (Merck,
Germany, final concentration 0.01 M) and NaCl (VWR, Germany, final concentration
0.14 M) in purified water. The pH was adjusted to 7.4 using NaOH. The solution was

then sterilized through autoclaving after preparation.
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3.3 Characterization Techniques

3.3.1 Topographical and Morphological Analysis

3.3.1.1 Optical Microscopy

Surface modification was first analyzed with Confocal Laser Scanning Microscopy
(CLSM) with the LEXT OLS54100 3D Measuring Laser Microscope (Olympus). CLSM is a
non-contact, non-destructive technique that captures high-resolution images and
measures surface roughness. The system used in this study offered a lateral resolution
of 0.12 um and a height resolution of 10 nm, enabling precise 3D imaging of the
surface. The equipment features a laser with a 405 nm wavelength, providing accurate

measurements of microroughness.

3.3.1.2 Scanning Electron Microscopy

This section explores the high-resolution method of Scanning Electron Microscopy
(SEM) to study surface topography. This method uses the fundamental principle of
electron beam and sample surface interaction to produce a signal, which is detected
and used to create detailed images. This provides information on topography as well
as chemical composition, depending on the type of interaction and the region from
which the signal is detected[177]. In this study, two SEM/FIB Dual-station equipment
were utilized: SEM/FIB, Helios NanoLab 600, FEI (at the Functional Materials Institute,
Saarland University, Germany), and SEM/FIB, Helios NanoLab 600i, FEI (at Institut Jean

Lamour (IJL, Nancy, France)).

3.3.1.3 SEM-Imaging

The SEM imaging was performed using a Helios NanoLab 600, FEI, operating in
secondary electron (SE)contrast mode with an acceleration voltage of 5 kV and a
current of 1.4 nA. To enhance the visualization of topographic features, the specimen
was tilted at 45°. Additionally, to enhance the visibility of organic matter under
characterization, samples containing bacteria were coated with a Gold-Palladium layer

using the MITECH K950X sputter coater in a vacuum atmosphere of 2 x 102 mbar.
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For higher-resolution imaging, at scales down to a few hundred nanometers, the
detector was switched from the Everhart-Thornley Detector (ETD) to the Through
Lens Detector (TLD). Additionally, backscattered electron contrast was employed at
an acceleration voltage of 10 kV to capture images with enhanced Z-contrast (material

contrast).

3.3.1.4 SEM - Focused Ion Beam

Cross-sections of the structures were examined using SEM/FIB (Focused Ion Beam)
techniques. To begin, a platinum coating was applied to protect the samples, and the
surface was tilted at 52° for precise material removal with a focused ion beam. This
process was conducted at an acceleration voltage of 30 kV in two stages: an initial

coarse milling step with a current of 0.28 nA, followed by a polishing step at a current

of 21 nA.

Atom probe tomography (APT) specimen preparation was carried out in a FIB/SEM
dual-beam workstation (Helios NanoLab 600, FEI) using the lift-out technique explained
by Thompson et al.[178]. To preserve the region of interest, the analyzed surface was
protected with a chromium layer deposited via physical vapor deposition (PVD). After
lift-out and thinning, a final low-energy milling step at 2 kV was performed to reduce

gallium-induced damage.

Furthermore, a Helios NanoLab 600i, FEI SEM, was used to fabricate lamellas
perpendicular to the lines on the sample surface. These lamellas were then lifted out
and mounted on a transmission electron microscopy (TEM) grid, where further ion-

beam thinning was performed to achieve electron-beam transparency.

3.3.2 Chemical and Phase Analysis

3.3.2.1 SEM - Energy Dispersive X-ray Spectroscopy

An elemental analysis of the surfaces was performed with the FEI Helios G4 PFIB CXe
system and the software EDAX APEX from Ametek Materials Analysis Division. This
analysis provides qualitative and quantitative elemental information by detecting

characteristic X-rays emitted from the sample. The detected signal originates primarily
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from the upper surface and subsurface layers, and the depth of this information can
be adjusted by varying the applied acceleration voltage[177]. As the surface
modification was only a few micrometers, an acceleration voltage of 5 kV and a current

of 5.5 nA were employed to confine the analysis to the superficial layer.

3.3.2.2 Grazing Incidence X-ray Diffraction

Quantitative phase analysis was conducted using high-resolution Grazing Incidence
X-ray Diffraction (GI-XRD). This method is used to analyze thin films, surfaces, and
nanoscale layers with high surface sensitivity. In GI-XRD, X-rays are directed at a very
shallow angle to the sample (usually between 0.5° and 5°), limiting how deep they
penetrate and focusing the analysis on the surface. This setup combines Bragg
diffraction with total external reflection conditions, making it much more effective for
studying surface layers than traditional methods. While standard Bragg diffraction
typically examines the top few pm of material, GI-XRD reduces this range to a few nm,

making it ideal for examining thin films and surface modifications[179].

In this study, the equipment was operated with a Cu Ka radiation source (wavelength
of 1.5418 A) at a grazing angle of 1°, using 40 kV and 40 mA on a PANalytical X'Pert
PRO-MPD system. Additionally, the samples were aligned with the pattern direction
so that the incident beam is parallel to the pattern. This minimizes obscuring effects
from the pattern structure and enables detailed analysis of both peaks and valleys.
Subsequently, the raw data were processed using X"pert HighScore software (version
5.1)[180], which included correction of the baseline and identification of the peaks for

database comparison.

3.3.2.3 Scanning Transmission Electron Microscopy

Scanning Transmission Electron Microscopy (STEM) combined with Energy-
Dispersive X-ray Spectroscopy (STEM-EDS) provides a highly effective method for
nanoscale imaging and elemental analysis. The analysis was performed on a JEOL

ARM 200F equipped with two Cs correctors to analyze and map the chemical
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composition through elemental profiling. The sample preparation is described in

section 3.3.1.4.

Furthermore, the microstructure of the modified area was characterized through
electron diffraction imaging using Transmission Electron Microscopy (TEM). Selected
Area Electron Diffraction (SAED) patterns were acquired and subsequently matched

with corresponding interplanar spacing (d-spacing) values.

3.3.2.4 Atom Probe Tomography
Investigation of the surface and subsurface modifications was carried out using atom
probe tomography (APT). This method is capable of 3D imaging and measurements

of chemical composition at the atomic scale[178].

A LEAP 3000X HR (CAMECA) was used for this analysis. Regions containing oxides
were examined using laser-pulsed mode, while subsurface composition analysis was
conducted using voltage-pulsed mode. All the measurements were conducted at
approximately 60 K, with a repetition rate of 100-200 kHz, a pressure below 1.33 x 10
Pa, and an evaporation rate of 2-5 atoms per 1000 pulses. The laser-pulsed mode was
performed with pulse energies ranging from 0.5-0.6 nJ, while voltage-pulsed mode

was performed using a 20% pulse fraction.

Data reconstruction and analysis were completed using IVAS3.6.8 (CAMECA)
software. The composition calculations employed a peak decomposition algorithm,
which separates overlapping peaks built on natural isotopic ratios. In this case, a key
overlap of O:"! and Zn* peaks appears at 32 [Da] in the mass-to-charge spectrum,

making it difficult to generate concentration profiles across the oxides.

3.3.2.5 X-ray Photon Spectroscopy

An analysis of the surface distribution of oxide phases was performed using X-ray
Photoelectron Spectroscopy (XPS) combined with Ar*-ion etching. This approach
enables differentiation between the chemical states of elements present on the surface,
allowing highly surface-sensitive analysis of oxides. By irradiating the sample with X-

rays, XPS detects the kinetic energy of photoelectrons emitted from the sample surface,
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providing detailed information on surface composition, oxidation states, and chemical
environments. This technique is particularly valuable for studying materials,

corrosion, catalysis, and surface modifications[181].

In this study, XPS, Vacuum Generators ESCA MKII, with a nonmonochromatic Al-Ka
radiation, Aw = 1486.6 eV, and normal emission was utilized. Data analysis was

performed as explained in Miiller et al. (2020)[31].

3.3.2.6 Raman Spectroscopy

Raman spectroscopy works by detecting the energy shifts in light scattered from a laser
as it interacts with a sample’s molecular vibrations, creating a unique spectrum that
reveals molecular composition and structure. This technique is particularly useful for
oxide analysis, as it can identify specific oxide phases, oxidation states, and surface
composition with minimal sample preparation[182]. The study utilizes a Horiba Jobin,

HRLab with a 532 nm laser.

3.3.2.7 Scanning Tunnel Microscopy and Spectroscopy
In this study, Scanning Tunneling Microscopy and Spectroscopy (STM/STS, using a
VT-STM by Scienta Omicron) was employed to investigate the spatial distribution of

the metal and oxide phases on brass samples.

3.3.2.8 HR-SIMS

A secondary ion mass spectrometer (SIMS) integrated with a Zeiss Orion NanoFab
Helium Ion Microscope (HIM) system was used to perform surface chemical analysis.
Initially, SE images were captured at a resolution of 2048 x 2048 pixels using 25 keV
He* ions, a beam current of 4 pA, a dwell time of 10 us per pixel, and an average of
four scan lines. Following this, SIMS imaging was performed at 512 x 512 pixels with
25 keV Ne* ions, 5 pA current, and a dwell time of 2 ms per pixel, resulting in
approximately 8 minutes per image. Key regions of interest (ROIs) were identified,
including areas with line-like and honeycomb features on copper-nickel alloys, both
in the presence and absence of bacterial cells. Sequential acquisition of SE and SIMS

images from the same ROI enabled a direct correlation between surface morphology
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and chemical composition. SIMS was operated in dynamic mode, involving
continuous ion bombardment, which offered high spatial resolution (better than 15
nm) and exceptional sensitivity for elemental analysis. This approach was particularly
effective in revealing nanoscale chemical patterns on laser treated surfaces and

assessing copper uptake at bacterial contact sites.
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4. Overview

To address the research objectives, a series of studies was conducted across different
copper-based alloys, including brass[183,184], bronze[185], and copper-nickel

alloys[186,187], each investigated in a specific set of publications.
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Figure 10: An overview of antibacterial properties of copper-based alloys (Cu > 60 wt-
%) structured by USP-DLIP. 1) Microscale structures, line-like and honeycomb
patterns, were fabricated to match the dimensions of a single E. coli cell. 2) Surface
properties including topography, chemistry, and wettability were evaluated. USP-
DLIP enabled precise micro-nanoscale structuring across materials, influencing oxide
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formation enriched with alloy elements and resulting in a hydrophobic surface nature.
3) Line-like structures demonstrated enhanced antibacterial activity, especially in
alloys with higher copper content.

Brass was investigated in Publications I[183] and II[184], bronze in Publication
III[185], and copper-nickel alloys in Publications IV[187] and V[186]. Each study
targeted distinct aspects of surface engineering, including chemical composition,
oxidation behavior, laser fluence, and surface structure geometry, encompassing line-
like and point-honeycomb patterns. Together, these studies form a coherent
investigation linking alloy design, laser structuring, surface chemistry, and

antibacterial behavior.

The initial objective was the fabrication of periodic microscale-structures via USP-
DLIP, which was successfully achieved across all studied alloys. A key part was
understanding how alloy composition influences laser-material interaction, and for
that a combination of complementary characterization techniques was employed.
SEM, GI-XRD, and Raman spectroscopy were consistently used to investigate surface
topography, phase formation, and oxide evolution. For brass, Publications I and II
turther utilized STEM-EDS, APT, and XPS to investigate chemical changes at the
nanoscale, revealing modifications that had previously been considered negligible but

proved critical for interpreting antibacterial behavior.

The influence of alloy composition on laser structuring emerged as a key factor in
determining surface outcomes. For brass, variations in zinc content between 37 wt-%
and 15 wt-% were explored, while copper-nickel alloys were studied with nickel
contents of 10 wt-% and 30 wt-%. These studies demonstrated that the alloying element
significantly affects laser-material interaction. While copper content above 60 wt-% is
typically required by international standards, post-laser surface compositions
deviated from this threshold, depending on alloying elements and phase
transformations. Zinc-containing alloys require careful composition control to avoid
phase transformations, whereas copper-nickel alloys, despite the presence of fully

soluble phases, show a complex laser material interaction under laser irradiation.
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Laser parameters also strongly influenced the topography of the surfaces and thereby
impacted the antibacterial performance. In Publication III, bronze surfaces were
systematically studied with varying laser fluences, demonstrating that changes in laser
parameters modify the depth and width of surface features. The effect of topographical
variation was tested against bacterial interaction, and it showed a good compatibility

between the structure dimension and bacterial cell dimension.

A major chemical modification induced by USP-DLIP is the formation of oxides,
which typically enriches the surface in the alloying element while reducing copper
content. Citric acid post-treatment (5%) demonstrated that oxide-induced effects were
reversible for copper alloys with lower alloying-element contents (CuZn15, bronze,
and CuNil0), but less so for alloys with higher contents (CuZn37 and CuNi30).
Publications IV revealed that annealing promoted stable cuprous oxide formation in
copper—nickel alloys with lower copper content, which improved antibacterial
activity. In contrast, in Publication V, oxide formation during laser structuring
consistently diminished antibacterial performance, underscoring the complexity of

processing—chemistry—function relationships.

Antibacterial performance testing provided initial insights into bacterial-substrate
interactions. Overall, the laser-structured and citric-acid-etched alloy surfaces
exhibited stronger bactericidal activity than the laser-structured surfaces alone.
Publications II, III, and V revealed the first observations of bacterial-substrate
interactions. Publications I and II employed ICP-MS to quantify copper ion release,
whereas Publication V utilized HR-SIMS, which offered the first indication of copper
ions within the bacterial cell wall. Another critical aspect explored was the
compatibility of surface structure dimensions with bacterial size, observed across all
laser-structured samples but studied in detail in Publications III and V. These studies
demonstrated that the width of valleys is particularly important in governing bacterial
adhesion. Publication V introduced honeycomb three-dimensional structures
intended to isolate bacteria; however, the results indicated that line-like structures

provided superior antibacterial performance against E. coli.
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Collectively, the results of Publications I-V demonstrate that microscale surface
structuring, combined with alloy composition, laser parameters, and surface
chemistry, plays an important role in governing antibacterial activity, and contributes
to the development of copper-based antimicrobial materials suitable for real-world
applications. Publication I investigated the effect of zinc content on laser structuring
and nanoscale chemical modifications in brass, while Publication II optimized brass
surface structures and demonstrated the reversibility of oxide-induced modifications.
Publication III extended these findings to bronze, highlighting the role of laser
parameters on surface topography and the resulting effects on bacterial adhesion.
Publications I'V and V explored copper-nickel alloys, with Publication V highlighting
the role of nickel content and structural design in bacterial interaction. Together, these
studies provide a systematic framework for engineering copper-based surfaces with
controlled structural and chemical properties that enhance antibacterial functionality,

thereby bridging fundamental material design with practical applications.
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5. Included Publications

o Publication I:
This study demonstrated that USP-DLIP can fabricate periodic, line-like
microscale structures on brass substrates ( 37 wt -% Zn), with periodicities (~3
um) matching the size of E. coli cells. In this case, laser treatment not only
changed surface topography but also induced localized chemical alterations
within the heat-affected zone (HAZ). Consequently, a phase transformation
from a- to B-brass and to oxide formation is observed, which resulted in
increased zinc and decreased copper content on the superficial layer.
Consequently, the antibacterial activity of the structured brass surfaces
decreased, suggesting that both topography and laser-induced chemical

modifications collectively contribute to bacterial inactivation.

o Publication II:
Building on the findings from Publication I, this study evaluated the impact of
zinc content (15 wt-% zinc) in brass alloys on the effectiveness of laser-induced
antibacterial surfaces. The results revealed that even modest variations in zinc
concentration affected the post-laser surface chemistry, particularly in HAZ,
which in turn influenced bacterial interaction and survival. The work confirmed
that low zinc content can significantly improve the antibacterial activity,
highlighting the importance of alloy selection and surface composition in

functional design.

o Publication III:
This study focused on surface modification of tin-alloyed bronze surfaces, For
that purpose, laser pulse fluence/pulse energy is optimized to produce diverse
but consistent 3 um periodic patterns matching the size of individual E. coli

cells. The structured bronze surfaces were then evaluated for antibacterial
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efficiency and wetting behavior, given the influence of wettability on bacterial
adhesion. Findings indicated that the most effective surfaces were fabricated
with moderate laser fluences, as these balanced structural integrity with
biological activity. The results highlighted the need for parameter tuning to
achieve a reproducible topography and showed that surface hydrophobicity

influenced bacterial retention, but the compositional effects were dominant.

o Publication IV:
This collaborative publication examined the role of surface oxidation on Cu-Ni
alloy. The study demonstrated that controlled oxidation was shown to either
enhance or impair antibacterial activity, depending on the alloy composition
Specifically, when the surface copper concentration dropped below 60 wt-%
due to oxidation or high nickel content, antibacterial efficiency declined
significantly. These findings underline that surface copper availability is a key
determinant for the contact-based bacterial killing. Therefore, oxidation
strategies must be carefully managed depending on the alloy to modulate

antibacterial functionality.

o Publication V:
This study investigates surfaces of binary Cu-Ni alloys (10 and 30 wt-% Ni)
structured with two distinct geometries: periodic line-like and honeycomb
structures. Results show that line-like structures had a better antibacterial
activity then the honeycomb. However, 30 wt-% Ni alloys exhibited reduced
antibacterial activity across both pattern types compared with the non-
structured surfaces, due to copper depletion at the surface. A significant
enhancement in antibacterial activity was observed only for the 10 wt-% Ni
alloys, correlating with preserved surface copper levels above 60 wt-%. This
suggests that both copper concentration and structure geometry are critical to

maximizing antibacterial performance.
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a crucial challenge for human health. One potential solution to this Zn-0 o
problem is the use of antibacterial surfaces, i.e., copper and copper ™
alloys. This study investigates the antibacterial properties of brass \)j/(\'o

that underwent topographic surface functionalization via ultrashort o ov©
pulsed direct laser interference patterning. Periodic line-like P
patterns in the scale range of single bacterial cells were created Zn0 oY
on brass with a 37% zinc content to enhance the contact area for cuo  Cuzn
rod-shaped Escherichia coli (E. coli). Although the topography 20 m.

facilitates attachment of bacteria to the surface, reduced killing
rates for E. coli are observed. In parallel, a high-resolution
methodical approach was employed to explore the impact of laser-induced topographical and chemical modifications on the
antibacterial properties. The findings reveal the underlying role of the chemical modification concerning the antimicrobial efficiency
of the Cu-based alloy within the superficial layers of a few hundred nanometers. Overall, this study provides valuable insight into the
effect of alloy composition on targeted laser processing for antimicrobial Cu-surfaces, which facilitates the thorough development
and optimization of the process concerning antimicrobial applications.
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1. INTRODUCTION

Rapidly increasing infectious diseases remain a major social

problem, and the threat of antibiotic resistance is a significant
1 : .

concern. However, alternative strategies such as the use of

nanoscale. DLIP in combination with ultrashort pulse (USP)
durations has proven to provide attainable precise nanostruc-
tures.''~"” This is attributed to the curtailed melting zone by
the virtue of shorter pulse durations.'* As whole, the scope of

antimicrobial surfaces offer a promising solution to effectively DLIP application is defined remarkably wide includin

- . 24 functions such as tribology,””™"" electrical conductivity,'

inhibit the growth and spread of harmful microorganisms. antibacterial broperties ' ; nd wettability 202! Moreov,e .

Inspired by nature’s morphological blueprints, researchers are . .P p R Y Y
various materials ranging from metals to polymers, depending

. . . on the application, have been modified via laser technol-
The nanopillars on cicada wings 39-26

ogy.

constantly investigatin§ new techniques to harness their
beneficial properties.”*>*°

are a primary example of a naturally occurring antibacterial
effect owing to the surface structures.’ On the contrary, the
hydrophobic behavior of the Lotus leaf is a result of micro- and
nanostructures as well as their surface chemistry, which gives
them a self-cleaning function.”

A variety of techniques have been developed for the
functionalization of surfaces to alter their characteristics.
These include chemical or/and topographical alterations
realized via methods like nanoparticle fabrication, micro- and
nanostructuring, and creating photocatalytic surfaces.”"’
Direct laser interference patterning (DLIP) technology'® has
been utilized for over a decade to modify surfaces down to the
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Metals like copper, copper alloys, cadmium, and silver have
been the focus of investigation for their naturally occurring
antibacterial properties.”"***"~** Moreover, metal oxides like
zinc oxide and titanium oxide, which show antibacterial
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activities upon exposure to ultraviolet light, are also being
investigated.”’" In the case of pure copper, surface
modification via ultrashort pulsed direct laser interference
patterning (USP-DLIP) was shown to further improve the
already pronounced inherent antibacterial properties.””"**
This involves an increased Cu-sensitivity alongside improved
bacterial contact conditions.” The antimicrobial effect of Cu
surface is directly related to the quantitative release of
cytotoxic Cu-ions, which are known to deteriorate both
bacteria and viruses by several modes of action, e.g, targeting
the cell wall, proteins, and DNA.>"% Here, the presence of
copper oxides can impact the antibacterial properties: excessive
cupric oxide (CuO) was shown to reduce antibacterial
efficiency, whereas, for predominant cuprous oxide (Cu,O)
composition, it is improved."’4

Despite the advantageous antibacterial properties of copper,
its limited mechanical properties, including low hardness and
strength yield, restrict its widespread use, e.g., as antibacterial
surfaces in public and private infrastructure to prevent the
transmission of harmful microorganisms. In this case, alloying
represents a powerful approach to optimize the properties
according to the desired application.

For this study, a commercially available copper alloy with
37% zinc content (brass, CuZn37) is chosen. The zinc in brass
adds to the hardness and durability of the material.>” The aim
is to use USP-DLIP to fabricate periodic line-like structures in
the scale range of single bacteria cells, first to understand the
laser-material interaction and second to test the impact of
USP-DLIP processing on antibacterial efficiency. Various
characterization methods are employed to determine the effect
of the alloying on the degree of surface modification, which
include scanning electron microscopy (SEM), high-resolution
grazing incidence X-ray diffraction (GI-XRD), scanning
transmission electron microscopy along with energy-dispersive
X-rays spectroscopy (STEM-EDS), atom probe tomography
(APT), electron diffraction (selected area electron diffraction,
SAED, or fast Fourier transform image, FFT) via transmission
electron microscopy (TEM), X-ray photoelectron spectrosco-
py (XPS), scanning tunnel microscopy and spectroscopy
(STM and STS), and Raman spectroscopy. The structured
surfaces are then tested for their antibacterial activity against
Escherichia coli (E. coli) WT K12 (BW25113) to understand
the correlation with surface modifications achieved via USP-
DLIP.

2. MATERIALS AND METHODS

2.1. Materials and Preparation. The commercially available
brass with 37 wt.-% zinc (M37; Wieland), CuZn37, was chosen for
this work. It should be noted that, for Cu-Zn alloys, the composition
given in wt.-% differs only marginally from the composition given in
at.-%. Additionally, 99.95% pure copper (Wieland) and stainless steel
(Brio) were utilized as references. The samples were acquired in the
form of a sheet with a thickness of 1 mm and were then cut to a
dimension of approx. 25 X 10 mm* Since a smooth initial surface
topography is required for the subsequent laser process, the sample
surfaces were prepared metallographically. Prior to that, microhard-
ness of brass was measured with a Struers Dura Scan 50
microhardness tester, which is required to determine the polishing
parameters, as the high copper content in the samples can present a
challenge during preparation due to its softness. The Vickers hardness
(HV 0.1) value for CuZn37 was recorded at 107 + 9. This value is
almost double that of pure copper, yet low compared to steel. For that
reason and to avoid any big deformations, the process was started
with fine grinding. First, SiC paper with a grain size of 15 pm was
utilized on a manual Tegrapol system (Struers) to remove the

uppermost layer of deformations. Next, the surfaces were polished
with an automated TegraPol system (Struers) to finally obtain a
mirror-quality finish. This was executed in a total of three steps, i.e., 6,
3, and 1 ym grain sizes, each using the respective all-in-one diamond
solutions (Struers).

2.2. Ultrashort Pulsed Direct Laser Interference Patterning
(USP-DLIP). USP-DLIP technology was utilized to produce line-like
structures with a periodicity of 3 pum on the brass surface. For the
surface modification, a Ti:sapphire Spitfire laser system (Spectra
Physics) with ultrashort laser pulses (pulse duration of ¢, = 100 fs, full
width at half maximum—FWHM) was utilized. The centered
wavelength 4 was 800 nm. The optical setup was chosen as described
by Miiller et al.*® The setup consists of a beam diameter aperture,
wave plate, diffractive optical element (DOE), mask, and focusing lens
system with a 100 mm focal length. First, the laser beam passes
through an aperture, which adjusts the beam diameter and transforms
the intensity profile from Gaussian to near Top Hat shape. The beam
is then forwarded to a wave plate that changes the polarization angle
of the beam perpendicular to the orientation of fabricated patterns.
Subsequently, the DOE splits the beam into two coherent partial
beams. These are then diverted by a lens to finally interfere on the
sample surface. These create maxima and minima of intensities in the
focal spot leading to the formation of line-like periodic structures via
ablative processes. Looking at the superimposed profile in cross-
section, a wave-like intensity distribution profile with broad valleys
and narrow peaks emerges as described by Miiller et al.’® The
periodicity of these line-like structures is linked to the incident angle
of single laser beam on the sample surface. This interference setup
hereby is similar to the Fresnel mirror setup,® which describes the
periodicity p according to eq 1.

A
p_ZXtana (1)

where 4 is the wavelength of a laser beam and a is the incident angle
of a single partial beam. As the surface is irradiated with a laser beam,
the energy is first absorbed by the electrons and then transferred onto
the lattice until a thermal equilibrium is achieved.'® The electron-
lattice relaxation time hereby is in the range of a few picoseconds,40
whereby the laser material interaction within and below this range is
described involving a two-temperature model.*'™* In the case of
femtosecond pulses, the relaxation time is considerably longer than
the pulse duration. Therefore, it is highly improbable to realize a
thermal equilibrium in the lattice. As a result, a direct solid to vapor/
plasma phase transformation is observed, instead.** Depending on the
applied fluence regime, very thin melting depths are expected
alongside ablation via spallation or phase explosion.'”* Due to
averted thermal diffusion within this time scale, very high temper-
atures and pressure are experienced in the thermal response of
irradiated matter. This results in thermal and mechanical lattice
distortion of the material. Due to which, the uppermost surface
undergoes topographical as well as chemical modifications. This
includes remelting, rapid solidification, and redeposition of the
previously ablated matter in the shape of oxidic particles.”” In this
work, a total of 24 samples were structured. Twelve of the laser
structured samples were then etched to remove the process-induced
oxides. For that purpose, samples were emerged in 5% citric acid, then
placed in an ultrasonic bath for 2 min, and finally cleaned with
ethanol. For any further experiments, the samples were aged at least
for three weeks to ensure stable and reproducible wettability
conditions.’

