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RESUME

Les infections nosocomiales (associées a soins de santé, IAS) constituent un
important probleme de santé publique et sont a 1’origine d’environ 8000 a 12000 déceés par
an parmi les Canadiens. Outre les thérapies antibactériennes, antifongiques et antivirales, une
stratégie potentielle pour briser la chaine de transmission des IAS consiste a modifier les
surfaces fréquemment touchées ayant des caractéristiques antibactériennes, appelées
surfaces touchées antibactériennes. Ceci est particuliérement vrai, étant donné que la plupart
des microbes pathogenes survivent pendant des jours, des mois, voire des années sur les
surfaces fréquemment touchées, incluant les poignées de porte, les tables de lit et les
comptoirs, des semaines et méme des mois. Ainsi, les surfaces fréquemment touchées
peuvent devenir des réservoirs de contamination croisée directe et indirecte. Cependant, les
problemes associés aux revétements antibactériens existants tels que la durabilité du
revétement, la libération incontrolée d'agents antibactériens, I’absence de protocoles pour des
tests standardisés et les problémes de résistance antibactérienne, imposent le besoin de
disposer de surfaces antibactériennes nouvelles et durables, en plus d'un régime de nettoyage
approprié pour la décontamination des surfaces fréquemment touchées.

Dans ce projet de recherche, les revétements d’alliage d'aluminium AAG6061-T6
(alliage Al-Mg-Si) ont été transformees en surface antibactérienne durable via quatre
stratégies nouvelles. La premiere stratégie consiste en une modification de la surface
d’aluminium anodisée par argent-polyméthylhydrosiloxane (Ag-PMHS) superhydrophobe,
ce qui fournit un oxyde stable d'alumine poreux et nano-rugueux. Cette premiére
modification est suivie d’une seconde modification avec des nanocomposites Ag-PMHS,
générant un deuxieme degré des motifs nanométriques a partir des nanoparticules d'Ag (Ag-

NPs), et rendant la surface superhydrophobe grace a la passivation d’une surface de faible



énergie PMHS. Les Ag-NP ont été utilisés pour assurer la longévité des propriétés
antibactériennes, méme apres une éventuelle perte de superhydrophobicité & long terme. Ces
surfaces présentaient une réduction d'adhérence bactérienne de 99,0%, 99,5% et 99,3% pour
les bactéries d'intérét, a savoir, respectivement, Pseudomonas aeruginosa (P.A.),
Escherichia-coli (E. coli) et Staphylococcus aureus (S. A.).

La deuxieme stratégie implique la fabrication d'une surface originale en aluminium
superhydrophobe avec des propriétés antibactériennes et anti-bio-encrassement accordables
par gravure chimique et passivation d’octyltriéthoxysilane (OTES) / sel d'ammonium
quaternaire (QUAT). Les propriétés superhydrophobes de I'aluminium ayant un revétement
passif d’OTES ont été accordées de maniere monotone en optimisant la quantité de molécules
QUATS par variation des ratios molaires QUATs / OTES de 0 a 54 x 10™. Une propriété
antibactérienne ayant une zone d'inhibition de 34 £ 1,6, 22 + 1,4 et 25 £ 0,9 contre S.A, P.A.
et E. coli, respectivement, ont été obtenues pour la solution d’OTES-QUAT, tandis qu'une
propriété anti-encrassement biologique de 99,9, 99 et 99% pour les mémes bactéries
respectivement, a été obtenue pour la surface d’aluminium revétue d'OTES-QUAT.

La troisiéme stratégie visait a I’utilisation d’un dépot de phosphate d’argent (AgzPO4)
sur les surfaces d’aluminium anodisées a deux étapes, afin d’obtenir des propriétés
antibactériennes durables. Pour cette technique, 1’ion d’argent (Ag*) était premiérement
réduit en argent métallique (Ag®) sur surface d’oxyde d’aluminium anodisée, suivi d’une
oxydation de Ag® dans un électrolyte d’orthophosphate de sodium pour former un précipité
électrochimique AgsPOs in situ sur surface d’aluminium anodisée. L’aluminium anodisée
recouvert d’AgsPOs a une adhérence de recouvrement trés élevée et une propriété

antibactérienne & 100% contre E Coli.



Finalement, un procédé supplémentaire d'anodisation de I'aluminium dur en une étape
a également été utilisé pour fabriquer une surface originale d'aluminium antibactérienne. En
contrélant la concentration des différents types d’électrolytes, la densité de courant et le
temps d'anodisation, une morphologie de surface optimisée avec des diamétres de 151 + 37
nm s'est averée fournir des propriétés antibactériennes excellentes, tuant efficacement 100%
des bactéries E. coli.

Les résultats de cette thése démontrent que l'utilisation de nouvelles stratégies
d'ingénierie de surface telles que I'anodisation, la passivation a faible énergie de surface et la
modification de surface électrochimique sur l'alliage d'aluminium AA6061-T6 s'avere
efficace dans les activités antibactériennes ainsi que dans la robustesse et la durabilité. Ces
nouvelles surfaces ont montré la capacité de réduire la charge microbienne des pathogénes

cliniguement pertinents et impliqués dans les IAS, a savoir, S.A., P.A. et E. coli.



ABSTRACT

Healthcare-associated infections (HCAI) is a serious public health problem that
results in the death of 8,000-12000 Canadians each year. Besides antibacterial, antifungal,
and antiviral therapies, one potential strategy for breaking the chain of HCAI transmission is
via the modification of frequently touched surfaces with antibacterial characteristics, called
Antibacterial touched surfaces. This is particularly so, given that most pathogenic microbes
survive on frequently touched surfaces including doorknobs, over bed tables and countertops,
for days, weeks and even months. Thus, frequently touched surfaces can become reservoirs
for subsequent direct and indirect cross contamination events. However, problems associated
with existing antibacterial coatings such as lack of durability, uncontrolled release of
antibacterial agents, lack of standardized testing protocols and antibacterial resistance issues,
have necessitated the need for a novel and durable antibacterial surfaces, in addition to
appropriate cleaning regime for decontamination of frequently touched surfaces.

In this research project, surfaces of AA6061-T6 aluminum alloy (Al-Mg-Si alloy)
have been transformed into durable antibacterial surface via four different novel strategies.
The first strategy consists of  fabrication of  superhydrophobic  silver-
polymethylhydrosiloxane (Ag-PMHS) modified aluminum surface by anodization of
aluminum, which provides nano-rough, porous, and stable oxide of aluminum, followed by
modification with Ag-PMHS nanocomposites, which delivers a second degree of nanorough
patterns from the presence of Ag nanoparticles (Ag-NPs), as well as renders the surface
superhydrophobic due to the passivation of low surface energy PMHS. Ag-NPs were used to
ensure longevity of antibacterial properties even after eventual possible loss of

superhydrophobicity in the long-term. These surfaces presented a bacterial adhesion



reduction of 99.0 %, 99.5 %, and 99.3 % for the bacteria of interest, namely, Pseudomonas
aeruginosa (P.A.), Escherichia-coli (E. coli) and Staphylococcus aureus (S.A.), respectively.

The second strategy involves the fabrication of novel superhydrophobic aluminum
surface with tunable antibacterial and anti-biofouling properties by chemical etching and
octyltriethoxysilane (OTES)—quaternary ammonium salt (QUATS) passivation. The
superhydrophobic properties of the OTES passivated aluminum was monotonically tuned by
optimizing the quantity of QUATs molecules by varying the molar ratios of QUATS/OTES
from 0 to 54 x 10™*. An antibacterial property with a zone of inhibition of 34 + 1.6, 22 + 1.4,
and 25 + 0.9 against S.A, P.A., and E. coli, respectively were obtained for the solution form
of OTES-QUATS, while an anti-biofouling property of 99.9, 99 and 99% for same bacteria
respectively, were obtained for the OTES-QUATS coated aluminum surface.

The third strategy aimed at utilizing a two-step electrochemical deposition of silver
phosphate (AgsPOs4) on anodized aluminum surfaces to obtain durable antibacterial
properties. In this technique, ionic silver (Ag* ion) was first reduced to metallic Ag°® on
anodized aluminum oxide surface, followed by oxidation of the metallic silver (Ag°) in an
electrolyte of sodium orthophosphate to electrochemically precipitate AgsPOs in situ on
anodized aluminum surface. The AgsPO4 coated anodized aluminum exhibited a remarkably
high coating adhesion and a 100% antibacterial property against E. coli bacteria.

Finally, an additional one-step hard aluminum anodization process was also
employed to fabricate novel antibacterial aluminum surface. Controlling the concentration of
different electrolytes, current density and anodization time, optimized surface morphology
with diameters 151 + 37 nm was found to provide excellent antibacterial properties,

efficiently killing 100% E. coli bacteria.
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Results of this dissertation demonstrate that the utilization of novel surface
engineering strategies such as anodization, low surface energy passivation and
electrochemical surface modification on AA6061-T6 aluminum alloy, proves to be efficient
in antibacterial activities as well as in robustness and durability. These novel surfaces have
shown the ability of reducing microbial burden of clinically relevant and HCAIs implicated

pathogens, namely, S.A., P.A., and E. coli.
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Figure 4-9. Antibacterial activity of Ag—PMHS nanocomposites against: (A) S.Aureus; (B)
P.Aeruginosa; and (C) E-coli. Region 1 (Ag+/Si—H of 50:1); region 2 (Ag+/Si—H of
50:2); region 3 (Ag+/Si-H o of 50:30); region 4 (Ag+/Si-H of 50: 40); region 5
(Ag+/Si—H of 50:50); region 6 (Ag+/Si—H of 2:50); region 7 (Ag+/Si—H of 1:50); region
8 represents the Control (mineral spirit + PMHS) (Disk diffusion assay, represents three
independent EXPEIIMENTS. ......ccviiieie e enes 144

Figure 4-10. Graphical representation of zone of inhibition of Ag—-PMHS nanocomposite
against model bacteria. Sample 1 (Ag+/Si—H of 50:1); sample 2 (Ag+/Si—H of 50:2);
sample 3 (Ag+/Si—H of 50:30); sample 4 (Ag+/Si—H of 50:40); sample 5 (Ag+/Si—H of
50:50); sample 6 (Ag*/Si-H of 2:50); sample 7 (Ag*/Si—H of 1:50); Control (mineral
spirit + PMHS). (Error bars represent SD (standard deviations), and data are from three
independent EXPEIIMENTS). .....cviiieieee et enes 146

Figure 4-11. Adhesion reduction of bacteria (S.A, P.A, or E-coli) on superhydrophobic
AAO/Al sample (04Sil-AgP-NcAAQ); and control samples (AAO/Al and
PMHS/AAO/AI). Data represent multiple independent experiments. Inset: SEM
micrograph of E-coli biofilm on superhydrophobic AAO/AI sample (Top); and control
sample (AAO/AI) (BOTOM). ...c.ooiiiiiiiiiiiriceeee e 150

Figure 4-12. Water contact angle of the superhydrophobic sample with time of immersion in
3.5 wt.% NaCl solutions. WCA was measured after drying samples for 2 h at 55 °C.

Figure S 4-13. ATR- FTIR spectra of Ag-PMHS nanocomposite having a molar ratio of
Ag+/Si-H of 50:2.0 coated on AAO/Al (AgP-NcAAO); and 0.4 % wl/v silicone
incorporated in AgP-NCAAO (04Sil-AgP-NcAAO), respectively. The increased
intensity of siloxane groups in the FTIR peaks for 04Sil-AgP—-NcAAO compared to
AgP-NcAAO signify the role of RTV siloxane in increasing the monodentate bonding
between the Si—O-Si group and the AAO/ALL ..o, 154

Figure S4-14. Digital image of superhydrophobic Ag—PMHS having Ag+/Si—H molar ratio
of 50:2 on AAO/AI, subjected to 90 days immersion (04Sil-AgP—NcAAO-90D) and
IOl - (0 (- USROS 156

Figure S4-15. Variation of water contact angle as a function of UV irradiation time........ 157

Figure 5-1. (a) ATR-FTIR spectra of: (I) octyltriethoxysilane molecules passivated etched
Al substrate (OTES/AI; (I1) octyltriethoxysilane and quaternary ammonium molecules
passivated etched Al substrate (OTES-QUATS/AI); (1ll) quaternary ammonium
molecules passivated etched aluminum (QUATS/AI) and (b) Schematic model of: (I)
OTES on etched aluminum (OTES/AI); (I1) formation of OTES-QUATS on etched Al,
AIONG WIth (OTES/AI. ..o 170

Figure 5-2. (a-b) and (c-d) SEM images and EDS spectra of etched Al substrate and OTES-
QUATS/AI, respectively. The insets also show the images of water drop on the
respective surfaces with their contact angles. ..........ccccveviv i, 171

Figure 5-3. Variation in contact angle as a function of QUATS/OTES molar ratio. .......... 173
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CHAPTER 1

INTRODUCTION



1 CHAPTER 1: INTRODUCTION

“A hundred times every day, | remind myself that my inner and outer life depended on
labours of other men, living and dead, and | must exert myself to give in the same measure as |

have received and am still receiving” - Albert Einstein.

This chapter introduces the problem of healthcare associated infections (HCAIs) and the
potential solution to overcome these issues via antibacterial aluminum surface technology.
Furthermore, the objectives, novelty of the research and methodology employed are provided in

the following sections

1.1  Introduction

Microorganisms are very small (10nm-300um) living organisms that individually cannot
be visualized with an unaided eye. They can be classified as bacteria, virus, fungi, protozoa, algae,
parasitic helminths, and arthropods. Microorganisms can be found everywhere: in the air, water,
soil, on the rock, in plants, animals and on and inside our bodies. Microbes are the largest of all
life forms and about 60 % of biomass. They are generally beneficial for our survival; for example,
they help in digesting our food and for production of antibiotics, insulin, vitamin (B and K),
alcohol, wine, yoghurt etc. While microorganisms are essential for life, they can also be pathogenic
[4], that is, they can cause diseases. This is evident in the current coronavirus of 2019 (COVID-
19) outbreak, a global pandemic, caused by the severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), which has resulted in over 219 million cases and more than 4.5 million deaths



globally [5]. There have been many other such pandemics that have cost lives of millions of people
in the past including the Bubonic Plague (1346-1353), the “Spanish Flu” Pandemic (1918-1920),
HIV Pandemic (early 1980s), “Swine Flu” or HIN1/09 Pandemic (2009), etc. [5]. In such
pandemics, infections can easily spread from the community to healthcare facilities and vice-versa.
Healthcare facilities are major venues that need significant protection against infections as the
population leans over these facilities for recovery, while it is also at high risk of acquiring
additional infections due to the contagious nature of most of these viral or bacterial outbreaks. It
becomes, therefore of great significance in the improvement of healthcare hygiene by safe
protection measures. Therefore, this dissertation will focus mainly on the healthcare associated

infection (HCAI).

1.2 Statement of the problem

Healthcare-associated infection (HCAI) is a serious public health problem [6]. It is the 4™
leading cause of death after cancer, heart disease and stroke [8]. In Canada, more than 200,000
patients contract HCAI yearly, out of which 8,000-12000 of the cases result in fatality [9].
Common forms of HCAI include; central line-associated bloodstream infection (CLABSI),
surgical site infections (SSI), catheter-associated urinary tract infections (CAUTI) and frequently
touched surfaces-mediated infections [10]. Besides antibacterial, antifungal, and antiviral
therapies, one potential strategy for breaking the chain of HCAI transmission is to have
Antibacterial touched surfaces to curb attachment of pathogens such as Staphylococcus aureus,
Pseudomonas aeruginosa and Escherichia coli. However, problems associated with existing

antibacterial solutions such as lack of long term durable antibacterial coating, uncontrolled release



of antibacterial agents, lack of standardized testing protocols and antibacterial resistance problems
[11], have necessitated the need for novel, stable and durable antibacterial surfaces in addition to
appropriate cleaning regime for decontamination of frequently touched surfaces [7].

Aluminum is a very attractive material for engineering constructions and many aluminum
components are widely used in medical devices [9, 10, 12] and being explored in fabricating
frequently touched surfaces such as doorknobs, push plate, bedrails, over bed tables and
countertops. Aluminum has excellent physical, chemical and mechanical properties such as low
density, wear and corrosion resistance, high elastic modulus, good tensile and yield strength etc.
Aluminum is the third most abundant element in the earth’s crust (after oxygen and silicon) and
most abundant metal on earth. It is highly reactive metal and exists with a layer of passive
aluminum oxide film on its surface. To render aluminum surfaces antibacterial, this passive oxide

layer needs to be modified with appropriate technology.

1.3 Objectives

In the context of fabricating antibacterial aluminum surfaces capable of reducing bacterial
loads of clinically relevant pathogens such as Staphylococcus aureus, Pseudomonas aeruginosa
and Escherichia coli, the main objective of this dissertation is to obtain durable antibacterial
aluminum surfaces for potential application on frequently touched HCAI prone surfaces by
applying different fabrication approaches. Specific objectives of this research project, therefore,

are as follows:



1. Fabrication of a topography-mediated antibacterial aluminum surface via anodization
process.

2. Fabrication of durable antibacterial and anti-biofouling aluminum surfaces by passivating
anodized nano-porous topographical patterns with low surface energy silver-
polymethylhydrosiloxane molecules.

3. Fabrication of a tunable anti-biofouling and antibacterial aluminum surfaces by passivating
nano-porous topographical patterns with low surface energy octyltriethoxysilane
molecules.

4. Fabrication of silver-based photo catalysts on aluminum surfaces by electrochemical

deposition process.

1.4 Novelty of the research

Although many antibacterial surfaces technology have been reported in the literature, most
of them have not transitioned laboratory bench to the market, presumably due to lack of durability
of these coatings [13]. There is therefore the need for novel stable and durable antibacterial surface.
As a commonly used engineering material, aluminum alloy is capable of being transformed into
antibacterial surface by: (i) anodization process to create a hano-porous topographical pattern,
which kill bacteria on contact; (ii) as well as passivating the nano-porous topographical pattern
to create superhydrophobic properties to repel the initial attachment of bacteria; or (iii)
immobilizing antibacterial agents on anodized aluminum to kill bacteria on contacts. Such
anodized pores would provide both chemical adhesion and mechanical anchorage of the

antibacterial thin films to enhance durability.



Interestingly, only few studies have reported on antibacterial aluminum surface mediated by
topography [14], which relate to chemical etching of aluminum. Admittedly, while desirable
nanoscale topography can be achieved by chemical etching, mechanical property of the nanoscale
features may not be strong [1]. As such, an alternative surface treatment process with well-known
excellent anti-corrosive, tribological and mechanical properties such as anodization [2] appears
promising.

Secondly, in spite of significant efforts on superhydrophobic coatings in application of
antibacterial surfaces, bacterial-repellent performance has been rather low [3]. Furthermore, the
applicability of such coating is limited due to the degradation with time. As Ag and quaternary
ammonium, salts (QUATS) have natural properties to kill bacteria, incorporating them in silicone-
based superhydrophobic coatings such as polymethylhydrosiloxane (PMHS) and
octyltryethoxysilane (OTES) molecules could reduce bacterial adhesion and improve the overall
longevity of such coatings. However, fabrication of superhydrophobic Ag-PMHS and OTES-
QUATS nano-composite coatings with inherent antibacterial and anti-biofouling properties are yet
to be reported in the literature.

Thirdly, to the best of our knowledge, the electrochemically synthesis of AgsPO4 coated
anodized aluminum, capable of killing bacteria on contact is yet to be reported in the literature.

Thus, the novelty of this project is in three folds:
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below.

Fabrication of topography-mediated novel antibacterial aluminum surface technology via
anodization process.
Fabrication of a novel superhydrophobic antibacterial aluminum surface.

Fabrication of a novel silver phosphate photocatalytic antibacterial aluminum surfaces.

Methodology

A highlight of the approaches employed to meet the objectives of this research is provided

However, detailed experimental methods are provided in chapters 3-7 of this thesis.

Topography-mediated antibacterial aluminum surfaces were fabricated by optimizing
anodization parameters such as concentrations (3%, 15% and 45% wt.) of HsPO4, H2SO4
and C2H204, anodization time (30, 60 and 120 minutes) and current densities (10, 20, 30
and 40 mA/cm?), followed by studying their antibacterial properties.

Antibacterial and anti-biofouling aluminum surfaces were fabricated by anodizing AA606-
T6 aluminum alloy at optimal anodization parameters of 15% of H2SO4, anodization time
(30, 60 and 120 minutes) and current density of 40 mA/cm?, followed by passivating the
anodized nano-porous topographical patterns with silver/polymethylhydrosiloxane
polymer at an optimal molar ratio.

Tunable anti-biofouling and antibacterial aluminum surfaces were fabricated by
chemically etching the AA6061-T6 aluminum alloys, followed by passivation with low
surface energy octyltriethoxysilane molecules. During the etching process, aluminum alloy

was immersed in an etchant solution of diluted HCI for a pre-determined period. During



this time, the top layer of the aluminum substrate was partially removed to create desired
micro-nano-porous topographical patterns. Tunable property was achieved by simply
dipping the etched aluminum in a mixed solution of octyltriethoxysilane-quaternary
ammonium.

4. Silver phosphate photocatalysts aluminum surfaces were fabricated by anodizing AA6061-
T6 aluminum alloys at optimal anodization parameters using 3% of HzPOa, anodization
time of 120 minutes and current density of 40 mA/cm?, followed by in situ electrochemical

deposition of silver phosphate photocatalysts on anodized aluminum.