2.3. Surface Characterization. The topography of the samples
was observed with confocal laser scanning microscopy (CLSM, LEXT
OLS4100 3D Measuring Laser Microscope by Olympus). A
quantitative phase analysis was performed via high-resolution grazing
incidence X-ray diffraction (GI-XRD, Cu K, source with a wavelength
of 1.54 A at a 1° grazing angle, PANalytical X’Pert PRO-MPD).

Scanning electron microscopy (SEM, Helios NanoLab 600, FEI)
was used to acquire images in secondary electron contrast mode. An
acceleration voltage of S kV at a current of 1.4 nA was applied, and
the sample was tilted at 45° to improve visualization of topographic
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pattern features. Subsequently, cross-sections of the line-like
structures were examined by the means of SEM/FIB (Focused Ion
Beam) Lamellas (perpendicular to the lines) that have been prepared
on the sample surface before lift out and mounting on a TEM-grit for
further ion-beam thinning to reach e-beam transparency. These are
analyzed via scanning transmission electron microscopy (STEM) also
including energy-dispersive X-ray spectroscopy (STEM-EDS, JEOL
ARM 200F equipped with two Cs correctors) to determine the
chemical composition via mapping and profiling. This characterization
was further supplemented by the electron diffraction imaging via
transmission electron microscopy.

The surface and subsurface effects of modification were
characterized by atom probe tomography (APT). This was
accomplished in a LEAP 3000X HR (CAMECA) with laser-pulsed
mode for the regions with oxides and voltage-pulsed mode for the
subsurface composition. All APT measurements were performed at a
temperature of about 60 K, a repetition rate of 100—200 kHz,
pressure lower than 1.33 X 107® Pa, and an evaporation rate of 2—5
atoms per 1000 pulses. Laser pulsed APT was carried out with a pulse
energy of 0.5—0.6 nJ; and voltage measurements with 20% pulse
fraction. The reconstruction and analysis of the datasets was done
with the commercial software IVAS3.6.8 (CAMECA). Compositions
were calculated by applying a peak decomposition algorithm included
in the analysis software. As the name explains, this algorithm
decomposes overlapping peaks based on the natural isotopic ratios. In
the present case, the most important overlap occurs in the mass-to-
charge spectrum at 32 [Da] due to the overlap of the most abundant
peaks of O,™" and Zn*™%. Due to this overlap, it is not possible to
construct concentration profiles across the different oxides in the
reconstructions. APT specimens were prepared in a FIB/SEM dual-
beam workstation (Helios NanoLab 600, FEI) by the lift-out
technique described by Thompson et al.*® The analyzed surface was
covered by a chromium capping deposited by physical vapor
deposition (PVD) to ensure the preservation of the region of interest.
After lift-out and thinning of the specimens, a low-energy milling at 2
kV was performed to minimize gallium-induced damage.

Additionally, scanning tunneling microscopy and spectroscopy
(STM/STS, VT-STM by Scienta Omicron) was utilized to further
map the surface topography and investigate the electronic structure of
the surface. Finally, the oxide characterization was done with Raman
spectroscopy (Horiba Jobin, HRLab with a 532 nm laser) as well as
X-ray photoelectron spectroscopy (XPS, Vacuum Generators ESCA
MKII, nonmonochromatic Al-K,, radiation, i@ = 1486.6 eV, normal
emission, data analysis according to ref 22).

2.4. Wet Plating. The antibacterial activity of brass surfaces was
tested via the wet plating method.”” Bacteria of the strain E. coli WT
K12 (BW25113) were implemented in the wet plating and were
stored at 4 °C. The bacteria culture preparation was performed as
described by Miiller et al. and Luo et al.”* The strain was grown
overnight aerobically in a Lysogeny broth (LB) medium at 37 °C in a
water bath with a speed of 220 rpm. The next day, the bacterial
culture was taken out and centrifuged at 5000Xg to separate the
stationary cells. The centrifugation process was repeated three times
with phosphate-buffered saline (PBS) using the same parameters.
Finally, the stationary cells were resuspended in PBS to prepare the
bacterial suspension. The bacterial suspension (40 yL) was applied on
the tested surfaces in the shape of a droplet. The region of contact was
defined by a polyvinyl chloride (PVC) ring.” The test was conducted
in an environment of saturated humidity at room temperature for a
duration of 30, 60, and 120 min. At the end of each respective time,
two samples of 5 uL of the suspension were retreated from the droplet
after repetitive pipetting. The first was then serially diluted in PBS and
finally spread on LB agar plates. The plates were stored in an
incubator at 37 °C for 24 h. Finally, the surviving colony-forming
units (CFU) were counted to enumerate the viable bacteria of the
sampled suspension. As a first reference, the original CFU/mL value
of the suspension was chosen. As further references, mirror-polished
surfaces of pure copper and stainless steel were tested simultaneously.
The second 5 uL of droplet was diluted in to 600-fold of 0.1% HNO;
to determine the Cu-ion release during the exposure time, which is

measured with inductively coupled plasma mass spectrometry (ICP-
MS, Agilent 8900 ICP-QQQ).

2.4.1. Solution Information. Phosphate-buffered saline (PBS) was
prepared using NaH,PO, 1H,0 (Merck, Germany, final concen-
tration 0.01 M), NaCl (VWR, Germany, final concentration 0.14 M),
and pure water for analysis, and its pH value was adjusted to 7.4 by
adding NaOH. It was autoclaved after preparation for sterilization.

3. RESULTS AND DISCUSSION

3.1. Topography of the USP-DLIP Structures. Line-like
structures with the periodicity of 3 ym were fabricated on
CuZn37 using a fluence of 0.98 J/ cm? with a total number of 9
pulses (N = 9). According to CLSM measurements, the aimed
periodicity of 3.0 + 0.1 ym and a depth of 1.30 + 0.14 ym
were achieved. Figure la shows the surface after laser

Figure 1. SEM-topography: the 3 ym periodic line-like structure with
USP-DLIP on CuZn37 (a) as-processed and (b) after etching with
citric acid (the images were obtained at a tilt angle of 45°).

treatment also referred to as the as-processed samples. As
expected, the SEM micrographs exhibit line-like surface
patterns comprising of narrow peaks and broad valleys.

The aim here is to allow the bacteria to settle well within the
valleys and have contact area to the substrate regardless of the
direction of placement. Furthermore, the deep valleys provide
additional contact for the bacteria that accumulate on the
monolayer, and overall, a larger contact area is achieved. Apart
from that, a layer of flake-like substructures is observed that
indicates the formation of oxides consequent to laser
processing, as also shown by Miiller et al.” The presence of
oxides plays a vital role in altering the crucial parameters of
antibacterial properties, i.e., Cu-ion release on contact and the
adhesion of bacteria. First, depending on the oxidation state of
pure copper, the release of Cu-ions is affected.* And second,
the adhesion of bacterial droplets is impaired by the reduced
wettability due to the topographical construct of the oxides but
also due to the accumulation of carbon species during the
aging process, i.e., carbon oxides, hydrocarbons, etc.

In the case of pure copper, it has been demonstrated that
removing this layer can further alter the antibacterial efficacy.”
To examine the effect of oxidation on brass, the structured
samples were etched with citric acid to remove the possible
oxides. Figure 1b shows an efficient removal of the
substructures, making the surface morphology underneath
more visible. As a result, the attention is drawn toward the
actual geometry of the fabricated structures with a peak-valley
ratio of 1:2.3 and, hence, a 2.3-fold increase in the actual
surface area. Likewise, the concave shape of valleys is revealed,
which provides favorable conditions for bacteria to settle in the
valley. The SEM micrographs also show nanoroughness along
the lines suggesting melting and redeposition together with the
ablation. Ablation occurs as a result of locally high confined
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stresses in the surface, which are produced via high
temperature during laser irradiation.***’ The observed surface
morphology points toward ablation predominantly in the
phase explosion regime involving the ejection of the molten
matter.’® Parallel to ablation, the melted matter also creates
multipulse ripples.”’ Another prominent feature is the small
round nanoparticles mostly on the peaks formed due to the
redeposition of exploded melted particles.”*® These further
add to the depth of the crater. Overall, the morphology of the
structures corresponds to the ones in previous studies.””

3.2. Morphological and Chemical Surface Modifica-
tion. Lamellas were lifted out perpendicular to the line-like
structures (see Figure S1 in the Supporting Information) from
both structured samples and analyzed with STEM-EDS. The
same procedure was repeated with numerous measurements of
peaks and valleys of the structures to achieve the results (see
Figure 2a,b).

CuZn37 as processed CuZn37 etched

Substrate Lidk 4 Substrate Substrate

Figure 2. STEM high-angle annular dark field images of CuZn37
lamellas displaying the cross section of the peaks from: (a, b) as-
processed and (c) etched with EDS-line scan (points on the arrow) as
well as individual scan points.

The high-angle annular dark field-TEM images in Figure 2
reveal the nanoscale surface morphology of the surface with
clear redeposition of the molten matter on the peaks. Since the
fabrication is done via a multipulse laser irradiation, the
multiple piling of redeposited matter is observed,”* which, in
this case, leads to the formation of pores within the layers as
shown in Figure 2.

The results of EDS line scans for the as-processed sample
(Table 1) show a drastic modification of the chemical
composition for CuZn37 approx. 250 nm from the surface,
which also includes the layers of the redeposited matter. The
uppermost scan point of the line scan on position 1 (see Figure
2a and Table 1) shows that the surface has a reduced amount
of copper (approx. 41 at.-%) in comparison to the bulk. On the
contrary, zinc (39 at.-%) and oxygen (up to ~20 at.-%) are
detected in abundance, which suggests the formation of oxide-
rich regions. At the same time, the Cu-Zn ratio of 2:3
(excluding oxygen) was recorded at a few points that suggest
the diffusion of zinc toward the outer surface. It can be
explained by the exceptionally high thermal energy as well as
the kinetic energy in the near surface range caused by laser
irradiation, which enables the diffusion of copper and zinc
atoms in the subsurface. This indicates the occurrence of the
Kirkendall effect.”® Concurrently, additional mobility for the
atoms can be anticipated in the redeposited matter during
remelting, which is experienced due to the multipulse laser
irradiation.

The results on position 2 (see Figure 2b), however, exhibit a
nongradual alteration of the Cu-Zn-O ratio from the bulk to
the surface. For that reason, few point scans were carried out

Table 1. STEM-EDS Results of CuZn37“

at.-%
sample distance from the surface [nm] Cu Zn (¢)
as-processed pos. 1 line scan 422 6.1 353 2.6

314 63.1 35.2 1.8
260 52.8 374 9.8
206 50.4 37.1 12.5
179 41.0 39.4 19.6

P1 125 529 43.7 3.4
P2 102 59.5 36.9 3.6
P3 23 52.1 42.1 5.8
pos. 2 P4 90 53.1 42.2 4.7
PS NY 52.0 41.2 6.8
P6 15 34.8 59.8 5.4
at.-%

sample  distance from the surface [nm] Cu Zn (0]
etched 606 63.4 343 2.3
505 64.3 35.0 0.7
404 63.7 33.6 2.7
303 62.1 35.1 2.8
202 61.3 36.4 2.3
101 58.6 37.0 4.4
10 44.4 39.2 16.4

“This includes the line scan and point scans (P1—6) from Figure 2a,b
on the as-processed and line scan from Figure 2c on the etched
sample.

on both positions to investigate the discrepancies. Table 1
contains the results of point scans on position 1 (P1—3) and
position 2 (P4—6) confirming varying distribution ratios in the
modified surface area. Here, few points with lower oxygen at.-
% have a Cu-Zn ratio that corresponds to the stoichiometry of
the /3 phase of brass.”>"’

After etching, the uppermost layer still has increased
amounts of zinc and oxygen (see Figure 2c and Table 1).
However, the chemical modification is only observed for ~100
nm from the surface. Furthermore, the variation of the Cu-Zn
ratio for points with less oxygen is not that significant. Overall,
the total variation of chemical composition after etching
suggests that a layer consisting of the zinc-rich phase with
oxidic components was removed. This indicates that the
uppermost surface consists mostly of zinc richer oxide areas, as
it also agrees with the oxidation prone nature of zinc in
comparison to copper.”® The varying distribution ratios
recorded for the modified area are further investigated in the
next sections.

3.3. Determination of Local Elemental Distribution.
APT is utilized to investigate the three-dimensional local
distribution of elements in CuZn37 as-processed. Specimens
from the peak and valley of the line-like structures were
prepared and analyzed. The volumes reconstructed have a
diameter of ~30 nm and a depth between 20 and 50 nm and
give an image of the surface oxidation of the sample.

The results confirm an inhomogeneous distribution of Zn,
Cu, and O. All specimens depicting the oxidized surface show
two regions with distinctive compositions. To determine the
composition of each of these regions, the atoms corresponding
to each of them were selected by the construction of iso-
concentration surfaces for Zn and Cu and exporting the atoms
inside (see Figure 3, Table 2).° In all cases, the iso-
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Figure 3. Atom probe tomography (APT) reconstructions of the oxidized surface in sample CuZn37 as-processed [iso-concentration values for
gray surfaces 55—S57 at.-% Zn and for orange surfaces 20—33 at.-% Cu depending on the composition of the Cu-Zn-O region]. (a—c) Peak and (d)
valley of the line-like structure with their respective chemical composition in Table 2.

concentration values were chosen so that they enveloped
intertwined volumes rich in Zn and rich in Cu separately.
Figure 3 shows four APT reconstructions giving an overview
of the oxides’ distribution. Besides the superficial measure-
ments shown in Figure 3, two extra measurements were
performed below the oxidized layer to measure the subsurface
composition. Table 2 summarizes the composition of each of
the oxidized regions in Figure 3 and the subsurface region.
The Zn-rich oxide (gray in Figure 3) shows a stoichiometry
near ZnO with Zn:O ratios ranging from 1 to 1.3 and a low
concentration of Cu of 2—5 at.-%. On the other side, the
complementary regions (orange in Figure 3) show varying
contents of the three elements Cu-Zn-O. Similar chemical
compositions were also detected using STEM-EDS on
CuZn37 as-processed (see Table 1). These compositions
indicate the formation of a Cu-Zn-O transitional region. Two
recent papers’”' discuss the formation of Cu-Zn-O nano-

Table 2. APT Results of CuZn37 As-Processed

at.-%
position Figure 3 Cu Zn O
peak a 52 =+01 540 £ 02 40.8 + 0.1
549 + 0.3 343 +£ 03 10.8 + 0.1
peak b 64 + 0.1 46.1 + 0.3 474 + 0.1
50.6 + 0.2 19.8 + 0.2 29.6 + 0.1
peak c 49 + 0.1 49.7 £ 03 454 £ 0.1
33.8 + 0.6 43.0 £ 0.8 233+ 03
valley d 2.8 +02 52.5+ 0.6 446 + 0.1
36.4 + 0.5 35.5 £ 04 28.1 £ 0.1
subsurface 583 £ 0.1 412 + 0.1 0.6 + 0.1
559 £ 02 42.6 £ 02 1.6 £ 0.1

particles and layers with varying compositions and discuss the
diffusion of Cu atoms upon annealing. In this work, high
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temperature and stress are induced on the sample surface by
USP-DLIP, followed by a rapid cooling that promotes the
formation of metastable phases alongside crystallographic
defects.

The results show the diffusion of elements along with
ablation and redeposition through laser irradiation. The
subsequent chemical modification at subsurface levels indicates
that the thermal diffusion length is greater than the ablation
depth in the valley. Moreover, there is an absorption of certain
amounts of laser energy on the peaks. Although these regions
are exposed to the minima of the interference modulated
intensity profile, the absorption cannot be entirely excluded.
This indicates that a nanoscale heat-affected zone (HAZ) is
given due to residual thermal energy. This energy is sufficient
to increase the mobility of elements, which presumably leads to
oxygen penetration to a depth of a few hundred nanometers
and forms the Cu-Zn-O regions. Moreover, the redeposited
matter is also exposed to the residual thermal energy due to
multipulse laser irradiation. This leads to high kinetic energy”*
exposing the redeposited matter to additional oxygen diffusion.
Parallel to that, outward diffusion of Zn from this region can be
anticipated, which is supported by the Kirkendall effect’ as
well as the oxide prone nature of zinc. Therefore, the formation
of Zn-rich oxide phase is observed. It should also be noted that,
in a thermodynamically stable state, the whole diffusion should
lead to the formation of stable segregated phases. However, in
this case, the pulse duration is ultrashort. Therefore, a rapid
cooling of the surface most probably hinders the formation of
stable phases. Hence, the occurrence of metastable Cu-Zn-O
transitional regions is observed. The discrepancies recorded in
the Cu-Zn-O ratio of these regions are probably due to
variations in the amount of oxygen that diffuses into the HAZ
as well as into the redeposited matter. Another factor could be
the kinetic energy of the atoms, which can vary depending on
the energy absorbed in the different regions. All these factors
together affect the diffusion of all elements and hence the
chemical composition.

Furthermore, the subsurface of the valley is analyzed (see
Figure 3) and the recorded chemical compositions confirm the
presence of the intermetallic # phase of brass. This indicates
the formation of the 8 phase most credibly through the rapid
cooling of the a phase in the heat affected zone as well as
redeposited material. All these findings summarized propose
nanoscale segregated regions consisting mainly of the zinc-rich
oxide phase with either insignificant or a lower amount of Cu
suggesting the existence of Zn-O and transitional Cu-Zn-O
regions, respectively. Furthermore, the regions with an
insignificant amount of oxygen suggest the existence of the
intermetallic # phase.

3.4. Microstructural Characterization. The annular dark
field STEM images (Figure 2) show a contrast in the modified
area for both as-processed and etched samples. This suggests
segregation of diverse regions and variation in the micro-
structure due to laser structuring. To investigate this, selected
area electron diffraction (SAED) patterns were taken and
indexed with the corresponding interplanar spacing (d-
spacing) values.

Figure 4 displays the TEM micrographs of CuZn37 as-
processed and its respective electron diffraction patterns. The
first pattern was taken in the bulk area I (Figure 4a), which
corresponds to the a-brass (220) diffraction spot and zone axis
<101>. The respective SAED pattern is typical for a
monocrystalline cubic structure.’” This additionally indicates

110 211
L+

i
222
111
\200 .
4
s i
Cuzn37 - o
as processed

119 002

bS

Figure 4. TEM-electron diffraction and images on CuZn37 as-
processed. (a, ¢, d) SAED patterns taken from panel b. (e, f) HR-
TEM images of the modified area with their respective binned FFT
patterns of a selected area (yellow square).

that the measurement was carried out in a single grain implying
a grain size of larger than 150 nm. However, the next patterns
in the modified area (area II (c) and area III (d)) incorporate
discrete spots revealing a polycrystalline structure,”> which
suggests grains with a smaller size. Here, area II represents f3-
brass (110), (211), and (222) diffraction spots, and area III
represents the Cu,O (111), (200), and (222) diffraction spots.

For a detailed understanding, higher resolution (HR) images
were collected and evaluated with the Gatan software to
acquire the patterns and respective d-spacing values. Figure 4e
shows the result of the bulk region with diffraction spot
correspondent to a-brass. An additional measurement is
carried out in the visually lighter region of the modified
surface (see Figure 4f), and the resulting appearance of the
pattern indicates the presence of a polycrystalline structure.
This pattern can be assigned to the ZnO (002) and (110)
diffraction spots. Next, CuZn37 etched is taken under
observation and similar results are obtained. The respective
SAED patterns (see Figure S2) alongside a detailed discussion
are presented in the Supporting Information. Overall, the
position of a-brass in the bulk and S-brass on the surface
correlates with the depth of modified areas observed with
STEM-EDS analysis for both samples. The HR-TEM micro-
graphs and their respective FFT patterns show mono- and
polycrystalline structures for brass phases suggesting an
inhomogeneous grain size distribution. Moreover, the presence
of Cu,O and ZnO is identified.

Similar results were achieved from all the above character-
ization methods. Besides the topographical surface modifica-
tion, USP-DLIP processing has a localized effect on the
composition of the alloy itself and leads to the occurrence of
the f phase of brass, as suggested by the APT and TEM
analysis. Additionally, the formation of zinc and copper oxide
phases is proposed.

3.5. Phase Analysis with Grazing Incidence X-Ray
Diffraction (GI-XRD). GI-XRD analysis was performed to
identify the phases present on the structured surface, and the
results were simultaneously compared to the polished sample.
Figure 5 illustrates X-ray diffractograms for all CuZn37
samples. The polished surface (black diffractogram) has
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Figure S. GI-XRD phase analyses of CuZn37 samples, i.e., polished (black), as-processed (orange), and etched (green). 20-range: (a) 30°—55°and

(b) 60°—120°.

peaks at 42°, 49°, 72°, 87.4°, 92.4°, and 113°, which can be
attributed to the o phase of brass with 63 wt.-% copper and 37
wt.-% zinc (ICDD: 04-003-2952). Simultaneously, additional
peaks are observed for both CuZn37 structured samples, of
which the peaks at 43.5°, 63°, 78.7°, 95.5°, and 111° can be
assigned to the f phase of brass (LPF: 558003, ICDD: 04-006-
6026). Furthermore, the peaks at 36.3° and 63° can be
allocated to cuprous oxide (Cu,0) (ICDD: 04-007-9767). It is
to be noted that the position at 63° is an overlap of f-brass
(200) at slightly lower and Cu,O (220) at slightly higher 20
values. The remaining additional peaks at 40.5°, 45.4°, and
47.1° are recorded for Cu,O formed under especially high
pressure (ICDD: 00-035-1091),** which are realized during
ultrashort laser irradiation.”® The results indicate a possible
oxidation and validate the formation of an intermetallic phase
during the laser process.

The formation of the intermetallic phase is entirely
dependent on the bulk chemical composition. All the phases
that can exist at various temperatures for any given chemical
composition are shown in the Cu-Zn phase diagram in Figure
S3. It shows that, above 30 + 3 wt.-% of zinc, more than one
phase can exist at various temperatures. At 37 wt.-% of zinc,
the phase likely to form is the f phase in two modulations
depending on the temperature. This is a result of, first, extreme
temperatures achieved via high laser power applied for the
process. Second, due to the ultrashort pulse duration, rapid
cooling of the surface can be anticipated after the laser beam
has interacted with the surface. As a result, the intermetallic
phase is formed, as confirmed by the GI-XRD diffractograms.
At this stage, the complete identification and verification of the
oxide phases present on the surface are still unresolved. The
SEM micrographs suggest a successful removal of flake-like
substructures via etching, but the XRD diffractograms show
cuprous oxide peaks, which remain unaltered even after
etching. This is further analyzed and verified in the following
sections.

3.6. Identification of Oxide Phases on the Superficial
Layer. To develop an understanding of the types of oxides, the
results were complemented by Raman spectroscopy analysis.
Figure 6 illustrates the Raman spectra of CuZn37 samples.
Bands are observed at 61, 73, 83, 92, 147, 206, 473, 520, 572,
and 643 cm™' for CuZn37 as-processed (orange spectra). All
the characteristic bands of ZnO are visible. However, a slight
shift to lower values is noted for E,®¥ (92 cm™) and LO (572
cm™') indicating an increase in the quantity of ZnO-defects.”®
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Figure 6. Raman spectra of CuZn37 as-processed (orange)
represented by the left y-axis and etched (green, right y-axis).

The reason behind the existence of defects is perhaps the
suppression of zinc oxide formation. Even though the
oxidation of zinc is favored over copper, there is a potential
concurrence between both due to the higher copper content.
Besides that, the stress produced at higher temperatures and
limited reaction time, in this case, can inhibit the full and
thermodynamically stable formation of oxides.”® Furthermore,
a weak peak is observed at 473 cm™'. A similar band in the
range 450—500 cm™" has been reported for a zinc-rich zone in
an annealed brass sample with higher zinc content.’” However,
this literature does not provide an exact value or discussion on
the existence of this band. Additionally in the same paper, this
peak is not visible for brass samples with lower zinc content.®”
Since there is very broad band between 300 and 600 cm™" with
a tilted baseline, the weak characteristic bands of ZnO in this
range are most probably suppressed. In addition to that, the
silent and IR-active modes of Cu,O as well as the T,, band are
detected at 516 cm™". These all results confirm the presence of
ZnO and Cu,O after the laser process. In total, the literature
values of all the characteristic bands for the vibrational modes
active in Raman as well as in IR and the silent modes for the
oxides alongside the results of this paper are stated in Table S1
in the Supporting Information.

After etching the CuZn37 surface, the intensity of the band
is reduced significantly, and the baseline appears to be flatter.
Since the intensities of the bands are comparatively higher for
the as-processed sample, CuZn37 etched is represented by the
right y-axis. The reduced intensities can be attributed to the
significant reduction of the intensive LO band of ZnO
indicating a substantial loss of zinc oxide. Additionally, the
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Figure 7. XPS results of CuZn37 with high-resolution spectra of (a, b) Cu 2p, (¢, d) Cu LMM, and (e, f) Zn LMM of as-processed and etched
samples.
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band experiences a shift to a higher value suggesting a decline
in ZnO-defects. Moreover, the band at 473 cm™ is no longer
visible. All the Cu,O bands can still be observed, but now at
lower Raman shifts. The reduction in intensities of the ZnO
and Cu,O bands for the etched sample suggests a lower oxide
amount on the surface in comparison to the as-processed.

The results of Raman spectroscopy validate formation of
cuprous and zinc oxide on the brass surface via laser
processing. However, after etching the sample, partial removal
of zinc oxide is observed.

3.7. Identification of Oxide Phases at Surface and
Subsurface Layer. This section is concerned with the
investigation of the subsurface distribution of oxides via XPS
analyses combined with surface ablation by Ar*-ion etching.
The XPS-based elemental depth profiles suggest an increase in
the zinc and oxygen concentrations on the laser structured
surface. This validates the formation of zinc oxide by laser
processing, which complements the results until now. A
detailed discussion alongside the depth profiles is present in
Figure S4 in the Supporting Information.