The remainder of the thesis is organized as follows: Chapter 2 provides detailed literature
review on healthcare associated infections, the role surfaces play in healthcare associated
infections, antibacterial surfaces, fabrication, and challenges with current antibacterial coatings
solutions, among others. Detailed experimental methods used for fabrication of antibacterial
aluminum surfaces are provided in Chapter 3. Chapters 4 and 5 describe the results of published
articles focusing on antibacterial and anti-biofouling properties of superhydrophobic Ag-
polymethylhydrosiloxane nanocomposite aluminum surfaces and tunable anti-biofouling and
antibacterial aluminum surfaces, respectively. Chapter 6 sheds light on electrochemical deposition
process of silver phosphate on anodized aluminum surfaces and their antibacterial property. The
serendipitous discovery of a topography-mediated antibacterial aluminum surface fabricated by a
one-step hard anodization process is presented in Chapter 7. Finally, Chapter 8 provides brief
discussions on findings of the contributing chapters, overall conclusions, and future
recommendations, though each contributing chapter (chapters 4 through 7) is accompanied by its

respective conclusions.
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2 CHAPTER 2: LITERATURE REVIEW

This chapter provides a review on current understanding on healthcare associated
infections and recent advances in antibacterial coatings for curbing infections in hygiene critical
environment, with particular focus on topography-mediated antibacterial surfaces,

superhydrophobic antibacterial coatings and hydrophilic antibacterial coatings.

2.1 Healthcare associated infections

Healthcare-associated infection (HCAI) is an infection acquired in a healthcare facility,
long-term care homes, outpatient surgical centres, dialysis centres or ambulatory care clinics that
was not present or incubating 48 h prior to admission [5, 6]. Incidence of HCAI predates modern
literature, however, it was only recently, in the 1970s that the Center for Disease Control and
Prevention (CDC) developed a system to monitor the incidence of HCAIs and their associated risk
factors and pathogens [7]. Available information shows that bacteria are the leading cause of
HCAI, while virus and fungi contribute to a lesser extent [5]. While HCAIs are acquired in
healthcare settings, infections are also acquired in the community. In this case, the infected person
may be asymptomatic carrier at the time of admission. If the asymptomatic carrier exhibits
symptoms in less than 48 h of admission, such infection is regarded as community-associated
infection (CAl). The 48 h is the gold standard for differentiating a community-acquired infection
from a healthcare acquired infection [5]. Note that the 48 h is the incubation period required for
an asymptomatic host to fully show symptoms of infection. Generally, CAls are less problematic

when compared to HCAI [5], however, in periods of outbreaks or pandemics such as the current



coronavirus disease of 2019 (COVID-19) pandemic, CAls can be equally devastating. However,
for the purpose of this project, only HCAI is presented herein.

As noted previously, HCAI is a global public health problem, and in the USA, more than
2 million patients contract HCAI annually, leading to about 100,000 fatality, and a financial loss
of $4.5 billion [8]. In Canada, it is estimated to lead to ~200,000 infections, out of which 8,000-
12000 of the cases result in fatality [9] and a financial loss of about $1 billion. According to the
European Centre for Disease Prevention and Control, over 2.5 million people in Europe are
infected by HCAI annually, leading to 90,000 deaths [10]. In Addition, at any given time, up to
7% of patients in developed countries and 10% of patients in developing countries will be affected
by at least one HCAI. [11] Commonly implicated pathogens for HCAIs include Methicillin-
resistant Staphylococcus aureus (MRSA), Enterobacteriaceae family (including Escherichia coli
(E. coli), Klebsiella species, Pseudomonas aeruginosa), Clostridium difficile, coagulase-negative
Staphylococci (CoNS) etc. Note that clinically, HCAIs are classified based on the site of location
of these pathogenic bacteria as: Catheter-associated urinary tract infection (CAUTI); Central line-
associated bloodstream infection (CLABSI); Surgical site infection (SSI); Ventilator-associated
pneumonia (VAP) etc. [5]. However, causative pathogens are not restricted to specific sites; thus,

a single bacterium can become causative pathogen for multiple HCAIs as shown in Figure 2.1.
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30% S. aureus 21% CoNS*

12% CoNS* SSI CLABSI 18% Enterococcus sp.
12% Enterococcus sp. 15% Candida spp.
9% E. coli 12% S. aureus

6% P aeruginosa 5% Enterobacter sp.
4% Enterobacter sp. 8% Klebsiella spp.

40%

4% Klebsiella spp. 4% E. coli

VAP

10%
24% S. aureus 27% E. coli
17% P. aeruginosa 27% 13% Candida spp.
10% K. pneumoniae 15% Enterococci
9% Enterobacter sp. 11% P aeruginosa
7% Acinetobacter sp. 11% K. pneumoniae
6% E. coli 5% Proteus spp.
5% Serratia spp. 4% Enterobacter spp.

Figure 2-1.Distribution of HCAI pathogens; SSI, surgical site infection; CLABSI, central
line-associated bloodstream infection; CAUTI, catheter-associated urinary tract infection;

VAP, ventilator- associated pneumonia. Adapted from [1].

Furthermore, the problem of HCAI is compounded by the fact that most causative
pathogens have become resistant to conventional antibiotics [12], thus, necessitating the need for
novel antimicrobial solutions. This is particularly important, given that 99% of causative
pathogens exit as biofilms on either implant devices or frequently touched surfaces [13, 14]. It is
interesting to note that bacteria in biofilm require ~500-1000 order of magnitude higher in
minimum inhibitory concentration (MIC) of antimicrobial agent than their free floating planktonic
forms [15], thus, biofilm provides a safe haven for the spread of HCAIs. Again, causative

pathogens are known to survive on frequently touched surfaces (such as doorknobs, overbed table,
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faucet handles, and intravenous (IV) poles etc.,) for days, weeks and months [16], hence,

contributing to both direct and indirect cross contamination events as discussed below.

2.1.1 The role of environmental surfaces in healthcare associated infections

The majority of healthcare associated infections were thought to originate from the
patient’s own pathogenic microbial flora [17]. In the 1980s, studies did not implicate pathogens
on environmental surfaces as contributing to HCAIs. However, recent epidemiological evidences
suggest that significant transmission of microbes from healthcare personnel and contaminated
inanimate surfaces, in close proximity to vulnerable patients also greatly contribute to HCAI [18].
This is alarming when one considers that HCAI causative pathogens and in general multidrug-
resistant organisms (MDROSs) contaminate inanimate surfaces despite terminal hospital rooms
cleaning [19]. A recent microbial analysis from a large clinical disinfection study by Kanamori H
et al. [20], showed that microbial burden of HCAI causative pathogens, especially multidrug-
resistant Acinetobacter (MDRA) and vancomycin-resistant enterococci (VRE) persisted on
environmental inanimate surfaces such as overbed table and bed rail, despite terminal room
disinfection [20]. Furthermore, patients admitted to hospital rooms previously occupied by patients
colonized or infected by MDROs, have increased risk of acquiring same pathogens [5, 21]. Thus,
due to the inability to eliminate causative pathogens on environmental inanimate surfaces despite
terminal cleaning, these surfaces, and in particular, those near patients can become potential
reservoirs for both direct and indirect cross contamination events.

Note that for pathogens to propagate, three elements are necessary: source of pathogen,

susceptible host, and mode of transmission. If this epidemiology triad were connected, a chain of
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infection would establish transmission. Pathogen can then be transmitted directly or indirectly.
Direct contact transmission occurs when pathogens are transmitted from person to person, without
an intermediate person or object. On the contrary, indirect mode of transmission occurs when there
are intermediate inanimate contaminated surfaces (Figure 2.2). Typical intermediate contaminated
surfaces in close vicinity to susceptible patients include medical equipment and instruments,

furniture, bed surfaces, over bed tables, bed rails, floor etc.

Direct
Transmission

Indirect
Transmission

sceptible Host

Figure 2-2. Transmission routes for healthcare-associated infections pathogens.
Adapted from [27].

Since healthcare workers, patients and visitors, mostly touch inanimate surfaces, these are
termed frequently touched surfaces. However, contamination of most frequently touched surfaces
can be attributed to pathogen shedding by patients. It is interesting to note that despite causative
pathogens’ ability to survive on dry frequently touched surfaces for extended periods (Table 2.1),

and at concentrations sufficient for both direct and indirect cross contamination events, attention
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has not been given to these surfaces over the years, perhaps the reason for the high incidence of

HCAISs.

Table 2-1 Survival times of nosocomial (HCAI) pathogens on environmental surfaces.

Organisms Range of survival Reference
(Inanimate surfaces)
Clostridium difficile 5 months (dry surface) [22]
(spores)
Clostridium. Difficile 15 min (dry surface) [22]
(Vegetative form)
Escherichia coli 1.5 h to 16 months [23]
Pseudomonas 6 h up to 16 months [23]
aeruginosa
Staphylococcus aureus 7 days up to 1 year [23]
including MRSA (In-vitro)
and MSSA
SARS-CoV-2 3 days stainless and plastic, 1 day on [24]
cardboard, 4h on copper
Candida 1-4 weeks [25]
albicans
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2.1.2  Current prevention strategies of HCAI and challenges

The prevention of HCAI generally takes two forms: vertical interventions, which aim to
reduce specific causative pathogen’s colonization, infection, and transmission from carriers to
other patients, through the use of active surveillance testing (AST); and horizontal interventions,
which aim to reduce the risk of infections from a broad array of pathogens through implementation
of standardized practices that do not depend on patient-specific conditions [26]. In other words,
horizontal approach considers holistic interventional strategies such as healthcare staff education
for improved hand hygiene; improved disinfection regimens (including hydrogen peroxide vapor
(HPV) and no-touch ultra-violet C (UVC) technologies); use of aggressive antimicrobial
stewardship programs etc., [27] to combat HCAI. Even so, many challenges still do exist.

Firstly, hand hygiene compliance was a major problem prior to the COVID-19. Though
hand hygiene was recognized as the single most effective strategy for preventing the spread of
HCAI, compliance by healthcare workers was less than optimal [28]. In fact, a systematic review
of 96 studies showed that on average, only ~40%, with (30-40%) for Intensive Care Unit (ICU)
and (50-60%) for other settings were attainable [29]. However, due to the current COVID-19
pandemic, there has been an increased interest by healthcare workers not only to practise improved
hand-hygiene but also to sanitize inanimate environmental surfaces [30]. Happily, this interest
has led to an increased compliance rate of ~100% [31]. It would be in the common good of all that
this high momentum for improved hand hygiene is sustained post COVID 19 pandemics.

Another reason HCAI remains a challenge is the complexity of the hospital environment,
characterized by different substrata surfaces of metal, plastics, ceramics, textiles etc. This leads to

incomplete decontamination of surfaces with available disinfectants (such as hydrogen peroxide
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aerosols, bleach, quaternary ammonium compound and chlorhexidine) and cleaning agents ( such
as detergents) [32]. Indeed, rooms with terminal cleaning have shown to harbour about 44 %
Clostridium difficile (C. difficile) spore even long after cleaning [33]. Furthermore, disinfections
such as bleach reacts adversely with inanimate environmental surfaces, and in particular, corrodes
metal inanimate surfaces [34].

Additionally, modern medical practice inevitably employs catheterization and other
invasive medical implantation procedures to improve quality of life. Unfortunately, surfaces of
implant devices are easily colonized by multidrug resistant pathogens in biofilms, hence
compounding the problem of HCAI.

Overall, while horizontal interventions have significantly lowered the incidence of
infections, prevalence of HCAIs is still unacceptably high [35], therefore necessitating the need
for self-disinfection antibacterial surface technology, in addition to appropriate cleaning regime

for decontamination of the inanimate environment (Figure 2.3).
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Current Rigorously Implemented Measures to Reduce HCAI Rate
. Hand washing before and after every contact with a patient or object
. Isolation ofinfected patient
A . Use of disposable and personal protective equipment
. Use offilters and better ventilation management

. Improved hospital cleaning

HCAI Rate

. Increased personnel per patient

. Increase in infection control personnel

. Aggressive antibiotic control programs

Overlooked and neglected bio-control ~ oy

of the inanimate environment

.
Ca
Years

Figure 2-3. HCAI are not eliminated by the current implemented measures. Adapted from
[27].

2.2 Bacteria

Bacteria are single-celled prokaryotic (Greek word, meaning pre-nucleus) microorganisms
without membrane-bound organelles. Contrarily, multicellular, or unicellular organisms with
membrane-bound organelles are known as Eukaryotic cells (Greek word, meaning true nucleus).
Bacterial cell structure consists typically of cytoplasm, ribosomes, a plasma membrane, a nucleoid,
plasmid, flagellum, pili etc. Since they do not have nucleus, their DNA (a singular circularly
arranged chromosome) is loosely located within the cytoplasm. The size of bacteria ranges from
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0.2-2.0 um in diameter and about 2.0-8.0 um in length. Depending on the way individual bacterium
aggregates, bacteria can colonize as singular rounded form (coccus), cluster-like form (staph(ylo)),
chain-like form (strep(to)), double-rounded (diplo), quadruple (tetrad) or as a cluster of bacilli
bending at the points of cell division (palisades). They reproduce very fast by constant cell division
through a process called binary fission. Under optimal conditions, bacteria and in particular, HCAI
causative pathogens such as Escherichia coli (E.coli) and Staphylococcus aureus (S. aureus),
double every 20 and 30 minutes, respectively [14, 36].

One unique feature of prokaryotic bacterial cell is the presence of cell wall structure.
Bacterial cell walls are mainly composed of carbohydrate and protein complex called
peptidoglycan. Based on how staining dyes bond and react with the peptidoglycan cell wall,
bacteria can be classified as either a gram-positive or a gram-negative bacterium. Gram-positive
bacteria have thicker peptidoglycan cell wall of about 30-100 nm compared to gram-negative
bacteria with thinner cell wall of 2-10nm. When stained with crystal violet dye, gram-positive cells
retain the dye and remain purple whilst gram-negative bacteria remain colourless until
counterstained with safranin dye to show a red colouration [14]. Clinically, the cell wall is very
important, as it is the target site for most conventional antibiotics and modern antibacterial agents.

A detailed structure of both gram-positive and gram-negative bacteria is presented in Figure 2.4
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Figure 2-4. Cell wall structure of Gram-negative and Gram-positive bacteria. Adopted from [1].
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2.2.1 Formation of biofilms

Bacteria exist in two states: free-floating planktonic and sessile cell forms. Single cell
bacterium proliferating to colonize different niches, constitutes the free-floating planktonic cells,
whereas the slowly growing cells that prefer to adhere to substrata surfaces are called the sessile
cells. The sessile cells constitute the community of cells called biofilms. Biofilms are three-
dimension cluster of sessile bacterial cells embedded in an extracellular polymeric substance (EPS)
on either biotic or abiotic surfaces. Over 99% of the world’s bacteria live in biofilms [37], therefore
it is likely such environment might be beneficial for bacterial survival.

Biofilm formation begins with colonization of substratum surface, which in turn is affected
by many factors, including type of bacteria species, bacteria’s surface composition, nature and
surface chemistry of substratum, nutrient availability, hydrodynamics, cell-to-cell communication,
and global regulatory networks [38]. Generally, the attachment of bacteria on surfaces goes
through five main processes, as shown in Figure 2.5: 1) Reversible Attachment; at this stage, cell-
substratum interaction is weak and reversible. Initial bacterial attachment differs depending on
type of bacteria and substratum surface (that is either biotic or abiotic). For S. aureus, bacterial
attachment on biotic surface (such as tissue) is mediated by a specific peptidoglycan-anchored
protein mechanism such as lectin or adhesin docking mechanisms [39]. Contrarily, P. aeruginosa
on substrata is by flagella, type-1V pili chemotaxis and non-specific interactions such as
electrostatic, hydrophobic, or van der Waals forces [38]. 2) At the Irreversible attachment and
cell-cell adhesion stage, bacteria produce diffusible signalling molecules in a process called
guorum sensing, which among other things, induce bacteria to secrete the EPS [40], leading to a
strong cell-substratum interaction and a stable bacterial attachment. 3 and 4) During the

Proliferation and Maturity stage, bacteria proliferate and mature within the EPS, which is
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composed of polysaccharides, protein and nucleic acids (extracellular DNA) [13]. The EPS
cements both the cluster of bacteria and the substrata surface together and provide a three-
dimensional mechanically stable biofilm. Prior to the cementation process, quorum sensing (QS)
molecules synchronizes alterations in the genetic expression of all bacteria population to
coordinate and to form the biofilm [41]. 4) At the Dispersion stage, bacteria proliferation within
biofilm reaches a critical mass, where the biofilm loses essential nutrient, water, and oxygen. As a
result, they disperse to release free-floating planktonic cells, which is capable of re-colonizing

other substrata surfaces.

Biofilm formation

Dispersion

Figure 2-5. Formation of biofilms on surfaces. Adopted from [39].
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2.2.2 Role of biofilms in healthcare associated infections

Though formation of biofilms may be beneficial for metabolizing recalcitrant compounds
such as phenols, cyanides, thiocyanides in applications such as Rotating Biological Contactors
(RBC) technologies, they generally pose challenges in food processing, marine and healthcare
industries. In fact, it is well acknowledged that about 65% of all HCAIs are mediated by biofilm-
associated infections of implantable medical devices [42]. Formation of biofilm is a natural
selection self-defense strategy bacteria use to protect themselves from external threats such as
nutrient-deficient conditions, antimicrobial regimen, clearance by both humoral and cellular host
defense mechanisms, and dynamic environments [43]. As such, bacteria in biofilm have some
advantages such as an ability to acquire resistant strains, undertake intercellular communication
via quorum sensing (QS), and evade antimicrobial regimen [44]. Biofilm also provides a safe
haven for the spread of HCAIs [45]. Within biofilms, bacteria are significantly less susceptible,
making them difficult to be diagnosed and treated, and unfortunately, often necessitating removal
of infected implants [40].

Common orthopaedic and indwelling prostheses implicated in HCAIs include urinary
catheters, intravascular catheters, heart valves, pacemakers, stents, endotracheal tubes, artificial
kneel and hip joints [46]. Common causative pathogen in biofilms of indwelling prostheses include
coagulase-negative staphylococci (CoNS), S. aureus, Enterococcus faecalis, E.coli, Klebsiella
pneumoniae, Staphylococcus epidermidis (S. epidermidis), Proteus mirabilis, Candida spp. etc.
[38]. Among these CoNS, S. aureus and Candida spp. lead to prosthetic valve endocarditis, while

S. epidermidis and S. aureus account for more than 90% of prosthetic joint infections [47]. Overall,
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biofilm has major implications for both patients and healthcare systems in terms of prolonged
hospital stay and increased healthcare costs [48, 49].

Note that biofilm-mediated HCAI, in wet conditions has extensively been studied,
however little is known about their counterparts of dry surface conditions [4]. As discussed earlier
under section 2.1.1, MDROs, which lead to HCAIs, can persist on environmental inanimate
surfaces for months even after terminal discharge room cleaning. This is presumably due to their
persistence as dry biofilms, which shield them against traditional disinfections and desiccation
processes. In fact, a recent study of dry biofilms occurrence, persistence, and diversity on hospital
surfaces by Ledwoch, K. et al. [4], revealed that both gram-positive and gram-negative bacteria
could persist as dry biofilms on patients’ folders, chairs and computer keyboard keys, in spite of

terminal cleaning with chlorine-based disinfectants (Figure 2.6).
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Figure 2-6. Examples of ‘dry’ biofilms recovered from surfaces; magnification X 10,000. (A,
B) Patient folders, (C) Patient chair, (D) Keyboard key. Images of biofilms were coloured in
purple to help visualization and contrast using GNU (GNU's Not Unix) image manipulation

program (GIMP2.8) software. Images were not otherwise altered. Adapted from [3].

2.3 Antimicrobial resistance

Antimicrobial resistance describes the inability of natural antibiotics, synthetic or semi-

synthetic antimicrobial agents to inhibit microbial growth or kill microorganisms. Most available
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antibiotics such as vancomycin, methicillin, tetracycline, cephalosporin, gentamycin, carbapenem,
rifampicin, etc., have now become less effective at inhibiting or killing HCAI pathogens [5]. It is
even feared that with widespread use of antimicrobial drugs and antibiotics in the current COVID-
19 pandemic, antimicrobial resistance problem will be exacerbated post COVID 19 [50].

Many bacteria produce enzymes capable of chemically degrading, blocking, or inactivating
antimicrobial agents ((Figure 2.7 (1-4)). Bacteria secrete beta (3)-lactamases that degrade the beta
lactam ring of penicillin family of antibiotics long before the latter reach the target sites.
Furthermore, through several gene transfer mechanisms such as conjugation, transformation, and
transduction, bacteria can transfer resistant plasmid genes to otherwise susceptible cells, making
the latter also resistant. In addition, bacteria can actively pump out antimicrobial agents using their
efflux pump mechanism, to increase the minimum inhibitory concentration (MIC) of antimicrobial

agents necessary to kill them.
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1. Blocking
Antibiotic entry 2. Inactivating
enzymes

Antibiotic

Altered
target
molecule

3. Alteration 4. Efflux of
of target antibiotic
molecule

Figure 2-7. Schematic diagram showing mechanisms of microbial resistance to antimicrobial

agents: (1) Blocking the antibiotics’ entry into the cell, (2) Inactivation of the antibiotics by
enzymes, (3) Alteration of the antibiotics’ target site, (4) Efflux pumps transport out antibiotics

from the cell. Adopted from [14] with permission.

2.4 Antimicrobial agents

Antimicrobial agents are synthetic or semi-synthetic agents that inhibit the growth or kill
microorganisms such as viruses, fungi, bacteria, and protozoa, herein referred as antiviral,
antifungal, antibacterial and antiprotozoal, respectively. For this thesis, only synthetic
antibacterial agents are discussed further. Commonly synthesized antibacterial agents include: (a)
Cationic compounds antibacterial agents, including quaternary ammonium salts (QUATS); and
(b) Inorganic antibacterial agents, which include silver and copper nanoparticles, and metal

oxides photo catalysts materials (Table 2.2).
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Table 2-2 Major antibacterial coatings.