Besides C (as resulting from adsorbates), the XPS survey
spectra indicate only the presence of Cu, Zn, and O. Therefore,
XPS detailed spectra were recorded for O 1s, Cu 2p, Zn 2p, Cu
LMM, and Zn LMM to reveal the elemental composition of
the samples as well as the oxidation state of Cu and Zn. To
distinguish Cu, Cu,0, and CuO, both the Cu 2p;, spectra and
the Cu LMM spectra are needed. In the Cu 2p spectra, CuO
can be distinguished from Cu and Cu,O via the chemical shift
to higher binding energies as well as via the characteristic
satellite at higher binding energy.68_72 In the Cu LMM
spectra, Cu can be distinguished from Cu,O and CuO mainly
via the low binding energy (=high kinetic energy) tail of the
L;M,sM,s Auger peak. For ZnO and Zn, the Zn-2p;,, spectra
display no difference. However, the Zn-LMM Auger peaks
display distinct differences in the peak shape as well as in the
peak position.”®”>7*

The Cu 2pj;, spectra of CuZn37 as-processed together with
the reference CuO and Cu are plotted in Figure 7a. For the as-
provided sample, i.e., before Ar*-ion etching (0 nm ablation),
the spectrum displays a superposition of Cu/Cu,O and CuO
(with the latter being identified via the weak satellite at about
940—945 eV). After ablation of approx. 0.35 nm, the CuO-
related features, i.e., the satellite as well as the high binding
energy shoulder of the 2p;/, peak, disappear. This implies that
the presence of CuO only applies to the uppermost surface
layer. To reveal the distribution of Cu,O, Figure 7c shows the
Cu LMM Auger spectra in comparison with the spectra for Cu
and CuO as probed on reference samples. The spectrum for
Cu,O is taken from Figure S in ref 70. With increasing
ablation, the Cu LMM spectra in Figure 7c display a systematic
decrease of Cu,0O (as seen by the increasing intensity of the
Cu® characteristic L;M,sM,s Auger peak at about 565 €V). At
this stage, it is not possible to give a distinct value for the
subsurface range with Cu,O contributions. However, when
compared with the Cu LMM spectrum of the Cu reference
sample in Figure 7c, the Cu LMM spectra at 9.63 or 12.25 nm
are very similar to the Cu reference spectrum. Therefore, the
“thickness” of the Cu2O layer can be approximated smaller
than 10 nm, whereas CuO (according to the XPS results from
Figure 7a) is mostly distributed on the uppermost layer of the
surface.

The Zn LMM spectra (including the spectra from ZnO and
Zn reference samples) are represented in Figure 7e. In contrast

to CuO and Cu,O, the presence of ZnO is not a surface or
near subsurface related issue. In the whole range of ablation,
i.e, up to approx. 44 nm into the bulk, the Zn LMM spectra
display a superposition of the Zn and ZnO reference data. At
the surface and in the topmost layers, the spectra indicate that
the amount of ZnO is much larger than the amount of Zn.
However, with each step of ablation, the ZnO:Zn ratio
decreases, and the presence of Zn starts to dominate at depths
between approx. 15 and 20 nm. Figure 7a,ce gives clear
evidence that Zn acts as an oxygen scavenger. This is also
supported by the O 1s spectra in Figure S$ in the Supporting
Information. With increasing depth, the O 1s intensity (with
the binding energy matching with the O 1s binding energy for
ZnO) decreases in the same way as the intensity of the ZnO-
related contribution of the Zn LMM spectra.

After etching, the Cu 2p spectra in Figure 7b display no
significant contributions of CuO. Even for zero ablation, the
Cu 2p spectrum displays only marginal contribution of the
CuO related satellite, i.e., even at the surface, there is nearly no
CuO. Concerning the presence of Cu,O, the Cu LMM
spectrum at 0 nm (Figure 7d) shows a superposition of Cu and
Cu,O. Soon after ablation, i.e., approx. at 0.35 nm, a significant
change in the intensity ratio is observed indicating the
presence of mainly pure copper.

The Zn LMM spectra in Figure 7f show that, even after
etching, there are still contributions of ZnO at the surface as
well as in the subsurface range. However, compared to the as-
processed CuZn37 sample in Figure 7c, the relative amount of
ZnO is strongly decreased. In addition, there is a stronger
decrease of ZnO with increasing depth (for example, the Zn
LMM spectrum of CuZn37 etched at about 3.50 nm ablation
in Figure 7f is comparable to the Zn LMM spectrum of
CuZn37 as-processed at about 19.25 nm ablation in Figure
7e). Therefore, etching the CuZn37 sample reduced the
thickness of the (mainly) ZnO layer by approx. half an order of
magnitude.

Overall, the STEM-EDS, Raman, and XPS results are in
good agreement. This is indicated by the presence of cupric,
cuprous, and zinc oxide on the surface after structuring with
USP-DLIP. All the results indicate a higher amount of zinc
oxide than other oxides. The weak intensities of CuO peaks in
XPS spectra indicate an occurrence in a remarkably lower
quantity. Literature®””’”* reports that cuprous oxide formation is
favored at higher/increasing temperatures because of the
predominant lattice diffusion whereas cupric oxide is a result of
grain diffusion at relatively lower temperatures. Thus, the
Cu,O formation can be deeper into the surface, and CuO is
largely on the outer surface. The etching results suggest a
partial removal of zinc oxide and full removal of CuO. On the
other hand, it is evident that the Cu,O formed is stable and is
not altered via etching.

3.8. Spatial Distribution of Metal and Oxide Phases.
Scanning tunneling microscopy and spectroscopy (STM and
STS) measurements were used on all sample surfaces to
investigate the spatial distribution of the metal and oxide
phases. The STM result in the Supporting Information, Figure
S6, exhibits a variation of the profile both perpendicular and
parallel to the line-like structures, confirming the periodicity as
well as the nanoroughness along the valleys, which is consistent
with the CLSM results. Furthermore, STS is conducted on the
peaks and valleys of the samples to investigate the local density
of electron states (LDOS) as a function of electron energy,
which, in this case, is the voltage applied between the sample
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Figure 8. CuZn37 (a) as-processed and (c) etched before argon sputtering as well as (b) as-processed and (d) etched after argon sputtering.
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and tip. LDOS, hereby, is material-dependent and thus directly
influences the slope of the I(V) curve. The I(V) curve is
divided into two regimes, i.e., the ohmic regime (—0.2 to +0.2
V) with a linear behavior in dependence to the conductivity
and the Fowler-Nordheim regime (—0.2 < V > +0.2) with an
exponential-like behavior where the slope depends on the work
function of the material.*”

The I(V) curves (averaged over several hundred measure-
ments at various positions) of the peak and valley for both
samples are displayed in Figure 8. The curve of CuZn37 as-
processed in Figure 8a shows a significantly lower conductivity
at the peak with a nearly flat behavior at voltages between —0.5
< V < 0.5 indicating the presence of a semiconductor phase.
This is attributed to a much lower presence of oxide phases
with a semiconducting behavior. Here, the larger band gaps
(E,) and work functions (®) of zinc oxide (E;: 3.37 eV, ®:
4.7-5.1 eV)’®”” and copper oxides (Eg 1.2-22 eV, ®: 5.0~
5.5 eV)** are responsible for the lower conductivity. At the
same time, the valley exhibits an increased conductivity
suggesting an enhanced contribution by a conductive metallic

phase. This is attributed to the presence of copper and zinc
phases with lower work functions (®(Cu): 4.5 eV, ®(Zn): 3.6
eV). 227677

Additionally, argon ion etching was applied for both surfaces
to examine the spatial distribution in the subsurface range.
After sputtering (see Figure 8b), the peak and valley exhibit
similar conductivity suggesting a higher concentration of
conductive metallic phase alongside the semiconductor oxide
phases in relatively lower quantity.

The etched CuZn37 exhibits identical conductivity behavior
for the peak and valley indicating the presence of a
semiconductor phase. However, after argon sputtering, the
subsurface level shows an increase in conductivity on the valley
confirming the reduction of the oxide phase. Overall, the
results reveal the presence of a semiconductor oxide phase on
the peaks, which is significantly deeper into the surface,
whereas the valleys indicate the coexistence of metallic and
oxide phases on the uppermost surface as well as the
subsurface level for as-processed and etched samples, which
is in agreement with the preceding results.
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3.9. Antibacterial Tests. Contact killing tests were carried
out on CuZn37 including USP-DLIP processed surfaces at a
pattern periodicity of 3 ym in as-processed and etched surface
state. Additionally, mirror-polished Cu and stainless steel were
used as topographically smooth and inert reference surfaces.
The results were evaluated taking into account the changed
contact area due to surface modification and thereby also the
altered wettability. On one hand, the patterned surfaces have a
2.3-fold increase in surface area. On the other hand, the
wettability changes significantly within the first week after laser
structuring, finally stabilizing after 3 weeks of aging. The
wetting behavior changes from hydrophilic in the first week to
hydrophobic after at least 3 weeks of aging.”” As a result, when
the droplet with the bacterial suspension was placed on the
structured sample, it occupied only ~33% of the PVC-ring
area. However, on the etched surface, the wettability is slightly
increased, and the droplet covered up to ~47% of the ring area.
Considering all these factors, the surviving CFU/mL over a
contact period of 120 min is plotted in Figure 9a. In the same
Figure, the respective Cu-ion releases for 120 min are charted
as bars.

Predictably,” the stainless steel (gray graph) shows nearly no
reduction in the CFU-value over the 120 min exposure.
Simultaneously, a quick reduction in surviving CFU-value is
noted for pure copper (red graph). Proceeding with CuZn37
polished (black graph in Figure 9), a fast reduction in CFU-
value for the same exposure time but rather slower than that of
pure copper is recorded. This is an expected result due to the
lower concentration of copper,””® which is confirmed by the
attenuated Cu-ion release (Figure 9b). In the as-processed
state (orange graph Figure 9), a considerably reduced killing
and corresponding copper-ion release rate are observed, which
denotes an inadequate antibacterial activity, despite the
increased and improved contact area. This is attributed to
chemical alteration of the surface via laser treatment resulting
in depleted copper content and, therefore, zinc-rich phases/
regions. While zinc does have a cytotoxic effect on bacterial
cells, it is much less pronounced compared to copper.
Furthermore, the presence of zinc oxide in these conditions
is very stable chemically, making the release of Zn-ions
improbable.

After etching, the surface exhibits an improved efliciency
(see green graph Figure 9) with an increased Cu-ion release.
This is ascribed to the partial removal of zinc-rich oxide phases
resulting in exposure of certain copper-rich metallic or the
more stable cuprous oxide phases that are susceptible to
corrosion. However, it is not quite sufficient to even reach the
level of the polished CuZn37 surface. The comparison
between the antibacterial activities of as-processed and etched
samples indicate that the higher amount of zinc oxide leads to
higher corrosion resistance in wet conditions containing
bacteria.

4. CONCLUSIONS

The present study investigates the nanoscale surface
modification of brass by means of USP-DLIP and sheds light
on the mechanisms involved in the alteration of the
antibacterial properties. At first, USP-DLIP was employed to
create the 3 ym line-like structures. GI-XRD, STEM-EDS,
APT, and STM/STS analyses reveal topographical as well as
chemical variation as a result of the laser process, which infuses
a few hundred nm of depth. The results confirm the presence
of zinc-rich zones and formation of an additional intermetallic

B phase on the uppermost surface. Another interesting result
observed is the formation of oxides via USP laser processing.
The Raman and XPS results confirmed the presence of zinc
oxide in abundance, followed by cuprous oxide and cupric
oxide in a comparatively low concentration. Additionally,
formation of transitional Cu-Zn-O regions is detected. The
formation of the metastable phases is most presumably a
consequence of the Kirkendall effect in combination with the
rapid cooling of the melted and redeposited matter, as it
hinders the formation of stable phases. After etching the laser-
processed samples with citric acid, a partial removal of zinc
oxide and a full removal of CuO are observed, whereas Cu,O
and f phase show no significant alteration.

The results of antibacterial efficiency against E. coli revealed
a significant decrease in the killing rate on the laser-treated
surfaces in comparison to that on the polished surface. This is
first attributed to the reduced release of copper concentration
on the modified surface. Second, it is due to a higher corrosion
resistance of zinc-rich oxide phases in wet conditions. This
property as well as the significantly reduced wettability can be
very advantageous in the application of laser-structured brass
underwater conditions to minimize the material damage, e.g,
that occurs as a consequence of biofouling. However, this
needs to be further investigated in future studies to acquire a
full understanding of the corrosion resistance of the structured
brass under wet conditions.

To summarize, it is essential to recognize that, while the
ultrashort pulsed laser was utilized for the surface modification
and the HAZ was at the nanoscale, it should not be neglected.
The magnitude of chemical alteration profoundly depends on
the chemical composition and phase diagram of the specimen.
Furthermore, it is evident that an enhanced antibacterial
through contact killing can be achieved with a well-defined
topography in combination with a right surface chemistry. In
future studies, brass samples with a bulk chemical composition
lower than 30 wt.-% can be utilized to investigate the effect of
zinc concentration on the formation of oxide and intermetallic
phases and hence the resulting influence on antibacterial
properties. Other important factors need to be investigated,
i.e, surface contaminations and wettability to further gain a
comprehensive understanding of the bacteria-substrate inter-
action.
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B ABBREVIATIONS

APT, atom probe tomography

CuZn37, brass with 37% zinc content

CLSM, confocal laser scanning microscopy

CFU, colony-forming units

Da, Dalton or unified atomic mass unit

E. coli, Escherichia coli

FFT, fast Fourier transform image

FWHM, full width at half maximum

GI-XRD, grazing incidence X-ray diffraction

HAZ, heat affected zone

HYV, Vickers hardness

IR, infrared

LDOS, local density of electron states

PBS, phosphate-buffered saline

PVC, polyvinyl chloride

SAED, selected area electron diffraction

SEM, scanning electron microscopy

STEM-EDS, scanning transmission electron microscopy
along with energy-dispersive X-ray spectroscopy

STM and STS, scanning tunnel microscopy and spectros-
copy

TEM, transmission electron microscopy

USP-DLIP, ultrashort pulsed direct laser interference
patterning

XPS, X-ray photoelectron spectroscopy
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1 Position of lamella lifted out from the as-processed sample

b _— Surface

[ 200nm T ¢

Figure S1: a) SEM Micrograph of the as-processed CuzZn37 sample displaying the position of
lamella in a yellow box perpendicular to the line-like structures. The STEM high angle annular
dark field images display b) lamella with the position of the peak in the orange box, c) the

magpnification of the peak, as represented in Figure 2 a.of the manuscript.
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2 TEM-Electron diffraction images of CuZn37 etched

Figure S2: TEM-Electron diffraction imaging on CuZn37 etched. (a, c) SAED patterns taken
from (b) and (d, e, f) HR-TEM images of the modified area with their respective binned FFT

patterns of a selected area.

Description of Figure S2: CuZz37 etched is taken under observation. A monocrystalline
pattern is noted for the bulk area | (Figure S1 a) and identified as a-brass (111), (020) diffraction
spots, and zone axis <101>. This pattern was taken from a considerably larger area of the bulk
region, which suggest a larger grain size. Subsequently, measurement is done closer to the
surface and the presence of a-brass is still detected with identifiable zone axes (Figure S1 c). In
this case, the discrete spots revealing polycrystalline structure suggest a decline of grain size
from the bulk towards the surface with sizes much smaller in the range of a few nanometres.
The inhibition of grain growth is potentially attached to the rapid cooling of the surface and the

presence of defects in the structure.! The bulk itself has a grain size of roundabout 1 um and

S4



near surface a range of a few 100 nm, which is a result of pre laser surface preparation with
polishing. Further analysis was carried out 100 nm region from the surface as shown in Figure
S1eand f. Here, area 2 represents Cu20 (111), and (200) diffraction spots. Furthermore, the -
brass phase is detected as a polycrystalline structure in Area 3 represented by (100), (111), (200)
diffraction spots as well as in the twin boundaries (Area 4) represented by (110) diffraction

spot.

3 Cu-Zn Phase diagram
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Figure S3: Cu-Zn phase diagram 22 according to Massalski et al 4 .The dashed orange line
represents the position of chemical composition of CuzZn37. This figure displays only the
phases relevant to this study.
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4 Table with Raman bands of all samples as well as the literature values

of the bands.

Table S1: Results of Raman spectroscopy on CuZn37 in as-processed and etched condition. As

a comparison the literature 15 values of ZnO, Cu20 and CuO bands are stated as well.

Raman shift we [cm™]

LT activity oxide . Cuzn37
y Literature
as-processed etched
Tay silent Cu;0 60-94 oL-62 28-60
73 76-77
E. silent Cu,0 72-110 83 -
Elow Raman ZnO 99-101 89-92 91-92
T (TO) IR Cuz0 147-146 144-145
206-210 205-211
AM 1 silent Cu0 273-275
Aq Raman CuO ) )
By Raman CuO 327-382
A1 (TO) Raman Zn0O 378-380 L
E, (TO) Raman Zn0 407-413 300-600 (l:;)road_band with tilted
; aseline)
E,nigh Raman Zn0O 437-438
AM 2 silent Cu,0 500-508
473-492 -
Tag Raman Cu,0 500-515 516-520 520-523
A: (LO) Raman Zn0O 573-579
E1(LO) Raman ZnO 583-591 572 579-580
T (LO) IR Cuz0 630-680 644-645 636-646
By Raman CuO 609-636 - -
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5 XPS-based elemental depth profiling
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Figure S4: XPS-based elemental depth profiles with Cu and Zn at.-% on (a) CuZn37 in as

processed and etched conditions each. Also represented are (b) the amount of oxygen in at.-%,

(c) the oxygen to zinc ratio and (d) Zn2?* to Zn° for both samples.

Description: Cu, Zn, and O concentrations are investigated for both samples and the results

are displayed in Figure S3. The two horizontal reference lines represent the nominal bulk

concentration (in at.-% =~ wt.-%) for copper and zinc in CuzZn37. The as processed sample (see

Figure S3 a) shows reduced content of copper and an equally increased concentration of zinc

towards the surface. The same effect is visible to a less extent on the etched sample. However,

the depth of this variation is significantly less. This is connected to the presence of oxygen on
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the sub-surface of the samples (see Figure S3 b), which is distributed deeper for the as-
processed sample. As it is compared to the results of the oxygen to zinc ratio (see Figure S3 c)
as well as the Zn2?* to Zn° ratio (see Figure S3 d), it is evident that the laser process induces the
formation of zinc oxide. As the surface is etched, the amount of oxygen alongside its ratio to
zinc as well the Zn?* to ZnO ratio decreases in depth indicating a partial removal of zinc oxide

via etching. These results add to the STEM-EDS results and validate the presence of zinc oxide.

6 XPS-spectrums of CuzZn37 in O 1s region
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Figure S5: XPS - spectra of CuZn37 a) as processed and b) etched with high resolution spectra

of O 1sregion.

Description of Figure S5: The CuZn37 spectra discussed in the Manuscript are supported
by the results of the O 1s region. The spectra related to CuO (529.6 eV) and ZnO (531 eV) are
provided as references. For zero ablation (O nm) Figure S5 a shows a broad peak between 534.2-
529.2 eV, suggesting an overlap of various O 1s contributions resulting also from adsorbates.

However, the maximum of the peak at BE 531.6 eV correlates rather with that of ZnO6-18 than
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CuO and Cu20 since both oxidation states of copper appear at a lower BE.1%20 The slightly
higher BE is consequent to the presence of oxygen vacancies and loosely bonded O on the
surface.21-22 With increasing ablation, the intensities of the O 1s peaks decrease in the same way
as the ZnO related contributions of the Zn LMM Auger spectra in Figures 7 e and 7 f for as-

processed and for etched CuzZn37, respectively.

7 Results of scanning tunnelling microscopy (STM) exhibiting the

topography

CuZn37 as-processed
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Figure S6: (a) 5x 5 um?2 STM image of CuZn37 as processed after argon ion etching. (b) Cross

section perpendicular (black) and parallel (red) to the linear structures.
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ARTICLE INFO ABSTRACT

Keywords: Brass, along with other copper-based alloys, exhibits advantageous antibacterial properties that can be further
Femtos?cond pulsed direct laser interference enhanced by altering the surface topography to increase bacterial adhesion. This enhancement is achievable
patterning through a higher contact area created by precise periodic structures, each approximately the size of a single
f]r;fzscale modification bacterial cell. One method for generating these structures is ultrashort pulsed direct laser interference patterning
Antibacterial (USP-DLIP). However, this process may induce chemical alterations in addition to topographical changes,

depending on the substrate’s composition. To mitigate unfavorable chemical alterations, brass with a 15% zinc
content was selected for this study. The antibacterial effectiveness of the modified surfaces was tested against
Escherichia coli, providing initial insights into the interaction between bacteria and the substrate. The results
indicate that modified brass with a 15% zinc content shows improved antibacterial activity. Overall, this research
demonstrates that by modifying a surface with the appropriate chemical composition, effective bacterial elim-
ination through contact can be achieved.

Bacteria-substrate contact
Escherichia coli

1. Introduction properties that require considerably less maintenance. [5].

The antibacterial effects of copper and its alloys have garnered sig-

Excessive consumption of antibiotics over the last few decades has
created multidrug resistance among several pathogens. The spread of
such pathogens has resulted in an increased number of incurable in-
fections leading to a higher mortality rate, especially in hospitals. [1]
Nosocomial or hospital-acquired infections are transmitted either
through direct or indirect contact. [2,3] As soon as any microorganism
or pathogens encounter another living organism or a surface, they tend
to adhere to the host, build colonies, and form biofilms, which can be a
source of further infections. [4] Therefore, the first step is to prevent
transmission e.g., via isolation of the patient or extensive sanitization of
the surfaces, which can be achieved with physical cleaning. However, a
smarter option is to use surfaces with antibacterial and self-cleaning

nificant attention in the scientific community over the past few decades.
Numerous studies have been conducted to explore their potential as an
antibacterial agent. [6] Recent studies [7] show that it is related to the
Cu-ion release from the surface, which is responsible for the degradation
of bacterial cells. [8,9] Further studies have demonstrated the formation
of reactive oxygen species in the presence of copper oxide nanoparticles
and hydrogen peroxide as well as other reactants. These reactive oxygen
species induce oxidative stress, leading to the deterioration of bacterial
cells. [10,11] Additionally, the use of ultrashort pulsed direct laser
interference patterning to produce superficial structures in the dimen-
sion of the bacteria provides a larger contact area. The increased surface
area enhances the bacterial killing on copper surfaces further. DLIP is a

Abbreviations: CuZnl5, Brass with 15% zinc content; CLSM, confocal laser scanning microscopy; CFU, colony-forming units; E. coli, Escherichia coli; FWHM, full
width at half maximum; GI-XRD, grazing incidence X-ray diffraction; HAZ, heat-affected zone; PBS, phosphate-buffered saline; SEM, scanning electron microscopy;
STEM-EDS, scanning transmission electron microscopy along with energy dispersive X-rays spectroscopy; TEM, transmission electron microscopy, USP-DLIP, ul-
trashort pulsed direct laser interference patterning; XPS, X-ray photoelectron spectroscopy.
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very well-known high-speed technique for creating superficial periodic
structures down to the nanoscale that are very precise and can alter the
surface properties. [12] Nature is a primary example of micro- and
nanoscale features in different species, demonstrating how such super-
ficial structures have evolved over the years according to their func-
tionalities i.e., light absorption, wettability, adhesion, friction,
mechanical strength, etc. [13-16] These examples are an inspiration for
DLIP method, which is used for surface modification of various materials
to obtain specific properties with diverse applications. [12,17].

The DLIP technique combined with the ultrashort pulsed (USP)
duration causes the matter to ablate with heat-affected zones (HAZ) only
at the nano-scale. [18] In the case of copper, it leads to topographical
and chemical modification of the surface, which works in favor of the
antibacterial properties. [7,19] However, a recent study [20] on USP-
DLIP treatment of brass with 37 % zinc shows that these nano-scale
HAZ cannot be completely neglected, as they led to some major chem-
ical modifications of the surface, i.e. not only the formation of oxide
phases but also the intermetallic p-phase of brass. Therefore, a decrease
in the release of copper ions is observed, which significantly reduces the
antibacterial efficacy.

This study aims to investigate the correlation between the chemical
modification of HAZ by USP-DLIP and the bulk chemical composition of
brass and to understand its influence on antibacterial properties. While
pure copper surfaces possess beneficial antibacterial properties, they
also face mechanical limitations in application. Alloying, particularly
with zinc, offers a feasible solution to expand applications by enhancing
durability and corrosion resistance. For that purpose, commercially
available brass with 15 % zinc (CuZn15) is chosen. Since it has a zinc
content below 30 + 3 wt-%, the probability of the formation of any
intermetallic phases is low. [21] Given that earlier investigations [20]
with elevated zinc content revealed the emergence of both intermetallic
and oxide phases following USP-DLIP modification, this study aims to
enhance our understanding of the consequences of preventing inter-
metallic phase formation on the alteration of antibacterial efficacy. In
brief, periodic line-like structures in the dimension of the single bacterial
cell, Escherichia coli (E. coli), are fabricated, characterized, and finally
tested for their antibacterial efficacy.

2. Materials and methods
2.1. Materials

This study uses brass with 15 % zinc (CuZnl5, Wieland) together
with two references i.e., 99 % pure copper (Wieland), and stainless steel
304 (Brio). The sample sheets, each measuring approximately 1 mm in
thickness, were trimmed to dimensions of around 25 x 10 mm? followed
by a metallographic preparation as described in Ahmed et al. [20] to
acquire a mirror-quality finish. For that purpose, the sample surface was
first ground with SiC paper (15 pm grain size) on a manual Tegrapol
system (Struers). It was then polished using an all-in-one diamond so-
lution (Dia Duo 2 from Struers) on an automated TegraPol system
(Struers), which involved three steps using the following grain sizes: 6
pm, 3 pm, and 1 pm.

2.2. Ultrashort pulsed direct laser interference patterning

Line-like structures with a periodicity of 3 um were fabricated on the
CuZn15 surface as described in Ahmed et al.[20] For that purpose, USP-
DLIP with the following laser system and parameters was employed: a
Ti:sapphire Spitfire laser system (Spectra Physics) with ultrashort laser
pulses (pulse duration of t, = 100 fs, full width at half maximum,
FWHM) and centered wavelength 4 = 800 nm. The optical configuration
was selected in accordance with the description provided by Miiller et al
[22] A fluence of 0.84 J/cm? with a total number of approx.10 pulses
were applied to produce the structures. Following the laser treatment,
the samples underwent a minimum aging period of three weeks to
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guarantee stable and reproducible wettability conditions. [7] For the
characterization and the tests, the structured samples were observed in
as-processed and etched conditions. “As-processed” denotes samples
that have undergone laser processing and aging, whereas “etched” in-
dicates structured samples immersed in a 5 % citric acid solution in an
ultrasonic bath for 2 min, then cleaned with ethanol to eliminate any
process-induced oxides and subsequently aged for 3 weeks.

2.3. Characterization

At first, confocal laser scanning microscopy (CLSM, LEXT OLS4100
3D Measuring Laser Microscope by Olympus) was utilized to verify the
topography of structures followed by scanning electron microscopy
(SEM, Helios NanoLab 600™, FEI Company) to acquire images in sec-
ondary electron contrast mode. For that an acceleration voltage of 5 kV
and a current of 1.4 nA were used, whereas the sample was tilted at 45°
to obtain a better image of the line-like structures. Subsequently, a
quantitative phase analysis was performed via a high-resolution grazing
incidence X-ray diffractometer (GIXRD, Cu K, source with a wavelength
of 1.5418 A at 1° grazing angle, PANalytical X'Pert PRO-MPD). The raw
data underwent processing with the X’pert HighScore software (version
5.1), [23] which encompassed baseline correction and peak identifica-
tion for comparison with the database.