Substrates  Representative antibacterial Bacterial type Ref
coating
glass tetraethoxysilane (TEOS) and S. Aureus and E. [51]
Q4N™ Si (OR)3" coli
glassware CuS-NPs S.Aureusand E.  [52]
coli
5L carbon TiO2/Zn0O ceramic coatings E. coli [53]
steel
316L stainless  Ag-NPs E. coli [54]
steel
hydroxyapatite Ag-TiO: E. coli [55]

2.4.1 Quaternary ammonium salts (QUATS)

QUATSs are amphiphilic nitrogen (N*) containing compounds covalently attached to four
different functional groups. QUATSs has a general formula of N*R1R2R3R4X", where R is a
hydrogen atom, a plain, aryl or an alkyl hydrophobic tail substituted with other functionalities, and

X, as halide anion [56]. QUATS is a first-line antiseptics for managing pathogenic infections in
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hospitals [57]. Their use as disinfectants in healthcare settings date back to the 1930s due to: their
prolonged antimicrobial activities; non-toxic and non-irritant properties; non-reactive nature; and
low antibacterial resistance [58][56]. QUATS are effective against most pathogens, including S.
aureus, Klebsiella pneumonia, Acinetobacter baumannii, P. aeruginosa, etc., [59]. Though,
antibacterial mechanism of QUATS is still under investigation, it is generally accepted that the
electrostatic interactions between the positively charged moiety (N*) and negatively charged
phospholipid bilayer of bacteria lead to its antibacterial effects. Once anchored within the
negatively charged phospholipid bilayer, the hydrophobic portion of the molecule intercalate into
the membrane, disrupting membrane diffusive forces and ion gradients, leading to bacterial cell
death [60]. However, the bioactivity of QUATSs can be limited by the action of efflux pump

resistance mechanism (Figure 2.8).

Cell lysis and
death

Resistance
mechanisms

Figure 2-8. Antibacterial mechanism of QUATS. Adopted from [60] with permission.
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2.4.2  Silver-based antimicrobial agents.

Silver-based antimicrobial agents, along with copper have been used to fight infectious
disease throughout history. For example, the ancient Chaldean used silver as cutleries as early as
4000 B.C, before the discovery of microbes [61]. The ancient Greeks and Romans also used to
store water in silver vessels to keep it fresh. Again, the Mediterranean and Asiatic cultures used
silver flasks and storage containers to prevent spoilage of liquids, and placed silver foil into
wounds to prevent infection [62]. Additionally in 1880s, Americans travelling west used to put
silver coins in water barrels as a tradition, as well as to inhibit the growth of bacteria and algae
[63].

Silver has broad-spectrum antimicrobial activity against a wide variety of pathogens such
as bacteria, fungus, yeast, virus, and protozoa. In fact, metallic silver was used for many
applications and by 20" century, silver had become the main antimicrobial agent or material.
However, the use of silver was limited after the discovery of penicillin by Sir Alexander Fleming
in 1928 and the advent of antibiotics due to the high costs associated with silver production [64].
Note that prior to the 21st century, silver was utilized in many domestic products such as needles,

vessels, plates, cutleries, and silver fillings due to its antimicrobial properties (Figure 2.9) [65].
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Figure 2-9. Exemplary applications of silver related products along the course of

human history. Adopted from [65] with permission.

2.4.2.1 Antimicrobial properties of silver nanoparticles

Properties such as silver particles size, morphology and facets, strongly affect how bacteria
attach to silver and subsequent destruction [66]. Therefore, considerable effort has been devoted
to tunable silver particle size studies (Figures 2.10 (A-F)) [67].

As silver particle reduces in size, active reaction site increases. Microorganisms that adhere
to such active reactive sites can be inactivated. For example, biocidal activity of silver
nanoparticles (Ag-NPs) with diameter of 5-100 nm, are found to be effective at killing bacteria
due to the good interaction with bacterial cell membrane [68]. In particular, smaller diameter such
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as 5 nm, shows better biocidal activity (Figure 2.6 G) [69]. Again, the presence of sharp edges,
kinks, steps and defects (on exposed facets) result in high surface energy, high adsorption rate and
arguably improve biocidal activity. In recent work by Zheng, K. et al [68], truncated triangular
(bipyramids) Ag-NPs with (1 1 1) lattice plane exhibited a higher antimicrobial activity against E.
coli as compared to the spherical and rod-shaped Ag-NPs. In particular, triangular Ag-NPs
containing high atom-density (1 1 1) facets, showed highest antimicrobial activity [68]. Again,
comparing morphologies of silver antimicrobial agents against both gram-positive and gram-
negative microbes, Ag nanoplates (Ag-NPIs) (with two-dimensional (2D) structure) showed the
highest antimicrobial activity towards S. aureus and E. coli, when compared to Ag nanorods (Ag-
NRds) and Ag nanospheres (Ag-NPs) (figure 2.11 H). It was postulated that the presence of high
surface area Ag-NPIs resulted in excellent interaction with the bacterial cell wall and subsequently

damaged the cell walls [70].
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Figure 2-10. Electron microscope images of silver nanoparticles in different shapes. (A),
(C) and (E): The scanning electron micrograph of Ag nanocubes, bipyramids, nanorice,
respectively. (B), (D) and (F): Transmission electron micrograph of nanospheres,
nanobars and nanoplates, respectively. (G) Disc diffusion tests for different sized Ag-
NPs against E. coli MTCC 443 strains. (H) Growth inhibition curves of E. coli in LB
medium treated with the Ag-NPs of different shapes. Adopted from [66, 68] with

permission.

Silver shows excellent antibacterial property and is effective at inactivating implant
mediated HCAIs pathogens. Therefore, silver antimicrobial coating has gained much attention due
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to: (1) its broad spectrum antibacterial property and high chemotherapeutic ratio [71]; (2) its non-
toxicity to human cell in low concentration (10 ppm (0.01 mg/ml)) [72]; (3) its multifunctional
antimicrobial mechanism [73]; (5) its strong oligo dynamic effects (especially against “super-

bugs”) and low tendency for antimicrobial resistance [72, 74, 75].

2.4.2.2 Antimicrobial mechanisms of silver-based antimicrobial agents

The current scientific understanding on antimicrobial mechanism of silver is that upon
bacteria-silver contact, Ag® is oxidized into Ag* by respiratory enzymes [78]. Subsequently, the
released Ag* ion binds to the thiol functional groups of proteins and other intracellular structures
including, phospholipid bilayer of the plasma membrane, ribosome, DNA etc. Indeed, it has been
found that Ag* ion bonds to Deoxyribonucleic acid (DNA), thiol groups and the other organelles
to effect its antibacterial activity [76-77]. The general mode of action is described as shown in

Figure 2.11 [79], below:

=

Destabilisation of ribosome and prevention of protein synthesis.

2. Cell wall disruption of the peptidoglycan complex.

3. Formation of Reactive Oxygen Species (ROS), to mediate bacterial death through lipid
peroxidation and membrane destabilization.

4. Intercalation between DNA bases, leading to subsequent DNA molecule destruction.
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Figure 2-11. Mechanisms of antibacterial action of Ag-NPs. Adopted from [79].

2.4.3 Copper

The discovery of copper alloys (> 60% copper) as solid antimicrobial material capable of
destroying microorganisms is considered a great innovation in antimicrobial surfaces technology
[80-82]. Solid Copper alloy has since 2008 been registered by US Environmental Protection
Agency (EPA) as solid antimicrobial copper surfaces. As a further development, Cu and Cu alloys
now show great potential for use as antimicrobial-touched surfaces in hospitals and healthcare
facilities. For instance, compared to stainless steel surfaces, copper alloys exhibited good
antibacterial property and effectiveness at reducing bioburden of HCAI pathogens such as E. coli

0157, methicillin-resistant S. aureus (MRSA), C. difficile, influenza A virus, adenovirus, and fungi
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[83, 84]. A recent study by Chatterjee, P. et al. [85] on copper-impregnated solid material surfaces
in patient rooms, showed a 58% reduction in aerobic bacteria colonies compared to standard

hospital laminated stainless steel surfaces.

2.4.4 Photocatalytic antimicrobial agents

Photo catalysis is defined as the acceleration of a chemical transformation by catalyst in
the presence of solar irradiation [86]. Photocatalysis is generally observed for semiconducting
materials, and for large band-gap semiconductors like titanium dioxide (TiO2), zinc oxide (ZnO)
and cerium oxide (CeOy). Fujishima and Honda, reported in the early 1970s the photocatalytic
splitting of water on TiO> electrodes [87] and since then, there has been great interest in TiO2-
based photocatalysis for renewable energy, environmental, and healthcare applications such as
antibacterial coatings, disinfection of water, water splitting, organic pollutant degradation etc.
Compared to standard chemical approaches, photocatalysis exhibits key advantage of using
sunlight to activate and drive the degradation processes and is therefore, energetically sustainable,
and more eco-compatible. Photocatalytic antimicrobial agents generate free radicals when
activated by light irradiation. The commonly used photocatalytic antimicrobial agents are zinc
oxide (Zn0O), titanium dioxide (TiOz), silver phosphate (AgsPOs), etc. Under photon irradiation,
metal oxide is catalyzed to generate Reactive Oxygen Species (ROS). These ROS such as singlet
oxygen molecules (*02), superoxide anion radicals (*O2), hydroxyl radicals (*OH") etc., have

strong oxidizing ability and can destroy pathogens. These free radicals can interact with outer cell
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membrane and decomposing them into CO2, H20, N2 and S. In the process, DNA and other

biomolecules are annihilated, leading to bacterial cell death (Figure 2.12).
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Figure 2-12. (a—c) Schematic representation of photo killing mechanism in E. coli on TiOz
film. Adopted from [89].

2.5 Fabrication of antibacterial coatings

Antibacterial coatings are surfaces fabricated from build-up thin films of antibacterial
agents on substratum surfaces [88]. Antibacterial coatings or surfaces used interchangeably can
reduce the extent of attachment and proliferation of bacteria. Antibacterial coatings are generally
classified into two main categories (Figure 2.13): Anti-biofouling surfaces that repel initial
bacterial attachment by steric, electrostatic repulsion and low energy surfaces; and bactericidal
surfaces that kill bacteria by releasing biocides or by physical topography [89]. An example of
steric repulsive anti-biofouling surface is polyethylene glycol (PEG) coating. An example of
electrostatic repulsive surface is antimicrobial peptides (AMP). On the other hand, Low energy

surfaces are self-cleaning, the so-called superhydrophobic surfaces. Bactericidal surfaces disrupt
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cell membrane to result in bacterial death [90]. Bactericidal surfaces can be grouped into those
that inactivate bacteria by releasing biocides (such as metallic silver and copper) or inactivate by
topography.

Typically, antibacterial surfaces are fabricated by chemical, biological and physico-
mechanical surface modification strategies [13]. Chemical and biological modifications include,
surface functionalization, polymerization, plasma-assisted surface treatment etc., whereas physical
modification may include fabrication of surface topography [91]. For this thesis, attention is
focused on chemical and physical modification methods, which lead to topography-mediated
antibacterial surfaces, superhydrophobic antibacterial surfaces and hydrophilic antibacterial

surfaces.
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Figure 2-13. Classification of antibacterial surfaces. Adapted from [91] with permission.
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2.5.1 Fabrication of topography-mediated antibacterial surfaces.

In nature, many living things such as insects, plants, sharks and geckos have developed
protective mechanisms towards pathogens, despite the latter’s ability to employ complex adaptive
mechanisms to colonize surfaces [92]. The former on the other hand, exploit their micro- and nano-
topographical features to induce antibacterial activity. These surfaces that Kill bacterial cells by
topography are called Mechano-bactericidal surfaces [92]. The first mechano-bactericidal surfaces
mediated by nano topography of cicada wings was reported by Ivanova and co-workers [93]. In
this work, lvanova et al, showed that by pure physical contact of P. aeruginosa (gram -ve)
bacterium on topographical rough surface of cicada’s wings, P. aeruginosa died in 30 minutes. As
aresult, various report on other wings, such as dragonfly and skin of geckos etc., and their synthetic

analogues have been fabricated on metals, ceramics and polymers [94] (Figure 2.14).
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Figure 2-14. Naturally occurring mechano-bactericidal surfaces: (A1-C1), psaltoda
claripennis, dragonfly and gecko, respectively; (A2-C2), Scanning electron
microscopy (SEM) images of cicada wing, dragonfly wing and gecko skin; (A3-C3),
Schematic of the representative nano topographies found on the cicada wing,
dragonfly wing and gecko skin, to illustrate the differences between each nano-
topography; (D1-D3), Pseudomonas aeruginosa ruptured by cicada wings. Adapted
from [3].

Mechano-bactericidal surfaces can be fabricated by chemical and physical surface
modification processes, such as alkaline hydrothermal process, reactive ion etching (RIE), thermal
oxidation, anodization, chemical etching and glancing angle deposition (GLAD) [3].
Hydrothermal process can be used to fabricate nanostructures of varied topography on titanium
and other substrates. Typically, the micro-nanoscale patterns of the metal are fabricated from the
aqueous precursor in a sealed stainless steel autoclave above ambient temperature and atmospheric

pressure (Figure 2.15 (A), Top). For instance, alkaline hydrothermal has been used to fabricate
40



TiO2 topographical nanostructures on titanium alloy, Ti-6Al-4V [95]. By controlling experimental
parameters such as temperature, reaction time, concentration of the reaction media (e.g., acids or
bases) various topographical nanostructures similar to dragonfly were fabricated, as shown in
figure 2.10 (A), Bottom) [3].

Another common technique is thermal oxidation. This involves the oxidation of substrate
to grow nanostructures by controlling the temperature within a range of 400 to 900 °C in a carbon-
containing atmosphere (Figure 2.15 (B), Top) [3]. Thermal oxidation can generate nanostructures
analogue to the topographical features of the wings of dragonfly (Figure 2.15 (B), Bottom) [3].
Anodization is like thermal oxidation process except that the oxidation process is achieved by
electrochemical means (see Section 2.7.1). Anodization process can also generate such
topographical features, however, to the best of our knowledge, bactericidal property achieved
purely by anodization for touched surfaces application is yet to be reported in the literature.

Regarding physical modification process, glancing angle deposition (GLAD) and Reactive
ion etching (RIE) are the most commonly used fabrication techniques [91]. During conventional
physical vapour deposition, a stream of vapour-phase atom strikes and condenses upon a
perpendicular substrate to form a dense, solid film. Contrarily, for GLAD, the substrate can be
tilted to a glancing angle or rotated such as to create an oblique deposition geometry [96].
Typically, GLAD involves an oblique angle deposition and manipulation of substrate (by tilting
and rotating) to engineer columnar architectures nanostructured on surfaces (Figure 2.15 (C), Top)

[97]. The main feature of GLAD is the “shadowing effect” or line-of-sight.
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Figure 2-15. Nanofabrication techniques and surface topographies generated: (A)
Alkaline hydrothermal (AH); (B) Thermal oxidation (TO); (C) Glancing angle deposition
(GLAD) and (D) Reactive ion etching (RIE). Each panel shows a basic schematic of the
technique, an example of the topographical nanostructured surfaces generated by each

technique and evidence of bactericidal activity. Adapted from [2] with permission.
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Thus, the “shadowing effect” prevents incoming vapour from condensing into regions behind the
nuclei, causing the nuclei to develop into columns that tilt towards the vapour source [96]. GLAD
method has been used to fabricate highly and precisely controlled micro and nanostructures (Figure
2.15 (C) Bottom) [3]. Reactive ion etching (RIE) involves the partial removal of a top layer of
substrate to create desired micro-nano-porous topographical patterns from a reaction plasma in a
low vacuum system (Figure 2.15 (D), Top). RIE was utilized by Ishak, Mohd I et al. to fabricate
micro-nano topographical features (Figure 2.15 (D) Bottom) [3].

Overall, mechano-bactericidal surface is promising, innovative and environmentally
friendly antibacterial surface technology when compared to traditional antibacterial coating since
the former is durable, do not leach out toxic ions or lead to antibacterial resistance problem [13].
Thus, mechano-bactericidal surface is more eco-sustainable and has great potential for biomedical

and general healthcare applications.

2.5.2 Fundamentals of superhydrophobicity

Wettability defines the tendency for a liquid droplet to wet or spread over solid surface.
The wettability of a solid surface plays an important role in our daily lives, marine and biomedical
industry. The contact angle a droplet makes with a solid surface is a function of its surface free
energy or the energy required to break an intermolecular bond [98]. Contact angle is the angle
between the liquid-vapor and liquid-solid interface. For an ideal rigid, chemically homogeneous,
non-reactive smooth solid surface, its contact angle at thermodynamic equilibrium condition is

predicted based on the Young model, (Figure 2.16 (A)) given by equation 2.1.
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(YsG — YsL) (2.1)
YLG

cosf =

where the 0 is contact angle, (ysL), is the solid-liquid interfacial surface energy, (yLg) is the liquid-
vapor interfacial surface energy and (ysc) is the solid-vapor interfacial surface energy. However,
in practice, surfaces are rough and chemically heterogeneous. To compensate for roughness,
Wenzel proposed a model to explain the relationship between surface roughness and the apparent

contact angle, where a liquid droplet completely fills the surface structures [99] (Figure 2.16 (B)).
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Figure 2-16. Liquid droplet on solid surfaces, representing the Young (A), The
Wenzel (B) and The Cassie-Baxter models (C). Adopted from [103].

By introducing a roughness factor, the apparent contact angle at equilibrium, can be

expressed as equation 2.2.
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cos 8" = rcos6 (2.2)

where the Wenzel roughness factor, r is defined as the Roughness r of the material and can be
expressed as a ratio of the actual surface area to the apparent surface areaand 6* and 6 represent
the liquid contact angles on rough and ideal smooth surfaces, respectively. By increasing the
roughness (a bigger height difference between the posts and grooves, and the density of posts),
super hydrophobicity can be achieved for such homogeneous surfaces [100].

However, for heterogeneous surfaces with different chemical compositions and contact
angles, Cassie and Baxter [101] proposed that if the heterogeneous surfaces are sufficiently
hydrophobic, the air phase between the solid-liquid micro-nano groove interface will remain
entrapped, providing a lower surface area between droplet and underlying solid rough surface, and
thus, become liquid repellent (Figure 2.16 (C)). Cassie and Baxter contact angle can be modelled

according to equation 2.3

cos 0" = fscosOs + fscosO; (2.3)

where f; and f;; are the fractions of the solid and vapor areas on the surface, respectively. Also,
0", 6, and 6, constitute the composite contact angle of the heterogeneous surface, and the contact
angles of the components of the micro-nano hierarchical surface structures and the entrapped air,
respectively. Furthermore, micro-nano hierarchical surface structures and the entrapped air
constitute the f; and f; area fractions, respectively. Assuming the contact angle of the air or vapor

is 180°, and f; = 1— f;, then the equation 2.3 can be further modified as:
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cos8* = f;(cos6 +1) —1 (2.4)

Thus, according to agreed definitions, surfaces can be classified into one of four categories [13]:

1. Surfaces with a water contact angle > 150° and a contact angle hysteresis < 10°, are
considered superhydrophobic and self-cleaning.

2. Surfaces with a water contact angle between 90° and 150°, are hydrophobic.

3. Surfaces with a water contact angle between 10° and 90°, are hydrophilic.

4. Whereas those with a water contact angle < 10° can be considered super hydrophilic. From
Cassie-Baxter model, super hydrophobicity is due to the combined effects of low surface
energy molecules (26 mJ/m?) and the entrapped air within the micro-nano hierarchical

surface structures.

2.5.2.1 Fabrication of superhydrophobic antibacterial surfaces

Scientists have discovered the unique water roll-off property in several plants, such as lotus
leaves. These plants utilize their surface micro-nanoscale structures to adapt, inhibit colonization
and as evolutionary surviving strategy [102]. The micro-nanostructures are made of long chain
palmitic (hexadecanoic) and stearic (octadecanoic) fatty acids [103], which render them
superhydrophobic. Inspired by nature, scientists now fabricate superhydrophobic surfaces in the
lab by patterning micro-nano structures, followed by passivation with low surface energy

molecules.
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Various strategies such as photolithography, sol-gel, plasma etching, anodization and
chemical etching [104], have been employed to fabricate superhydrophobic surfaces, which find
applications as self-cleaning-fabrics, anticorrosion, drag reduction and anti-biofouling surface
[105]. Of particular interest is in anti-biofouling application, as superhydrophobic surfaces have
the potential of preventing initial bacterial attachment and subsequent biofilm formation. However,
superhydrophobic surfaces fail under long-term exposure in humid environments [106]. Thus,
incorporating bactericides in superhydrophobic coating holds promise not only in inducing both
anti-biofouling and antibacterial properties, but also for improving their longevity. Chung et al.
[107] fabricated silver-perfluorodecanethiolate coatings on silicon wafer with both
superhydrophobic  and  antibacterial ~ properties via precipitation  method, using
perfluorodecanethiol (PFDT) and silver as fluorinated and metal-thiolate complexes precursors,
respectively (Figure 2.17 (A)). This silver-perfluorodecanethiolate superhydrophobic surface
exhibited bacterial adhesion reduction factor of 77%. In a related work, Wang et al. [108]
fabricated superhydrophobic diamond films with both antibacterial and anti-biofouling properties
using both hot filament chemical vapor deposition and sol-gel perfluorodecyltrichlorosilane
(PFTS) process (Figure 2.17 (B)). The perfluorodecyltrichlorosilane superhydrophobic diamond

films showed a bacterial adhesion reduction of 90-99%.
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Structured

Figure 2-17. (A) Silver-perfluorodecanethiolate superhydrophobic coatings; (B) Hierarchical

structured diamond superhydrophobic films with Anti-biofouling, self-cleaning and

antibacterial properties. Adopted from [107, 108] with permission.