Scanning transmission electron microscopy also including energy-
dispersive X-ray spectroscopy (STEM-EDS, JEOL ARM 200F cold FEG
equipped with two Cs correctors) was applied to determine the chemical
composition via mapping and profiling. Wherefore, thin foil lamellas
(perpendicular to the lines) were produced by using a focused ion beam
(FIB) SEM dual beam system FEI Helios NanoLab 600i.

The oxides characterization was carried out with X-ray photoelec-
tron spectroscopy (XPS, Vacuum Generators ESCA MKII, non-
monochromatic Al-K, radiation (1486.6 eV), normal emission).

2.4. Antibacterial tests

Wet plating method [24] is used in this work to test the antibacterial
activity on all three brass surfaces (polished, as-processed, etched)
including the copper and stainless-steel references. The bacteria of strain
E. coli WT K12 (BW25113) were used in the wet plating. The preparation
of the bacterial culture was conducted following the method outlined in
Luo et al. [6] The bacterial suspension was applied in the form of a 40 pL
droplet to perform the contact-killing experiment as described in pre-
vious studies. [7,20] The experiment was carried out across three
distinct durations: 30 min, 60 min, and 120 min. At the conclusion of
each period, two droplets of 5 pL each were collected. One is diluted in a
phosphate buffer saline (PBS) solution to then spread on an agar plate
consisting of lysogeny broth (LB), which is later stored in an incubator at
37 °C. Following a 24-hour period, the total count of surviving colony
units (CFU/mL) was determined. The second droplet was diluted into
600-fold of 0.1 % HNOs to assess the release of Cu ions during 120 min
of contact. The measurement is carried out with inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 8900 ICP-QQQ). When
evaluating the results, the increase in the contact area and the variation
in wettability were taken into account as described in Ahmed et al. [20].

3. Results and discussion
3.1. Topographical modification

Fig. 1 shows the topography with the line-like structures on CuZn15.
By subjecting the surface to ultrashort pulsed laser irradiation, high
temperatures, and localized stress are generated, resulting in the mate-
rial ablating in the form of a phase explosion and the ejection of molten
material. [25,26] This process creates periodic line-like structures, as
observed in this work where the periodicity is 3 um and the depth is 1.3
£ 0.1 um. The increase in surface area is 2.3-fold, with the valleys
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Fig. 1. SEM-images of line-like structures fabricated by USP-DLIP on CuZnl15 (a) in as-processed state and (b) after etching with citric acid. The structures have a

periodicity of 3 pm.

exhibiting a concave form that is approx. 2 times larger surface area than
that of the peaks. Overall, the aim is to enhance the bacteria-substrate
contact via this structure form.

The formation of oxides is evident in the flake-like sub-structures
observed on the as-processed sample shown in Fig. 1 a. This occurrence
is particularly beneficial for pure copper as it leads to a heightened
antimicrobial effect by promoting corrosion and subsequently releasing
more copper ions. [7] On the contrary, brass with higher zinc content
experience the formation of predominantly zinc-rich phases with oxygen
when irradiated with a USP laser. Correspondingly, a higher corrosion
resistance is achieved resulting in lower Cu-ions release. [20].

The interaction between bacteria and the substrate is significantly
influenced by the release of Cu ions and surface wettability, and both are
affected by oxide formation. [6] In order to investigate the effect of
oxide formation on brass with low zinc content, the surfaces were
etched. This results in the removal of the flake-like sub-structures
revealing the actual structure underneath (see Fig. 1 b). The structures
exhibit nanoroughness along the lines, likely due to the presence of
melting zones and the resulting multi-ripples. This is further aided by
redepositioning the molten material as nanoparticles. The structures
obtained in this study agree well with those in recent studies. [7,20].

3.2. Phase analysis
This section deals with phase analysis of brass surfaces in the pol-

ished state and after laser structuring in the as-processed and etched
state. The black diffractogram in Fig. 2 shows peaks at 43°, 50°, 73.6°,

e a-CuZn
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Fig. 2. Results of GI-XRD on brass with 15% zinc content: polished (black
diffractogram), as-processed (dark blue diffractogram), etched (light blue dif-
fractogram). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

89°, 94.1°, and 115.2° that are designated characteristic peaks of an
a-phase in brass with 85 wt-% copper and 15 wt-% zinc (LPF:1826484,
ICDD:04-018-5556). Likewise, similar peaks with no significant dis-
tinctions are recorded for the structured surfaces. These results show no
phase alteration of a-brass for CuZn15 via laser treatment. However, the
SEM images (see Fig. 1) indicate the removal of flake-like sub-structures
on the surface, which will be further investigated in the subsequent
sections.

3.3. Chemical modification

STEM-EDS analysis was carried out on the structured CuZnl5 sur-
faces. To conduct the investigation, a cross-section was prepared
perpendicular to the line-like structures, followed by the extraction of
lamella from the prepared cross-section.

Fig. 3 illustrates the elementary mapping on a peak (tilted clockwise
at 90°) of the CuZn15 as—processed sample. The map indicates unaltered
chemical composition until the last 65 nm from the surface. In these last
ca.65 nm towards the uppermost surface, a substantial variation in the
mapping suggests a depleted copper content with an increased quantity
of zinc alongside oxygen. This proposes the formation of zinc oxide
through laser processing. In comparison to the GI-XRD results, no oxide
phases were discernible in the XRD spectra. One potential explanation
for this could be that the oxide formed in this case is of an amorphous
nature, making it challenging to detect via XRD.

For further analysis, line scans containing seven points were carried
out from the bulk towards the surface. The results are summarized in
Table 1 showing that the values are in agreement with the bulk
composition until the second last position. However, a drastic change in
the composition was recorded for the last position close to the surface.
Here, the copper content is reduced from about 84 to 27 at-%. In par-
allel, an increase is recorded for zinc from about 14.5 to 57 at-% as well
as for oxygen from a negligible value to 15.5 at-%. Hence, the occur-
rence of oxides on the surface is confirmed. The chemical composition
suggests the formation of a mixture of zinc and copper oxides. Excluding
oxygen, the Cu/Zn atomic ratio on the topmost surface is now approx.
0.48.

Additionally, the chemical composition of CuZn15 etched is shown
in Table 2 The results show a decrease in oxygen content from 15.5 to
8.7 at-% implying a successful, but partial removal of oxides through
etching. Simultaneously, the reduction in zinc and oxygen confirms the
formation of a zinc-rich oxide layer through laser structuring. The
preferential formation of zinc oxide is related to the fact that zinc re-
quires, comparatively, lower Gibbs energy change for the oxide forma-
tion.[27].

As the new layer is revealed after etching, it now has a Cu to Zn
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Table 1

Results of STEM-EDS on CuZn15 as-processed.
Distance from the surface [nm] at-%

Cu Zn (0]

709 84.8 14.5 0.7
592 84.8 14.4 0.8
475 83.9 149 1.2
358 84.3 14.6 1.1
242 85.6 14.3 0.1
125 84.2 14.6 1.2
0 27.3 57.2 15.5

Table 2

Results of STEM-EDS on CuZn15 etched.
Distance from the surface [nm] at-%

Cu Zn (6]

509 84.8 14.3 0.9
426 84.7 14.6 0.7
339 84.9 14.4 0.7
256 84.8 14.3 0.9
175 83.6 14.7 1.7
85 84.0 15.0 1.0
0 66.4 24.9 8.7

atomic ratio of about 2.7 indicating a copper-rich uppermost layer (see
Table 2). Fig. 4 shows the TEM-EDS map and profile of an etched sample
and as it is compared with the profile of the as-processed sample in
Fig. 3, it shows that a few tens of nanometers has been removed from the

substrate

surface through etching. The elevated thermal and kinetic energy near
the surface, induced by laser irradiation, plays a key role in facilitating
the diffusion of copper and zinc atoms in the subsurface, providing an
explanation for this occurrence. As the sample is etched and the zinc-rich
phase with oxygen is removed, the inner layer into which the copper has
diffused becomes visible.

3.4. Characterization of oxide phases

In this section, XPS analysis combined with surface ablation by Ar-
ion etching is utilized to further investigate the chemical composition
as well as the oxidation state of Cu and Zn at the surface and subsurface
levels.

First, XPS-based elemental depth profiles are recorded and the re-
sults are displayed in Fig. 5 a. Here, the two horizontal reference lines
represent the bulk concentration (in at-%) for copper (orange) and zinc
(blue). The as-processed CuZnl5 sample shows a reduced content of
copper and an equally increased concentration of zinc towards the
surface. The same effect is visible on the etched sample. However, the
depth of this variation is significantly less. This is connected to the
presence of oxygen on the subsurface of the samples (see Fig. 5 b and c),
which is deeper for the as—processed samples. For the as-processed
sample, the nearly 1: 1 ratio of Cu and Zn in Fig. 5 a is not in contrast
to Table 1 where an enrichment of Zn is observed. In Table 1 the increase
of Zn content is observed at the peak positions of the line structures
while in Fig. 5 the XPS data display intensities as averaged over nearly 1
cm?. These distinctions are likely attributable to the uneven distribution
of chemical composition at the ten-nanometer range.[20] Nevertheless,
the commonality lies in the increase of zinc content in the modified
surface area relative to the bulk composition.

100 b
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Fig. 4. Results of STEM-EDS mapping on etched CuZnl5: (a) color elemental map of a peak (clockwise rotation at 90°, substrate (left) to surface (right)); (b) the
intensity profile of the yellow line scan in a). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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The survey data of the as-received samples (i.e., before Ar ion abla-
tion) showed the presence of Cu, Zn, and O (as well as C from adsor-
bates). For quantitative analysis (i.e., distribution of elements, oxidation
state of Zn and Cu), high-resolution spectra were recorded for O 1 s, Cu
2p, Zn 2p, Cu LMM, and Zn LMM. The analysis approach was the same as
described in Ahmed et al. [20] In the Cu-2p spectra in Fig. 6 a and b
contributions from Cu and Cu0 cannot be distinguished. However, CuO
differs from Cu and Cuy0 by two spectral features. For CuO, there is a
shift to higher binding energy and there is the characteristic satellite at
higher binding energy. [28-31] Contributions from Cu can be distin-
guished from contributions of CusO and CuO by the low binding energy
part (approx. 565 eV) of the LgMy5Mys peak in the Cu-LMM spectra in
Fig. 6 c and d. Zn-2p spectra in general display no characteristic features
to distinguish Zn from ZnO. Contributions from Zn and ZnO can be
distinguished by the differences in peak shape and peak position in the
Zn-LMM spectra in Fig. 6 e and f. [28,32,33].

Fig. 6 a shows the Cu-2p spectra for the CuZnl5 (as-processed)
sample as well as for Cu and CuO reference samples. In the initial state
(no Ar ion etching, ablation 0 nm), the double Cu-2p3,2 and Cu-2p; /2
peaks as well as the CuO-like satellites (Sats/5, Satj,2) predict contri-
butions of CuO and Cu/Cuy0. After ablation of only 0.35 nm, no spectral
features of CuO are visible, i.e. there is e.g. a single Cu-2ps,, peak at
932.4 eV as representing Cu and/or Cuy0. [28,32] Since the thickness of
the ablated surface layer is in the range of atomic distances in Cu or Cu
oxides, the absence of any CuO-related spectral features gives evidence
that the formation of CuO only affects the 1-2 outmost atomic layers.
Fig. 6 c illustrates the Cu LMM spectra compared to the spectra from Cu
and CuO reference samples. For CuyO the reference spectrum is taken
from Fig. 5 in Schedel et al. [30] (since the spectra for Cu and CuO shown
there are very similar to the spectra of Cu and CuO as probed with our
setup). In the as-provided state (0 nm) and after ablation of 0.35 nm, the
spectra display a superposition of the Cu, Cup0, and CuO spectra. At
further ablation (i.e., > 0.88 nm) the Cu contribution starts to increase
(see e.g., the Cu-characteristic peak at 565 eV), and with each new step
of ablation, the spectra adapt more and more the Cu reference data.
According to Fig. 6 a and ¢, CuO is present only at the surface (and
maybe the subsurface layer) while CuyO is distributed only up 3-4 nm
into the bulk.

Fig. 6 e shows the Zn LMM spectra for CuZnl5 in the as-processed
state. When compared to spectra as probed on ZnO and Zn reference
samples it is evident that ZnO is distributed much deeper into the bulk
than CuO and Cuy0. Even after an ablation of approx. 44 nm the Zn-
LMM spectrum still represents a superposition of Zn and ZnO. The
amount of ZnO exceeds the amount of Zn in depths ranging down to 15
nm. Below 15 nm the amount of Zn starts to dominate but even in the
deepest bulk range that was probed (i.e., approx. 44 nm) the Zn LMM
spectrum still displays contributions from ZnO. Compared to the dis-
tribution of CuO and Cu30, the distribution of ZnO in Fig. 5 cand Fig. 6 e
evidently show that Zn traps oxygen. This is also supported by the

amount of oxygen in Fig. 5 b that is distributed in line with the amount
of Zn in Fig. 5 a.

After etching CuZnl5 samples with citric acid, the chemical
composition of the surface and the subsurface regime is strongly
different. Fig. 5 b shows a significant decrease in the oxygen content. In
Fig. 6 b nearly no CuO-related satellite is visible in the Cu-2p spectrum
for zero ablation, i.e., there is nearly no CuO even at the surface. The Cu-
LMM in Fig. 6 d shows that there is also no large contribution of Cuy0 in
the subsurface regime. Only at the surface (0 nm ablation), the Cu-LMM
displays an overlap of the Cu and CuyO reference data, but at 0.35 nm
ablation, the Cu-LMM spectrum strongly resembles the spectrum of the
Cu reference sample. After etching, ZnO is still present in the bulk.
However, the Zn-LMM spectra in Fig. 6 f show that the contributions of
ZnO are strongly reduced in comparison to the as-processed sample. The
amount of ZnO is much strongly reduced with increasing depth as in the
case of the as-processed sample. This is shown by e.g., the comparable
weak ZnO-related peak intensities at 498 eV in comparison to the Zn-
related peak intensities at about 495 eV. In the Zn-LMM spectrum of
CuZnl5 etched at about 3.50 nm ablation in Fig. 6 f shows that the ZnO-
related peak is smaller as in the Zn-LMM spectrum of CuZnl5 as-
processed at about 43.75 nm ablation in Fig. 6 e. Etching of the
CuZnl5 sample therefore results in a decrease of the thickness of the
(mainly) ZnO layer by more than one order of magnitude. As observed in
comparison with the STEM-EDS results, it is evident that a layer
measuring a few tens of nanometers has been removed from the surface
through etching.

The findings indicate the presence of cupric oxide primarily at the
topmost layer, while the formation of zinc oxide and cuprous oxide
occurs in the underlying layers beneath the surface. Additionally, the
much higher concentration of zinc throughout the modified thickness
and towards the upper surface of CuZnl5 as-processed suggests an
asymmetrical diffusion. Therefore, a non-equilibrium transport of the
lattice is observed, where the diffusion of the zinc atoms towards the
surface is significantly faster than the diffusion of the copper atoms away
from the surface. This phenomenon is commonly known as the Kirken-
dall effect.[34] After etching, there is a decrease in the levels of zinc and
oxygen, leading to the emergence of a copper-rich oxide phase. This
observation implies the partial elimination of the zinc oxide phase.

3.5. Antibacterial tests

This section is concerned with the results of contact killing tests on
brass with 15 % zinc (CuZnl5). In total, three different surfaces of
CuZnl5 in the polished, as-processed, and etched state were tested,
along with mirror-polished copper and stainless steel as references.

Fig. 7 a exhibits the surviving CFU/mL values over a contact period
of 120 min for all samples. Furthermore, these results are complemented
by the corresponding release of Cu-ions after 120 min (see the bars in
Fig. 7 b). The references show an expected antibacterial behavior i.e.,
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Fig. 7. Results of contact killing experiment with E. coli: (a) Surviving colony-forming units for 30, 60 and 120 min on reference surfaces (steel and copper) and all
three CuZnl5 surfaces (polished, as-processed and etched). (b) The Cu-ion release values at 120 min are represented in form of a bar chart. (c) SEM image of
Escherichia coli in the line-like structures of the etched CuZn15 surface. The image was taken at 52° tilt.

the poor killing of E. coli by stainless steel (grey) and an excellent one by
the copper surface (red). [7,20] Simultaneously, the polished CuZnl5
(black) displays a similar behavior until the first 60 min of exposure as
compared to the copper reference. However, in the following 60 min, it
shows a relatively reduced killing of E. coli. This can be attributed to the
lower concentration of copper in brass,[6,35] which was validated by
the slightly reduced Cu-ion release concentration after 120 min. Mean-
while, a drastic change in antibacterial behavior is observed for the as-
processed CuZnl5 (dark blue). In the initial 60 min of contact, the
number of surviving CFU/mL is one magnitude higher compared to the
polished brass surface. However, with the increasing exposure time, the
killing rate on the as-processed surface is attenuated resulting in a bigger
difference. This is attributed to the fact that the copper content has
reduced by half (as also shown by STEM-EDS results), which explains the
lowered Cu-ions release and thence decreased killing of E. coli. At the
same time, the zinc content has increased. A previous study suggests an
antibacterial effect of ZnO nanostructures on E. coli, attributed to the
release of zinc ions under UV irradiation. [36] However, the experi-
ments in this study were conducted on bulk material under ambient
conditions, and there are no studies demonstrating an antibacterial ef-
fect of zinc without UV irradiation. However, etching the surface results
in an improved efficiency, which in the case of CuZnl5 etched (light
blue graph in Fig. 7 a) is instantly better than that of polished CuZn15
(black graph). This can be attributed to the removal of the unwanted

CuZn15 etched before contact with E. Coli

oxide layer, exposing the layer beneath with more favorable conditions
to release copper ions. It is to be noticed that the Cu-ion release for the
etched sample is similar to that for the polished and yet the killing on the
etched surface is enhanced. This is a possible result of the topographical
modification, which is further examined in the next section.

3.6. State of surface after bacteria-substrate contact

Fig. 7 c displays the bacterial-substrate contact, revealing that the
bacteria mainly reside in the valleys of the structures. This contact re-
sults in a significant alteration of both the surface and the bacteria. In
order to investigate this further, a comparison of the surface topography
was conducted before and after contact with the bacteria. Fig. 8 aand ¢
illustrate the surface prior to contact with E. coli, showing a rapid
cooling of the melted material along with the redeposition of ablated
material in the form of round nanoparticles, as well as smooth surface
areas in between.

After contact with the bacteria (Fig. 8 b and d), the surface exhibits
nano roughness, which is indicative of corrosion and subsequent release
of Cu ions. This effect is particularly prominent in the valleys. Further-
more, the Cu ion release observed for the etched surface (light blue) in
Fig. 7 a is comparable to that of polished CuZn15 (black). This suggests
that the improved ability to kill E. coli on the etched surface is due to
both the release of copper ions and the surface’s topography.

CuZn15 etched after 120 min contact with E. Coli
3 \\"‘ g W

Fig. 8. SEM images of the etched CuZn15 surface exhibiting valley and peak of line-like structures each (a, c) before and (b, d) after 120 min contact with E. coli. The

images were taken at 52° tilt.
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Chemical analysis was conducted using SEM-EDS to further examine
the samples. The results in Fig. 9 b show that the peak (red, position 2 in
Fig. 9 a) contains higher zinc and oxide content compared to the valley
(green, position 1 in Fig. 9 a). This might explain why the peaks have
greater resistance to corrosion in the bacterial solution with PBS and
experience less alteration on their surfaces after coming into contact
with bacteria. However, further investigations need to be done to
determine the corrosion resistance of the brass surface modified via
DLIP.

When the bacteria are taken under observation one interesting aspect
noticed here is the presence of nano agglomerates on the cell membrane
(see Fig. 9 a). These agglomerates were identified as part of the bacterial
cell membrane upon closer examination (magnified in the yellow circle
in Fig. 9 a). This is potentially associated with the penetration of Cu-ions
into the bacterial cells. To investigate the chemical composition of these
agglomerates, SEM-EDS analysis was conducted (see position 3, pink
spectra in Fig. 9 b). However, it should be noted that the characteriza-
tion method has limitations, and therefore the results may also contain
information from the substrate beneath the bacteria. The exact inter-
action mechanism between ions and bacteria still remains inconclusive.
However, previous studies [8,9,37] suggest that when the cell mem-
brane is ruptured, there is a leakage of intracellular components leading
to the death of bacterial cell. Alternatively, there is a chance that before
cell membrane rupture, copper ions deposit onto the membrane and are
subsequently absorbed into the cell through respiratory processes. These
Cu-ions are likely to react with these components as well as DNA,
leading to the formation of copper complexes. These complexes hinder
any potential repair processes, contributing to the eventual deteriora-
tion of bacterial cells.

To further observe the bacteria-substrate contact, FIB cross-sections
were performed perpendicular to the line-like structures containing
E. coli. Fig. 10 a shows that the bacterium on the right side exhibits
strong adhesion, with the bacterial cell membrane appearing to merge
with the substrate. On the left, the bacterium has detached a portion of
the surface, revealing underlying surface corrosion. Furthermore, back-
scattered electron (BSE) imaging was utilized to detect the contrast
between bacteria with different chemical compositions. In Fig. 10 b, the
BSE image shows varying contrasts within the bacteria. Bacterium no. 1
displays no contrast, while bacterium no. 2 exhibits a uniform distri-
bution of brighter and darker zones. Bacterium no. 3 exhibits the most
distinct contrast between the inner part of the bacterium and the nano
agglomerates formed within the cell membrane. The presence of copper,
which is a heavier element than other elements in the chemical

Applied Surface Science 665 (2024) 160338

composition of E. coli, may cause it to appear brighter in the image. By
comparing the FIB-SEM and BSE images, it is evident that different
bacteria are likely in different stages of adhesion and contact with Cu-
ions. To gain a better understanding of these phenomena, further
investigation methods will be necessary for future studies.

4. Conclusion

This study investigates and compares the importance of zinc content
in brass for surface modification using USP-DLIP to previous studies. A
chemical composition with zinc content lower than 30 + 3 wt-% was
chosen to lower the possibility of the formation of intermetallic phases
in brass. As expected, the only chemical modification observed is the
formation of oxide phases. The results reveal a profound modification on
a nanoscale, with a significant presence of zinc oxide in both superficial
and subsurface layers.

After laser processing, the reduced copper content in the brass leads
to a slower killing rate compared to a polished brass sample. However,
after etching, the amount of zinc oxide decreases, followed by the
complete removal of cupric oxide from the uppermost layer. This ex-
poses a copper-rich layer, resulting in a higher release of Cu-ions and
consequently a higher killing rate of E. coli on the etched brass with 15 %
zinc compared to the polished brass sample.

The SEM images and EDS analysis suggest an alteration of the surface
as well as bacteria upon contact with each other. It is noticeable that the
valleys have a higher level of corrosion in the presence of bacterial so-
lution with PBS compared to the peaks. This difference in corrosion may
be attributed to the higher zinc and oxide content in the peaks, i.e.,
possibly higher corrosion resistance, which needs to be investigated in
future. The bacteria, on the other hand, show the formation of nano
agglomerates on their cell membrane. This indicates a possible presence
of Cu-ions in the bacteria, as also suggested by the BSE imaging. The
findings suggest that the enhanced antibacterial activity is attributed to
a higher quantitative bacteria-substrate contact accompanied by a
higher Cu-ion release. However, further investigations using high-
resolution methods are needed to fully understand the bacteria-
substrate interaction and the killing mechanism of Cu-ions. Addition-
ally, exploring other etching solutions can help remove zinc oxide fully
from the structured surfaces and analyze its impact on the bacteria-
substrate contact.
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Fig. 9. (a) SEM image of E. coli on the structured and etched CuZn15 surface after two hours exposure time. The yellow circle represents the position of magnified
image of the bacteria with nano agglomerates. The squares and cross shape show the position of EDS measurements. The images were taken at a tilt of 52°. The
corresponding EDS spectra are displayed in (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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The rise of antibiotic resistance has prompted the exploration of other strategies, including the use of material
surfaces, to prevent the spread of contagious microorganisms. Copper, renowned for its antimicrobial properties,
holds potential in this area. However, its application is often limited from a materials perspective. Therefore, it is
crucial to investigate copper alloys to assess their effectiveness in these promising new approaches. For that
purpose, the surface of the bronze with 6 % tin content was modified using ultrashort-pulsed direct laser
interference patterning (USP-DLIP) to produce 3 pm periodic line-like structures aimed at enhancing antibac-
terial properties. This study examines how pulse fluence impacts surface topography and subsequently, the
killing of Escherichia coli (E. coli). The results show a variation in topography with varied peak-to-valley width
ratios. Chemical analyses confirmed an increased copper content and the formation of tin- and copper-rich ox-
ides. Subsequently, the flake-like oxide structures, formed due to laser treatment, were removed via etching with
5 % citric acid. The wettability tests showed increased hydrophobicity over 3 weeks, with etched surfaces
exhibiting lower hydrophobicity than as-processed ones. Overall, the etched laser-processed surfaces demon-
strated an E. coli killing rate of an order of magnitude higher than polished bronze and comparable to pure
copper. This enhancement is attributed to the increased contact area and optimized topography achieved
through USP-DLIP. This approach presents a promising strategy for antimicrobial surface design.

Surface modification
Antibacterial

1. Introduction hospitals, schools, and transport systems [9-11]. Bronze, in particular, is

suitable for high-touch components (e.g., door handles, railings, bed

To address the growing spread of pathogenic microorganisms, anti-
microbial surfaces have become a major focus of research due to their
potential to reduce microbial transmission [1,2]. Copper, long known
for its antimicrobial properties, remains one of the most promising
materials due to its ability to release metallic ions that disrupt bacterial
membranes and degrade RNA/DNA upon contact [3-6]. Although
copper’s antibacterial performance can be significantly enhanced using
laser-based surface treatments such as Direct Laser Interference
Patterning (DLIP) [7], its limited mechanical strength constrains
broader application. Alloying copper with elements like tin improves
properties such as hardness, strength, corrosion resistance, and wear
resistance. [8], making copper alloys—such as brass and bronze—viable
candidates for antimicrobial infrastructure in public spaces like

rails) where its antibacterial properties can help mitigate pathogen
spread.