2.5.3 Fabrication of hydrophilic antibacterial surfaces

Hydrophilic antibacterial coatings are surfaces with contact angle between 10° and 90°.
Like superhydrophobic antibacterial surfaces, fabrication of hydrophilic antibacterial surfaces
involves physical, chemical and biological processes. These surfaces are particularly useful for
orthopaedic and medical implants device as they enhance protein conditioning and cell tissue
integration [109]. Various hydrophilic antibacterial agents such as TiO2, ZnO, Ag and Cu
nanoparticles are commonly fabricated on metals and other substrates. However, for the purpose
of this thesis, silver-based hydrophilic antibacterial coatings fabricated by chemical and

electrochemical reduction processes are discussed further.
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2.5.3.1 Chemical and electrochemical reduction

Silver nanoparticle is commonly synthesized from AgNO3 using various reducing agents
including citrate, sodium borohydride, (NaBHs), hydroguinone, Tollen’s reagent, N,N-dimethyl
formamide (DMF), poly (ethylene glycol) (PEG), ascorbic acids, ethylene glycol etc., [110].
However, chemical reduction method results in agglomeration of large-sized particles. To
overcome this problem, morphological controlling agents such as polymers and surfactants are
normally used, in particular, polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), cationic Cetyl
trimethylammonium bromide (CTAB), and anionic dioctyl sulfosuccinate (DOSS) surfactants.
Chemical reduction is by far the most widely used because: (a) it is relatively cheap and an efficient
synthesis method; (b) different morphologies (cube with (100), trigonal with (111),
rhombdodecahedron and spherical) can be produced; and (c) is amenable to large-scale production
[111]. However, disadvantages with chemical reduction tend to be toxicity concerns and difficulty
with separating capping agent from Ag-NPs after synthesis.

To overcome the toxicity concerns, biocompatible green silver synthesis processes such as
plant extracts, micro-organisms and sol-gel processes are gaining interest in recent times [54, 112,
113]. In particular, sol-gel process has advantage of being a low temperature synthesis process,
which facilitates easy synthesis of inorganic and hybrid composite materials of organic moieties
[114]. The most common precursors are tetraethyl orthosilicate (TEOS) and
tetramethylorthosilicate (TMOS). Sol-gel process generally involves the simultaneous hydrolysis
and condensation of organic and inorganic moiety [115]. The colloidal suspension (sol)
subsequently evaporates to form a 3 dimension network in a continuous liquid phase (gel) [116]
(Figure 2.18). This can subsequently be coated on substrate by dipping, casting, spinning, or

spraying processes. For instance, Agbe et al [117], recently deployed a sol-gel process to fabricate
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silver-polymethylhydrosiloxane (PMHS) nanocomposites, followed by dip coating on anodized
aluminum. The Ag-PMHS nanocomposite coating on anodized Al showed excellent anti-
biofouling property with an adhesion reduction of 99.0 %, 99.5 %, and 99.3 % for P. aeruginosa,

E-coli and S. aureus (S.A), respectively.

@m‘l%> 3
u /——’_\
v
©0 0o o
90000 4
o o
S I Formation of Sol I
m m
v \—//
R —
\___—/ v
| Formation of 3D Gel Network | I Starting of Gelification I

Figure 2-18. General reaction scheme of sol-gel technique. Adopted from [116]),
with permission.

Another commonly used method is electrochemical reduction process. In this process,
silver is deposited on the cathode from a solution of its salt. As the reduction of Ag* ion to AgP is
thermodynamically non-spontaneous, an external driving force (Direct current (DC), or alternative

current (AC) power supply) is required to drive the electrolytic chemical reduction process.
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Contrarily, in a galvanic cell, chemical reaction converts electrical energy to drive an external load.
A complete electrolytic cell consists of: (a) two conducting anode and cathode electrodes; (b) an
electrolyte, containing ions of the metal or solid to be deposited; and (c) a DC, AC, or pulse current

mode. Typical electrodeposition process is shown in figure 2.19.
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Figure 2-19. Schematic of electrodeposition process. Adopted from [121].

As an engineering material, aluminum has become one of the commonly used substrates
for electrodeposition of metallic coatings such as silver. For electrodeposition of silver on anodized
aluminum oxide (AAO/AI), AC power source is ideal [118, 119]. In a typical AC electrodeposition
process, the barrier oxide layer acts as a rectifying p-n junction source. Therefore, AAO/AI
templates can be used directly as the cathode during an electrodeposition process. Thus, the barrier
layer becomes preferentially conductive during the cathodic half-cycle. This rectifying property
allows reduction of metal ions in the pore while decreasing the oxidation rate of the deposited

metal [119]. Chir, et al. [118] deployed AC electrodeposition to deposit Ag for antibacterial
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application. Their results showed a 95% antibacterial efficiency for E. coli, P. aeruginosa,
Streptococcus faecalis and S. aureus. However, for DC electrodeposition, it is necessary to
separate the AAO/AI templates by chemically etching to separate the base aluminum metal,
followed by metallization of the AAO/AI [120]. However, this may be challenging and increase

complexity of the overall electrodeposition process.

2.6 Challenges of antibacterial coatings for touched surfaces application

An ideal antibacterial coating for frequently touched surface application should be
fabricated with simple and low-cost process. It must be adaptable to large-scale production,
possess ability for broad-spectrum effectiveness, mechanically stable, and non-toxic. However,
despite the many efforts, most antibacterial coatings have not been able to transition from the
laboratory bench to the market [13]. There are four main challenges in designing safe antibacterial
coatings including: lack of durability (the long-term stability of coating), leaching and toxicity,
antibacterial resistance problem and the lack of standardized testing protocols [121].

While antibacterial surfaces have the potential to contribute to reducing HCAIS,
antibacterial surfaces cannot be a stand-alone solution. It must therefore be included as an adjunct
to existing protocols in a horizontal multi-interventional approach to fighting HCAIs. Despite the
promising role of antibacterial coatings, most of them are unstable and mostly temporary solution.
To overcome this challenge however, polymeric viscous matrix such as poly(methacrylic acid)
(PMMA), polyacrylic acid (PAA) and resins, have become common to covalently tether

antibacterial agents to substrates for enhanced coating stability [122]. However, it is important
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mechanical testing, such as hardness, tribology, scratch, and anti-adhesion studies are performed

on these coatings.

Another challenge with existing antibacterial coatings for touched surfaces is the
uncontrolled release kinetics of coatings with leachable antimicrobial agents, leading to possible
toxicity concerns. Even with the well-established implant device applications, coating with
leachable antibacterial agents that maintain release kinetics within the therapeutic window (that is
release kinetics sufficient to kill bacteria but low enough to limit cytotoxicity toward eukaryotes)
remains a significant challenge [122]. Thus, the health and environmental impacts of nanoparticles
in leachable antibacterial agents of existing frequently touched antibacterial coatings are not clear.
A promising technique to tackle this problem is the concept of Safe by Design (SbD). SbD is a
generic concept with an ultimate goal of eliminating potential health and safety risks associated
with products or processes during the early design phase [121]. Thus, the next generation
antibacterial coatings must comply with regulations by incorporating health and safety risks that
might be difficult to deal with after products get to the market [121].

Another issue worthy of consideration is antibacterial resistance problem. Pathogens
implicated in HCAIs can develop various clever pathways to develop resistance to antibiotics. The
natural tendency of bacteria to mutate due to selection pressure and the indiscriminate use of
antibiotics for both human and veterinary medicine have given rise to multiple-drug resistant
pathogens. It is estimated that more than 40 % of S. aureus strains collected from hospitals are
resistant to methicillin antibiotics [68]. Thus, given the massive report of antibacterial coatings in
the literature, coupled with widespread use of antimicrobial agents and disinfectants for sanitizing
frequently touched surfaces in the current COVID-19 pandemic, it is feared antimicrobial

resistance may exacerbate, post-COVID-19 pandemic [50]. The rationale behind adding an
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antimicrobial agent to a specific surface should be a balance between the potential impact of the
antimicrobial agent on the emergence of resistant microbial strains and the impact of preventing
the spread of the pathogen within the healthcare environment [121]. Therefore, there is an urgent
need for developing novel topography-mediated antibacterial surfaces to minimize the risk of
antimicrobial resistance.

Finally, since antibacterial coatings for frequently touched surfaces is a new line of
research, the field lacks standardized testing protocols. This makes it impossible to establish a
proper comparison between antibacterial coatings with different antimicrobial agents and
processing technologies that are both in the market and in the research and development phase
[121]. It should be mentioned that existing protocols such as the ASTM 2180 [123], Japanese
Standard JIS Z2801 [124] and ISO 22196 [125] stipulate conditions of high liquid medium (> 90%
humidity) and temperature up to 37°C, to allow for diffusion of antimicrobial agents. However,
these do not necessarily reflect the near dry surface conditions around patients, requiring
comfortable humidity and temperature [126]. Thus, these protocols may not truly predict the
efficacy of antibacterial surfaces under realistic conditions [126]. The USA Environmental
Protection Agency’s (EPA’s) protocol on non-porous hard surfaces [127], is yet another common
antimicrobial testing method. Though it attempts to simulate typical contaminated clinical
environment, it does not completely mimic the near dry conditions of typical high touch surfaces
contaminated by the human skin [128]. Also, a number of other evaluation methods such as Agar
zone of inhibition assay, Adhesion-based assay, Live and Dead staining, MTT (based on the
reduction of MTT dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide to purple
formazan by NAD(P)H), Bioluminescent strains etc., do exist [129]. However, each of these

methods have their limitations, for instance, the Live/dead staining (e.g. LIVE/DEAD Bacterial
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Viability Kit (BacLightTM)), which demonstrates the presence or absence of cell wall damage,
following bacterial contact with antibacterial coating may not always be valid since damaged cell
walls (red fluorescent bacteria-usually presumed dead) may sometimes be culturable [130]. Again,
the Bioluminescence and MTT assays, which rely on metabolic activity to demonstrate cell
viability, may be flawed since an absence of metabolic activity may not necessarily mean bacterial
death [129]. Thus, in the absence of standardized testing protocols for evaluating effectiveness
antibacterial touched surfaces, it is hoped that many of the above assays would be complemented

to evaluate promising candidates to enable transition from laboratory bench to the market.

2.7 Aluminum as an antibacterial surface

Traditionally, stainless steel has been the most common metallic alloy for fabricating
frequently touched surfaces. However, despite its aesthetic appeal and ease of cleaning, it offers
no antimicrobial effect and therefore not the most suitable material for high-touch surface
fabrication [131-134]. Thus, alternative material with inherent antibacterial property such as
copper is becoming of interest. However, problems with solid metallic copper such as long-term
corrosion, poor aesthetic appeal, difficulty in machining, and relative high cost [135], necessitate

the need for other novel, durable and mechanically stable alternatives.

Aluminum is a very attractive material for engineering constructions and many aluminum
components are widely used in medical devices [136]. Aluminum can be transformed into
antibacterial surface via simple wet chemistry and electrochemical processes. Even so, only few
studies on antibacterial aluminum surfaces have been reported in the literature. Hasan et al [137],

utilized 0.2 M NaOH to chemically etch aluminum Al 6063 to fabricate antibacterial aluminum
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surface against the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This
topography-mediated antibacterial surface resulted in a 5-log reduction in viral load after 6 h of
contact [137]. In a related study by same group [136], 0.2 M NaOH was employed to chemically
etch aluminum Al 6063 to fabricate topography-mediated antibacterial surface. This surface was
successful in inactivating multi-drug resistant bacterial (MDR) pathogens such as P. aeruginosa
and S. aureus and common respiratory viruses such as respiratory syncytial virus (RSV) and
rhinovirus (RV). The surface resulted in a 92 % and 87 % reduction of P. aeruginosa and S. aureus
bacteria, respectively under 3 h. Similarly, a 3—4 log reduction in RV viral load was achieved under
24 h. In another study by Valiei et al [138], silver-quaternary ammonium salt was dipped coated
unto anodized aluminum to fabricate antibacterial aluminum surface which inactivated the growth
of MDR bacteria such as S. aureus, P. aeruginosa, E-coli and E. faecalis. Their antibacterial

aluminum surfaces exhibited excellent bacterial killing between 2-15 minutes of contact.

Thus, through surface modification strategy such as anodization, aluminum can be
optimized to create nano-porous topographical pattern, which kill bacterial on contact; or
passivating the nano-porous topographical pattern with low surface energy molecules, to create
superhydrophobic coatings capable of repelling bacterial adhesion; or immobilizing the nano-
porous topographical patterns with antibacterial agents to kill bacteria on contacts. Not only can
the anodized pores aid in chemical adhesion but also mechanical anchorage to enhance coating
durability. Again, the anodized oxide layer protects aluminum from corrosion and wear, thus

improving overall longevity of the antibacterial coating.
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2.7.1 Anodization of aluminum

Anodization involves formation of close-pack hexagonal nanostructures with a periodic
arrangement of nanopore arrays by controlling electrochemical parameters such as electrolytes,
potential, current density, temperature, and anodization time. By optimizing these parameters, a
self-organized densely close-pack aluminum porous template can be fabricated that can serve as
paint primers and glues for decorating aluminum surface, as anticorrosive surface or templates for
synthesizing functional nanomaterials for various applications in rechargeable batteries,
memories, water splitting and antimicrobial surfaces [139-142]. Though anodization of aluminum
has been in existence since the 1920s [143], it was only after the discovery of the two-step
anodization process by Masuda and Fakuda in 1995 [144] that truly self-organized densely

hexagonal anodized aluminium oxide (AAQ) templates were achieved.

2.7.2  Structure and morphological features of anodic porous alumina

Control of anodization conditions produce morphological features that can serve as porous
template for subsequent applications. The most important porous oxide features include pore size
(pore diameter) Dy, cell diameter (inter-pore distance) Dc, wall thickness W, barrier layer B,

porosity (a) and pore density (1), as shown in Figure 2.20.
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Figure 2-20. Idealized structure of anodic porous alumina (A) and a cross-sectional

view of the anodized layer (B). Adapted from [146], with permission.

The pore diameter, Dy defines the diameter of pores created at the porous oxide layer under
controlled electric field. It varies linearly with applied potential (V) as proposed by O’Sullivan and

Wood [145], according to equation 2.5.

Dp = }\,p X V (25)

As expected, the rate of porous structure formed depends on anodization conditions such as voltage
and pH (concentration of electrolyte) [146]. For H2SO4 electrolyte, a potential of 25 V and
concentration > 5 M (27 wt.%) at acidic pH, are ideal conditions for producing small size pore
diameter, whilst high potential 45 V, produces larger pore size [146]. Similar trend has been

observed for H3PO4 and organic electrolytes [145].
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The cell diameter D¢ can be defined as the inter-pore distance between two pores. It varies
linearly with applied potential, according to equation 2.6, where D¢ is cell diameter; V is the
applied potential and Ac, a proportionality constant of ~ 1.29 nmV1. Anodization of aluminum in
electrolyte of H.SO4 with an applied potential of 12.5 V and 24 V was found to produce cell
diameters of 32.7 = 2.8nm and 45.4 £ 8nm, compared to 65.1 + 6.5nm and 80.5 £ 3nm for high

potentials such as 30 V and 40 V [147].

D=2t XV (2.6)

The wall thickness is usually calculated as the difference between cell diameter and pore
diameter. Since both cell diameter and pore diameters are circular, wall thickness W, can be
calculated from equation 2.7.

= Debp 2.7)

The larger the pore diameter at constant cell diameter, the smaller the wall thickness. According
to O’Sullivan and Wood, the cell wall thickness is ~ 71% of the barrier layer (B) [145]. Other
morphological features of interest are pore density and porosity. The pore density n, defines the
number of pores occupying a single square centimetre area (number of pores/cm?), and represented

by equation (2.8).

2.14"14

n=Gmor (2.8)
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where n = pore density, A is a proportionality constant and U, the applied potential. An ideal pore
density ranges between 10°to 10%° per cm? [146]. Like pore density, the porosity «, is the ratio of

the pore surface area to entire area of the AAO surface. It is given by equation 2.9.

@ = e (2.9)

Sp=1 (@)2 (2.10)

Sh = (2.11)

By substitution equations. (2.10) and (2.11) into (2.9), gives the expression for porosity of a porous

oxide layer as:

@ = %(f)—p)z = 0.907 (D—C)2 (2.12)

Nielsch et al [148] have reported 10 % as ideal porosity attainable under optimal conditions of

temperature, applied voltage, current density and anodization time.
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2.7.3 Anodization process parameters

The growth of the porous AAO requires control of operational parameters such as
electrolyte, applied voltage, current density, temperature, and anodization time to achieve the

required morphological features described under section 2.7.2.

2.7.3.1 Electrolytes

Several types of acidic electrolytes such as sulphuric acid, phosphoric acid, oxalic acid and
chromic acid are commonly used for anodization [149-151]. However, the choice of acid depends
on the desired features’ size. While strong inorganic acids are the main electrolytes for anodizing
aluminum, other organic acids such as oxalic acid, malonic acid, squaric acid, selenic acid, acetic
acid, citric acid, tartaric acid, glutaric acid and glycolic acids have been explored [152-154]. Table

2.3 [155] shows lists of some major acids and their concentration.
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Table 2-3 Acid components of typical electrolyte types used to produce porous oxide

layer on an aluminum substrate

Electrolyte Molecular Concentration (M)  Pore Size Range (hm) Ref
Formula

Sulphuric acid H2S04 0.18t0 2.5 12 t0 100 [146,
156,

157]

Oxalic acid C2H204 0.2t0o 0.5 20to 80 [158-
160]

Phosphoric acid HsPO4 0.04t02.0 30 to 235 [161,
162]

Malonic acid CHa3(COzH); 0.1to5 Not specified [158,
163,

164]

In a bid to expand the range of electrolyte, neutral aqueous solutions, and non-acidic
solutions (pH =5 - 7) are also gaining attention. Neutral aqueous solution is ideal for growing the
barrier layer. The barrier layer, (which defines the thickness between the metallic aluminum and
the porous oxide layer) does not only serve as protective layer against corrosion but also as
electrical insulators. Examples of neutral aqueous solutions are: boric acid, ammonium borate,
ammonium tartrate and aqueous phosphate solutions [165]. Apart from the type of electrolytes,

concentration is equally important. Generally, high concentration increases barrier layer thickness
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but decreases both porous oxide layer and the inter-pore distance [166]. Ideal concentrations for

commonly used electrolytes are shown Table, 2.3.

2.7.3.2 Applied potential, time and temperature

In addition to selecting optimal electrolytes, applied voltage is also a critical parameter that
must be controlled. This is important as each electrolyte has critical applied voltage that gives
required morphology. For mild anodization, critical applied voltage for the three main electrolytes
are: 25V, 40V, and 160 V, for sulphuric acid, oxalic acid and phosphoric acids, respectively [139].
Also, anodization time and temperature vary linearly with both dissolution and formation of the
AAO and the resulting morphological features (such as pore and cell diameters) [167]. Thus,
control of these parameters is very critical. Table 2.4 summarizes applied voltage, temperature,

anodization times and pore diameters, achieved for the three main electrolytes.
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Table 2-4 Effect of anodization parameters on pore diameter.

Acid Concentration | Voltage | Time | Temperature | Pore Diameter Ref
(M) (V) (min) (°C) (nm)

Sulphuric 0.5 45 60 0 35-40 [168]
0.3 15-35 120 -1 30-50 [169]

0.3 25 11 - 20-63 [170]

12 40 30 0 70 [170]

Phosphoric 0.3 120 30 0 300 [170]
0.3 45 60 45 45 [171]

0.6 30-60 30-45  60-80 50-130 [172]

Not specified 195 15 3 180 [174]

Oxalic 0.3 40 160 0 67 + 6 and [144]

99+8

0.3 - 300 5-15 50-130 [172]

0.3 40 22 5-8 40 [173]

0.3 60 35 17 70 [167]

2.8 Kinetics and mechanism of self-organized anodic porous alumina formation

The natural formation of oxide layer on aluminum surface in the presence of air is

thermodynamically favourable. Consequently, aluminum can be anodized to form desired porous
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oxide layer. During anodization, the growth and dissolution of the oxide layer follows
simultaneous oxidation-reduction reactions at the anode and cathode respectively, according to

equations 2.13 to 2.16.

Anodic reactions

2Al, > A3t + 6e” (2.13)
60H" -3H,0+0% +4¢ +0, T (2.14)
2AI°" +30% — ALLQ, (2.15)

Cathodic reaction

6H" + 6e~ - 3H, (2.16)

Assuming no complex anions formation, the Nernst equation equals:

£ = - () m )

where R is the universal gas constant, 8.314 J.K.mol, T is the absolute temperature in Kelvin, z
is number of electrons transferred in the cell reaction, and F is the Faraday constant (96,500 C

mol™). The electrode potential E of the anodized Al electrode can be written as:

E = —1.66 — 0.059pH (2.18)

65


https://en.wikipedia.org/wiki/Electron

where E? (V) of Al = -1.66V. According to the equation 2.18, formation of an anodic porous
alumina depends on potential and the pH of electrolyte, which changes with anodization
conditions.

The kinetics for the formation of self-organized anodic porous oxide alumina depends on
the type of oxide formation-time transient modes. This is either in constant current (galvanostatic)
or in constant voltage (potentiostatic) modes (Figure 2.21 (A) and (B)). For galvanostatic
anodization, potential increases sharply at initial stage (Figure 2.21 (A-a)). The sharp increase in
potential is due to high resistance induced by the compact barrier oxide layer. The potential
continues to increase linearly with time until it reaches a local maximum, called the breakdown
potential ((Figure 2.21 (A-b)). Because of the breakdown of the otherwise compact barrier oxide
layer, the potential drop accordingly (Figure 2.21 (A-c)), thus, resulting in a gradual potential
decrease until reaching the steady state-forming potential [139] ((Figure 2.21 (A-d)). At the state-
forming potential, the rate of dissolution of oxide equals the formation of the porous oxide alumina

with anodization time [139].
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Figure 2-21. Schematic illustration of the kinetics of porous oxide growth in
galvanostatic (A) and, potentiostatic (B) regimes, together with stages of anodic

porous oxide development (C). Adopted from [139] with permission.