Over recent decades, several strategies have been developed to
improve the antibacterial performance of surfaces. One common
approach involves the use of copper-based nanoparticles, which release
ions and generate reactive oxygen species that damage bacterial mem-
branes and DNA [12,13]. Surface coatings offer another route,
combining protective and antimicrobial properties; copper coatings
applied by cold gas spraying or onto textiles have shown effective bac-
terial inhibition [14,15]. In addition to nanoparticles and surface coat-
ings, laser surface structuring has emerged as a powerful technique for
enhancing antibacterial activity by modifying the physical and chemical
characteristics of material surfaces [7,16-20]. These textures can reduce

Abbreviations: CFU, colony forming units; CLSM, confocal laser scanning microscopy; E. coli, Escherichia coli; fs, femtosecond; GI-XRD, grazing incidence X-ray
diffractometer; LIPSS, laser induced periodic surface structures; SEM, scanning electron microscopy; USP-DLIP, ultrashort-pulsed direct laser interference patterning.
* Corresponding author. Functional Materials, Saarland University, 66123, Saarbriicken, Germany.
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Fig. 1. SEM images of laser treated bronze surfaces with an accumulated fluence of 10 J/cm?. Each sample varies in their single pulse fluence Fouse: (a) 0.16 J/cm?
(b) 0.31 J/cm? (¢) 0.47 J/cm? (d) 0.62 J/cm? (e) 0.78 J/cm? (f) 0.94 J/cm? (g) 1.09 J/cm?. Additionally, SEM images of (h) 0.16 J/cm? showing laser processing
errors that enhance the visibility of LIPSS, and (i) 1.09 J/cm? with higher magnification of the flake-like structures.

bacterial adhesion or physically damage cells through increased
roughness or sharp features [17,18]. Some studies focus solely on
topographical effects to deter bacterial colonization [16,17], while
others exploit combined chemical and morphological changes induced
by laser processing, such as altered oxidation states or elemental dis-
tribution, to enhance antimicrobial activity [19,20]. For example, hi-
erarchical micro- and mesoporous copper surfaces created via laser
texturing have demonstrated superior bactericidal activity due to a
combination of increased surface area, specific oxide phases, and
topographic features [20].

Among the various laser structuring techniques, Direct Laser Inter-
ference Patterning (DLIP) is a particularly promising approach. DLIP
utilizes the interference of coherent laser beams to create controlled
surface modifications, with periodical features down to the nanoscale
[21]. Recent studies [22,23] have shown that ultrashort pulsed DLIP
(USP-DLIP) can significantly enhance bacterial-killing properties in
copper and its alloys. Furthermore, Miiller et al. [24] investigated
various structure periodicities fabricated with USP-DLIP and their ef-
fects on different bacteria. It highlights that the impact of surface
topography on bacterial adhesion differs among bacterial species, which
in turn affects the antibacterial effectiveness of Cu surfaces.

While most research has focused on how surface topography in-
fluences antibacterial activity, few studies have examined how material
composition in conjunction with laser parameters affect the antibacte-
rial killing via the contact mechanism. This study addresses that gap by
investigating the role of tin in ultrashort-pulsed laser-induced surface
modifications on bronze.

Bronze containing 94 wt% copper and 6 wt% tin is selected to isolate
the influence of tin, excluding other typical alloying elements such as
phosphorus, aluminum, zinc, and nickel [8]. Using only tin as the

alloying element allows a focused investigation of its specific effect on
laser-material interaction and surface structure. The objective is to
fabricate periodic line-like structures with a 3 pm spacing, matching the
dimensions of Escherichia coli (E. coli) cells, using a two-beam DLIP setup
[22,23,25].

The first phase of the study involves identifying optimal parameters
for fabricating the line-like structures by evaluating the effects of pulse
energy (Epuse) or pulse fluence (Fyys) on the topography. A fixed
accumulated fluence (Fg)—the total laser energy delivered per unit
area—based previous studies [23,25], is used to replicate the successful
fabrication of these structures. In the second phase, the fabricated sur-
faces are characterized to assess how laser parameters influence
topography, followed by evaluation of their antibacterial performance
via contact-killing tests [26]. Additionally, the wetting behaviour of the
surfaces is briefly examined due to its relevance in antibacterial efficacy.

2. Results and discussion
2.1. Topography of line-like structures

Fig. 1 reveals that the desired periodicity of 3 pm was achieved in all
the samples. However, a variation in topography is observed involving
the width of the valleys and peaks. Samples a and b were produced with
lower pulse irradiation energies, resulting in a significantly higher
number of pulses required for the predetermined value of Fg. In this
case, the valleys appear notably slender with a width of approx. 1 pm
and broad peaks resembling plateaus. Presumably, the irradiation en-
ergy was insufficient to induce ablation in the form of a complete in-
tensity profile. Instead, it appears that the ablation was confined to the
maximum of the intensity profile.
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Fig. 2. SEM images of laser treated bronze surfaces with an accumulated fluence of 10 J/cm? and subsequently etched with 5 % citric acid. Each sample varies in

their single pulse fluence Fpys: () 0.16 J/em?® (b) 0.62 J/cm? (c) 1.09 J/cm?

Additionally, the valleys in Fig. 1 a and b exhibit roughness at sub-
pm scale along the line-like structures. A closer examination reveals that
this roughness is not random but periodic in nature. Fig. 1 h of the
surface processed at 0.16 J/cm? due to the laser processing error,
clearly shows that the structures are perpendicular to the surface, with a
spatial periodicity of approximately 575 nm. This can be attributed to
the formation of laser induced periodic surface structures (LIPSS), which
arise from the irradiation of surfaces with a linearly polarized laser beam
and are strongly influenced by factors such as laser fluence, number of
pulses, and laser wavelength [27,28]. These observations are consistent
with a recent study on copper, where similar periodic structures were
observed under the same DLIP setup with an s-polarized laser beam,
particularly at low pulse fluences, due to multi-pulse structuring [29].
Given that the copper content in the bronze investigated in this study is
also very high, these findings align well with previous observations.

As the pulse fluence increases, the sub- pm periodic structures
gradually lose its defined pattern, adopting a more random appearance
and less visibility of the LIPSS. This results from the increased amount of
melted and redeposited material. This indicates a shift from spallation to
phase explosion as the predominant ablation mechanism. This transition
occurs due to an increase in pulse energy on the surface, resulting in
temperatures exceeding the material’s boiling point. Under these con-
ditions, the system approaches the critical temperature, inducing
extensive homogeneous nucleation within the irradiated surface region
[30]1.

Although the accumulated number of pulses becomes smaller, the
higher pulse energy leads to broader valleys and narrower peaks. The
line-like structures in Fig. 1a—e, with a laser pulse fluence ranging from
0.16 J/cm? to 0.72 J/cmz, show a rather defined structure. In contrast,
the topography in Fig. 1 f and g reveals less defined lines, with a notable
accumulation of redeposited molten and ablated matter in the valleys
and on the peaks. In the case of 1.09 J/cm? (see Fig. 1 g), the valleys are
a lot wider in comparison to the structures produced with lower pulse
fluences. In this case, the melting and ablation mechanisms result in
significant variations in both the morphology of the peak tips and the
structure depth.

An additional interesting observation is the presence of flake-like
structures, initially appearing in the topography created with 0.47 J/
cm? and become most prominent on the surface treated with 1.09 J/cm?
surface (see Fig. 1 i). These structures are linked to the formation of
oxides on the surface [7,25]. A recent study [29] demonstrates that the
formation of these structures is highly dependent on the laser parame-
ters. The results indicate that the threshold pulse fluence for the for-
mation of flake-like structures lies between 0.31 and 0.47 J/cm? as
these structures are already evident at 0.47 J/cm? Furthermore, the
occurrence of these flake-like structures correlates with the laser pulse
fluence, highlighting an increase in their abundance. Previous studies
suggest that working with femtosecond laser pulses should result in a
negligible heat-affected zone and cold ablation, reducing the probability

Table 1
Depth of the line-like structures of the samples with following single pulse flu-
ence Fyye: 0.16 J/cm?, 0.62 J/cm? and 1.09 J/em?

Sample set a d g
Fputse [J/cm®] 0.16 0.62 1.09
Depth [pm] 0.8 +0.2 1.0+ 0.2 1.2+0.2

of chemical alterations [31,32]. However, some literature indicates that
the extent of alteration is heavily affected by the chemical composition
of the sample. In the case of copper, it tends to predominantly form
oxides [7]. Nevertheless, the presence of alloy elements can significantly
impact the degree of alteration, depending on their concentration,
leading to additional chemical changes [25].

In this study, topographies exhibit a relatively lower occurrence of
flake-like structures compared to previous research [22,25]. This is most
likely due to the high copper content in the bronze sample, as copper
requires relatively high enthalpy for oxide formation—ranging from
approximately —155 to —170 kJ/mol [33,34]. In contrast, tin requires
significantly lower enthalpy, with tin oxide formation ranging from
approx. —280 to —577 kJ/mol depending on its oxidation state [35].
However, since the tin content in the alloy is much lower than that of
copper, the observed behaviour likely results from a combined effect of
both the elemental composition and their respective oxide formation
energetics [36]. Notably, the surface exposed to 1.09 J/cm? displays the
highest concentration of flake-like structures. This is consistent with
findings from a previous study on copper [29], which showed that laser
fluence is directly proportional to the concentration of these flake-like
structures. For further in-depth analysis, three distinct sets represent-
ing three diverse topographical trends were selected. These sets
comprised samples fabricated using the following laser pulse fluences:
0.16 J/cm?, 0.62 J/cm?, and 1.09 J/cm?.

According to previous studies [25,26], the formation of oxides can
influence antibacterial properties significantly. To investigate its
possible impact on the antibacterial activity of the bronze samples, these
were etched with 5 % citric acid to eliminate any existing oxides. Fig. 2
shows the SEM images of the etched laser-processed samples. The
samples exposed to higher laser pulse fluences no longer display
flake-like structures.

Subsequently, the depths of the three chosen structures were
measured by confocal laser scanning microscopy (CLSM) and are pre-
sented in Table 1. It is evident that the samples subjected to higher
single-pulse fluences have deeper valleys. To investigate the overall al-
terations, the samples were characterized in both their as-processed and
etched states.
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Fig. 3. XRD-Diffractograms of laser treated and the polished bronze for 26 range of (a) 35-55° and (b) 70-120°.

2.2. Characterization

2.2.1. Phase analyses

First, grazing incidence X-ray diffractometer GI-XRD is utilized to
investigate the chemical alterations induced via laser processing.
Simultaneously, it is compared with the results of a reference polished
bronze surface. The findings are illustrated in the form of diffractograms
in Fig. 3. The 26-range of 55-70° showed no peaks (see Fig. S1) and,
therefore, was not included in Fig. 3. The orange diffractogram in Fig. 3
depicts the polished bronze surface. For this reference sample, only the
diffraction peaks corresponding to the fcc phase are evidenced. Ac-
cording to existing literature [37] and the International Center for
Diffraction Data (ICDD 01-071-784, ICDD 00-044-1477) on bronze with
5-10 wt% tin, the 26-values of the peaks are indicative of a-phase of
bronze containing 6 wt% tin. Due to the lower atomic radius of copper
(135 p.m.) compared to tin (145 p.m.), an observed trend reveals that as
the copper content in bronze increases, there is a visible shift in peak
positions towards higher 26-values, a phenomenon consistent with
literature [38] and ICDD 00-004-0836 values for pure copper samples.
The comparison between the polished sample and all structured samples
in an as-processed state shows a notable shift in peak positions. Specif-
ically, the (111) and (200) peaks have shifted by 0.2° in their respective
26-values. This shift suggests an elevated copper concentration on the
surface subsequent to the laser-structuring.

Following the etching process, noticeable alterations in peak in-
tensities are observed, particularly in samples exposed to 0.16 and 0.62
J/cm?. The (111) and (200) peaks exhibit a considerable reduction in
intensity, approaching nearly a fivefold decrease. On the contrary, the
(220) peaks demonstrate an enhanced intensity after etching, while the
(311) and (222) peaks remain constant after etching. These results
suggest a change in grain orientation on the surface for the samples
treated with 0.16 and 0.62 J/m2. Additionally, it is evident that the 26-
values of the (400) peak lack consistency. This inconsistency is likely
attributed to the peak’s broad form and weak intensity, leading to an
indistinct position of the peak maximum. Furthermore, for the GI-XRD
geometry, it is not unexpected that the (400) signal is not propor-
tional, as intensity variations can arise from differences in crystal plane
orientation and the characteristics of the X-ray diffraction process [39].
Overall, the results show a possible increase in copper content and a
change in preferred orientation on the surface through laser processing.

2.2.2. Characterization of the oxides

The results of the last section reveal the presence of flake-like
structures on the surfaces modified with higher pulse fluences. The ex-
istence of these is related to the presence of oxides [7]. However, the
XRD results did not show any additional oxide peaks for the 0.62 and
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Fig. 4. Raman-spectra of bronze surfaces treated with 0.16 J/cm? in as-
processed (black spectra) and etched (orange spectra).

1.09 J/cm? samples. To develop an understanding of this occurrence,
Raman spectroscopy is applied to investigate oxides. All three sample
sets were analyzed and the as-processed had identical spectra. This
similarity was also observed for all the etched samples. For that purpose,
only one set of samples is compared in their as-processed and etched
state.

Fig. 4 displays the spectra of bronze surfaces treated with 0.16 J/
cm?. Bands are observed at 60, 94, 106, 147, 217, 540, 623, and 653
cm ™! for the as-processed surface (black spectra). Notably, character-
istic Raman bands associated with cuprous or cupric oxide are absent.
However, the bands from 60 to 147 cm ™! can be attributed to defects,
non-stoichiometry and resonant excitation of cuprous oxide [40]. Yet, in
cases where a phase has defects in the form of vacancies, or it is doped
with other elements, these vibrational modes become visible in Raman
[41]. Additionally, a band at 217 em~! lacks identification with any
known oxides. However, a band in a similar range has been observed in
the previous study for fs-laser structured copper-alloy [25].

Although no bands related to bulk SnO; are visible, two weak bands
at 540 and 623 cm™! can be assigned to SnO,/Sn-O vibrations [42,43].
Literature indicates the occurrence of such a band in a range of 500-600
cm ! for Sn-O particles at a nanoscale [44]. Given that the samples were
treated with an ultrashort pulse duration, it is highly possible that there
is a chemical alteration at the nanoscale [25,26]. Furthermore, pro-
cessing under an ultrashort time period at very high local temper-
ature/pressure and rapid cooling afterward can lead to the formation of
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Fig. 5. Wetting behavior of various bronze surfaces (0.16 J/em? (green), 0.62
J/em? (purple), and 1.09 J/cm? (blue)) in as-processed (@ solid line) and
etched (a dashed line) state. Additionally, polished bronze (dashed orange line)
is chosen as reference. The results are presented as calculated average values of
the contact angle.

not fully/stably formed oxides [45]. This correlates with the observation
of copper oxide bands that only occur as a result of defects in the oxide
phase.

After etching (orange spectra), the intensity of cuprous oxide bands
reduces by half. Whereas the band at 217 cm™! remains constant. The Sn
oxide bands are no longer visible, particularly the band at 540 cm™.
Since the defect bands of CupO remain evident after etching, the
disappearance of the 540 cm ™! band suggests that it is not associated
with Cuy0 and is, therefore, specifically related to SnO,. These findings
reveal the removal of cuprous oxide phases partially and tin oxide fully
through etching. Furthermore, Raman spectra were also recorded for
0.62 and 1.09 J/cm? samples. The results showed identical spectra for
all as-processed as well as etched surfaces.

Comparing the characterization results, it can be concluded that the
observed increase in copper content in XRD spectra is possibly a result of
copper ions diffusion towards the surface, forming oxides as indicated by
the acquired Raman spectra. However, the absence of distinct XRD
bands and the presence of only silent bands from copper oxides in
Raman spectra suggest that the oxide formation is probably located only
on the top surface of the bronze samples. In summary, the formation of a
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nanoscale tin oxide phase and a copper-rich oxide phase, possibly
including tin ions, may be suggested as seen in previous studies [22,25].

2.3. Wetting behavior

The antibacterial test performed in this study involves the placement
of the bacterial solution in the form of a droplet on the surfaces. To
evaluate the results of the contact-killing tests, it is essential to first
examine the wetting behavior of the different surfaces, including the
polished bronze reference. For that purpose, the experiment is per-
formed over a period of three weeks utilizing the sessile falling droplet
method.

The calculated average values of the static contact angle are shown
Fig. 5. Over the course of three weeks, a clear trend is observed for all the
structured samples, except for the 0.62 J/cm? etched sample (a purple)
at one week, which is a result of a processing error. This variation was
noted since only the batch used for wettability experiments experienced
the error in laser processing (similar to that shown in Fig. 1 h). By
including this, the intention was to show how even slight variations in
laser structuring, caused by missed laser processing, can affect the
wettability. In general, an increasing contact angle is noted. This change
from hydrophilic to hydrophobic nature after the laser processing with
ultrashort pulses over a period of a few weeks has been noted in previous
studies for pure metal surfaces [23,46]. Furthermore, these results are
consistent with the findings of a previous study that tested the wetting
behaviour of laser-processed phosphor bronze [47]. This study validates
that irrespective of the bulk composition this trend is visible for all laser
processed samples.

Comparing the initial and last results, the initial hydrophilic nature
can be attributed to the micro roughness of the surface, which allows for
the droplet to stick to the surface. However, at week 0, a significant
difference is visible between the as-processed samples (@ solid line) and
the etched samples (a dashed line). It is evident that the etched samples
show a more hydrophilic behavior in contrast. Previous studies [48,49]
showed that this difference on the surfaces is closely related to the for-
mation of oxygen, C-C, and C-H bonds, which depend on the atmo-
spheric conditions. In this study, the laser process was conducted under
ambient conditions, making it highly likely that such contaminants were
present. Since the etched samples were treated with citric acid, most
oxides and likely other surface contaminants were removed, which led
to a change in the wetting behavior.
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Fig. 7. Micrographs of etched laser-samples with E. coli. The samples were coated with Au-Pd to achieve a better contrast in presence of biological matter.

hydrophobic. By week 3, all etched samples display contact angles be-
tween 100° and 110°, while the as-processed samples reach around
150°, nearly approaching superhydrophobicity (>150°). However, the
0.16 J/cm? as-processed sample (@ green) shows behavior like the
etched samples by week 3, possibly due to its unique topography (see
Fig. 2a). The plateau-like peaks in the surface structure may facilitate
droplet adhesion in a way that reflects a combined effect of both pol-
ished and other structured surfaces, although further research is needed
to confirm this. Future studies should evaluate droplet adhesion using
contact angle hysteresis to gain a better understanding of this phe-
nomenon. Overall, an increase in hydrophobicity is highly related to the
absorption of organic matter [7] during the aging period of 3 weeks, as
the samples were stored in an ambient atmosphere. Overall, the change
in wetting behavior can be attributed to microroughness and surface

aging.

2.4. Contact-killing and bacteria-substrate interactions

Next, the antibacterial activity of all these samples is examined
against E. coli. Fig. 6 a displays surviving colony forming units (CFU)/mL
over a contact period of 30, 60, 90, and 120 min. As expected, steel (Il
grey graph) shows no killing of E. coli and, on the other side, the sur-
viving CFU/mL on copper (Il red graph) reduces by 99 % in a contact
period of 2 h [23]. In comparison, the polished bronze (Il orange graph)
shows a significantly slower killing of E. coli than on pure copper. This
can be explained by the lower copper content in bronze as previously
observed for brass [22].

As this is compared to the laser-treated samples, regardless of the
pulse fluence (all graphs with @ solid line), it is visible that within the
first 30 min of contact, the killing rate is similar to that of polished
bronze and copper. However, after 60 min, a discrepancy becomes
visible for the 0.16 J/cm? sample. Due to one of the test results with a
low killing rate the standard deviation in this case is bigger. This vari-
ation can be ascribed to different experimental errors, i.e., improper
placement of the droplet leading to incomplete or insufficient duration
of contact between bacteria and substrate, improper retrieval of the
bacterial sample from the surface after contact, etc. These minor pro-
cedural variations were acknowledged to provide a more transparent
and realistic interpretation of the data.

After 90 min, the 1.09 J/cm? sample kills significantly better than
polished bronze and is almost similar to that of copper. After an
increased contact duration, the killing of E. coli 1.09 J/cm? continues at
a consistent rate. Whereas, in contrast, copper exhibits a notable surge in
the killing rate within the final 30 min of contact. Overall, 0.16 J /em? (@
green graph) and 0.62 J/cm? (@ purple graph) as-processed samples
have similar killing within the 120 min contact duration as the polished
bronze.

Simultaneously, the etched samples are assessed for their antibac-
terial activity, with the results presented in Fig. 6 (all graphs with a
dashed lines). During the initial 60 min, all samples exhibit similar

0.16 J/cm? etched with E. coli

g

Fig. 8. Micrograph of an etched laser-treated sample with 0.16 J/cm? pulse
fluence, showing interaction with E. coli and displaying the sur-
face morphology.

behavior, surpassing polished bronze and their respective as-processed
counterparts by one magnitude. By the 120-min mark, it becomes
apparent that approximately 99 % of E. coli is killed on all etched
samples. In the case of 0.16 J/cm? (a green graph) and 1.09 J/cm? (a
blue graph) etched, the CFU/mL values are similar to that of copper.
This indicates an improved antibacterial activity on the laser-treated
samples with etching. This enhancement is likely due to the removal
of surface layers formed during laser treatment, as these layers did not
contribute as much to the increased antibacterial activity.This correlates
with the results seen in previous studies on brass with USP-DLIP [22,25].
Fig. 6 b shows that all surfaces exhibited an increase in contact area
between 1.8 and 2.5-fold, suggesting that, in the case of contact-killing,
the topographical changes leading to this increase in contact area are as
significant as the surface’s chemical composition.

Fig. 7 shows the interaction between E. coli and all three etched laser-
treated surfaces. The surfaces exhibit a noticeable change in morphology
after contact with bacteria. This is due to corrosion on the surface, which
leads to the release of copper ions into the bacterial solution, as observed
in a recent study [22]. It’s also worth noting Fig. 7 a provides a valuable
visual comparison of bacteria-surface interaction across the different
surfaces. While the morphology is less visible due to the slightly thicker
Au-Pd coating on the 0.16 J/cm? sample, the higher magnification
SEM-image without tilting (see Fig. 8) offers a clearer view of the
morphology.
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A significant observation from the results is that, irrespective of the
topographic enhancements achieved through different laser parameters
for 3 pm periodic line-like structures, an improved killing of E. coli is
observed for all etched samples. This is most likely due to the dimension
of the single bacterial cell, which, in the case of E. coli, ranges between 1
and 3 pm. Since the width of the valleys across the varied sets also falls
within this range, and an overall increase in contact area is observed (see
Fig. 6 b), bacterial-substrate contact is enhanced as displayed in Fig. 7,
resulting in a general increase in activity.

The findings further signify that the line-like structures, without any
flake-like structures, facilitate a bacteria-substrate interaction, resulting
in higher E. coli killing. The increased bacterial adhesion and killing on
the etched surfaces can be attributed to several interacting factors. The
removal of oxides reduced surface roughness, which likely enhanced
bacterial attachment. Additionally, the oxides present on the as-
processed surfaces created a hydrophobic layer, hindering bacterial
adhesion. Etching improved wettability by removing this oxide layer,
thus promoting better bacterial attachment. This reduction in roughness
and improved wettability contribute significantly to the observed anti-
bacterial performance.

Additionally, an important factor promoting this increased killing is
the elevated copper content, as indicated by the XRD results, which
show an overall higher copper concentration after laser processing. The
increased bacterial killing is primarily due to the enhanced contact area
and the alignment of the structures with bacterial size. Previous studies
have shown that when surface structures match bacterial dimensions,
but the chemical composition is unsuitable, reduced or no antibacterial
effect occurs [25]. Since copper is known to be antibacterial while tin is
not, both surface composition and contact area are critical for effective
antibacterial performance.

3. Conclusion

This study demonstrates the enhancement of bronze surfaces with 6
wt.-% tin using ultrashort-pulsed direct laser interference patterning
(USP-DLIP) to create 3 pm periodic line-like structures, improving
antibacterial activity against E. coli.

The key findings from this research confirm the successful fabrica-
tion of the desired surface structures on bronze, with pulse fluence
playing a significant role in determining the depth and width of valleys,
which, in turn, increased the contact area by 1.8-2.5 times. Chemical
analyses showed an increase in copper content and the formation of tin-
and copper-rich oxide phases after laser processing. These oxide phases
were effectively removed by etching with 5 % citric acid. The processed
surfaces exhibited increased hydrophobicity over time, and the addi-
tional etching of the samples demonstrated E. coli killing rates compa-
rable to pure copper, significantly outperforming polished bronze.
Importantly, despite differences in topography, the increased antibac-
terial activity can be attributed to the larger contact area and the
compatibility of the periodic structure dimensions with the size of E. coli
bacteria, leading to improved bacterial killing.

The results show significant progress in optimizing the antibacterial
properties of bronze for high-contact surface applications. Future
research should focus on assessing long-term performance through
repeated bacterial colonization, cleaning, and re-colonization cycles,
exploring the effects of additional alloying elements and laser parame-
ters, and conducting extensive investigations into wettability and bac-
terial adhesion to better understand the bacteria-substrate interaction.

Overall, this work shows that USP-DLIP, combined with etching, can
effectively enhance the antibacterial performance of bronze. These
findings offer a promising approach for developing antimicrobial sur-
faces suitable for a wide range of applications, including public trans-
port, hospitals, schools, and other high-contact areas where hygiene and
bacterial contamination are of significant concern. The insights gained
from the binary copper-tin system provide a solid foundation for future
work, enabling the exploration of more complex alloy systems for use in
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these applications.
4. Materials and methods
4.1. Materials

Bronze with 6 wt.-% tin (Wieland) was chosen for this study. In
addition to that 99 % pure copper (Wieland) and stainless steel 304
(Brio) surfaces were used as references. The samples were received in the
form of a 1 mm thin sheet, which is then trimmed to coupons measuring
10 x 25 mm? Subsequently, the sample surfaces were prepared
metallographically to obtain a polished mirror finish as described in
Ahmed et al. [25].

4.2. Direct laser interference patterning

Periodic line-like structures with a periodicity of 3 pm were created
on bronze surfaces via direct laser interference patterning. This was
achieved using a Ti:sapphire Spitfire laser system from Spectra Physics.
A centered wavelength of 800 nm and an ultrashort pulsed duration of
150 fs (full width at half maximum) was utilized. The optical setup
consisting of five key elements: a beam diameter aperture, a wave plate,
a diffractive optical element, a mask, and a focusing lens system (100
mm focal length), was chosen as described in Ahmed et al. [25]. A spot
diameter of 70 pm was achieved as a result of the two-beam DLIP on
bronze. For this study, the laser-treated samples were tested in an
as-processed and etched state. The samples were etched using a 5 %
citric acid solution and subsequently cleaned with ethanol.

4.3. Experimental Procedure

In general, the laser process is characterized by scanning parameters
aimed at achieving a uniform topographical alteration across the sample
surface [50]. In this case, various input laser parameters play a role in
defining these calculable scanning parameters. The first one is laser
pulse fluence (Fpyise), which is determined by single pulse energy (Epuise)
or laser power (P). Laser pulse fluence is defined as energy per area for
pulse irradiation (Ago.) and is calculated in Equation (1) according to
Fox et al. [51].

F Epulse

= Eq. (1
pulse Aspot q ( )

Furthermore, this energy can be calculated for a defined area of the
processed surface as shown in equation (2) and is known as accumulated
fluence (Fgee) [51].

Epus
F. — s
T AXF Ay

Eq. (2)

Here, Ax is the pulse overlap in the scan direction (x-axis) and Ay is
the step size also known as hatch distance in the y-axis [51]. Moreover,
equations (1) and (2) lead to another calculable parameter (see equation
(3)), which is the number of accumulated pulses (ng.) for this defined
area of the processed surface [51].

FCC

Ngec =

Eq. (3)
Fpulse 4

3 pm periodic line-like structures were fabricated and defined by an
identical accumulated fluence (Fy.) of 10 J/cm?. For that purpose, the
repetition rate (f) and the overlap in y-direction (4y: also, the hatch
distance between two scan lines) were kept constant at 1000 Hz and 24
pm, respectively. The chosen repetition rate is consistent with previous
studies [23,25], and the overlap value was selected accordingly for
bronze to produce structures comparable to those earlier results. The
input laser power (P) was varied intentionally to achieve a wide range of
Epuise. For each selected power, the number of accumulated pulses (ngcc)



A.S. Ahmed et al.

Table 2
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Laser parameters — pulse energy (Epus.), number of accumulated pulses (114.c) and pulse fluence (Fpys) — for 7 sets of samples with 3 pm line-like structures fabricated
with femtosecond (fs)-DLIP technique using constant Fy. of 10 J/cm? The values of variables were calculated using equations (1) - (3).

Sample set a b c d e f g
Eputse [1J1 6 12 18 24 30 36 42

Nace 64 32 21 16 12 11 9
Fyutse [J/cm?] 0.156 0.311 0.468 0.623 0.779 0.935 1.091

had to be adjusted to get the set constant value for Fg.. This is defined by
the overlap and stage speed in the x-direction along the scan line [51]. In
total, 7 different sets of samples were prepared. The parameters
including the respective Fyys are given in Table 2.

The samples were evaluated for their wetting properties over a
period of three weeks following laser structuring. Subsequently, all
further characterization and contact-killing experiments were conduct-
ed after this three-week aging period.

4.4. Wettability

Contact angle experiments were performed using a Drop Shape
Analysator DSA 100 (Kriiss GmbH) to observe the aging of laser-
structured samples during a span of three weeks. After the laser treat-
ment, the samples are stored in a box at a room temperature of 20 + 2 °C
and a humidity of 30 & 7 %. The first measurement (Week 0) is done 24
h after the laser treatment. The remaining measurements up to the third
week were carried out at 7-day intervals. Every week’s measurement is
performed on a different sample at room temperature of 21.5 + 0.5 °C
and a humidity of 20 + 1.3 %. A droplet of distilled water with a volume
of 3 pL is dosed on the sample with a micro-syringe using the sessile
falling droplet method. Each sample is dosed with at least 5 droplets on
different regions of the surface. Since the laser-structured samples show
an anisotropic topography, the contact angle of each droplet was
measured orthogonal and parallel to the line-like structures. To achieve
reproducible results, the measurements were done within 1 min of
droplet dosage.

4.5. Surface characterization

Confocal laser scanning microscopy (CLSM, LEXT OLS4100 3D
Measuring Laser Microscope, Olympus) was employed to measure the
dimensions of the structures, with the depth calculated based on a
sequence of 10 peaks and valleys. Furthermore, scanning electron mi-
croscopy (SEM, Helios NanoLab 600™, FEI Company) in secondary
contrast mode was utilized to observe the topography. The SEM images
were obtained using an acceleration voltage of 5 kV and a current of 1.4
nA, with the sample surface positioned at a 45° tilt.

Phase analysis is carried out using a high-resolution grazing inci-
dence X-ray diffractometer (GIXRD, Cu K, source with a wavelength of
1.5418 A at 1° grazing angle, PANalytical X’Pert PRO-MPD). Next, the
characterization of oxides is carried out with Raman spectroscopy
(Horiba Jobin, HRLab with a 532 nm laser).

4.6. Antibacterial efficiency determination

The antibacterial efficiency of the samples is investigated via a
contact-killing experiment followed by the wet plating method [52]. For
that purpose, a bacterial suspension of E. coli WT K12 (BW25113) is
prepared with Phosphate-buffered saline (PBS) according to Luo et al.
[26]. A total of three droplets (volume: 40 pL each) of the bacterial
suspension are then placed on each sample surface. Each sample is tested
at least thrice to achieve reproducible results. After 30 min, 5 pL are
retrieved from one of the droplets after repetitive pipetting. The same
volume is retrieved from the second and third droplets after 60 min and
120 min, respectively. These 5 pL are then serially diluted, spread on
Lysogeny broth (LB) agar plates, and stored in an incubator at 37 °C for

24 h. To conclude, the number of surviving colony forming units is
enumerated for all the samples as well as the original bacterial sus-
pension prior to contact with any surface.
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recognised as potential antibacterial surfaces. Despite the relatively low

© The Author(s) 2022 antibacterial efficacy of cuprous oxide (Cu,O) compared to pure copper, it is still
worth consideration in some scenarios. Taking copper-nickel co-sputtered thin
films with two copper contents (55 and 92 at.%) as examples, this work inves-
tigated the potential of oxidation in altering the antibacterial behaviour of
copper alloy surfaces. By heat treatment at 200-250 °C for 20-24 h, a layer
mainly composed of Cu,O was successfully fabricated on the top of the Cu-Ni
alloys. Antibacterial efficiency against Escherichia coli in 1 h was obtained by the
droplet method and further compared. The coupons with 92 at.% copper
became less effective after oxidation: the reduction rate declines from 97.0 to
74.3%; whereas the coupons with 55 at.% copper showed a large increase after
oxidation, rising from 15.0 to 66.8%. The experiments described herein reveal a
promising concept of oxidation in enhancing the less effective copper alloy
surfaces for antibacterial applications.
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Introduction

Copper and copper alloys have been extensively
investigated in recent years in terms of their
antibacterial activity [1-3]. These metallic copper
surfaces are excellent candidates in many scenarios,
amongst which frequently touched surfaces have
been highlighted, as they can be contaminated and
further transmit deadly pathogens [4-7]. In our daily
lives, antibacterial surfaces installed in public envi-
ronments such as in transportations and buildings
would be extremely helpful since timely cleaning is
not always available. For the same reason, there is
high expectation and demand in health care facilities,
as it could become the decisive factor in combating
with healthcare-associated infections (HAIs) that are
strongly related to cross-contamination on surfaces.
The knowledge regarding antibacterial mecha-
nisms of copper is being developed, which most of
the time, is linked with the ionic copper released from
the surfaces. Cuprous ions (Cu*) could directly
damage enzymes by replacing iron in their iron-sul-
phur clusters [8] or exhibit antibacterial effect indi-
rectly by forming reactive oxygen species (ROS) [9].
Therefore, the antibacterial efficiency presented by
the metallic copper surfaces, to a considerable degree,
depends on how efficiently copper ions are released
from the surfaces. This efficiency is certainly
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environment-dependent, for example, it can be evi-
dently enhanced in a relatively corrosive environ-
ment in the existence of chloride [10]. Nevertheless,
the chemical composition of the surfaces also plays
an important role, as some alloying elements are
originally designed to reduce the global corrosion
tendency [11]. As a result, a phenomenon has been
frequently observed on copper alloys: their antibac-
terial efficiency is poorer than the one of pure copper
[12]. A huge range of metallic copper surfaces pre-
pared with antibacterial properties have been asses-
sed, including pure copper [13], Cu-Sn [14], Cu-Ag
[15], Cu-Zr [16], Cu-Zr-Ag [17, 18], etc.

In addition to the metallic copper surfaces, copper
oxides, regardless of their oxidation state: cupric
oxide (CuO) or cuprous oxide (CuyO), have both
shown antibacterial activity, although usually being
considered less effective than pure copper [19-21]. As
copper oxides can also release copper ions, even
though by dissolution instead of corrosion, they do
share similar antibacterial mechanisms as the metallic
copper surfaces. Besides, extra amount of ROS could
be produced via photocatalytic effect introduced by
their semiconductor characteristics [22], assisting the
antibacterial process. Copper oxide surfaces with
antibacterial activity have been successfully synthe-
sised by various methods, e.g. chemical vapour
deposition [20], sputtering [21], wet chemical method



[23], hydrothermal method [24], and spin coating
[25].

Apart from depositing an extra oxide layer on the
pre-existing objects, such oxides can be obtained by
directly transforming the metallic copper surfaces
through specific oxidation processes. Several
attempts have been recently reported, in order to
evaluate the impacts of such sort of oxidation on the
metallic copper alloys as well as their antibacterial
efficiency [26, 27]. More precisely, it is usually the
potential undesirable degradation of antibacterial
efficiency that draws the attention of researchers.
However, considering that the antibacterial efficiency
of copper alloys could actually vary on a quite large
scale [1], there might be several copper alloys that
own poorer antibacterial efficacy than copper oxides.
In these cases, oxidation of these surfaces would not
necessarily become an unwelcome phenomenon.
Instead, it can be the key to improve the antibacterial
activity of those copper alloy surface, meanwhile
preserving the advantage of metallurgical processing
or mechanical properties introduced by alloying
elements.

Consequently, we designed a scenario to verify this
hypothesis. Copper-nickel thin films were produced
by co-sputtering method, with two different copper
contents, representing copper alloys with antibacte-
rial efficiency in two ranges: intrinsically better or
worse than CuyO. These thin films were thermally
oxidised, aiming to form a layer of Cu,O on the
surface. Their antibacterial efficacy against E. coli was
analysed, confirming the potential of this strategy.

Materials and methods
Thin film deposition

Copper-nickel thin films were deposited on micro-
scope glass slides by magnetron co-sputtering tech-
nique. Before being transferred into the sputtering
chamber, the substrates were cleaned with ethanol in
an ultrasonic bath. During deposition, the sputtering
pressure was maintained at 0.4 Pa, whilst the flow
rate of argon was 50 sccm. The distance between the
substrate and the Cu target (2" diameter and 99.99%
purity) and Ni target (2" diameter and 99.99% purity)
were 59 and 66 mm, respectively. The Cu content
was controlled by adjusting the sputtering current of
the Cu target by a DC generator (MDX-1.5K,

Advanced Energy): it was 0.20 A for high Cu content
coupons (hereafter “High Cu”) and 0.05 A for low Cu
content coupons (hereafter “Low Cu”). Sputtering of
Ni target was performed with a constant current 0.10
A for both sets, by a pulsed-DC generator (Pinnacle,
Advanced Energy), whose frequency and off time
were 50 kHz and 4 ms, respectively. The total depo-
sition time was 10 min for the High Cu and 20 min
for the Low Cu. These thin films were deposited
without intentional heating of the substrate holder.

Heat treatment

Formation of oxides on the above-mentioned thin
films were processed in a heating oven (UT 6120,
Heraeus). Coupons were placed in the oven at room
temperature, and the heat treatment was counted
from the time the oven reached the specific temper-
atures. There were two sets of heat treatment
parameters: (1) 200 °C for 20 h and (2) 250 °C for
24 h. At the end of this time, the oven was shut down
and the coupons were taken out after the oven
reached room temperature. The ventilation of the
oven was maintained at the lowest level before the
oven was shut down. According to their original
copper contents, they are called “High Cu HT” and
“Low Cu HT” hereafter.

Solutions

Phosphate-buffered saline (PBS) was prepared using
NaH,PO,. 1H,O (Merck, Germany, final concentra-
tion 0.01 M), NaCl (VWR, Germany, final concentra-
tion 0.14 M) and pure water for analysis, and its pH
value was adjusted by adding NaOH to 7.4. It was
sterilised after preparation.

Surface characterisation

High resolution grazing incidence X-ray diffrac-
tometer (GIXRD, Cu Ka source with a wavelength of
154 A at 1° grazing angle, PANalytical X'Pert PRO-
MPD) was used to determine the phases of as-de-
posited and heat-treated thin films. The following
diffraction data are used to index: JCDPS#04-0836 for
Cu, JCPDS#75-1531 for Cu,O, and JCPDS#04-0835 for
NiO. Different functions of scanning electron micro-
scope (SEM, Helios NanoLab600, FEI) were
employed at 5 kV: both Everhart-Thornley detector
and Through-the-Lens detector were applied to
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examine the top-surface of the coupons, whilst their
global or local chemical composition was obtained by
energy-dispersive X-ray spectroscopy (EDS). Image
classification and analysis was processed with Fiji
[28], with which the “Find Maxima” algorithm was
applied.

Antibacterial efficiency determination

The antibacterial activity on the coupon surface was
tested via the droplet method [29]. E. coli WT K12
(BW25113) strain were grown overnight aerobically
in Lysogeny broth (LB) medium at 37 °C in a water
bath with a speed of 220 rpm. Next day, the bacterial
culture was taken out and centrifuged at 5000 x g to
separate the stationary cells. The centrifugation pro-
cess was repeated three times with PBS using the
same parameters. Finally, the stationary cells were
resuspended in PBS to prepare the bacterial suspen-
sion. Following this, 20 pL of the suspension was
applied on the tested surfaces in the form of droplet.
The test was carried out in a high humid environ-
ment at room temperature for a 1 h duration. At the
end of this time, 10 pL of the suspension was
retreated from the droplet after repetitive pipetting,
then serially diluted in PBS and finally spread on LB
agar plates. The plates were stored in an incubator at
37 °C for 24 h. Finally, the colony-forming units (cfu)
were counted to enumerate the bacteria of the sus-
pension taken. For negative control, the cfu/ml value
from the test on the stainless steel was chosen for the
section “Heat treatment at 200 °C is only successful
for the High Cu” and the original cfu/ml value of the
suspension for the section “Heat treatment at 250 °C
turned the Low Cu to Cu,O”. Reduction rate is cal-
culated by dividing the number of deactivated bac-
teria (i.e. difference of the cfu between the values of
negative control and the values obtained in 1 h) by
the values of negative control.

Results and discussion

Characterisation of as-deposited Copper-
nickel thin films

Prior to investigating the effects of heat treatment, it
is important to understand the features of the as-de-
posited thin films. Figure 1a presents the elemental
analysis of the Cu-Ni co-sputtered thin films
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prepared with two currents applied to the Cu target.
In the spectrum obtained from the High Cu, the CuL
peak dominates the X-ray distribution, whilst the NiL
peak can hardly be distinguished. On the other hand,
the NiL peak becomes obvious in the case of the Low
Cu. Quantification of these two elements after ZAF
correction can be found in the inset: 92 at.% for the
High Cu and 55 at.% for the Low Cu. However, it
must be noticed that, these values may not precisely
represent the actual composition because of the
overlap of these two peaks, especially in the case of
the High Cu (find detailed explanation in SI Fig. 1).

X-ray diffractograms shown in Fig. 1b further
reveal the phase composition of the coupons. The
broad diffraction peaks located from 15 to 40° origi-
nate from the amorphous glass substrate. This peak
was less obvious for the High Cu, simply due to the
greater thickness of the thin film (SI Fig. 2). For the
same reason, the other diffraction peaks that can be
indexed to Cu, are more intense in the diffractogram
of the High Cu. Besides, on the diffractogram of the
Low Cu, shift of the Cu diffraction peaks to higher
angle can be observed as highlighted in the inset.
This phenomenon is associated to the substitution of
Cu atoms by Ni atoms in the fcc solid solution.
Because the metallic Ni atoms is smaller than the Cu
ones, an increase of Ni content leads to a decrease of
the fcc lattice constant, causing a shift towards higher
diffraction angle according to Bragg’s law.

Figure 1c—e further compare the morphology of the
as-deposited thin films. It is clear that a larger grain
size is observed on the High Cu, whereas that shown
on the Low Cu already reaches the limit of resolution
at that operating conditions. For the same reason, the
statistics from image processing indicate a relatively
high fraction in the ultrasmall region, which could
come from the inevitable error introduced by the
blurry boundaries. The discrepancy of two thin films
could be attributed to the thickness, i.e. the growth
process of thin films, where the Low Cu could be
closer to its nucleation regime and therefore with a
finer microstructure.

To conclude, the Cu content is not the sole differ-
ence existing between two set of Cu-Ni thin films.
However, it can be seen from the following sections
that the influence of other parameters is not con-
cerning in the present study.
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Figure 1 EDS spectra (a) collected from the coupons, with inset
indicating the quantitative results after ZAF correction where Ni
and Cu were selected. The label of Ni is marked with star in order
to remind the readers of the likely overlap between NiL and CuL.
High resolution GIXRD results (b) of as-deposited coupons, with

Heat treatment at 200 °C is only successful
for the High Cu

Heat treatment in ambient atmosphere at 200 °C has
been demonstrated to form a layer of Cu,O on top of
pure Cu samples [19]. As a result, heat treatment at
this temperature was firstly applied on Cu-Ni co-
sputtered thin films, aiming to oxidise their outer-
most part and to obtain a layer mainly composed of
Cuzo.

Phase analysis of the heat-treated thin films can be
found in Fig. 2a. For the High Cu HT, heat treatment
introduces three extra and distinct peaks in its
diffractogram, namely the (110), (111), and (220)
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inset that compares the positions of (111) and (200) diffractions
with pure copper (JCDPS#04-0836). Representative high
resolution SEM images of as-deposited the High Cu (c) and the
Low Cu (d). Histogram (e) summaries the distribution of the
lateral size of the grains calculated from SEM images.

diffraction peaks of Cu,O. However, it has to be
admitted that the formation of nickel oxide (NiO)
should not be ruled out, based on the greater affinity
of Ni atoms for oxygen [30]. The fact that it is hardly
detectable can be attributed to the low Ni concen-
tration in the alloy.

On the other hand, the attempt to form Cu,O on
the Low Cu HT seems to be unsuccessful: no addi-
tional diffraction peaks can be identified clearly or
indexed to CuyO (or NiO). The reason why the cur-
rent heat treatment parameters might not be effective
enough to form an observable amount of Cu,O could
be associated with the addition of Ni. Previous
research performed at elevated temperature (around
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Figure 2 High resolution GIXRD results (a) of 200 °C heat-
treated coupons (“High Cu HT” and “Low Cu HT”) and their
original as-deposited coupons (“High Cu” and “Low Cu” that have
been shown in Fig. 1) for comparison. Cu,O (JCPDS#75-1531)
was applied to index the additional peaks. Enlarged spectra at the
right side compare the positions of (111) and (200) diffractions
with pure copper (JCDPS#04-0836). Representative SEM image

450 °C) has observed a prolonged nucleation period
for Cu,0O as the concentration of Ni rises in the low
copper content regime [31].

In addition, in both cases, the diffraction peaks
from Cu can still be easily recorded, meaning that a
substantial portion of these heat-treated thin films is
still in the unreacted metallic state. These Cu
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(b) and high resolution SEM images (c, d) of two different regions
found on the High Cu HT. EDS spectra (e) were collected from the
regions that marked by squares in (b), with inset indicating the
average quantitative results based on the data shown in SI Fig. 3.
The label of Ni is marked with star in order to remind the readers
of the likely overlap between NiL and CuL.

diffraction peaks exhibit a shift to higher angle. As
discussed in the above section, the shift of these
metallic diffraction peaks corresponds to the shrink-
age of fcc lattice. It is true that annealing tends to
enhance diffusion, remove defects, improve the
crystallinity, and thus results in relaxation of the
internal stress. But if the shrinkage of glass substrate



due to annealing is more significant than that of thin
films, then an external compressive state would still
be introduced on the thin films. Alternatively, this
compressive state can be related to the formation of
oxides. The Pilling-Bedworth ratio of Cu,O and NiO
are both greater than 1, implying that an increase in
volume is expected once Cu or Ni transforms to its
oxide. It could therefore introduce compressive stress
to the unreacted metallic thin films.

Although the formation of CuyO on the High Cu
HT was successful, interestingly, the oxidation is not
homogeneous. Figure 2b—e compare the evident
morphological features: there are some (mostly
round) regions owning coarser and upheaved parti-
cles, whereas the other regions are finer and flatter.
Besides, stronger X-ray signal of oxygen can be found
in the former region, representing the formation of
thicker or denser oxide. It has to be noted that the
atomic percentages calculated (as well as those to be
shown in the following section) do not represent the
chemical composition of any phases in any regions.
This is because the X-ray signal could originate from
both the oxide layer and the underneath co-sputtered
thin films, and it therefore does not satisfy the pre-
mise of quantification under ZAF correction.
Although these micron-scale features are not going to
be further discussed with the global antibacterial
activity, recent studies from different research groups
did imply their possible roles in assisting bacteria
deactivation [32, 33].

As for the antibacterial behaviour, previous studies
have shown the significant effect of oxide formation
on pure copper surfaces [19, 27]. Similar tests were
now conducted on both Cu-Ni thin films, both the as-
deposited state and the heat-treated state. Figure 3
shows the survival and reduction rate of E. coli after
1 h contact time compared to stainless steel. The
results show that the High Cu killed bacteria most
efficiently (96.8%), whilst its heat-treated state, the
High Cu HT became less efficient (77.9%). This can be
attributed to the formation of Cu,O on the High Cu
HT: the intrinsic antibacterial efficiency of the High
Cu is higher than that of Cu,0O, thus the oxide cov-
erage on the surface compromises the antibacterial
behaviour.

The Low Cu, on the other hand, exhibits a rela-
tively poor antibacterial efficacy: the reduction rate
increases from 33.7% to 44.2% after heat treatment.
This could be a neglectable enhance, given that the
standard deviations are relatively huge. This can be

attributed to the insufficient oxidation of the surface:
if the surface was completely transformed into Cu,O
only (as in the case of the High Cu HT), then an
antibacterial efficiency or reduction rate similar to the
High Cu HT should have been observed. That being
said, other modifications in terms of microstructural
or surface properties introduced by the thermal oxi-
dation process (i.e. annealing process) could also
contribute to this neglectable change in antibacterial
efficiency. To sum up, it is still necessary to find
another approach that can lead to a sufficient Cu,O
formation on the Low Cu, in order to accomplish
verification of the concept proposed.

Heat treatment at 250 °C turned the Low Cu
to CuZO

Since the heat treatment parameters described in the
above section failed to oxidise the Low Cu (even with
prolonged period, see SI Fig. 4), thermal oxidation at
a slightly high temperature (250 °C) was proceeded
as it often increases the tendency to form oxides
[34, 35], meanwhile avoiding the formation of less-
desirable CuO [36]. Although it is unnecessary to
carry out this heat treatment on the High Cu (as the
designed Cu,O was already obtained at 200 °C and
served its purpose), it was still included here for
better comparison.

The diffractograms in Fig. 4a demonstrate the
efficacy of this heat treatment at 250 °C on both
coupons. Cu,O oxide still dominates the oxide spe-
cies formed on the High Cu HT, but most excitingly,
the very same oxide finally appears on the Low Cu
HT. Additionally, a relatively tiny and broad
diffraction peak was recorded and can be assigned to
(220) diffraction of NiO. And again, such an anneal-
ing process introduces a shift of Cu diffraction peaks
to higher angle for similar reasons discussed in the
previous section.

Similarly, Fig. 4b-d show the localised strong oxi-
dation phenomenon observed on the Low Cu HT
(and the High Cu HT as well, see SI Fig. 6). The
regions outside are also oxidised, but less in amount.
Since in the case of the Low Cu HT, X-ray radiation of
CuL and NiL can be easily differentiated, it is thus
clear that a drop of NiL intensity can be recognised
inside the strong oxidation regions. This revealed the
preferred oxidation of Cu in these regions.

Regarding the antibacterial behaviour shown in
Fig. 5, similar to the results in the previous section,
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Figure 3 Antibacterial efficiency tests with E. coli on the 200 °C
heat-treated coupons (“High Cu HT” and “Low Cu HT”) and their
original as-deposited coupons (“High Cu” and “Low Cu”):
(a) surviving colony-forming units and (b) the reduction rate in

the High Cu shows the best antibacterial efficiency
(97.0%) amongst the tested coupons, whilst the High
Cu HT endures a decrease (to 74.3%) due to surface
oxidation. On the other hand, unlike the heat treat-
ment at 200 °C, the number of surviving bacteria on
the Low Cu HT decreases significantly this time. The
reduction rate thus mounts from 15.0% to 66.8%,
which is very close to that obtained from the High Cu
HT. This trend is exactly as expected, as it reflects the
successful Cu,0O formation on the surface of the Low
Cu HT, which thus should show a comparable
antibacterial efficiency as the High Cu HT. Formation
of NiO could be a contributory factor of the slight
difference between two heat-treated coupons,
because it has not been considered to share compa-
rable antibacterial property as Cu,O. Besides, the
antibacterial efficiency of the heat-treated coupons
from this study and the sputtered Cu,O coating
(around 50% in 1 h) from our previous study [21] are
just comparable but not entirely identical. This once
again suggests that the antibacterial property does
not depend on chemical/phase composition only, but
possibly also on the minor effects of the microstruc-
tural or surface parameters, which may still require
further investigation.

It is true that there are some discrepancies com-
pared to the reduction rates obtained in the first heat
treatment trial, e.g. the same Low Cu showed only
15% in this trial but 33.7% in the first trial. This could
be introduced by the selection of the negative control
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1 h. The cfu obtained on stainless steel is set as the negative
control. The error bars indicate the standard deviation calculated
from three measurements. The straight lines in (a) are only added
for guiding the eyes.

(stainless steel or the original suspension), or the
possible difference in the original concentration of the
bacterial suspension [37, 38], etc. The slight decrease
obtained from the High Cu HT (74.3% in this trial but
77.9% in the first trial) could be attributed to the same
reason, or other slight intrinsic differences between
two High Cu HT surfaces. Nevertheless, none of
these affects the concept to be verified: oxidation on
certain metallic copper alloy surfaces can truly
improve their antibacterial efficiency.

Discussion on this promising strategy
and practical insights

From the above comparison, it is clear that oxidation
opens a powerful and simple pathway to tailor the
antibacterial performance of the metallic copper alloy
surfaces. This is summarised in Fig. 6, where
antibacterial efficiency of pure copper and Cu,O are
set as benchmarks. For the alloys that already show a
better reduction rate than Cu,O (grouped as “Copper
Alloys Type 1”), oxidation should be avoided as it
impairs their intrinsic antibacterial efficiency,
although whether it can be effectively avoided is
another issue. On the contrary, for those intrinsically
less potent than Cu,O (grouped as “Copper Alloys
Type 1I”), measures that lead to surface oxidation
should be considered. By transforming the metallic
surfaces into Cu,O, their antibacterial efficiency can
be replaced by that of Cu,O.
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Figure 4 High resolution GIXRD results (a) of 250 °C heat-
treated coupons (“High Cu HT” and “Low Cu HT”) and their
original as-deposited coupons (“High Cu” and “Low Cu” that have
been shown in Fig. 1) for comparison. Cu,O (JCPDS#75-1531)
and NiO (JCPDS#04-0835) were applied to index the additional
peaks. Enlarged spectra at the right side compare the positions of
(111) and (200) diffractions with pure copper (JCDPS#04-0836).