Similar kinetics occurs for potentiostatic mode, except that current density decreases
sharply at the initial stage ((Figure 2.21 (B-a)); until breakdown of the compact barrier oxide
((Figure 2.21 (B-b)), followed by gradual increase in the steady state-forming potential ((Figure
2.21 (B-c-d)). Whereas both modes provide a well self-organized close-packed hexagonal porous
structure, the potentiostatic mode appears to be common in the literature [169, 174, 175]. For
example, Wojciech J. S et al [176], produced a well self-organized hexagonal close-packed porous
structure with uniform features in potentiostatic mode for subsequent fabrication of copper

nanowires. However, few researchers have also reported excellent features and nanostructure
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morphologies in galvanostatic mode [149, 177]. While the choice of either modes is the
prerogative of the researcher, galvanostatic mode appears to have many benefits compared to
potentiostatic mode. For example, (a) it provides an efficient method for controlling anodization
parameters; (b) oxide thickness and anodization time could be predicted with the “720 rules”; and
(c) produces faster anodization process, which is ideal for industrial application [149, 152, 178].
The mechanism for formation of the self-organised porous nanostructures is complex and
therefore various theories have been proposed [179-181]. However, current understanding is based
on the field-assisted mechanism [165]. Under this hypothesis, the porous structure anodic alumina
film develops from the barrier-type film at the start of the anodization process. The barrier layer is
relatively homogeneous, however due to surface imperfections; localized current variations initiate
nucleation for subsequent dissolution and formation of the self-organized anodic porous oxide
alumina (Figure 2.21 (C a-d)). This surface heterogeneity may arise from surface roughness,
defects, impurities, grain boundaries or presence of pre-treatment remnants (ridges and troughs
from mechanical or electrochemical polishing or etching) [182]. Specifically, the growth of the
barrier layer occurs due to the migration of ions (AI¥*, OH", 0%) across the electrical double layer
(metal/electrolyte interface) as results of constant electric field. This causes a uniform growth of
film across the entire barrier layer (Figure 2.22 (A)). However, surface irregularity provides
regions of potential difference for local galvanic corrosion. Localized current density and
temperature fluctuation induce nucleation for enhanced field and or temperature-assisted oxide
dissolution and formation (Figure 2.22 (B)). Since the oxide layer grown above ridges ( made of
flaw sites with impurities and scratches) are susceptible to highly localized stress, successive

cracking of the film and rapid healing could occur [183] (Figure 2.22 (C) and (D)).
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Figure 2-22. Schematic diagram showing current distribution during pore initiation

and development of pores on anodized alumina. Adapted from [139]

As the cracking and healing process continues, there is a gradual increase in the rate of
oxide dissolution and formation. Thus, the growth of oxide and dissolution of the metal at the
oxide/Al metal base interface and electrolyte/oxide interface respectively continue, resulting in a
subsequent steady-state growth of the porous oxide layer (Figure 2.22 (E)).

Similar mechanism has been proposed by Keller et al [179], according to this, the passage
of current leads to increased local electrolyte temperature and subsequent oxide dissolution and
current breakdown in the oxide layer [144]. However, Baumman [180], proposed the presence of
vapour film at the active sites, located at the bottom of the pores (at the oxygen/electrolyte
interface) to be responsible. Accordingly, these active sites serve as nucleation sites for subsequent
simultaneous growth of the porous oxide structure, following dissolution [180].

Contrarily, Murphy and Michelson [150], argued that there exist hydroxide and hydrated
compounds from a reaction between the barrier outer layer and water in the electrolyte. Hence,
these compounds adsorb more water and anion to form a gel-like matrix at the outer layer

(electrolyte/metal interface) with a simultaneous build-up of dense oxide at the inner layer
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(oxide/metal interface) [150]. Thus, potential drop between the outer hydrated barrier layer and
the continuous dense oxide inner layer causes oxidation of aluminium and the subsequent anodic
porous oxide formation.

In summary, current understanding on healthcare associated infections and advances in
antibacterial surfaces and coating technology with particular focus on topography-mediated
antibacterial surfaces, superhydrophobic antibacterial coatings and hydrophilic antibacterial
coatings have been discussed. The potential for transforming a general-purpose aluminum alloy
into antibacterial surfaces capable of reducing microbial burden of clinically relevant pathogens
has also been presented. However, problems associated with current antibacterial solutions, such
as lack of long-term durable antibacterial coating, uncontrolled release of antibacterial agents, lack
of standardized testing protocols and antibacterial resistance problems; need to be overcome to

enable promising candidates to transition from laboratory bench to the market.
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3 CHAPTER 3: EXPERIMENTAL PROCEDURES

In this chapter, the materials, synthesis techniques and characterization procedures
employed to fabricate antibacterial aluminum surfaces are discussed. The chapter is divided into
two sections: (3.3) Fabrication methods for antibacterial aluminum surfaces and (3.4)

Physicochemical and in-vitro biological characterization.

3.1 Materials

A general-purpose AA6061-T6 aluminum alloy was utilized as substrate material in this
study. AA6061-T6 aluminum alloy is commonly used in automobiles, marine structures,
aerospace, food processing equipment and frequently touched surface applications (such as
doorknobs, bedrails, countertop etc.) due to its low density, good corrosion resistance, high elastic
modulus, tensile strength and yield stress [1]. The metallurgical composition of the AA6061-T6
aluminum alloy (Al-Mg-Si alloy) is listed in Table 3.1. A flat aluminum substrate was used in this
research project to model flat geometries of bedside tables, walls, floor tiles, push plates, over bed

tables and countertops.

Table 3-1. The chemical composition of AA6061-T6 aluminum alloy.

Elements Al Mg Si Fe Cu Mn Ti Zn

Composition | 95.85-  0.8- 0.04- 0.0- 0.15- 0.0- 0.0- 0.0-

(Wt.%) 98.56 1.2 0.8 0.7 0.40 0.55 0.15 0.25




3.2 Aluminum surface pre-treatments for micro-nanoroughening

Surface of valve metals such as aluminum, titanium, niobium, zirconium, tungsten etc., can
be modified to achieve micro-nanorougheness by various techniques including physical vapour
deposition (PVD) (sputtering and ion implantation), chemical vapour deposition (CVD) (plasma
reactive ion etching), sol-gel process, chemical etching process and electrochemical methods for
diverse applications including biomedical field and semi-conductors. Among these fabrication
methods, electrochemical method and in particular, anodization appears widely preferred due to
its ability to grow mechanically stable and durable anti-corrosive micro-nanoporous oxide layers,
serve as templates for synthesizing nanomaterials, its reproducibility and cost effectiveness [2].
Anodization is an electrochemical process employed for growing a self-organized close-pack

porous oxide alumina by anodic oxidation of aluminum.

3.2.1 Surface pre-treatment of aluminum by anodization

The aluminum anodization process involves a pre-treatment sequence of aluminum
substrates, which include cleaning to remove surface contamination, alkaline etching to remove
native oxide layer, rinsing to prevent further oxidation, desmutting in dilute HNO3z and rinsing in
deionized water. Anodization is then performed on this final surface. The following sub-sections

briefly describe the pre-treatment sequence involved in aluminum anodization.
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3.2.1.1 Cleaning of aluminum substrates

AA6061-T6 aluminum alloy substrates of laboratory scale dimensions 1” x 2" was ultra
sonically cleaned in a 1 vol. % Liquinox anionic liquid detergent (Sigma Aldrich) for 15 minutes,
followed by distilled water rinsing ultrasonically for additional 15 minutes. Finally, the cleaned
aluminum substrates were dried at 70 °C in an electric oven (VWR) for 24h to remove excess water

prior to further processing.

3.2.1.2 Alkaline etching of aluminum substrate

Alkaline etching is an important pre-treatment process prior to anodization of aluminum
alloys. Alkaline etching not only removes passive aluminum oxide layer, residual lubricant,
intermetallic phases and sub-surface defects, but also creates smooth surfaces necessary for
providing uniform current distribution and porous oxide growth [3, 4]. This step also helps remove
intermetallic Mg.Si precipitates that affect the quality of morphological features of the anodized
aluminum surface. Hence, cleaned AA6061-T6 aluminum alloy substrates were etched ina 1 M
sodium hydroxide (NaOH) etchant at 55°C for a duration of 3 minutes. Subsequently, the etched
aluminum substrates were washed in distilled water by ultra sonication for 15 minutes to remove
any debris resulted from etching. The aluminum alloy substrates were further immersed in a 10
vol.% HNOs solution at room temperature for desmutting for 1.5 minutes, where the smooth dark
aluminum substrate turned silvery and bright. Finally, the desmut aluminum substrates were
further rinsed in distilled water for additional 15 minutes to remove other impurities, followed by

drying at 70 °C in an electric oven (VWR) for 24h to remove excess water.
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3.2.1.3 Anodization of aluminum

Anodization of aluminum typically takes place in two steps. The first step usually serves
the purpose of creating nucleation sites for subsequent growth of a well-ordered close-packed
hexagonal porous alumina oxide during the second step. Whilst this two-step anodization process
produces desirable morphological features, the two steps involved render the process long and
tedious. Therefore, a one-step hard anodization process that produces a well-ordered porous and
uniform aluminum oxide structure with desirable morphological features in short time was
employed in this project.

The one-step anodization process was performed by optimizing operation parameters such
as electrolytes (phosphoric acid, sulphuric acid, and oxalic acid), current density and anodization
time. The electrolyte (acid) concentration was varied between 3 wt. %, 15 wt. % and 45 wt. %,
whilst the current density and anodization time varied were 7 mA/cm?, 10 mA/cm?, 20 mA/cm?
and 40 mA/cm?; and 30, 60 and 120 minutes, respectively. Anodization was performed in a
galvanostatic (constant current) mode using a 600 W direct current power system (Ametek
Sorensen DCS 100-12E, Chicoutimi, QC, Canada). The etched aluminum substrate, to be anodized
was made the anode, whereas the as-received aluminum was used as cathode. These two electrodes
were separated in parallel by 1.5 cm. To ensure uniform distribution of heat and to prevent
electrolyte over-heating, the electrochemical cell was equipped with circulating cold-water coolant
(5 °C) bath and magnetic Teflon® stirrer in the beaker containing the electrolyte, constantly
rotating at 2000 rpm. Figure 3.1 shows the schematic of the anodization set-up. At the end of each
anodization process, anodized samples were ultra-sonicated for 30 minutes in distilled water to
remove residual electrolytes to stop any further reaction, followed by drying at 70 °C in an electric

oven (VWR) for 24h.
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Figure 3-1. Schematic representation of the anodization process of aluminum alloy substrates.
© Henry Agbe, 2021

3.3 Fabrication methods for antibacterial aluminum surfaces

To fabricate antibacterial aluminum surfaces with superhydrophobic, photocatalytic and

topography-mediated antibacterial properties, the following procedures were followed.
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3.3.1 Fabrication of superhydrophobic silver-polymethylhydrosiloxane coating on

anodized aluminum

Superhydrophobic silver-polymethylhydrosiloxane (Ag-PMHS) coating was fabricated by
firstly, anodizing aluminum substrate to achieve a surface nano-roughness, and secondly,
synthesizing and incorporating Ag-PMHS nanocomposites in the anodized porous structure, which
provided both surface nano-roughness and low surface energy for surface passivation to result in
reduced affinity to water.

Anodization was performed in the galvanostatic mode at a current density of 40 mA/cm?,
electrolyte concentration of 15 wt. % H.SO4 (VWR) and anodization time of 30, 60 and 120
minutes. A simple sol-gel process was employed to synthesize the Ag-PMHS nanocomposite as
shown in Figure 3.2. Sol-gel process is a low cost and low temperature synthesis approach for
fabricating inorganic networks of silicon or metal alkoxide monomer precursors. Though, sol-gel
synthesis was first discovered in the late 1800s, it was only in the early 1970s that the process
gained attention for forming monolithic inorganic gels and glass at low temperature [5]. Sol-gel
generally involves the simultaneous hydrolysis and condensation of metal alkoxides network
through the formation of a colloidal suspension (sol) and gelation of the sol to form a network in
a continuous three-dimensional liquid phase (gel). As an organofunctional siloxane source, PMHS

acts as an effective reducing agent due to the active Si—H moiety at the siloxane backbone [6].
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Figure 3-2. Schematic representation of reaction steps of polymethylhydrosiloxane
sol-gel process. © Henry Agbe, 2021

To synthesize the Ag-PMHS nanocomposites, 0.08 M PMHS (> 97%, VWR) was
dispersed in ethanolic solution under sonication (Branson® Ultrasonic Bath, 230 Vac, 50 Hz) for
15 minutes. Subsequently, the 0.08 M PMHS was added to mineral spirit while stirring using a
magnetic Teflon stirrer rotating at a speed of 500 rpm at 55 °C for 30 minutes. A 11.2 M
ammonium hydroxide (VWR) was added dropwise to the reaction suspension to achieve a pH of
11 for catalysis to occur. In the hydrolysis process, a nucleophilic attack of water on the silicon
atom allows the substitution of alkoxide groups (-OR) with the hydroxyl groups (-OH) as shown
in the reaction scheme (equation 3.1) of Figure 3.2. At the condensation reaction, siloxane bonds
(Si-O-Si) condense to form a three-dimensional network of (Si-O-Si) polymer with the
elimination of water and alcohol as seen in the reaction schemes in equations 3.2 and 3.3 of Figure
3.2. Finally, at the gel point, which was achieved after 24 h, a viscous, stable, and elastic gel

network was observed. However, for the purpose of obtaining thin film coatings of Ag-PMHS
89



nanocomposite on AAO/AI, the ageing process was limited to 30 minutes. Subsequently, a 0.08
M AgNOs (VWR) solution was added dropwise to the above suspension, where Ag* was reduced
by active Si-H moiety of PMHS, with the formation of Ag® in-situ and Hz gas evolution, as shown
in equation 3.4 of Figure 3.2. Ammonium hydroxide (NHsOH) accelerates the reduction process,
where liquid ammonia forms a silver ammonia complex (Ag(NHs)z2*aq) similarly to how
saccharides reduces Ag* ions in a Tollens Ag synthesis [7, 8]. The as-synthesized product was
stirred vigorously using a magnetic Teflon® stirrer rotating at 700 rpm at 55 °C for an additional

15 minutes.

The as-synthesized Ag-PMHS nanocomposite was then loaded with premium room-
temperature vulcanized (RTV) adhesive silicone. The RTV silicone-loaded Ag-PMHS
nanocomposite was then ultrasonicated to obtain a homogeneously dispersed polymeric solution,
which was then used for coating on the anodized aluminum substrate via a 5-min dip coating
deposition process. The dip coating process typically consisted of dipping the anodized aluminum
coupons at a rate of 0.5 cm/s, a dwelling time of 5 minutes, withdrawal rate of 0.1 cm/s and a room

temperature drying for 24 h as shown in Figure 3.3.

90



30 minutes Aging

‘g M

Q‘
30,9/0]0]00)

Dipping Withdrawing Drying

Figure 3-3. Schematic representation of in situ synthesis of silver polymethylhydrosiloxane
(Ag-PMHS) by sol — gel process. © Henry Agbe, 2021

3.3.2 Fabrication of tunable superhydrophobic aluminum surfaces

Tunable superhydrophobic aluminum surfaces were fabricated by creating a micro-nano
surface roughness using hydrochloric acid (HCI) etching, followed by passivation with low surface
energy octyltriethoxysilane (OTES) molecules in a chemical bath deposition (CBD) process.
Chemical bath deposition is a simple low-cost wet chemical coating technique, where atomic,
molecular, or ionic species of the precursor solution precipitate and bond to the substrate surface

to form desirable thin films on substrates. Typically, AA6061-T6 aluminum alloy coupons of

91



laboratory scale dimensions 1” x 2" were ultrasonically degreased in a soap solution, followed by
chemical etching in a 30 wt. % HCI at 55 °C for 3 minutes. During the etching process, the material
from the topmost layers of the aluminum substrates surfaces was partially removed to create
random micronano-porous topographical patterns. The hydrochloric acid etching process enhances
formation of random pattern appropriate for mechanical interlocking of coating material,
enhancing adhesion of coatings [9]. Subsequently, the hydrochloric acid etched, and ultrasonically
cleaned aluminum substrates were immersed in a chemical bath consisting of 50 ml ethanol, 1mL
of 3.0 M OTES and 0.01 M quaternary ammonium (QUAT) molecules for 30 minutes. Figure 3.4
shows the schematic representation of the fabrication process. The QUAT was added dropwise in
such as way that the molar ratio of QUAT/OTES varied between 0 to 54 x 10 to tune the
wettability property from superhydrophobic to hydrophilic state. On addition of QUAT, the alkyl
group of nitrogen, (N*)-(CHa)s covalently binds with the octyl chains of the OTES molecules
through a non-hydrolysable reaction [10], shown in Figure 3.4. Finally, the tunable
superhydrophobic surfaces were dried in the oven at 100 °C, in air atmosphere for 2 h to remove

residual solvents.
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Figure 3-4. Schematic representation of fabrication of a tunable superhydrophobic

aluminum surface. © Henry Agbe, 2021

3.3.3 Synthesis of silver phosphate photocatalyst

Synthesis of silver phosphate (AgsPO4) nanoparticles was achieved by two main methods: (a) lon-

exchange precipitation method, and (b) Electrochemical synthesis on anodized aluminum

a) lon-exchange precipitation method of AgsPOa: In this method, 1.2 g of 0.12 M silver

nitrate (AgNOs) was dissolved in 60 ml distilled water under constant magnetic

93



b)

stirring. Further, 0.12 M aqueous solution of sodium phosphate (NaHPO4) was added
dropwise under continuous stirring for 15 minutes turning the clear solution to yellowish
in color confirming the formation of AgsPOs4. The yellowish AgsPOs was collected
by centrifugation and washed several times with deionised water, followed by drying in an

oven (VWR) at 100 °C for 2 h to remove residual solvents.

Electrochemical synthesis of AgsPO4 nanoparticles on anodized aluminum: Generally,
electrochemical synthesis of coatings on anodized aluminum is achieved from three main
power sources: direct current (DC), alternating current (AC) and pulse current (PC)
deposition. Of these, DC source is rarely utilized for electrodeposition of coatings on
anodized aluminum due to the presence of the barrier oxide layer, which provides high
resistance for electron tunnelling, necessitating a separation of the barrier oxide layer for
successful electrodeposition [11]. However, in this project, an optimal reduction potential
of 1.0V was found adequate to deposit AgzPO4 nanoparticle in-situ on anodized aluminum
by DC electrochemical process. Typically, by applying -1.0 V potential at a temperature of
65+ 1°Ctoa0.12 M AgNOs in a two-electrode electrolytic cell, Ag* ion is reduced into
metallic Ag® in a reduction reaction process. Electrochemical deposition times in the
current study were varied to 15, 30 and 60 minutes. On the other hand, by applying a 10
V DC potential to a 0.12 M sodium orthophosphate (Na2HPO.) electrolyte for 60 seconds
at 65 + 1 °C, metallic silver was oxidized from the Ag° state to Ag"* state, where Ag* react

with PO4* to electrochemically precipitate AgsPO. [12], in-situ on the anodized aluminum
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3.4 Physicochemical and in-vitro biological characterization

The physical and chemical methods employed to characterize the antibacterial aluminum
surfaces in terms of morphology and chemistry, along with in-vitro assays utilized to evaluate

efficiency of the antibacterial aluminum surfaces are discussed here.

3.4.1 Microstructural characterization by scanning electron microscopy

Morphological features of anodized aluminum including the pore and cell diameters of the
anodized porous oxide layer, chemical composition and particles sizes of nanocomposites were
characterized using a Scanning Electron Microscope (SEM, JEOL JSM 6480LV), equipped with
energy dispersive X-ray spectroscopy (EDS), as shown in Figure 3.5. SEM is a very important and
a versatile tool for topological study and surface chemical analysis in material science and
engineering. In this technique, electrons are ejected from an electron gun via either a field emission
or thermionic emission process in a high vacuum system. The vacuum system prevent electron
scattering by gas molecules and reduce contamination of the gun. The electrons are focused and
accelerated toward the sample by an applied voltage, (typically ~20 KV) and a set of
electromagnetic field-controlled condenser and objective lenses. The sample is raster scanned by
the impinging electron beam, controlled by strong scanning coils. The surface-electron interaction
produces topography and compositional information of the sample. The secondary and
backscattered electrons are used for sample imaging, while the X-rays provide the elemental

compositional information. Prior to each SEM analyses, samples were metalized with a thin
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coating of gold (~8 nm) using an Edwards Scancoat Six Sputter Coater to enhance conductivity,

prevent charging and improve resolutions.

Figure 3-5. Digital image of scanning electron microscope (model SEM JEOL JSM
6480LV), CURAL, UQAC. © Henry Agbe, 2021

3.4.2 Fourier transformed infrared spectroscopy

Chemical composition of the samples was analyzed with an Attenuated Total Reflectance-

Fourier Transform Infrared spectroscopy (ATR-FTIR, Agilent Technologies Cary 630) in the
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wavenumber range of 4000-450 cm™, shown in Figure 3.6. FTIR is a chemical analytical
technique, which measures the infrared intensity versus wavenumber (cm™) of light. FTIR is useful
for elucidating the molecular structure of organic and inorganic functional groups. When the
frequency of impinging infrared radiation on a sample matches the normal vibrational stretching
or bending modes of the molecules in the sample, the bonds absorb some of the impinging IR,
while the remaining get transmitted, in transmission mode FTIR spectroscopy. Since vibrational
frequency varies linearly with the bonding force (k) and inversely with reduced mass of atom, x as
shown in Equation 3.5 [13], the resulting signal detected is a molecular ‘fingerprint’ for specific

molecules within the sample.

LS 35

o= Z y
where ¢ is the frequency of vibration, (cm™) and k is the bond strength (dyne. cm™).

Thus, based on vibrational frequency, molecules absorb IR radiation at specific
wavelengths, which enables identification of specific functional groups of interest in a sample,
such as Si—O-Si, Si—CHs, Ag—O or Si-O-CH2CHjs in this study. Contrary to transmission mode
FTIR, in ATR-FTIR, the IR beam is totally reflected. Typically, a high refractive index (RI)
diamond micro-ATR crystal (Rl = 2.41) is used in ATR mode. Due to the high refractive index of
the crystal, IR beam is totally reflected at the sample-crystal interface within the crystal. However,
because of the wave-like property, the IR penetrates the few micron layers of the sample (depth of
penetration, dp) resulting in an evanescent wave. The intensity of the evanescent wave decays
exponentially, therefore, the attenuated total reflected IR signals, carrying absorption information
of the samples is collected at the detector. The signal is then subsequently Fourier transformed and

recorded as ATR-FTIR spectra.
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Figure 3-6. Digital image of Fourier transform infrared spectroscopy instrument
(ATR-FTIR) Cary 630 Agilent Technologies, CURAL, UQAC. © Henry Agbe, 2021

3.43 X-Ray diffraction (XRD)

X-radiation diffraction technique utilizes electromagnetic X radiation of wavelength range
0.1-100A to identify and quantify phases by comparison with data from known structures,
characterize lattice parameters and crystal lattice structures among others. Typically,
monochromatic X-rays beams are incident at an angle to the crystallographic planes. The internal
crystal planes reflect the incident beam constructively or destructively, depending on whether they

satisfy Bragg’s law, in equation 3.6.
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nA=2dsiné@ 3.6

where 4 is the wavelength of the monochromatic X-ray beam incident on the crystallographic
planes, n is an integer, d is the atomic spacing and & is the angle of incidence of X-rays on the
crystallographic planes. If the wavelength of the impinging X-ray beam is approximately
comparable to the interspace distance of the internal crystal planes and the Bragg’s law is satisfied,
the impinging X-rays will be in phase and be diffracted, leading to constructive interference, as
shown in Figure 3.7. On the contrary, if the impinging X-rays are out of phase, they will cancel
out and lead to destructive interference with no diffraction. The diffraction patterns obtained from
constructive interferences are unique for individual crystal structures and are therefore

“fingerprints” for identifying phases and crystallinity of synthesized samples.

2dsin®

Figure 3-7. The condition for Bragg’s law. Adopted from [30].
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The crystalline structure of the aluminum coatings and nanocomposites studied in this project were

analyzed using X-ray powder diffraction (XRD, Bruker D8 Discover system) shown in figure 3.8.

Figure 3-8. Digital image of X-ray diffractometer, Bruker D8 Discover system,
CURAL, UQAC. © Henry Agbe, 2021

100



3.4.4 Optical profilometry

Generally, surface roughness is characterized by mechanical profilometry such as atomic
force microscopy (AFM) and stylus profiler or by optical profilometry. Atomic Force Microscope
(AFM) is part of a group of scanning probe microscopes (SPM) that is versatile for imaging
and manipulating both physical and biological nanostructures at the micro to nanometre
scale [14]. While AFM demonstrates the ability to measure surface roughness and map interaction
forces on an atomic scale, stylus profilers suffer some disadvantages such as poor lateral resolution
and tendency to damage sample due to the contact mode operation. On the contrary, optical, or
non-contact mode profilometry are non-destructive and possess faster processing speed. Optical
profilometry uses a high-resolution optical probe to sense peaks and valleys on the surfaces to
produce a quantitative Z(X) profile of the surface topography [15]. Because surface roughness is
very important parameter in substrates surface-cells interaction, an optical profilometry
(MicroXAM-100 HR 3D, NANOVEA, Irvine, USA), shown in Figure 3.9, was utilized to
characterize surface roughness of the various surfaces fabricated in this research. The instrument
extracts topography data from peaks and valleys in both points and lines by raster scanning and
converts the data into a three-dimensional image using an in-built image processing software,
scanning probe image processor (SPIP). An in-built MapVue software also processes the surface

roughness, which is measured in both arithmetic and root mean square (RMS) roughness.
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Figure 3-9. Digital image of the optical profilometer, CURAL, UQAC. © Henry Agbe,
2021

3.4.5 Superhydrophobic — water contact angle measurements

Superhydrophobic surfaces possess water contact angle (WCA) greater than 150° and
contact angle hysteresis (CAH) of less than 10°. While WCA is a measure of the angle of contact
the water drops make with a surface upon contact with it, CAH provides the sliding angle, which
is determined by taking the difference between the advancing and receding WCAs of the water

drops while the drops are in motion in one direction. For real-life applications of repellent surfaces,
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it is important that the dynamic movement of droplet be considered by way of investigating the
CAH, along side the static WCA [16]. Thus, in the present work, surface wettability characteristics
of samples were studied by measuring both static and dynamic contact angles (CA) using a First
Ten Angstrom Contact angle FTA200 goniometer, shown in Figure 3.10. The FTA200 goniometer
consists of a measurement platform, a frame grabber (video capture) card, and a computer. With
the help of a computerized syringe pump, drops of a desired deionized water (10 pL) were cast at
least five different positions on each substrate and the image captured using the high-resolution
camera for a predetermined time. The contact angles were recorded and analyzed using the image
analysis software. The dynamic contact angle was measured by using a method where the water
drop is held with a stationary needle in contact with the sample surface and moving the goniometer
stage in one direction. This method was adopted instead of tilting the stage to move the drops as
the drops were easily rolling off due to high WCAs on the prepared superhydrophobic surfaces

making it impossible to control the drops on a stage.
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Figure 3-10. Digital image of a contact angle goniometer, Parc technologique,

UQAC. © Henry Agbe, 2021

3.4.6 UV-accelerated weathering study of superhydrophobic coatings

To meet the requirements on superhydrophobic antibacterial coatings for outdoor
environmental applications, it is essential that the effects of ultra-violet (UV) radiation on their
stability and durability be investigated. In this regard, UV-accelerated weathering tests were
conducted on the sample surfaces. UV-accelerated weathering test is a standard method to simulate

natural solar irradiation and to quantify the effects of weathering conditions (UV irradiation) on
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coating degradation. Typically, the fabricated superhydrophobic coatings were subjected to a 15-
watt UV irradiation of 365\ wavelength, using a homemade benchtop lamp device (UV-Blak-Ray
XX-15BLB), shown in Figure 3.11. Water roll-off property of the superhydrophobic coatings were
monitored and WCAs were measured at the end of each week for a period of 5 weeks to determine

stability and longevity of the superhydrophobic coatings.

o UV loms on Ovormgh
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Figure 3-11. Digital image of a homemade benchtop UV lamp device for accelerated
weathering test, CURAL, UQAC. © Henry Agbe, 2021.

3.4.7 Coating adhesion evaluation

The quality of coatings’ adhesion on aluminum substrate surfaces and hence their
mechanical robustness was investigated using an Elcometer 107 Cross Hatch Cutter. This is a

simple and effective technique used for assessing the adhesion of coating or resistance to
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separation of coatings on substrates’ surfaces. Typically, two cuts at 90° angle to each other were
made through the coating to the underlying substrate, resulting in a grid of small squares as shown
in the images in the third column of Table 3.2. An American Society for Testing and Materials
(ASTM-3359) recommended adhesive tape was gently pressed on the two-crosscut lattice,
followed by smoothening to ensure that the tape was firmly in place. Then, within 90 seconds of
application, the adhesive tape was removed by pulling in a single smooth action at an angle of
180° to the coating surface. Subsequently, the coating was accessed visually by viewing the lattice
of cuts. The lattice of cuts is finally compared with ASTM standard rating to evaluate durability
of the coating. The ASTM standard rating to evaluate the coating adhesion levels is presented in
Table 3.2. According to ASTM-D3359 testing protocol, coatings with highest adhesion to

substrates is rated grade 5B while those with lowest adhesion is rated 0B [17].
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Table 3-2 ASTM D-3359 standard adhesion rating for coatings on substrates surfaces
(Adopted from [31]).
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3.4.8 In-vitro biological characterization

The in-vitro antibacterial assays employed to evaluate efficiency of the antibacterial

surfaces are discussed in this sub-section.

3.4.8.1 Bacterial strains and culture conditions

The model bacterial strains, i.e., Gram-positive Staphylococcus aureus-S.A (ATCC 6538),
Gram-negative Pseudomonas aeruginosa-P.A (ATCC 9027), and Gram-negative Escherichia
coli-E.coli (ATCC 8739-Hardy Diagnostics, USA) were grown overnight from a frozen (-80 °C)
stock in Tryptic Soy Broth (TSB), (Hardy Diagnostics, USA) at 37 °C, and then passaged on fresh
pre-warmed Tryptic Soy Broth (TSB) or Mueller Hinton (MH) Broth at (37 °C) to ODe2s 0.1 at
exponential growth phase. The bacteria strains were selected since they are among the leading
nosocomial pathogens of relevance in inanimate touch surface-mediated nosocomial infections as
discussed in Chapter 2, section 2.11 of this thesis. TSB is a general-purpose medium for isolating
and culturing most bacteria. It contains digests of soybean meal and casein, providing amino acids
and other nitrogenous substances for variety of organisms. On the other hand, MH Broth contains
beef infusion, casamino acids, and starch, and is ideal for preparing bacterial suspensions for disk

diffusion sensitivity assays.
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3.4.8.2 Neutralization and assessment of non-toxicity of Dey-Engley neutralizer

To validate the accuracy of data on antibacterial efficiency, it is important to avoid “carry-
over” of active bactericides to recovery media, which may result in biostasis of organism due to
activity of residual bactericides [18]. The presence of such in-culture media may hinder the growth
of microorganisms, resulting in misleading and inaccurate findings [19]. Thus, it is important that
the antibacterial material or bactericide be quenched or neutralized during experiments intended
to evaluate antibacterial efficiency. Additionally, it is essential that the neutralizing broth fulfils
the following conditions: (1) the neutralizer must effectively inhibit the action of the bactericide,
(2) the neutralizer must not itself be unduly toxic to the challenge organisms, and finally (3) the
neutralizer and active agent must not combine to form a toxic compound [18]. Therefore, in this
work, Dey-Engley Neutralizing Broth (D/EB) was utilized for this purpose, since it is non-toxic
and a broad-spectrum neutralizing broth [18].

In this study, a 50 pL bacterial suspension was mixed with 50 pL of Dey-Engley
Neutralizing Broth (D/EB) [20, 21]. The mixture was then evenly spread on sterile coupons using
sterile bent disposable pipette tips (Mettler-Toledo). These coupons were then air-dried in airflow
(Class 1l cabinet) at ambient conditions of 25 °C and (50 + 10%) relative humidity (RH) for 1 h,
followed by viable bacterial cell count (approximately 30-300 colonies per plate). Similar
procedure was followed for control experiments, where a 50 uL bacterial suspension was mixed
with 50 uL of sterile physiological saline (0.85 wt. % NaCl in water). For the D/E neutralizer’s
non-toxicity test, 900 uL of neutralizer was mixed thoroughly with 100 pL of bacterial suspension,

followed by incubation at 36 £ 1°C for 1 h to yield countable viable bacteria colonies.
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3.4.8.3 Kirby Bauer disk diffusion or zone-of-inhibition assays

Kirby Bauer disk diffusion assay is a preliminary technique for determining susceptibility
of bacteria to antimicrobial agent based on zone-of-inhibition (ZOI) assays. Usually, when a
bacterium is inoculated onto nutritious agar plates, it tends to form continuous colonies. If
antimicrobial agent is placed in the media, colony formation will be inhibited around that area due
to the leaching of the antimicrobial agent [22]. The region surrounding antimicrobial agent, where
microbial growth is inhibited is called the Zone of inhibition (ZOI). The larger the ZOl, the better
and effective the antimicrobial agent. In this research, the Kirby Bauer disk diffusion was
performed using a modified version of the clinical and laboratory standards institute protocol,
MO02-A12—Performance Standards for Antimicrobial Disk Susceptibility Tests; approved
standard- 13th edition [23]. Bacterial culture (which was grown as described in section 3.4.8.1
above) was inoculated on Mueller Hinton Agar using a sterile swab. Bacterial inoculum was
further streaked gently on agar plates to obtain a film of bacterial lawn. Subsequently, a 5-20 pL
of antibacterial agents such as silver-polymethylhydrosiloxane, silver phosphate or quaternary
ammonium salts were dropped onto a sterile 6-mm diameter Whatman filter papers. The
antibacterial soaked Whatman filter papers were seeded on the agar media. Finally, these agar
plates were aerobically incubated at 37 °C for 24 h. The ZOI are then visualised and measured
using a calibrated measuring instrument. Figure 3.12 shows the schematic representation of Kirby

Bauer disk diffusion assay.
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Figure 3-12. Schematic representation of Kirby Bauer disk diffusion assayy

sequence. © Henry Agbe, 2021.

3.4.8.4 Static bacterial adhesion or anti-biofouling assays

Bacterial attachment on substrates surface is a prerequisite for biofilm formation.
Therefore, designing anti-biofouling surfaces that repels initial bacterial attachment and
subsequent biofilm formation is therefore of great interest. Generally, methods to study initial

bacterial adhesion involve adhesion of bacteria from a static or flowing fluid suspension [24].
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However, for frequently touched surfaces application, static bacterial adhesion assay is ideal. The
static bacterial adhesion experiment was conducted following a prescribed static adhesion protocol
with some modification [25]. Briefly, two 250 mL sterile beakers were filled with 99 mL 10 mM
phosphate buffer solution (PBS) (pH 7.5 +/- 0.3 at 25°C.) and 1 mL bacterial culture.
Subsequently, sterile test coupons of either Ag-PMHS superhydrophobic anodized aluminum
alloys (Ag-PMHS/AAQ/AI) or OTES-QUATS passivated etched aluminum alloys and control
coupons were placed separately in two sterile beakers and incubated for 3 h at 37 °C. These
coupons were rinsed in PBS to remove non-adherent bacteria and subsequently transferred into a
50 mL PBS and ultra sonicated on ice for 10 minutes to remove adherent bacteria. Finally, bacterial
suspensions were serially diluted and plated on tryptic soy agar TSA, followed by an aerobic
incubation at 37 °C for 24 h, as elaborated in Figure 3.13. Positive controls were performed for t =

0 and t = 3 h to ascertain bacterial viability.

Static Bacterial Adhesion Experiments

ettt et i 0.4 mL inoculum plated on
:lr)\sjg:tr]\;;ols under 10 min under 3hr incubation Tryptlc SOV Agar M .
media, followed by aerobic
Serial Dilution of sonicated bacterial inoculum incubation at 37 °C for 24 h
1.0 mL 1.0mL 1.0 mL 1.0 mL
2

9.0mL | 9omL | ‘somL | oomL | [s.omL

Figure 3-13. Schematic representation of static bacterial adhesion assay sequence.

© Henry Agbe, 2021.
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3.4.8.5 Bactericidal activity of self-sterilizing surfaces.

Bactericidal efficacy studies were conducted using a modified version of the United States
of America’s Environmental Protection Agency (EPA)’s standard protocol for testing efficacy of
copper alloy surfaces as a sanitizer [26]. Test culture was adjusted to ODe2s 0.1 and grown to
exponential phase in a maximum recovery diluent (MRD) (ThermoFisher) to give a bacterial
concentration of 1.5 x 102 colony-forming units/millilitre (CFU) mL™%. The MRD contained 9.5
g/L peptone, which contributes to soiling [27]. Tests were conducted on both sterile test and control
coupons, which were inoculated with 5 uL bacterial test culture. To ensure test culture covers the
entire coupons and edges, inoculum volume was evenly spread using sterile bent disposable pipette
tips (Mettler-Toledo). The coupons were then air-dried in airflow (Class Il cabinet) at ambient
conditions of 25 °C and (50 £ 10%) relative humidity (RH) for pre-determined times ( 2, 6, 12, 18
and 24 h) to simulate conditions in hospital environments, followed by neutralization in 20mL D/E
neutralizer (ThermoFisher) under 5 minutes sonication [21]. These coupons were inoculated 1, 2,
4, 6 and 8 times, respectively. Further, ten-fold serial dilutions of the neutralizer solutions were
plated using standard spread plate method on Tryptic Soy Agar plates. Finally, the plates were
incubated at 36 £ 1°C and 50 + 10 % RH for 24 + 4 h to yield countable viable bacterial colonies.
Bacterial percentage reduction was calculated using the following equation:

% reduction = [(a-b) / a] x 100 % [28] (3.7)

where, a = geometric mean of the number of CFU/cm? recovered on control coupons; and b =

geometric mean of the number of CFU/cm? recovered on the test coupons.
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3.4.8.6 Novel dry seeding assay

A novel dry seeding assay was developed to mimic near dry conditions of frequently
touched surfaces in hospital settings. Briefly, 5 uL of bacterial inoculum, grown to exponential
phase (1.5 x 10® colony-forming units/millilitre (CFU) mL™) in a physiological saline buffer
(0.85% wt. NaCl) was seeded on a sterile 1” x 1" area of both test and control coupons. Next,
coupons were incubated at ambient conditions of 25 °C and 50 + 10% RH in a cell culture plates
for pre-determined contact times (60, 180 and 240 minutes). Subsequently, using sterile swabs,
bacteria were transferred into a 10 mL maximum recovery diluent (MRD) (ThermoFisher),
followed by serial dilutions, and plating on tryptic soy agar (TSA). The plates were then incubated
at 37 °C for 24 h to yield countable viable bacterial colonies. For continuous bacterial loading
assay, same procedure was followed except that the quantitative recovery was performed after 24,
48, 72 and 96 h. The anodized aluminum coupons were inoculated 1, 2, 3 and 4 times. Positive
controls were performed for t = 0 and t = 4 h to ascertain bacterial cell viability. Antibacterial
efficiency was calculated from [(A-B)/A] x100 %, where A = CFU/cm? of viable bacteria on test
coupons and B = CFU/cm? of viable bacteria on control coupons. Figure 3.14 shows a schematic

representation of dry seeding assay.
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3.4.8.7 Photocatalysis-mediated bacterial inactivation

Photocatalytic antimicrobial agents generate free radicals when they react with moisture

and oxygen after light irradiation. Under the action of light, photocatalysts can act as catalytically

active centers, activate oxygen in humid condition and air producing hydroxyl radicals and active

oxygen ions. Active oxygen ions have strong oxidizing ability and can destroy microbe's

reproductive ability, causing death through cell lysis. While photocatalysis has traditionally been

dominated by TiO.-based material and limited to UV light irradiation, recent advances in

photocatalysis has been focused on visible-light photocatalysis [29]. The latter would enable
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deployment of visible light induced-catalysis for both outdoor and indoor environmental
applications, in particular, for photocatalysis-mediated inactivation of bacteria in hygiene critical
environment. Hence, visible light induced catalysis of bacterial strains was investigated in this
research project. Briefly, 2g/L visible light active photocatalyst was dispersed in physiological
saline, containing bacterial inoculum. Next, the reactor flasks were either exposed to visible light
(25-watt table lamp, 17.3 W/m?) or UV-A light (30-watt UV-A lamp, 259 nm, 21 W/m?) under
constant stirring, with 1 ml aliquots withdrawn for pre-determined time to determine bacteria
concentration by serial dilution, followed by streaking to obtain a bacterial lawn. Bacteria were
then incubated at 37C° for 24 h to determine viable cells. Bacterial inactivation rate was calculated

using the formula:

R% — [Coc_—cﬂ*m% (3.8)

0
where, Co is the initial bacteria concentration, Cr is bacteria concentration at time T and R %, is
the inactivation rate. All laboratory supplies, as well as coupons were sterilized at 121 °C for 30
minutes in autoclave prior to antibacterial study. Figure 3.15 shows the schematic of representation

of the photocatalysis process.
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3.4.8.8 Statistical analysis

For quality control and reproducibility, all experiments were repeated in triplicates. Data
were expressed as the average + standard deviation (SD). For Bacteria studies, at least three
independent experiments were performed and in duplicate on fresh bacterial cell suspension. A
one-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests were further used
to evaluate statistical differences between sample groups. Differences were considered statistically

significant for probability or p < 0.05.
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4 CHAPTER 4

This chapter has been published in ACS Applied BioMaterials (ACS Appl. Bio Mater. 2020,
3, 7, 4062—407), and was authored by Henry Agbe, Dilip Sarkar Kumar, X-Grant Chen, Nathalie
Faucheux, Gervais Soucy and Jean-Luc Bernier. As a first author, | conceived, designed, and
performed all experiments, analyzed and interpreted the results, as well as wrote both initial and

final manuscripts.

4.1 Abstract

Biofilm formation on both animate and inanimate surfaces serves as an ideal bacterial
reservoir for the spread of nosocomial infections. Designing surfaces with both superhydrophobic
and antibacterial properties can help reduce initial bacterial attachment and subsequent biofilm
formation. In the present study, a two-step approach is deployed to fabricate silver-
polymethylhydrosiloxane (Ag-PMHS) nanocomposites, followed by a simple dip-coating
deposition on anodized Al. Ag-nanoparticles (Ag-NPs) are synthesized in-situ within a PMHS
polymeric matrix. Morphological features of Ag-PMHS coating observed by scanning electron
microscopy shows heterogeneous micro—nano structures. The chemical compositions of these
coatings were characterized using X-ray diffraction and attenuated total reflection-Fourier
Transform infrared spectroscopy, which indicate the presence of a low-energy PMHS polymer.
The as-synthesized Ag-PMHS nanocomposite demonstrated excellent antibacterial properties
against clinically relevant planktonic bacteria, with zone of inhibition values of 25.3 + 0.5, 24.8 +

0.5, and 23.3 + 3.6 mm for Pseudomonas aeruginosa (P.A) (gram -ve), Escherichia coli (E-coli)



(gram -ve), and Staphylococcus aureus (S.A) (gram +ve), respectively. The Ag-PMHS
nanocomposite coating on anodized Al provides an anti-biofouling property with an adhesion
reduction of 99.0 %, 99.5 %, and 99.3 % for P.A, E-coli, and S.A, respectively. Interestingly, the
coating maintained a stable contact angle of 158° after 90 days of immersion in saline water (3.5
wt.% NaCl, pH = 7.4). The Ag-PMHS nanocomposite coating on anodized Al described herein
demonstrates excellent antibacterial and anti-biofouling properties, owing to its inherent

superhydrophobic property.