It should be noted that, although in the present
work, Copper Alloys Type I is represented by the
High Cu whilst Copper Alloys Type II by the Low
Cu, alloys with relatively lower copper contents do
not necessarily always exhibit a poorer antibacterial
efficacy [26, 39]. In other words, whether to oxidise
an alloy or not should rely on its intrinsic
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Representative SEM image (b) and high resolution SEM image
(c) from the edge of two different regions found on the Low Cu
HT. EDS spectra (d) were collected from the regions that marked
by squares in (b), with inset indicating the average quantitative
results based on the data shown in SI Fig. 5. The label of Ni is
marked with star in order to remind the readers of the likely
overlap between NiL and CuL.

antibacterial efficiency (which can be measured from
trials), but not simply on its chemical composition
(e.g. how high the copper content is).

The proof of concept presented in this work was
accomplished by Cu-Ni co-sputtered thin films,
because sputtering is without a doubt one of the most
effective and effortless methods to obtain a defined
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surface with certain chemical composition or crys-
tallinity. Many recent studies have applied this
method to design functional surfaces and explored
their antibacterial potentials [14, 17, 18]. But the very
same idea is certainly applicable or even more
meaningful in bulk copper alloys that can be fabri-
cated in conventional metallurgical ways, no matter
whether it is with commercial alloying elements or
newly developed compositions [40, 41]. Its adapt-
ability to a wide range of existing commercial copper
alloys is worth being emphasised in the future
studies.

Meanwhile, exclusive formation of Cu,O could be
a challenge, just like the formation of NiO on the Low
Cu HT shown in this study. One could also imagine
as more/different alloying elements are included,
undesirable by-products could form during oxidation
process [42], undermining the coverage of antibacte-
rial CuO or even suppressing its formation. Exten-
sive investigation is thus needed in the selection of
alloy composition in each applying scenario, even
though  coexistence of oxides might be
inevitable subject to the oxygen affinity.
Suitable temperature (as already shown in the pre-
sent work) together with ambience composition
might be two important parameters in guiding a
desirable oxidation process. Nevertheless, apart from
thermal oxidation, there are also other feasible
approaches to introduce oxide that might be adapted
accordingly, e.g. anodic oxidation [43] or laser surface
treatment [32, 44, 45].
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No matter which oxidation method is selected,
there are other features of the oxidised layer that are
essential to application and therefore should also be
examined if possible. One of them is the horizontal
homogeneity of oxidation. Localised strong oxidation
spots that are observed in this work, however, did
not introduce too much concern in antibacterial effi-
ciency test, as it actually represents inhomogeneity in
depth whilst the droplet method for 1 h is an evalu-
ation based on the global antibacterial performance of
the outermost surface in short term. Moreover, only if
the amount of copper released into the droplet is
sufficient to deactivate the microbes, the locations
where release occurs could be less important. But this
may not always suit the actual scenarios: there might
be no aqueous environment covering the entire sur-
face, and therefore it is important to ensure every
position that is contaminated by microbes can present
equally excellent antibacterial effect. In addition to
chemical composition, homogeneity could be
required in other aspects such as microstructure and
micro/nano-roughness. To better investigate the
localised antibacterial behaviour, recently developed
tests with dry or quasi-dry inoculum [46, 47] are
certainly important alternatives.

On the other hand, inhomogeneity in depth,
namely the effective oxidation depth is still an
important variable. Usually, one advantage of
applying copper and its alloys in daily touched sur-
faces is their quasi self-healing properties: abrasion-
corrosion introduced by touching or cleaning [48]
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Figure 6 Schematic illustration of the potential of oxidation in altering the antibacterial efficiency of copper alloys and some practical

insights of this concept.

could help releasing the topmost layer as well as the
adhered microbes. This exposes the “new” surface
underneath, maintaining the similar antibacterial
efficacy. However, when surface oxidation is applied,
the desired antibacterial effect only exists in the oxi-
dised part, meaning within a certain depth. It is
therefore important to evaluate the loss rate of the
oxides in each specific circumstance in order to
determine the desired depth of oxidation for an
aimed lifespan. Along with this perspective, adhesion
of the oxidised layer should be assessed or improved
when necessary, since weak adhesion might cause
early failure of the antibacterial layer.

Furthermore, adoption of oxidation strategy also
shifts the mechanism of antibacterial copper ion
release: from corrosion of the original metallic phases
[49] to dissolution of Cu,O [21], which can be influ-
enced by temperature, pH value, etc. [50]. As a result,
specifying the environmental factors in the evalua-
tions will ensure much applicable implication and
persuasive conclusion. Given that the outermost
surface will be oxidised on purpose, the deterioration
induced by atmospheric corrosion might not be as
troublesome as that on the metallic copper surfaces
[10, 42], but it could still be worthwhile tracking the
stability of the oxidised surface, e.g. together with
daily disinfection events [51].

Last but not the least, although it was only the
antibacterial efficiency against E. coli that was inves-
tigated in the present study, copper surfaces have
actually shown capability against a very broad range

of bacteria [3, 7, 521, viruses [53-55], and fungi
[25, 52, 56]. Therefore, the strategy proposed here is
also encouraging in many scenarios where the gen-
eral antimicrobial property is needed.

Conclusion

Thermal oxidation of Cu-Ni co-sputtered thin films
are served as examples to illustrate the potential roles
of oxidation on antibacterial copper alloy surfaces.
Some concluding remarks are listed as follows:

e C(ritical oxidation temperature depends on the
copper content of the thin films. To form a layer of
Cu,O on the surface in 20-24 h, thin films with
higher copper content (92 at.%) require only
200 °C, whilst a relatively higher temperature
(250 °C) is required for those with lower copper
content (55 at.%).

e Although the atomic percentage of oxygen
increased globally, some relatively strongly oxi-
dised regions are found on both oxidised thin
films, together with distinct sub-micron
topography.

e Successful oxidation of the investigated thin films
introduces dramatic changes in their antibacterial
performance against E. coli evaluated by the
droplet method: the high copper content thin
films get degraded (reduction rate in 1 h declines
from 97.0% to 74.3%) whilst the low copper

@ Springer



content ones get significantly improved (from
15.0% to 66.8%).

e The concept of enhancing antibacterial efficiency
of less effective copper alloy surfaces by means of
surface oxidation is verified.
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Supplementary Figure 1 | Typical EDS spectrum collected from pure copper, where quantitative analysis
with ZAF correction was done with Ni and Cu.

Brief interpretation: This illustrates the impact of overlap between CuL and NiL in quantification: there
will be a minimum of 4% to 5% of Ni presenting in the result if Ni is considered and manually selected,
even though there is actually no Ni in the couple at all. An alternative to better quantify Cu and Ni would
be considering their K, peaks at 8.04 and 7.48 keV, respectively. This, however, can only be done with a
higher acceleration voltage of the electron beam, which means thicker thin films are also required to ensure

the electrons cannot reach the substrate and do not excite the irrelevant elements.
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Supplementary Figure 2 | Profile and thickness measurement by white light interferometer (NewView 7300,
Zygo, 20X) of as-deposited coupons: high copper content thin films (a, b) and low copper content thin films
(c,d).

Brief interpretation: Higher sputtering current of Cu was applied, resulting in an 8 times thicker thin films
within half of the sputtering time, however, the values shown in (b) and (d) do not necessarily represent an
average thickness as the lateral inhomogeneity cannot be totally avoided.
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Supplementary Figure 3 | Quantitative results (after ZAF correction where Ni, Cu and O were selected)
of two different regions found on the 200° C heat-treated high copper content coupon: outside the strong
oxidation regions (a) and inside these regions (b).

Brief interpretation: Five individual measurements on different locations were performed on each type of

region. Average values of these data are calculated and presented in the main text Figure 2.
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Supplementary Figure 4 | High resolution GIXRD results of low copper content thin films heat treated at
200° C for 72 h.
Brief interpretation: Prolonged heat treatment period does not introduce obvious oxide formation on low

copper content thin films.
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Supplementary Figure 5 | Quantitative results (after ZAF correction where Ni, Cu and O were selected)
of two different regions found on the 250° C heat-treated low copper content coupon: outside the strong
oxidation regions (a) and inside these regions (b).

Brief interpretation: Five individual measurements on different locations were performed on each type of

region. Average values of these data are calculated and presented in the main text Figure 4.
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Supplementary Figure 6 | Typical SEM image (a) and high resolution SEM image (b) from the edge of
two different regions found on the 250° C heat-treated high copper content coupon. EDS spectra (¢) were
collected from the regions that marked by squares in (a). The label of Ni is marked with star in order to
remind the readers of the likely overlap between NiL and CulL.

Brief interpretation: Quantification has not been performed as one could already find the signal
originated from Si. This could represent two scenarios: Si atom diffused from the glass substrate and
entered the thin film, and/or X-ray emitted by the glass substrate reached the surface and therefore was
connected. If the latter is the actual situation, then ZAF correction will not work properly as it assumes a
mixture of homogenous distributed elements rather than a layer structure.
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In response to the rise of multidrug-resistant infections, researchers are increasingly focusing on modifying
material surfaces through chemical or topographical changes to limit microbial spread. Copper and its alloys are
particularly valued for their antimicrobial properties, playing a key role in combating pathogen transmission. To
explore the potential of enhancing the antibacterial performance of copper-based alloys, this study focuses on
surface modification of binary copper-nickel alloys. The goal is to create periodic microstructures at the scale of a
single bacterial cell (Escherichia coli) and explore the bacteria-substrate interaction. Two copper-nickel alloy
compositions with 10 and 30 wt-% nickel are selected to assess the impact of nickel on laser-material interaction.
Additionally, two surface structures, lines and honeycomb, are fabricated to evaluate how structure type affects
bacterial interaction. Results show that the line-like structures on the 10 wt-% nickel alloy enhance bacterial
killing, while honeycomb structures show no improvement. Conversely, both laser-structured copper-nickel al-
loys with 30 wt-% nickel exhibit decreased bacterial killing, attributed to the reduced surface copper concen-
tration (below 60 wt-%) as confirmed by chemical analyses. These findings highlight the importance of copper
content and structural compatibility for effective contact-killing performance.

1. Introduction

Copper and its alloys are widely recognized for their ability to
combat microorganisms, making them valuable materials in the fight
against pathogen transmission [1,2]. With the growing threat of
multidrug-resistant infections and the increasing prevalence of deadly
microorganisms [3], research has expanded beyond conventional anti-
biotic development [4]. One promising approach is the modification of
material surfaces via techniques that include chemical or topographical
alterations to limit microbial spread through contact [5-7].

This study explores direct laser interference patterning (DLIP) [8], a
surface modification technique that utilizes multiple laser beams to
generate periodic micro- and nanoscale structures. DLIP has been widely
employed to develop nature-inspired surface structures that enhance
properties e.g., wettability, friction, electrical conductivity, and anti-
bacterial activity [9-13]. When combined with ultrashort pulse laser
processing, this technique enables precise modifications at the

microscale and nanoscale that can effectively inhibit bacterial adhesion
and proliferation [5,14].

While copper itself exhibits strong antibacterial properties, it is
normally alloyed to meet the properties required in practical applica-
tions [15]. Nickel is a commonly used alloying element in copper-based
materials, particularly in high-humidity and underwater environments,
where it improves strength and corrosion resistance [16,17]. Commer-
cial Cu-Ni alloys typically contain multiple alloying elements; however,
in laser-based surface modifications, it is important to isolate and un-
derstand the interaction between the laser and the material while
minimizing other variables. For that purpose, only binary copper-nickel
systems are investigated in this study.

Recent studies suggest that a copper alloy must contain at least 60
wt-% copper to exhibit significant antibacterial properties [2,18]. Based
on this criterion, two binary Cu-Ni alloys with 10 % and 30 % nickel by
weight were selected for this investigation. The surfaces of these alloys
are modified using ultrashort pulsed DLIP (USP-DLIP) to create
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microstructures tailored for bacterial interaction and increase the con-
tact surface area. Furthermore, two distinct surface structures are
studied: first, a line-like structure, previously investigated for its anti-
bacterial properties on copper and other copper-based alloys
[5,14,19,20]; and second, a honeycomb structure was designed to offer a
varied contact area for bacteria and isolate them within the valleys to
prevent bacterial growth. The antibacterial efficacy of both Cu-Ni alloys,
along with their respective surface structures, is assessed against
Escherichia coli (E. coli) to determine the role of modification in bacteria-
substrate interaction.

2. Materials and methods
2.1. Materials

Two compositions of copper-nickel alloys were tested in this study.
Most commercially available copper-nickel alloys contain additional
alloying elements beyond copper and nickel. The primary goal of this
study is to examine the specific effect of the nickel element and its
weight percentage on the properties of the alloy. To achieve this, binary
alloys consisting solely of copper and nickel were fabricated by the
Forschungsinstitut Edelmetalle + Metallchemie in Germany, elimi-
nating the influence of other alloying elements. The alloys were cast and
then cold-rolled to a thickness of one millimeter. Subsequently, the
sheets were cut to dimensions of 10 x 25 mm? to prepare the samples.
These samples were then metallographically prepared for the laser
process to achieve a mirror finish on the surfaces. For this purpose, the
surfaces were first ground and then polished in three steps, as outlined in
Ahmed et al. [19].

2.2. Direct laser interference patterning

A Ti:sapphire Spitfire laser system from Spectra Physics, featuring a
femtosecond pulse duration, is used to modify surfaces at the microscale.
Direct laser interference patterning is employed to create periodic
structures at the scale of bacteria for this study. This technique involves
two coherent laser beams that intersect through a lens and are then
focused onto the sample surface, generating an intensity profile that
leads to the formation of the desired 3D structures. An 800 nm centered
wavelength and an ultrashort pulse duration of 150 fs (full width at half
maximum) were employed. The optical configuration was chosen ac-
cording to Ahmed et al. [19]. It comprises of five main components: a
beam diameter aperture, a wave plate, a diffractive optical element, a
mask, and a focusing lens system with a 100 mm focal length. In this
study, two distinct structures are created. A line-like structure is pro-
duced using two-beam interference, while a honeycomb structure is
generated using three-beam interference, both with a pulse fluence
(Fpuise) of 0.65 J/cm? and an accumulated number of 18-19 pulses (1ngc)-

Finally, the samples are immersed in 10 % citric acid to remove any
process-related oxides. They are then stored at room temperature under
ambient conditions for a minimum of 3 weeks to ensure stable wetting
properties [5]. Subsequent examinations and tests are conducted after
this 3-week period. For this study, samples that have undergone laser
structuring are referred to as “as-processed,” while those that have un-
dergone both laser structuring and etching are referred to as “etched.

2.3. Surface characterization

The surface topography was examined using confocal laser scanning
microscopy (CLSM) with the LEXT OLS4100 3D Measuring Laser Mi-
croscope (Olympus) and scanning electron microscopy (SEM) in sec-
ondary contrast mode (Helios NanoLab 600™, FEI/Thermo Fisher
Company). SEM images were captured at an acceleration voltage of 5
kV, with a current of 1.4nA, and the sample surface was tilted at a 45°
angle.

Surface elemental analysis was conducted using the FEI/Thermo
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Fisher Helios G4 PFIB CXe system, along with EDAX APEX software from
Ametek Materials Analysis Division. Since the surface modification
penetrated only a few micrometers, an acceleration voltage of 5 kV and a
current of 5.5nA were used to limit the analysis to the outermost layer.

Phase analysis is performed using a high-resolution grazing inci-
dence X-ray diffractometer (GI-XRD), equipped with a Cu K, source
(wavelength 1.5418 A) and operated at a 1° grazing angle, utilizing the
PANalytical X’Pert PRO-MPD system. Additionally, Raman spectroscopy
(Horiba Jobin, Lab RAM HR with a 532 nm laser) is employed to char-
acterize oxides.

Surface chemical analysis was performed using a secondary ion mass
spectrometer (SIMS) integrated to a Zeiss Orion NanoFab Helium Ion
Microscope (HIM).[21] First, secondary electron (SE) images were ac-
quired with 2048x2048 pixels, 25 keV He™, 4 pA, dwell time of 10 ps/
pixel, 4 lines average. Subsequently, SIMS images were acquired with
512x512 pixels, 25 keV Ne*t, 5 pA, dwell time of 2 ms/pixel leading to a
total of 8 min per image. Representative Regions Of Interest (ROIs) were
selected for line-like and honeycomb structures with and without bac-
teria. Successive in situ SE and SIMS acquisitions provide morphological
and chemical correlation from the same ROL.

The SIMS analysis was performed in dynamic mode, which operates
under continuous ion bombardment. This configuration provides both a
high spatial resolution (down to sub-15 nm) and an excellent detection
limit for elemental analysis, making it particularly suitable for resolving
nanoscale chemical distributions on structured surfaces and for detect-
ing copper uptake at the bacterial interface as it is shown in section
3.3.2.

2.4. Contact killing and wet plating method

Contact killing followed by wet plating is used to determine the
antibacterial activity on the surfaces. E. coli is grown aerobically over-
night in Lysogeny broth (LB), and the bacterial suspension is prepared in
a phosphate-buffered saline (PBS) according to Ahmed et al. [14].
Droplets with a volume of 40 pL each are placed on sample surfaces for
30 min, 60 min and 90 min. After the respective contact time, 5 pL of
each droplet is retrieved, further diluted, and placed on LB-agar plates.
After 24 h of incubation at 37 °C, the number of colony forming units
(CFU) is counted to enumerate the surviving CFU/mL. The experiment
was repeated three times for each material and contact time to ensure
the results were reproducible.

3. Results and discussion
3.1. Topographical modifications

The surfaces were initially examined using secondary electron mi-
croscopy to assess the topographical changes. Fig. 1 a and b demonstrate
that the desired periodicity of 3 pm for the line-like structures, with a
depth of approx. 1 + 0.2 pm, is achieved. As expected, the line-like
structures (Fig. 1 a and b) show wide valleys and narrow peaks
[14,19,22]. The periodicity aligns with literature values for the struc-
ture, which show an increased killing rate of E. coli on structured copper
and brass [5,14].

The three-beam interference generates an intensity profile that forms
honeycomb-like point structures. The interference minima of the three
beams create a region with hexagonal peaks range, while the interfer-
ence maxima form a region with point valleys, resulting in a hexagonal
pattern. Previous studies [23,24] demonstrate the fabrication of similar
point structures using DLIP, though with different pulse durations,
wavelengths, periodicities and materials. According to the findings of
Mulko et al,.[23] the crater/valley width increases with higher fluence,
and the shape of this ablated regions transitions from circular to hex-
agonal. In this study, the structures have a periodicity of 3.5 ym and a
depth of 1 + 0.2 pm, as shown in Fig. 1 ¢ and d. With these dimensions,
the valley width is approximately in the range of individual E. coli cells,
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honeycomb structure

Fig. 1. SEM-images of 3D-microscale periodic structures on CuNil0 and CuNi30. As-processed surfaces: a) and b) represent the line-like structures. c¢) and d)
represent the honeycomb structures on both alloys in their as-processed state, respectively. Etched surfaces: e) and f) correspond to the line-like structures, and g) and

h) to the honeycomb structures.

which is ideal for contact with bacteria and similar to the line-like
structure observed in this study and previous ones [5,14].

Overlapping beams create an intensity profile with maxima and
minima, forming either a line-like (two-beam) or honeycomb (three-
beam) pattern in the absorbed energy. Regardless of whether it is a two-
beam or three-beam setup, the laser-material interaction remains similar
for both structure types, as it is dependent on the pulse duration. In the
case of femtosecond-pulsed DLIP, the pulse duration is shorter than the
electron-lattice relaxation time (1-10 picoseconds) [25]. As a result, the
high energy absorption leads to cold material ablation, primarily
through phase explosion, which involves the creation of vapor and
plasma phases that expand into the atmosphere, along with spallation
[26,27]. This process is accompanied by a minimal heat-affected zone,
resulting in little to no melting of the material [28-30]. Ultimately, it
results in the formation of precise, periodic structures [31]. Due to the
ultrashort pulse duration, the process is followed by rapid cooling of the
molten matter and the redeposition of ablated material [32,33]. Addi-
tionally, since the phase explosion and evaporation occur outward from
the interference maxima, the redeposition of ablated material predom-
inantly happens on the peak regions of the structures, contributing to the
roughness at the sub-micron scale [19].

In addition, another topographical feature at sub-pm is the formation
of laser-induced periodic surface structures (LIPSS) [34,35]. The for-
mation of LIPSS has been observed in previous studies using femto-
second laser processing on various materials and is reported to be
dependent on several laser parameters, including wavelength, polari-
zation, and scanning velocity [26,36,37]. Both alloys exhibit similar
topographical features including LIPSS formation. In the case of line-like
structures, the LIPSS are parallel to the lines, while in the honeycomb
structure, they align with the vertical axis of the SEM images shown in
Fig. 1 cand d.

Another notable difference is that the alloy with higher nickel con-
tent displays a small amount of flake-like structures that are associated
with oxide formation [22]. The formation of these flake-like structures is
directly related to the laser fluence [38]. Since both alloys have different
chemical compositions, their laser-material interactions vary, which
directly influences the chemical modification [39]. As a result, the
threshold laser fluence required to form these flake-like structures may

differ depending on the alloy composition. Given that the pulse fluence
used for both alloys are identical, it is highly likely that this is the reason
for the variation in the concentration of these flake-like structures.
Moreover, after etching these flake-like structures are removed from the
surface and both alloys depict the same topography (see Fig. 1 e-h).

3.2. Chemical modifications

3.2.1. Elemental analysis

Chemical analysis was performed using multiple methods, beginning
with SEM-EDS for elemental analysis of both peak (black spectra) and
valley (red spectra) regions of as-processed samples. The results are
displayed in Fig. 2 and summarized in Table 1 for both alloy
compositions.

In the laser-processed CuNil0 samples (Fig. 2 a and c), both regions,
peak and valley, show the presence of the same elements. One noticeable
difference is the intensities of the spectra, likely caused by height dif-
ferences in the measured area, which directly affects the information
depth. The signal is in particular weak within the valley regions of the
honeycomb structures, which are surrounded on all sides by the peak
regions. This is probably due to the obstruction of both the irradiated
beam and the emitted beam from reaching the detector. In the case of
the line-like structures, the lines were aligned with the detector,
allowing it to receive a comparatively stronger signal from the valleys.
However, when comparing the weight percentages of the valleys for
both structures, the compositions are similar.

Overall, compared to the bulk chemical composition, there is a slight
increase in oxygen content and a significant increase in nickel content,
approximately 7-8 wt-%, are noted. Oxygen content is slightly higher on
the peaks of the lines, consistent with previous research on line-like
structures [22]. Notably, the highest increase in nickel content,
around 11 wt-%, is observed in the valleys of the honeycomb structures
(see Table 1). It is important to note that, although the wt-% of oxygen
listed in Table 1 is quite low, the measured increase in at-% is somewhat
higher, ranging between approximately 4-7 at-%. This indicates that the
surface contains a higher concentration of oxygen atoms, even though
its overall mass contribution to the material is relatively small, given
oxygen’s lower atomic weight compared to the metals in the alloy.
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Fig. 2. EDX-spectra of laser-structured CuNil0 and CuNi30: a) & b) line-like
structures ¢) & d) honeycomb structure. Each sample was analysed on the
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version of this article.)

Oxygen might be forming a thin oxide layer or could be adsorbed onto
the surface.

CuNi30 samples in Fig. 2 b and d also exhibit the presence of the
same elements. Compared to the bulk chemical composition, the peaks
(black spectra) of both structured surfaces show a slight increase in
oxygen content and an increase in nickel content ranging from approx.
4-5 wt-%. However, significant compositional differences are evident
between peaks and valleys. The valleys (red spectra in Fig. 2 b) of line-
like structures exhibit a slight decrease in nickel and oxygen content,
aligning closely with the known bulk composition of polished samples in
terms of copper and nickel wt-%. The difference in oxygen content be-
tween peaks and valleys correlates with the results observed in CuNil0
lines.

Furthermore, the valleys of honeycomb structures for CuNi30
demonstrate a slight increase in oxygen content and a significant in-
crease in nickel content, up to approx. 12 wt-%. This led to a decrease in
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copper content to approx. 54 wt-%. These findings suggest the presence
of an oxide phase with high nickel content. According to the Ellingham
diagram [40], the energy released during the formation of nickel oxide is
more negative than that of copper, suggesting that the formation of a
nickel-rich oxide phase is thermodynamically favored.

3.2.2. Phase analysis

Subsequently, phase analysis was performed on both polished and
as-processed samples using GI-XRD. The resulting diffractograms are
shown in Fig. 3 and Fig. 4, highlighting the prominent peaks: (111),
(200), (220), (311), and (222) which appear in all samples. Fig. 3 a
shows the diffractogram of polished CuNilO with peaks at 43.65°,
50.67°, 74.59°, 90.45°, and 95.78°. In comparison, the peaks of CuNi30
are observed at 43.91°, 50.93°, 75.11°, 91.23°, and 96.56° (see Fig. 4 a).
Since the atomic radii of nickel is lower than that of copper, the increase
of the nickel content induces a shift in the peak positions towards higher
20 values. These results are consistent with literature values [41-43] for
pure copper, pure nickel, and binary copper-nickel alloys, confirming
the correlation with known diffractograms.

Additionally, it is visible that for CuNilO polished, the (111) and
(200) peaks are more intense. According to the literature [44], both
face-centered-cubic copper and nickel exhibit similar intensity ratios in
between the peaks with (111) being the dominant one. While for CuNi30
polished, the (220) and (311) peaks are relatively more pronounced.
This difference in relative intensities depends on various factors that
influence the crystalline structure and texture of the sample, i.e. the
agents and conditions used during sample fabrication, as well as the
preparation of the sample surface [45-48].

The diffractograms of both CuNilO as-processed samples, lines
(Fig. 3 b) and honeycomb (Fig. 3 d) structures, are identical. However,
as this is compared to the polished surface, a new low-intensity peak is
visible at 36.63°. This can be attributed to the presence of copper or
nickel oxide. According to literature [49-51], the 26-value of (111)
peak for cuprous oxide is at 36.42° and for nickel oxide at around
37.25°. However, there are no further peaks visible for any oxides and
the most dominant peak in the case of nickel oxide is (200) at 43.28°
(Ref.: PDF # 00-044-1159). Furthermore, a study [52] shows the pres-
ence of (003) peak at 36.79° for nickel oxide with nickel vacancies
(Ref. ICCD 04-011-2340). This suggests the presence of copper oxide,
likely with defects, and the shift to a higher 26 value compared to the
literature value indicates that this may be related to the presence of
nickel content. Another notable distinction is approx. a 0.1° shift
observed in the (111) peak towards a lower value, and in the (200) peak
towards a higher value. Additionally, there is a noticeable alteration in
the relative intensities. Figures b and d illustrate that the (220) peak
exhibits relatively high intensity, suggesting a preferred orientation of
the CuNil0 surfaces after structuring.