4.2 Introduction

Bacteria colonize material surfaces and develop into a community (in extracellular
polymeric substance (EPS) matrix), herein referred to as a biofilm [1]. The pathogenicity of
bacteria in a biofilm differs from their free-floating planktonic cells. A biofilm offers bacteria
certain advantages such as the ability to acquire resistant strains [2], intercellular communication
ability to regulate gene expression via quorum sensing (QS) [3], and the ability to evade
antimicrobial attacks [4]. Furthermore, a biofilm provides a safe haven for the spread of
nosocomial infections [5]. It is believed that multidrug-resistant (MDR) bacteria in biofilms
(Staphylococcus aureus (S.A), Pseudomonas aeruginosa (P.A), and Escherichia-Coli (E-coli)) are
the leading cause of nosocomial infections or healthcare-associated infections [6, 7]. Therefore,
designing anti-biofouling surfaces for preventing initial bacterial attachment and subsequent
biofilm formation using superhydrophobic coatings has recently gained significant interest [8-10].
However, the ability of superhydrophobic coatings to repel bacterial adhesion in humid

environments is limited, mainly due to the loss of property of water repellency [11-14]. To achieve
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a robust and long-term anti-biofouling surface, it is desirable to incorporate bactericides such as
Ag. Hence, fabricating superhydrophobic coatings with inherent antibacterial properties may serve
as an ideal strategy to prevent initial bacterial adhesion and subsequent biofilm formation.

Few studies have reported the fabrication of anti-biofouling surfaces (utilizing
superhydrophobicity) with inherent antibacterial properties [15-17]. Wang, Z. et al. [17] fabricated
mussel-inspired polydopamine superhydrophobic Ag coatings via a facile Ag mirror reaction and
evaluated both the antibacterial and superhydrophobic properties against S.A and E-coli. They
demonstrated that the superhydrophobic Ag coating exhibited antibacterial properties with a zone
of inhibition (ZOI) of ~3.0 £ 0.3 mm and stability of 60 days. Meanwhile, Zhang, M. et al. [15]
fabricated a Ag/Cu bimetallic hierarchical architecture coating on a copper substrate with both
superhydrophobic and antibacterial properties using a facile galvanic replacement reaction,
followed by a simple thermal oxidation process. The study indicated both antibacterial and
superhydrophobic properties but failed to report the anti-biofouling property. Furthermore, Ozkan,
E. et al. [18] engineered a superhydrophobic antibacterial copper coating via aerosol-assisted
chemical vapor deposition (AACVD) with antibacterial properties against E. coli and S.A. Even
though the superhydrophobic coatings of these studies were well above 150° in contact angle (CA),
the antibacterial efficiency was low. Moreover, synthesis methods such as AACVD are expensive.
For practical applications, a simple, cost-effective, and scalable process would be the sol-gel
synthesis of superhydrophobic Ag nanocomposite coatings on metals such as Al.

It has been reported that polymethylhydrosiloxane (PHMS) can be utilized to synthesize
silver nanoparticles (Ag-NPs) via the sol-gel process owing to its ability to reduce Ag* to Ag® in-
situ, due to the (Si—H) moiety on the siloxane backbone [19, 20]. Several groups have explored

the synthesis of Ag-NPs via PMHS reduction [19-22]. For example, Shang, R. et al. [21], reported
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the synthesis of an Ag-NP-embedded PMHS hybrid material with high surface area, good
mesoporosity, and narrow size distribution. Similarly, Zuo,Y. et al. [19] synthesized hollow Ag—
SiO2 composite spheres that exhibited high catalytic performance. Additionally, our research
group has recently fabricated superhydrophobic coatings on Al using a TiO2/PMHS sol—gel
process.

In spite of significant efforts on silicone-based superhydrophobic coatings in applications
of antibacterial properties, the adhesion reduction performance of bacteria has been rather low (79
- 95 %)[23, 24]. Furthermore, the applicability of such coating is limited due to the degradation
with time. As Ag has natural properties to Kill bacteria, incorporating it in silicone-based
superhydrophobic coatings such as polymeric PMHS could reduce the bacterial adhesion (anti-
biofouling) and improve the overall longevity of such coatings even after the loss of
superhydrophobicity. Surprisingly, fabrication of superhydrophobic Ag-PMHS nano-composite
coatings with inherent antibacterial and anti-biofouling properties is yet to be reported in the
literature.

The objective of this study is to fabricate a novel coating of Ag-PMHS nanocomposites on
anodized Al via the sol-gel process for antibacterial and anti-biofouling applications. We
hypothesize that the in-situ synthesis of Ag-NPs within a PMHS polymeric matrix, anchored
within an anodized Al oxide (AAOQ) substrate, could enhance the adhesion, durability, and stability
of superhydrophobic Ag-PMHS nanocomposites. PMHS not only serves as a reducing agent, but
also a morphological controlling agent for holding and presumably triggering controllable Ag*
release. The excellent antibacterial and antibiofouling properties, owing to the inherent

superhydrophobicity of the Ag-PMHS nanocomposite coating on anodized Al, are demonstrated.
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4.3 Experimental section

Synthesis of Ag-PMHS nanocomposite. Ethanoic polymethylhydrosiloxane (PMHS) (>

97%, VWR) stock solution was sonicated (Branson® Ultrasonic Bath, 230 Vac, 50 Hz) for 15 min

for dispersion. Subsequently, 0.08 M PMHS was added to mineral spirit while stirring using a

magnetic Teflon stirrer rotating at 500 rpm at 55 °C for 30 min. Next, Ammonium hydroxide 11.2

M (28 — 30 wt.% of NH3s, -VWR) was added dropwise to the suspension to achieve a pH of 11.

The sol—gel reaction was allowed to age briefly for 30 min. Subsequently, 0.08 M AgNO3z (VWR)

solution was added dropwise to the above suspension according to the Ag*/Si—H molar ratio (Table

4. 1). The as-synthesized product was stirred vigorously using a magnetic Teflon stirrer rotating at

700 rpm at 55 °C for an additional 15 min.

Table 4-1 Ag-PMHS molar ratio.

Samples Ag*/Si-H molar ratio Volume of Mineral
Spirit (mL)
1 50:1 15
2 50: 2 15
3 50:30 15
4 50: 40 15
5 50:50 15
6 2:50 15
7 1:50 15
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Fabrication of Ag-PMHS nanocomposite coating on AAO substrates. The as-
synthesized Ag-PMHS nanocomposite was loaded with premium room-temperature vulcanized
(RTV) adhesive silicone. The RTV silicone (0.0 % (w/v), 0.4 % (w/v), 2.0 % (w/v), 4.0 % (w/v),
6.0 % (w/v), and 8.0 % (w/v))-loaded Ag-PMHS nanocomposite was sonicated to obtain a
homogeneous dispersion. The Ag-PMHS polymeric solution above was coated on an AAO
substrate through a 5-min dip coating deposition process, followed by room-temperature drying

for 24 h. The anodization process was performed as follows: A 1” x 2” Al (AA6061) was

ultrasonically degreased in a soapy solution and cleaned in deionized water, followed by 1 M
NaOH (VWR) chemical etching at 55 °C to remove a superficial oxide layer. Then the etched
substrate was further sonicated in distilled water. Afterward, etched Al substrate was subsequently
immersed in HNOs solution (10 wt.%, VWR) for desmutting, followed by rinsing in distilled
water. Next, both etched-and as-received Al substrates were used as anode and cathode,
respectively. The electrochemical cell was equipped with a 600 W direct current power supply
(Ametek Sorensen DCS 100-12E, Chicoutimi, QC, Canada), a quartz-jacketed beaker with cold
circulating water (5 °C), and a small magnetic Teflon stirrer, rotating at 2000 rpm. Anodization
was performed in the galvanostatic mode at a current density of 40 mA/cm? and electrolyte
concentration of (H2SO4 -15 wt.%, -VWR), with varying times of 30, 60, and 120 min. During
anodization, the two electrodes were separated in parallel by 1.5 cm. For quality control and

reproducibility, each experiment was triplicated.

Sample characterization. The surface morphology and elemental analysis of the Ag-
PMHS nanocomposite were performed using scanning electron microscopy (SEM, JEOL JSM-
6480 LV), equipped with energy dispersive X-ray spectroscopy (EDS). The crystalline structure

and chemical composition of the synthesized Ag-PMHS nanocomposite were analyzed with X-ray
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powder diffraction (XRD) (a Bruker D8 Discover system) and attenuated total reflection-Fourier
transform infrared (ATR-FTIR, Agilent Technologies Cary 630 FTIR), respectively. Static CA
was measured with a First Ten Angstorm CA goniometer using 10 uL of deionized water drops.
The roughness of the Ag-PMHS nanocomposite coating on anodized Al was measured using a

MicroXAM-100 HR 3D surface profilometer.

Antibacterial susceptibility assay. The model bacterial strain, i.e., S.A (ATCC 6538),
P.A (ATCC 9027), and E-coli (ATCC 8739-Hardy Diagnostics) were grown overnight from a
frozen (-80 °C) stock in tryptic soy broth (TSB-Hardy Diagnostics) at 37 °C, re-inoculated in fresh
TSB (37 °C), and grown to 108 colony forming units (CFU)/mL, as determined by their optical
density at 625 nm and verified by both replicate plating on nutrient agar [25] and the 0.5 McFarland
standard. An antibacterial assay was studied using the Kirby Bauer disk diffusion assay on S.A
(gram +ve), P.A. (gram -ve), and E-Coli (gram -ve) [26]. Briefly, bacteria were inoculated in
physiological saline (0.85% wt NaCl-Sigma—Aldrich). Sterile swab was used to inoculate isolates
over the agar surface, followed by streaking to obtain a bacterial lawn. Next, 5 pL of Ag-PMHS
nanocomposite was carefully seeded onto a 6 mm agar disk. Finally, the plates were aerobically
incubated at 37 °C for 24 h in an incubator. Subsequently, the results were analyzed by measuring

the ZOI. Three independent experiments were triplicated.

Anti-biofouling and biofilm inhibition assay. Bacterial strain was grown overnight to
obtain 108 CFU/mL. Anti-biofouling experiment was conducted using a protocol described
elsewhere [23] with minor modifications. Briefly, two staining jars were filled with 99 mL
physiological saline (0.85% wt NaCl) and 1 mL bacterial culture. Subsequently, both 2.54 cm x
2.54 cm anodized Al (Al/AAO, used as control) and superhydrophobic AAO/AI sample (04Sil-

AgP-NCcAAOQ), were placed in two separate jars. The staining jars were incubated for 3 h at 37 °C.
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The substrates were subsequently removed and gently immersed in physiological saline to rinse
non-adherent bacteria. Next, the substrates were transferred into a set of 80 mL sterile beakers
containing physiological saline and sonicated on ice for 10 min to remove adherent bacteria.
Finally, the bacterial suspensions were serially diluted and then plated on tryptic soy agar, followed
by an aerobic incubation at 37 °C for 24 h. Positive controls were performed fort=0andt=3h
to ascertain the bacterial viability. Three independent experiments were performed in triplicate to
determine the number of adherent bacteria. Relative bacterial adhesion reduction was calculated
using the following formula: Relative bacterial adhesion reduction = [(A-B)/Ax100 %], where A
= CFU/cm? of adherent bacteria on anodized Al (AAO/AI) and B = CFU/cm? of adherent bacteria
on superhydrophobic AAO/AI sample (04Sil-AgP-NcAAQ). Biofilm inhibition study was also
performed on E-coli bacterium for 48 h to evaluate the ability of superhydrophobic AAO/AI
sample (04Sil-AgP-NcAAO) at inhibiting E-coli bacterium colonization. Test culture was diluted
with physiological saline (0.85% wt. NaCl) (Sigma—Aldrich) to achieve a bacterial inoculum
concentration of 1.0 x 107 colony-forming units/millilitre (CFU) mL 1 Next, 22.5 mL tryptic soy
broth was added to 2.5 mL bacterial inoculum in separate sterile petri dishes. Both the test sample
(04Sil-AgP-NcAAOQ) and the control sample (AAO/AI) were then immersed in these petri dishes,
followed by 48 h incubation for biofilm growth. Subsequently, samples were rinsed with the
physiological saline, followed by air-drying in airflow Class Il cabinet at ambient conditions of 25
°C and (50 £ 10 %) relative humidity (RH) for 1 h. Samples were finally metalized with gold
coating and imaged in a high vacuum SEM. Data were analyzed by a one-way analysis of variance
(ANOVA) with the Tukey—Kramer multiple comparison test. Results were considered significant

atp <0.05.
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4.4 Results and discussion

Synthesis of Ag-PMHS nanocomposites. PMHS is a linear organofunctional
polysiloxane, in which the active moiety, (Si—H) reacts with metallic salts to form the
corresponding metallic particles owing to the strong reducing ability of the PMHS [19]. In
particular, when silver salts such as AgNO3 react with the PMHS, the Si—H bond is oxidized into

Si—O-Si species with Hz gas evolution and hydridic hydrogen replaced by Ag-NPs [20] as seen in

Equation. 4.1.
HSCI H3 Hacl H3
NH,OH
nAgt + —Si+°— ﬂ’ T rre gt — '-[—o— i~]7 + nH ] (4.1)
8 | ? n 55°C ?' T N 2
H H Ag Ag

The polymeric PMHS matrix is an ideal template for in-situ Ag-NPs synthesis, similar to the
typical host—guest redox reaction [19]. It is noteworthy that such a host—guest structure might
exhibit interesting antibacterial properties, in which PMHS acts as a polymeric matrix for holding
and presumably triggering controllable Ag* release for killing or inhibiting bacterial growth.

To ascertain the amount of Ag* ions required to react with the active Si—-H moiety, the
Ag*/Si—H molar ratio was varied from 1:50 to 50:1 (Table 4.1). Figure 4.1 shows the ATR-FTIR
spectra of PMHS before and after reaction with AgNOs for different molar ratios of Ag*/Si—H.
Figure 4.1 (111) shows the ATR-FTIR spectrum of liquid PMHS. The single peak at 2939 cm™ at
the high-frequency region can be assigned to the asymmetric stretching mode of —CHs groups in
the PMHS molecule [27]. At the lower frequency region, the two peaks at 1270 and 764 cm™

correspond to Si—CHs groups [28]. Similarly, the peak at 1100 cm™ can be linked to the
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asymmetrical stretching vibration of the Si—O—Si mode [29], while that around 800 cm™ can be
attributed to the symmetric bending mode of the Si—O-Si bonds [30]. The peak at 2162 cm™* at
the mid-frequency region is assigned to the Si—H stretching mode. Notably, at a lower molar ratio
of Ag*/Si—H, such as 2:50 (Figure 4.1.(1)), the intensity of the Si—H group marginally decreases
by ~10 % compared with the as-received PMHS, suggesting that less amount of Si—H species are
consumed. However, at higher molar ratios of Ag*/Si—H such as 50:2, the Si—H group is no longer
observed (Figure 4.1 (1)), signifying that all the Si—H species are consumed. A similar observation
was made by Omer D. et al. [20], however, their Si—H peak intensity at a higher Ag*/Si-H molar
ratio (1:1) decreased by 90 % compared with ours of 100 %, owing to the total consumption of the
Si—H species in our case. Our high Ag*/Si—-H molar ratio was necessary due to the intended

antibacterial application.
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Figure 4-1. ATR-FTIR spectra of PMHS before and after reaction with AgNO3 at
different mole ratios: (I) (Ag+/Si—H of 50:2); (II) (Ag+/Si—H of 2:50); and (I1I)
liquid PMHS. © Henry Agbe, 2021.
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In addition to Ag, other metal nanoparticles, such as those of Au, Pt, Ta, and Nb can be
synthesized by PMHS [31]. In fact, the active Si—H moiety arranged periodically on the siloxane
backbone in the PMHS matrix, provides intrinsic sites to synthesize and integrate these metal
nanoclusters [20]. Ag-PMHS nanocomposites exhibit a surface plasmonic resonance phenomenon,
which is like other chemical reduction syntheses of Ag-NPs. This surface plasmon resonance is
due to the collective oscillation of conducting electrons of Ag-NPs, characteristically observed by
a color change in Ag-PMHS solutions. Notably, when AgNOs is added to the PMHS gel, a redox
reaction begins immediately with a color change from colorless to yellow, orange, brown, and
black (nucleation, nanoparticles, nanoclusters, and growth of controlled aggregates, respectively),
as well as, the corresponding formation of different Ag species [20]. In fact, it has been reported
that using NHs (aq) as a catalyst, Si**~H® bonds are polarized via the intermediate formation of
hyper coordinated silicon species to increase the sol-gel reaction rate [32]. At the gel point
(achieved after 24 h), a viscous, stable, and elastic gel network was observed. Note that typical
sol-gel process without NH3 (aq) can last for ~1000 h [33]. In deed, the NH3 (aq) does not only
catalyze the hydrolysis process but also forms a complex ion with Ag* (Ag (NHs)2*aq) to accelerate
the reduction of Ag* ions by PMHS. This is similar to saccharides reduction of Ag* ions (in the
presence of NHz (aq)) in a typical modified Tollens Ag synthesis [34, 35]. However, for the
purpose of obtaining a thin Ag-PMHS nanocomposite coating on AAO/AI, the ageing process was

limited to 30 min in our experiment.

Figure 4.2 (A) shows the energy dispersive X-ray spectroscopy (EDS) spectrum of
elements in the Ag—PMHS nanocomposite (Ag+/Si—H of 50:2 mole ratio), which comprises C, O,
and Si with their respective K, peaks at 0.28, 0.52, and 1.73 keV respectively, and an L, peak of

Ag at 2.98 keV. Similarly, the XRD pattern is shown in Figure 4.2 (B). The XRD pattern matched
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well with the JCPDS card (89-3722) standard data of Ag, characterized by a face-centered cubic
crystalline silver, with corresponding prominent peaks for 26 at 38.17°, 44.31°, and 64.44 °. Both

the EDS and XRD spectra confirm the formation of Ag-NPs in the PMHS siloxane polymer.
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Figure 4-2. (A) EDS spectrum and (B) XRD pattern of as-synthesized Ag-PMHS
nanocomposite having a Ag+/Si—H molar ratio of 50:2. © Henry Agbe, 2021.

Anodization. In the present study, anodization was performed to engineer an Al substrate
to achieve a high surface topography for coating the Ag-PMHS nanocomposite. Anodization is
ideal because it is technologically scalable and offers abrasion and corrosion resistance [36]. In a
typical galvanostatic anodization process, potential increases linearly with anodization time [37].
The process begins with nucleation and the subsequent growth of porous structures (Figure 4.3
(A)). As oxide dissolution begins, porous structures are formed. Finally, a steady state of oxide
dissolution and formation equilibrium is attained. Notably, for the 120 min sample, the potential

increased linearly with time, and beyond the critical voltage (49 V) after 60 min of anodization
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(Figure 4.3 (B)). This rise was due to the high resistance of the oxide barrier layer. Beyond the
critical voltage, the potential decreased marginally (a decrease of ~4 V) with anodization time,
until the rate of oxide dissolution was equivalent to the rate of porous oxide layer formation [38].
However, for both the 60 min and 30 min samples, incomplete anodization was observed. Hence,

the 120 min anodized sample was selected for the remainder of the study.
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Figure 4-3. (A) SEM image of anodized aluminum oxide (AAQ) after a 30 min
anodization (left); 60 min (middle); and 120 min (right): (B) Kinetics of anodization
process for the three samples above (where m 120 min; ® 60 min; and A 30 min).

Inset: Digital image of the three samples. © Henry Agbe, 2021.
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To engineer a superhydrophobic Ag—PMHS nanocomposite coating on Al with
inherent antibacterial property, the Ag-PMHS nanocomposite with a Ag*/Si—H molar ratio of
50:2 was coated on the 120 min anodized Al (herein referred to as AgP—NcAAO) and used
for the remainder of the study. Both the XRD (Figure 4.4 (A)) and EDS spectra (Figure 4.4
(B)) show that the chemical composition of the fabricated AgP—NcAAQO sample comprises Al
and O; and Ag, Si, and C; from Al0Os (owing to anodization) and the Ag-PMHS
nanocomposites, respectively. The broad peak at 10.0° is typical for amorphous SiO; [39],
which arises from the reaction of PMHS with AgNOs. Notably, the Al peaks ((111), (200),
(220), and (311) from the underlying Al substrate), overlap with the Ag peaks ((111), (200),
(220), and (311)). The overlapping of diffraction peaks of Al (111) and Ag (111) is due to
their similar lattice parameters (Figure 4.4 (A), inset). The presence of sulfur in the EDS
spectra of Figure 4.4 (B) can be ascribed to sulfuric acid from anodization. It is noteworthy
that an optimal wt.% RTV silicone was used to improve the adhesive bonding of the AgP-

NCcAAO sample (herein referred to as 04Sil-AgP—NcAAO) (Figure 4.4 (B (l11)).
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Figure 4-4. (A) XRD pattern of Ag—PMHS nanocomposite having a Ag+/Si—H molar
ratio of 50:2.0 coated on AAO/AI (AgP—NcAAO); (B) EDS spectra of: (1) AAO/AI
(11) AgP-NcAAOQ; (111) 0.4% wi/v silicone incorporated in AgP—NCcAAO (04Sil-AgP-
NCcAAO). (Inset: high magnification of Ag and Al (111) planes with their lattice
parameters). © Henry Agbe, 2021.

Superhydrophobic property. The two well-known conditions for fabricating
superhydrophobic surfaces are the combined effects of low surface energy and geometrical surface
structure [40]. In the present study, the desired topography was achieved through the combined
effects of Al anodization and presence of silver nanoparticles (Ag-NPs), while low surface energy,
by passivation with PMHS molecules. Though, two-step anodization process produces self-
organised densely hexagonal AAO templates [41], the process is somehow complex and time
consuming, hence we have deployed a one-step constant current hard anodization process to
achieve desired surface topography. The surface roughness and CA of the as-received Al substrate
were 0.4 £ 0.02 um and 94 + 1.2°, respectively. CA of 113 + 1.5° was observed for the Ag-PMHS
nanocomposite coating on this surface (as shown in supplementary information, Table S 4.13).