The structured samples are also etched to remove any laser-process
related oxide, as it has been shown in previous studies to enhance the
killing of E. coli in the case of laser-structured copper alloys [14,19].
Fig. 3 c and e present the diffractograms of both etched laser-structured
CuNil0 samples. These diffractograms are similar to their respective as-
processed diffractograms with one exception, which is no visible sign of
the oxide peak. This suggests the removal of oxides on laser-structured
CuNil0 samples via etching.

Table 1
Weight percentages (wt-%) of copper and nickel in CuNil0 and CuNi30 samples after structuring, as determined by EDX analysis.
wt-% CuNil0 CuNi30
lines honeycomb lines honeycomb
peak valley peak valley peak valley peak valley
Cu 79.5 80.5 78.9 74.7 60.7 68.4 62.4 53.9
Ni 17.8 17.4 16.8 21.0 36.3 29.2 34.9 41.8
(0] 1.91 1.28 1.86 1.76 1.34 1.74 2.57
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Fig. 4 displays the diffractograms of CuNi30 samples. First, as-
processed samples are compared to the polished CuNi30. The dif-
fractogram for the lines as-processed (Fig. 4 b) appears to be the same as
that of the polished surface (Fig. 4 a). However, in the case of honey-
comb as-processed (Fig. 4 d), a significant difference in the relative in-
tensities is observed. The diffractogram shows that the (111), (200), and
(220) peaks have similar intensities, suggesting a uniform distribution of
these orientations. Furthermore, there are no new additional peaks
related to oxides visible.

After etching laser-structured CuNi30, the diffractograms (Fig. 4 ¢
and e) are similar in their peak positions and intensities, showing no
change in chemical composition. However, a notable difference is
observed in the relative intensity ratios of the peaks between the lines
etched sample (Fig. 4 ¢) and the as-processed sample (Fig. 4 b). This
suggests that the surface layer removed through etching exposes a layer
with a different preferred orientation, which shows a uniform distribu-
tion of the (111), (200), and (220) peaks.

Overall, GI-XRD results indicate the formation of oxide phases solely
on laser-structured CuNil0. However, compared with EDX results, an
increased oxygen content is also observed on the laser-structured
CuNi30 surface, particularly prominent in the valleys of honeycomb
structures. A previous study [14] demonstrates similar effects on laser-
structured brass surfaces, where the oxide phase was non-detectable
via GI-XRD.

3.2.3. Oxide analysis

Next, Raman spectroscopy is utilized to identify the type of oxide
present on both alloys. Since the GI-XRD results for laser-structured lines
and honeycomb for CuNi10 as well as CuNi30 are identical, this section
focuses exclusively on analyzing the line-like structures of each alloy.
The resulting spectra are presented in Fig. 5, with the recorded band
values summarized in Table 2.

A common feature across all spectra is the presence of bands in the
74-106 cm ! range. According to the literature [53], these bands can be
attributed to the silent modes of Cuy0, and the appearance of these
bands is likely the result of defects in the oxide phase. Furthermore, the
spectrum of as-processed samples in Fig. 5 a and b show a band at 219
em ™! and 240 em™!, respectively. This band cannot be assigned to any
oxides relevant to this study. However, previous studies [19] have
identified a similar band in laser-structured copper alloys. Since copper
is the common factor in these studies, it suggests that this band may be
related to a vibration of the bond involving copper.

The Raman spectrum of the CuNilO lines in the as-processed state
(black spectrum in Fig. 5 a) reveals a low-intensity band at 291 cm ™2,
which can be attributed to the Ay mode of cupric oxide [48]. A
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Fig. 5. Results of Raman spectroscopy on line-like structures of a) CuNil0 and
b) CuNi30, each in as-processed and etched states.
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Results of Raman spectroscopy on CuNil10 and CuNi30 in as-processed and etched conditions. As a comparison, the literature-values of copper oxide and nickel oxide.

symmetry activity oxide Raman shift o [cm ]
Literature CuNil0 lines CuNi30 lines
as- processed etched as- processed etched
Ey silent Cu0 72-110 [53] 75 74 74 74
106 103 104 105
219 225 240 243
Ag Raman CuO 297 [48] 291 — 290 —
1P (TO) Raman NiO 400-440 [55], 554 551 539 523
548 [57]
1P (1LO) Raman NiO 498-570 [54-56],
1P (1LO) Raman NiO 656 [57] 635 633 - -
By Raman CuO 609-636 [48,58]

prominent band appears at 554 cm ™!, accompanied by a low-intensity

shoulder band at 635 cm '. Based on the literature [54-57], the
prominent band can be attributed to the one-phonon (1P) modes of
nickel oxide, specifically the transverse optical (TO) and longitudinal
optical (1 LO) modes. Nickel oxide’s Raman shift typically falls within
the 400-600 cm ! range, with the TO mode varying between 400-548
em ™! and the 1 LO mode between 498-656 cm™*. The precise position
and intensity of these bands are influenced by several factors. For
instance, doping can cause a shift toward higher Raman values. The
greater the doping concentration, the more pronounced the shift [56].
One study on nanosized nickel oxide in powder form reported that
structural defects significantly enhance the prominence of the 1P bands
[54]. The shoulder band at 635 c¢cm ™! can be assigned to the Bg mode of
cupric oxide [48,58].

After etching the CuNilO0 lines (pink spectrum in Fig. 5 a), the 219
cm ™! band shifts to a higher value without a significant change in in-
tensity. Conversely, the band corresponding to the Ag mode (CuO) is no
longer visible. Additionally, the 1P (NiO) and By (CuO) bands shift to
lower values, accompanied by a significant reduction in intensity. These
observations suggest that most of the nickel oxide and cupric oxide are
removed after etching.

Next, the CuNi30 lines are examined. The Raman spectrum of the as-
processed surface (black spectrum), shown in Fig. 5 b, the Ag (CuO) band
is similar to the one observed in the CuNilO lines in the as-processed
state. Furthermore, a shoulder band is present at 539 cm~ L. However,
the Raman shift value for the shoulder band is lower as compared to
CuNil0 lines as-processed, indicating that it is not the B; (CuO) band,
but rather another 1P (NiO) band. This suggests that the cupric oxide
content is lower on CuNi30 in comparison to CuNil0. This difference is
likely due to variations in the alloy composition, which affects the oxide
phases formed during laser processing.

After etching (blue spectrum in Fig. 5 b), the CuNi30 lines exhibit a
Raman shift trend similar to that of CuNil0. However, the intensity of
the 1P (NiO) band is only reduced by half, indicating that the amount of
nickel oxide remaining after etching is higher for CuNi30 than for
CuNil0. On the other hand, the cupric oxide band is no longer visible,
indicating its complete removal through etching.

The findings from chemical analyses suggest the formation of oxide
phases with defects, consistent with results observed in previous studies
on USP laser-structured copper-based alloys [14,19]. The results suggest
that USP-DLIP processing leads to the formation of higher amounts of
copper oxide on CuNilO, whereas higher nickel oxide content on
CuNi30. According to the results of Raman spectroscopy, the cupric
oxide content is higher on CuNil0 in comparison to CuNi30. This can be
attributed to the significantly higher copper content in the bulk
composition of CuNil0, which likely causes a concurrence between the
formation of copper and nickel oxides. Although nickel oxide formation
is more likely, this concurrence is likely to result in a higher formation of
copper oxide content on CuNil0. Furthermore, etching leads to the
removal of nearly all oxide phases from CuNil10, whereas in CuNi30, the

oxide phases are only partially removed, with comparatively higher
nickel oxide content.

SEM images primarily show oxide-related flake-like structures on
CuNi30, while EDX analysis indicates an increase in oxygen across all
processed samples. XRD shows oxides only on CuNilO0, contrasting with
Raman spectroscopy, which detects oxides on both alloys. These dif-
ferences highlight the complexities of oxide phase analysis at the
nanoscale. After etching, the oxide on CuNi30 is only partially removed,
likely due to surface modifications at the nanoscale. Previous studies
suggest that the type of oxide formed depends on bulk composition,
which can introduce analytical challenges, particularly in unstable,
oxygen-rich regions [14,19].

Nevertheless, the combination of methods used in this study, sup-
ported by insights from prior research, provides a reliable and
comprehensive understanding of oxide formation and surface modifi-
cations, despite the inherent challenges of nanoscale analysis.

For further experiments and characterization in this study, samples
that are both laser-structured and etched will be used. Previous studies
[14,19] have shown that etched samples are more effective at killing
bacteria than as-processed samples, particularly in structured copper
alloys like brass. This is primarily attributed to the removal of the oxide
film during etching, which promotes increased copper corrosion on the
surface, thereby improving antibacterial effectiveness. Importantly, this
approach will further mitigate the influence of oxide formation due to
laser treatment as far as possible, focusing instead on investigating the
impact of surface topography on bacterial adhesion and killing.

3.3. E. coli on DLIP-structures

3.3.1. Contact killing

The antibacterial activity on structured surfaces was evaluated using
the contact killing method. The results, presented in Fig. 6 as the number
of surviving colony-forming units (CFU/mL) over a 90 min contact
period, show the following trends: the reference steel (black graph) and
pure copper (purple graph) samples exhibit the expected killing rate-
s—no killing for steel and significant killing for copper [5,19,59].

Next, the polished alloy samples (Il solid line graph: pink for CuNi10
and blue for CuNi30) are compared with copper. It is observed that the
killing behavior is similar to copper after 30 min of contact. As the
contact time increases, the killing rates of copper (purple graph) and
CuNi30 (M blue graph) converge. In contrast, CuNil0 (Il pink graph)
shows a significant increase in killing efficiency, nearly an order of
magnitude higher, after 90 min. Previous literature [14,19] indicate a
decrease in the killing rate due to reduced copper content in polished
copper alloys. However, this trend does not apply to copper-nickel alloys
in this study, likely due to the presence of nickel. Nickel is known for its
higher corrosion resistance in humid and underwater conditions [17].
This would typically suggest that copper-nickel alloys should exhibit
higher corrosion rates, but the results in this study show a different
trend. Based on the results from both polished copper-nickel surfaces
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Fig. 6. Results of contact killing experiment, showing surviving CFU/mL over a
90 min period on laser-structured CuNi-alloys. Comparison of CuNil0 (pink
graph) and CuNi30 (blue graph), showing polished samples (M solid line
graph), line-like structure (adash line graph), and honeycomb structures (@ dot
line graph). Also included are steel (black graph) and copper (purple graph) as
references. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

and the known properties of nickel, it is likely that copper experiences
more corrosion in the presence of nickel when in contact with the bac-
terial solution, leading to a higher killing rate on these surfaces. This
discrepancy may be related to the presence of bacteria, as one previous
study [60] suggests that even pure copper experiences varied corrosion
in the presence of E. coli. However, further investigation is needed to
explore this phenomenon in future studies.

The antibacterial performance of the structured samples was
assessed. Both the line-like (a blue graph) and honeycomb (@ blue
graph) CuNi30 structures show a further decrease in killing efficiency
compared to the polished sample (Il blue graph). In comparison, the
honeycomb-like structure of CuNilO (@ pink graph) demonstrates a
killing rate similar to that of polished CuNi10 (Jll pink graph). Similarly,
the line-like structure of CuNilO (a pink graph) exhibits comparable
behavior during the first 60 min of contact. However, after 90 min, a
significant increase in killing efficiency is observed in the line-like
structure (a pink graph). Note that the error bar for the CuNil0 lines
at 90 min is not visible due to its value of the error being zero.

Overall, the results suggest that enhanced bacteria-substrate contact
is achieved through a combination of optimal composition, structure,
and increased contact area. CuNilO line-like structures exhibited the
best killing rate which is most probably due to a higher copper content
and likely due to better compatibility between the structure and the
shape of the bacteria.

The long-rod-shaped E. coli bacteria are more likely to align and
spread along the grooves of the linear structures, leading to a larger and
more continuous contact area compared to the honeycomb pattern or
the polished surface. This improved alignment may facilitate stronger
mechanical interactions or membrane stress, contributing to enhanced
antibacterial activity.

Although the honeycomb theoretically offers greater total surface
area, its complex and curved geometry may limit effective contact with
bacteria due to mismatches in scale and orientation. These findings
underscore that total surface area alone is not the key determinant of
antibacterial performance—rather, the spatial compatibility between
surface features and bacterial dimensions is critical.

While precise quantification of the actual bacteria-surface contact
area was beyond the scope of this work, the qualitative assessment based
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on structural parameters and bacterial size provides a solid basis for
interpreting the observed trends. Future studies involving detailed
contact area modeling and high-resolution morphological analyses will
build on these findings by further explaining the underlying
mechanisms.

Furthermore, the increased efficiency compared to pure copper is
likely related to the larger contact area, and since the copper content in
CuNil0 is relatively high, this effect may be further amplified in
conjunction with the factors mentioned above.

Laser-structured CuNi30, regardless of the structure dimensions,
showed reduced antibacterial activity, likely due to its copper content
falling below 60 wt-%, as confirmed by EDX results. This aligns with
prior studies on smooth copper-based surfaces, which suggest that
copper content should not be lower than 60 wt-% in copper alloys to
have significant antimicrobial properties [2,18]. The results of this study
suggest that when working with laser-structuring, the copper content in
the alloy should be higher, as it may decrease on the surface after the
process, leading to a reduction in antibacterial efficacy. Specifically, for
binary copper-nickel alloy system used in laser processing, the critical
copper content threshold for the bulk composition appears to lie be-
tween 70 and 90 wt-%, with 70 wt-% already showing decreased anti-
bacterial efficacy.

Nonetheless, the current results offer clear and compelling insights
into how laser-induced microstructures and choice of material compo-
sition can be effectively enhance antibacterial properties, particularly in
the case of copper-nickel alloys.

3.3.2. Chemical analysis on structured surfaces with E. coli

HIM-SIMS provides high-resolution chemical information of the
surface through SIMS. Ni and Cu maps for etched laser-structured
CuNil0 and CuNi30, with bacteria, are captured at different magnifi-
cations (field of view: FoV 10 (10 x 10 pm?)/15(15 x 15 um?)/20 (20 x
20 pm?)). However, this section only shows FoV 10. Additionally, SE
images are captured alongside the SIMS images to correlate Ni and Cu
distribution with topographical features. The results of CuNil0 and
CuNi30 are displayed in Fig. 7. In all cases, the elemental Ni and Cu
maps replicate the pattern showing a clear distinction between topo-
graphical peaks and valleys. Secondary ion signal intensity is multifac-
torial dependent (it is mainly a function of the chemical composition of
the sample, ion species, energy, current, and angle of incidence of pri-
mary ion beam), hence SIMS is usually restricted to qualitative analysis.
To mitigate the topographic effects of the elemental SI signal intensity,
Ni and Cu maps were normalized with the total ion count (TIC).

The results in Fig. 7 indicate a distinctively higher intensity of Cu and
Ni in the valley compared to the topographical peaks. This difference is
likely visible due to higher amounts of oxide on the peaks than in the
valleys, as observed in previous studies as well [14,19,22]. Another
significant finding is that Cu is present on the bacterial surface, whereas
Ni is not. This is indicative of the copper-ion release from metallic phases
which is effectively incorporated into the bacteria wall. The chemical
information is estimated to correspond to a depth of no more than 13 nm
of the bacteria’s surface. This estimation is calculated by measuring the
dimensions change in length and width of individual bacteria from SE
(He™) images taken before and after the SIMS acquisitions.

The increased E. coli killing on CuNilO lines, along with the higher
copper content and copper oxide formation compared to CuNi30, sug-
gests that copper is responsible for the enhanced antibacterial effect.
Previous research indicates that copper ions kill bacteria by disrupting
the cell membrane and degrading intracellular components [7,61,62]. In
contrast, no studies indicate that nickel possesses antibacterial proper-
ties. Furthermore, the reduced E. coli killing effect observed in laser-
structured CuNi30 samples with higher nickel content supports this.
These findings are consistent with one another.
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Fig. 7. High-Resolution Secondary Ion Mass Spectrometry (HR-SIMS) analysis of etched laser-structured samples with bacteria: CuNil0 a) lines, b) honeycomb,
CuNi30 c) lines, and d) honeycomb. The images were recorded with a field of view (FoV) of 10 x 10 pm?. The first row displays the respective SEM images. The
second and third rows present SIM images of the elemental map of nickel (Ni) and copper (Cu), respectively. Warmer colours indicate higher concentrations, and

cooler colours represent lower concentrations.
4. Conclusions

This study investigates the fabrication of two distinct periodic
microscale structures, lines and honeycomb, on binary copper-nickel
alloys with 10 wt-% and 30 wt-% nickel content. The focus is on the
influence of bulk composition on laser structuring using ultrashort pulse
durations, and its impact on the interaction between Escherichia coli
(E. coli) and the structured surfaces.

The results show that topographical modifications are accompanied
by the formation of copper- and nickel-rich oxide phases. Chemical
analyses reveal that CuNil0 has a higher copper oxide content, whereas
CuNi30 has a higher nickel oxide content. After chemical etching, most
oxide is removed from the CuNilO surface, while nearly half of the
nickel oxide remains on CuNi30.

In the antibacterial tests, CuNil0 etched lines exhibited significantly
faster bacterial killing compared to CuNi30, despite similar decreases in
copper content. CuNi30's copper content decreased near or below the 60
wt-% threshold, which is the lower limit for copper-based alloys to be
considered antibacterial, explaining the decreased antibacterial effi-
ciency. These results underscore the importance of copper content in
laser-structured alloys for effective bacterial killing.

Furthermore, line-like structures outperformed the honeycomb
structures in terms of antibacterial performance. While the honeycomb
structure was designed to prevent bacterial agglomeration by trapping
bacteria in the valleys, it was not effective in promoting bacterial killing.
This highlights the importance of ensuring dimension compatibility
between surface structures and bacterial size, while also increasing the
contact area. Future studies involving spherical bacteria may help
clarify the suitability of such designs for different bacterial types.

In conclusion, this study highlights the critical role of copper content
and laser structuring in enhancing antibacterial performance. It suggests

that the critical lower value of the copper content range for improved
antibacterial activity in bulk composition through laser structuring lies
between 70-90 wt-%. Future research should focus on determining the
optimal copper content for bacterial killing in laser-structured copper-
nickel alloys, exploring surface treatments like annealing to restore
antibacterial effectiveness in CuNi30, and investigating the impact of
bacterial presence on the corrosion behavior of these alloys.
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6. Conclusion

This doctoral research sets out to develop reproducible antibacterial microscale
structures on copper-based alloys using ultrashort pulsed direct laser interference
patterning (USP-DLIP) and to systematically evaluate how alloy composition, surface
chemistry, and structural design influence antibacterial performance. Across brass,
bronze, and copper—nickel alloys, USP-DLIP enabled the fabrication of periodic
microscale structures with feature sizes on the order of bacterial dimensions, thereby
directly influencing bacterial adhesion and survival. Surfaces patterned with line-like
geometries of approximately 3 um periodicity proved particularly effective,
consistently outperforming more complex designs such as point-honeycomb
structures. These findings confirm that structural compatibility between engineered

features and bacterial size is a decisive factor for contact killing.

Furthermore, alloy composition exhibited a central role in both the laser-material
interaction and the resulting antibacterial properties. Brass, bronze, and copper-
nickel alloys each exhibited distinct structuring behaviors and oxide chemistries,
which in turn governed copper availability at the surface. Despite international
standards requiring a minimum of 60 wt-% copper content for alloys to be designated
antibacterial, the present work shows that the effective threshold depends not only on
bulk composition but also on the type of alloying element and the processing
conditions. Maintaining sufficiently high surface copper concentration is therefore
essential to ensure bactericidal performance, although the precise critical value

varies between alloy systems.

Oxidation was identified as a major factor modulating antibacterial activity. Laser
structuring generally induced the formation of zinc-, tin-, or nickel-rich oxides, often
accompanied by a reduction in surface copper. This effect was detrimental to
antibacterial efficacy, as reduced copper ion release limited bacterial killing. However,

the study also showed that selective etching could restore copper-rich surfaces and
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Chapter 6

significantly enhance antibacterial performance, as demonstrated in the brass and
bronze systems. In contrast, annealing of copper-nickel alloys promoted the formation
of stable cuprous oxide layers that improved the antibacterial activity. These findings
highlight the complex interplay between surface chemistry, processing route, and

functionality.

Beyond chemical composition, surface topography and wettability also influenced
antibacterial behavior. The width of valleys within microscale-structured surfaces was
found to govern bacterial interaction and thereby Kkilling efficiency, whereas
wettability plays a supporting role. Furthermore, the mechanistic insights were
demonstrated by complementary analytical techniques: ICP-MS quantified copperion
release, HR-SIMS provided evidence of copper ion incorporation into bacterial
membranes, and microscopic observations revealed nano-agglomerates on cell

surfaces, confirming direct copper-bacteria interactions.

Collectively, this thesis establishes a systematic framework linking alloy composition,
laser structuring parameters, surface chemistry, and antibacterial performance. The
findings highlight that the design of effective antibacterial copper alloys requires a
careful co-optimization of topographical and chemical modifications to ensure
reproducibility and scalability. By advancing the understanding of how USP-DLIP
modulates both surface topography and chemistry, this work contributes to the
rational design of durable, scalable antimicrobial materials with applications in

healthcare, transportation, and public infrastructure.
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7. Outlook

While this thesis has established fundamental principles for designing antibacterial
copper-based alloys via USP-DLIP, several aspects remain to be addressed in future
research. A central challenge lies in precisely defining the critical copper content
required for bactericidal activity across different alloy systems. Although international
standards suggest a threshold of 60 wt-% copper, the results of this work demonstrate
that nanoscale chemical modifications induced by femtosecond laser processing can
significantly alter surface composition and antibacterial response. The exact threshold,
therefore, depends not only on the alloying element but also on the processing
parameters and resulting surface chemistry. Systematic studies on a wider range of
alloy compositions, particularly at intermediate copper contents, are required to

establish these critical values.

Another important avenue concerns the role of oxidation during laser processing.
Oxygen diffusion into the surface region was shown to be unavoidable, leading to the
formation of oxides that strongly influenced antibacterial performance. The results
showed that selective post-treatment could partially restore copper-rich surfaces.
However, a more robust strategy is needed that involves processing under controlled
atmospheres, such as argon-filled chambers, to minimize unwanted oxidation and
improve reproducibility. This would enable a clearer distinction between
topographical and chemical effects, allowing their individual contributions to

antibacterial activity to be more precisely determined.

The observed corrosion behavior of structured surfaces suggests a complex
relationship between alloy chemistry, oxide distribution, and antibacterial function.
Furthermore, the results showed variations between valleys and peaks, which
indicative of a potential dual effect, i.e.,, enhanced bacterial killing in copper-rich

valleys and increased corrosion resistance in oxidized peaks. Understanding this
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interplay in greater detail could inform the design of surfaces that achieve both long-

term durability and strong antibacterial efficacy in demanding environments.

Looking ahead, extending USP-DLIP beyond binary copper alloys to more complex
systems may open new opportunities to combine antibacterial activity with
mechanical strength, corrosion resistance, or optical functionality. The integration of
laser processing with advanced alloy design thus represents a promising pathway

toward multifunctional materials.

In addition, the insights gained here contribute to larger interdisciplinary efforts such
as BIOFILMS, Touching Surfaces, and ConTACTS Concordia. These projects test polished,
micro-, and nanoscale-structured materials, including copper, copper alloys, and
stainless steel, under terrestrial and space conditions, ranging from classrooms and
high-touch environments to isolated environments such as Concordia station. By
exposing these materials to a broad spectrum of pathogenic microorganisms and
varying environmental factors, including humidity and gravity, these studies provide
comparative data that extend far beyond the single-species focus of most laboratory
experiments. Integrating such diverse biological testing with the material-specific
tindings of this thesis will be critical for translating laser-structured copper alloys into
robust, scalable, and application-ready antimicrobial surfaces for both Earth and space

applications.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Motivation for this doctoral research — using USP-DLIP to
modify copper-based alloys as a solution for antimicrobial
surfaces, with potential applications in high-touch public

environments.
Cell structure of E. coli according to previous studies[56,57]

Schematic representation of possible microbiological toxicity
mechanisms of copper ions on a bacterial cell according to
previous studies[49,51,81]: A) cell wall damage, B) DNA
fragmentation, C) protein deactivation, D) Leakage of

intracellular components.

The Phase diagram of binary systems: a) Cu-Zn phase
diagram, Original from Kejzlar et al. (2017)[89], and b) Cu-Sn
original from Leineweber et al. (2023)[90].

Schematic representation of interference in the DLIP process
for (a, d) two beams, (b, e) three beams, and (c, f) four beams.
Top: simulated intensity profiles resulting from the
superposition of the respective beam configurations. Bottom:
arrangement of the individual beams. Adapted from Lasagni
et al. (2006)[112].

Contact-Killing results reproduced from Miiller et al.
(2021)[176] in its original form licensed under CC BY-NC 4.0.

Research objectives — First, surface modification of copper-
based binary alloys: brass (Publication I & II), bronze
(Publication III), and copper-nickel alloys (Publication V).
Second, to investigate the influence of bulk composition on
laser-material interaction, surface topography, and chemistry.
Finally, to evaluate how these factors collectively affect

bacteria—substrate interactions.

: DLIP - Optical setup. a) laser source, b) aperture, c) wave
plate, d) diffractive optical element (DOE), e) lens, f) sample,
and g) sample stage.
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Figure 9

Figure 10

Schematic representation of the antibacterial testing setup
used for surfaces. PVC adhesive tape rings are utilized to

define the exposed area.

An overview of antibacterial properties of copper-based alloys
(Cu > 60 wt-%) structured by USP-DLIP. 1) Microscale
structures, line-like and honeycomb patterns, were fabricated
to match the dimensions of a single E. coli cell. 2) Surface
properties including topography, chemistry, and wettability
were evaluated. USP-DLIP enabled precise micro-nanoscale
structuring across materials, influencing oxide formation
enriched with alloy elements and resulting in a hydrophobic
surface nature. 3) Line-like structures demonstrated enhanced
antibacterial activity, especially in alloys with higher copper

content.
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Table 1

Overview of materials used in the experiment, including

composition, manufacturer, and preparation method.
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Surface Modification of Copper-Based Alloys in Antibacterial Application

The End... for now....
because research never really ends — it just changes form.
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