Table 4.2 and Figure 4.5 provide information regarding the surface roughness and SEM
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micrograph. After a 120 min anodization, uniformly distributed nanopores of average pore
diameter and cell diameter 60 = 11 nm and 121 + 19 nm, respectively, were observed (Table 4.3).
The surface roughness and CA of 9.1 + 0.9 um and 8 £ 0.2°, respectively, were obtained for 120
min AAO (Figure 4.5 B). This shows that anodization affected the superhydrophilic property on
the Al alloy surface. According to the Wenzel model [42], this is due to the increase wettability of
the anodized surface. By contrast, the surface roughness of 9.7 + 1.0 um and CA of 159 + 1.2°
were achieved for the Ag—-PMHS nanocomposite coating on the 120 min AAO sample (AgP-
NCcAAO) (Figure 4.5 C). The combined effects of the low surface energy PMHS and the empty
space by micro-nanostructures, induced by both Ag-cluster and AAO lead to superhydrophobicity
that can be explaind by Cassie-Baxter model [43]. The change in surface wettability from
superhydrophilic to superhydrophobic can be attributed to both the nano-micro surface roughness
(induced by both Ag-NPs and anodization) and the presence of low surface-energy organosilicon
(long Si—CHz chain). The presence of Ag-NPs, presumably increase the nano-micro roughness of
the Ag-PMHS nanocomposite. We have observed a linear relationship between the CA of the
coatings on AAO and Ag:PMHS molar ratio (supplementary information can be found in Table
S4-4, describing contact angle measurements of Ag-PMHS nanocomposites at different molar
ratio on Al substrates). However, in the absence of Ag-NPs, a lower CA of 123 + 3.1° was obtained
for PMHS coated on AAO. Indeed, we have shown in our previous contribution that a high water
CA (~152°) could only be achieved after appropriate combination of PMHS molecule and nano-
micro roughness, induced by colloidal TiO> NPs [28]. To improve the adhesive property of the
AgP-NCcAAO sample, RTV-silicone, a well-known adhesive and hydrophobic silicone copolymer
with water CA < 120° [44], was loaded into the Ag—PMHS nanocomposites. Consequently, the

CA increased to above 150° (Figure 4.5 D).
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Table 4-2. The surface topography of samples

Samples Surface Roughness (rms) /um
As-received Al Alloy 0.4 £0.02

120 min AAO 9.1+0.9

AgP-NcAAO 9.7+£1.0

04Sil-AgP-NcAAO 8.9+20

Table 4-3 Morphological features of anodized samples at varied anodization time

Samples Pore Cell Wall Oxide Pore Density:  Porosity:
Diameter: Diameter: Thickness: Thickness (um) n (Pore/cm?) a (%)
Dp (nm) Dc (nm) W (nm)
120 min 60 £ 11 121 +£19 31+4 75+2.0 7.9 x10° 22
60 min 39+18 90+ 20 26 + 2 56+£1.0 1.4 x 10% 39
30 min 26 £ 6 59+14 17+4 36+0.7 3.3x10% 40
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Figure 4-5. SEM images of (A) as-received Al; (B) AAO/AI; (C) Ag-PMHS
nanocomposite having a Ag+/Si-H molar ratio of 50:2 coated on AAO/Al (AgP—
NcAAO); (D) 0.4 % wi/v silicone incorporated in AgP—NcAAO (04Sil-AgP-
NcAAO); The insets show 5 puL. water drops deposited on the surface along with 1
and 5 pm scale bars. © Henry Agbe, 2021.

In particular, we observed that after silicone loading, the Water contact angle (WCA)
increased from 8 £ 0.2° for 120 min AAO, to 155 + 0.4 ° for 04Sil-AgP—NCcAAO. Interestingly,
increasing the silicone wt.% resulted in an 8° decrease in CA (Figure. 4.6). This trend is similar to

our previous observation whensilicone wt.% was deposited onetched Al [45]. The decrease in CA
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following the continuous silicone loading can be attributed to the filling-in of the AAO micro- and

nanostructures, which results in the smoothening the rough surface. However, the AgP—NcAAO

sample resulted in a higher surface roughness of 9.7 + 1.0 um and CA of 159 + 0.5°, compared

with surface roughness of 8.9 £ 2.0 um and CA of 155 * 0.4°, for the 04Sil-AgP—NCcAAO sample.

It must be re-emphasized that the high CA value for the AgP—NCcAADO, relative to 04Sil-AgP—

NCcAADO, is attributed to the partial filling of the entrapped air in the micro—nanoporous structures

by RTV-silicone, in accordance with the Cassie—Baxter model [43].
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Figure 4-6. Water contact angle on the surface of Ag—-PMHS nanocomposites having

a Ag+/Si—H molar ratio of 50:2 as a function of wt.% of incorporated silicone. ©

Henry Agbe, 2021.

According to the Cassie—Baxter model, a rough surface would repel liquid droplets owing

to the entrapped air in the nano- and/or microstructural features [43]. The anodization of Al, results
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in the formation of porous nano- and/or microstructural Al,O3 features. The OH group in Al.O3
can form a strong monodentate or bidentate bonding with the Si—O-Si group of Ag—-PMHS. In
particular, the silanol molecule replaces the OH group, resulting in the formation of water
molecules and a strong a SiO—Al monodentate bonding on the Al,O3 surface [46]. Such a strong
chemical bonding, coupled with AAQO’s ability to mechanically anchor PMHS, can increase the
adhesion bonding of PMHS coatings.

Note that 0.4% (w/v) silicone was deemed optimal for adhesive bonding studies. A test was
performed using the American Standard Test Method (ASTM D-3359) on four samples (Figure
4.7 and supplementary information, Table S4-5 A-D, show grade of adhesive bonding on tested
samples). The Ag-PMHS nanocomposite coating on the as- received Al, exhibited the lowest
grade of 0B, while the Ag—PMHS nanocomposite coating on AAO exhibited grades between 4B
and 5B. Interestingly, after 90 days of saline immersion, the Ag—-PMHS nanocomposite coating
on AAO was still resistant to scratch and exhibited a WCA > 150° (supplementary information
can be found in Figure S 4.14 and Table S 4.5D, showing grade of adhesive bonding of Ag—-PMHS
nanocomposite coating on AAO after 90 days of saline immersion). According to ASTM D-3359,
coatings with 5B grade exhibit the highest adhesion bonding, whereas those with grade 0B exhibit
the lowest adhesion [47]. Notably, anodization provides an optimal surface topography that affords
high abrasive resistance to Ag-PMHS nanocomposite coating. The high adhesive bonding
observed can be attributed to both chemical and physical phenomena. Chemically, the RTV-
silicone increases the monodentate bonding of the Si—O-Si group and the Al>Oz. This is confirmed
by the increased intensity of siloxane groups in the FTIR peaks of the 04Sil-AgP—NCcAAO (as
shown in supplementary information, figure S 4.13 (l)). Physically, anodization provides

additional support for anchoring the Ag—PMHS nanocomposite coating. In fact, the 04Sil-AgP-
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NcAAO sample maintains the superhydrophobic property (More details can be found in Video S
4.1, as a movie demonstration of water roll-off property of the superhydrophobic surface) albeit
with a 4° decrease in CA with increased adhesion bonding; therefore, it is ideal for practical

applications.

SRS
Ag-PMHS nanocomposite
coated Al

04Sil-AgP-NcAAO-90D

Figure 4-7. Digital images of scratch test based on American Standard Test Method
(ASTM D 3359-02) showing the adhesion of Ag—PMHS nanocomposite coatings
having a Ag+/Si—H molar ratio of 50:2 on: (A) as-received Al; (B) AAO/AI (AgP-
NcAAO); (C) 0.4 % wilv silicone incorporated in AgP—NCcAAQO (04Sil-AgP-
NCcAAO); and (D) 04Sil-AgP—NCcAAO in 90 days of immersion (04Sil-AgP—
NcAAO-90D). © Henry Agbe, 2021.

Furthermore, Ag—PMHS nanocomposite coating on anodized aluminum subjected to
UV accelerated weathering test, revealed that WCA was still > 150° after 35 days of UV
irradiation (Figure S 4.15), signifying that superhydrophobic AAO/AI sample (04Sil-AgP-
NcAAO) was not only mechanically stable but chemically durable and ideal for practical

application.

Because the chemical nature of the Ag-NPs’ surface is crucial for Ag" release kinetics,
a representative portion of the superhydrophobic AAO/AI sample (04Sil-AgP-NcAAO) was
examined through EDS analysis for elemental mapping. Among three different locations of the

elemental mapping, Figure 4.8 (A) shows the SEM micrograph of the representative sites, while
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Figures 4.8 (B, C, and D) show the elemental mapping of Ag, Al, and Si, respectively. Dispersed
Ag is distributed on the entire area, as shown in Figure 4.8 (B). However, clusters of Ag are
visible, as marked in the same figure. Conversely, Al surrounds Ag (dark region) in the Al
mapping, as shown in Figure 4.8 (C). Figure 4.8 (D) shows that Si, from the PMHS molecules,
is distributed uniformly across the entire sample. Therefore, the elemental mapping
demonstrates that elemental Ag is distributed over the entire range of the randomly selected

area.
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SiKat

Figure 4-8. EDS mapping of 0.4% w/v silicone incorporated in Ag—PMHS
nanocomposites having a Ag+/Si—H molar ratio of 50:2 coated on AAO/AI(04Sil-
AgP-NcAAO); (A) SEM image (B) Silver; (C) Al; and (D) Silicon. © Henry Agbe,
2021.

Bacterial susceptibility study. Antibacterial study was performed using two methods.
First, antibacterial activity of the Ag-PMHS nanocomposites by the Kirby Bauer disk diffusion
assay; second, anti-biofouling study. As model microbes, S.Aureus, P.Aeruginosa, and E-coli were

used. It is noteworthy that these bacteria are among the 12 families of the most dangerous
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antibiotic-resistant bacteria or “superbugs,” of clinical significance [48]. The Kirby Bauer assay
utilizes the ZOI to describe regions around the antimicrobial agent, where bacteria colony or
growth is inhibited owing to the former’s ability to diffuse. Figure 4.9 shows the results of the disk

diffusion assay.

Figure 4-9. Antibacterial activity of Ag—PMHS nanocomposites against: (A)
S.Aureus; (B) P.Aeruginosa; and (C) E-coli. Region 1 (Ag+/Si—H of 50:1); region
2 (Ag+/Si—H of 50:2); region 3 (Ag+/Si—H o of 50:30); region 4 (Ag+/Si—H of 50:
40); region 5 (Ag+/Si—H of 50:50); region 6 (Ag+/Si—H of 2:50); region 7 (Ag+/Si—
H of 1:50); region 8 represents the Control (mineral spirit + PMHS) (Disk diffusion

assay, represents three independent experiments. © Henry Agbe, 2021.

Notably, the Ag*/Si—H molar ratio of 50:2 was the most effective, followed by 50:1, and
the least being 2:50. The relatively high ZOI value for the Ag*/Si-H molar ratio (1:50), may be
due to the antibacterial and anti-biofouling synergistic effect. The mean and standard deviation
values of the ZOlI for S.Aureus, P.Aeruginosa, and E-coli are 23.3 £ 3.6, 25.3+£0.5,and 24.8 £ 0.5
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mm, respectively. These ZOI values are well within the acceptable range (8-30 mm) for standard
antibiotics against S.Aureus, P.Aeruginosa, and E-coli, per the Clinical and Laboratory Standards
Institute standards [49]. This shows that the Ag-PMHS nanocomposite at a higher Ag*/Si—H molar
ratio such as 50:2, is an effective antibacterial agent, particularly for gram negative bacteria
compared with the gram-positive bacterium S.Aureus. However, at a lower Ag*/Si—H molar ratio
such as 2:50, the Ag—PMHS nanocomposite was less effective at inhibiting all the bacteria, with
ZOl values 0f 9.0+ 0.8, 8.5+ 0.6, and 6.8 + 0.5 mm for S.Aureus (gram +ve), P.Aeruginosa, (gram
- ve), and E-coli (gram -ve), respectively (Figure 4.10). This can be explained by the fact that as
Ag-NPs are locked up at the Si—H reducing sites (Equation. 4.1), less Ag* ions effectively leach
out to interact with bacteria to induce their lethal effects. Contrarily, at higher molar ratios of
Ag*/Si—H such as 50:2, excess amounts of Ag-NPs are available to leach out a high amount of Ag*
ions to induce an increased antibacterial effect. The difference in bioactivity between the two
classes of bacteria (gram-ve and gram+ve) may be ascribed to the difference in their cell wall
composition and structure. Gram (+ve) bacteria have a thicker peptidoglycan layer (30-100 nm)
composed of short peptides along with a linear polysaccharide chain cross-linking network. This
rigid structure inhibits the penetration of Ag-NPs. By contrast, gram (-ve) bacteria have a relatively
thinner peptidoglycan layer (2-10nm), overlaid with an outer lipid cell membrane.

Although the antibacterial mechanism of Ag-NPs is still a scientific debate, the generally
held view is that, upon bacterial/Ag-NPs contact, Ag-NPs are oxidized into Ag* by respiratory
enzymes [50]. It is the released Ag"® ions that cause the biocidal effect [50]. The Ag® ion is
electrostatically attracted to the negatively charged cell wall. In particular, the Ag* ion binds with
the purine and pyrimidine base pairs, rapturing the H-bonds in the base pairs, which results in

denaturing and Deoxyribonucleic acid (DNA) disruption [50]. Such Ag* ion-cell membrane
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interactions prevent DNA replications [51] and subsequently lead to bacterial death [52].
Additionally, Ag-NPs can induce toxicity via reactive-oxygen-species (ROS) -mediated free
radical release, which leads to oxidative stresses and possible bacterial death. Therefore, the PMHS
molecule may offer a polymeric matrix for holding and presumably triggering controllable Ag*
release to kill microorganisms via the oligo dynamic effect. It should be noted that Ag* ion of
concentrations, 1-10 ppm (commonly measured by Inductively coupled plasma mass spectrometry
(ICP-MS)) are known to impact antibacterial property without adverse effect on mammalian cell
[53-55]. However, Ag™ release kinetics and cytotoxic impact studies, for example on fibroblasts

cell lines, are beyond the scope of this thesis and therefore not reported here.
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Figure 4-10. Graphical representation of zone of inhibition of Ag—PMHS nanocomposite
against model bacteria. Sample 1 (Ag+/Si—H of 50:1); sample 2 (Ag+/Si—H of 50:2); sample
3 (Ag+/Si—H of 50:30); sample 4 (Ag+/Si—H of 50:40); sample 5 (Ag+/Si-H of 50:50);
sample 6 (Ag*/Si—H of 2:50); sample 7 (Ag*/Si—H of 1:50); control (mineral spirit + PMHS).
(Error bars represent SD (standard deviations), and data are from three independent

experiments). © Henry Agbe, 2021.
146



Anti-biofouling and biofilm inhibition assay: Bacterial adhesion reduction was
performed by two methods. First, by anti-biofouling study; and second, by biofilm inhibition study.
Note that limited incubation time was used for the anti-biofouling study. It appears water
repellency of most of the superhydrophobic surfaces are lost over time, due to fragility of the
surface micro/nano structures and fast surface chemistry degradation [56]. For example, the water
roll-off property of a bioresin-based superhydrophobic coating was lost within 6-24 h, leading to
colonization by S.Aureus, P.Aeruginosa, and E-coli bacteria. Similarly, gram (+ve) S.Aureus cells
completely colonized superhydrophobic titanium surface after 18 h incubation period [13]. By
contrast, it seems reports on limited incubation time (30 min- 3 h), have demonstrated effectiveness
of superhydrophobic coating at inhibiting bacterial attachment [23-25, 57, 58].

Anti-biofouling performance was evaluated by determining the relative bacterial adhesion

reduction using the following equation [59].

R (%) = [@} x 100 (4.2)

where R is the bacterial reduction (%), A the number of bacteria colonies/cm? on anodized Al
substrate ((AAO/AI), used as control sample), and B the number of bacteria colonies/cm? on
superhydrophobic AAO/AI sample (04Sil-AgP—NcAAO) having CA of 155 + 0.4°. It must be
reiterated that the most promising sample (having Ag+/Si—H molar ratio of 50:2), which exhibited
both superhydrophobic and high adhesive properties, was used as test sample for the anti-
biofouling study. Such dual action superhydrophobic—biocide, is likely to possess excellent
bacterial repellency and inhibits bacterial attachment, even after loss of superhydrophobicity.
Figure 4.11 shows the graphical representation of bacterial adhesion/cm? reduction for the model
bacteria of S.Aureus, P.Aeruginosa, and E-coli. The number of S.Aureus colonies on AAO/AI and

the superhydrophobic AAO/AI sample (04Sil-AgP-NcAAO) were 6.5 x 10’ and 4.5 x 10°,
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respectively. It is worthy of note that bacteria colonies on the superhydrophobic AAO/AI sample
(04Sil-AgP-NcAAOQ) are two orders less than those on the control sample surfaces (AAO/Al),
representing a 2.2 log and 99.3 % S.Aureus reduction. Similar trend was observed for both gram
(-ve) P.A and E-coli bacteria. The number of P.Aeruginosa, bacterium that colonized the control
sample (AAO/AI), was 5.0 x 10°, compared to 5.0 x 10* on superhydrophobic AAO/AI sample
(04Sil-AgP-NcAAOQ). Representing a two order of magnitude lower, a 2-log reduction and 99.0 %
P.A bacterium reduction. In the case of E- coli, 5.0 x 10° colonies were observed on control sample
(AAO/AI), as against 2.5 x 10* bacterial colonies on the superhydrophobic AAO/Al sample (04Sil-
AgP-NCcAAO). Clearly, superhydrophobic AAO/AI sample (04Sil-AgP—NcAAQO) was most
effective at inhibiting E-coli colonies compared to the other bacteria, with a 2.3 log reduction
factor and a 99.5 % adhesion reduction efficiency. However, PMHS alone on AAO/AI did not lead
to any significant bacterial reduction. Furthermore, it should be mentioned that less bacterial
adhesion reduction is observed for non Ag-based superhydrophobic coatings in the literature. For
example, in the work of Meier, M et al [23], superhydrophobic filamented silicone (having CA~
164 + 5°) exhibited E-coli bacterium adhesion reduction of 84 £ 5 %, under 3 h incubation, while
superhydrophobic rod-like silicone (having CA~ 168 * 4°) showed E-coli bacterium reduction of
79 £ 7 %, under same condition. Similar trend was also observed for gram (+ve) S. epidermidis.
Superhydrophobic filamented silicone, exhibited adhesion reduction of 95 = 3 %,while
superhydrophobic rod-like silicone showed a reduction of 88 + 7 % [23]. In a related study by
Crick. C.R., et al [24], superhydrophobic silicone elastomer (with CA~ 168°), resulted in 79 %
and 58 % adhesion reduction for both gram (-ve) E-coli, and gram (+ve) S.Aureus, respectively.
Interestingly, in our case, the incorporation of Ag in the superhydrophobic surface that provided a

CA of 155 + 0.4°, showed bacterial reduction efficiency of 99.3 %, 99.0 % and 99.5 % for the
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S.Aureus, P.Aeruginosa, and E-coli bacteria respectively. However, while direct comparison of
different reported results must be treated with caution, as differences may arise owing to
experimental conditions, these results somehow corroborate our hypothesis that antibacterial Ag-
NPs incorporated in superhydrophobic coatings, can enhance the over all effectiveness of bacterial
adhesion reduction.

Note that gram (-ve) bacteria such as E-coli and P.Aeruginosa are ubiquitous pathogens in
biofilms even on dry inanimate surfaces [60-62]. Therefore, evaluating the superhydrophobic
AAO/AIl sample (04Sil-AgP—NcAAOQO)’s ability to inhibit biofilm growth is essential.
Consequently, SEM was utilized to study the biofilm formation [63]. It has been reported that
biofilm maturation begins after 24 h of incubation [64], hence 48 h incubation time was utilized to
evaluate biofilm growth. As shown in Figure 4.11 (inset), the entire surface area of AAO/AI
(uncoated AAO) is covered by the biofilm. By contrast, the biofilm is not observed on the
superhydrophobic AAO/AIl sample (04Sil-AgP—NcAAO), except a few bacteria scattered over the

surface.
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Figure 4-11. Adhesion reduction of bacteria (S.A, P.A, or E-coli) on
superhydrophobic AAO/AIl sample (04Sil-AgP—NcAAO); and control samples
(AAO/AI and PMHS/AAO/AI). Data represent multiple independent experiments.
Inset: SEM micrograph of E-coli biofilm on superhydrophobic AAO/AI sample
(Top); and control sample (AAO/AI) (Bottom). © Henry Agbe, 2021.

It is noteworthy that the superhydrophobic AAO/AI sample (04Sil-AgP—NcAAO) lost its
water roll-off property after 3 h of being in contact with bacteria. The complex mechanism for
bacterial attachment on superhydrophobic coatings, comprising cell adhesion, Van der Waals
interactions and activation of quorum sensing molecules, are well acknowledged [64]. This
necessitates the need for further detailed studies to establish the correlations between bacteria type,

surface chemistry and surface morphology [65]. Nevertheless, it is very likely, bacteria in contact
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with Ag-PMHS nanocomposites release bacterial secretions (biopolymers, B lactamases, and other
enzymes) [47] composed of hydrophilic ligands and proteins (N-H, O-H, and C=0) that alter the
surface chemistry of the superhydrophobic AAO/AI sample (04Sil-AgP—NcAAOQ). Interestingly,
the sample regained its water roll-off property (with an average CA of 155 + 5.0°) after 3 days of
air exposure, presumably due to the evaporation of the hydrophilic ligands. It is likely that 04Sil-
AgP-NCcAAO exists in the Wenzel wetting state at a high hydrophilic ligand concentration but in
the Cassie-Baxter wetting state at a lower hydrophilic ligand concentration. Therefore, the
bacterial adhesion reduction observed on superhydrophobic AAO/AI sample, may presumably be
facilitated by leachable Ag*ions during the Wenzel state. However, for frequently touched surface
applications, where the evaporation of the hydrophilic ligand is possible owing to excess dry air,
the Cassie—Baxter state can be re-established to facilitate superhydrophocity. Note that PMHS
coated on 120 min anodized Al exhibited a lower WCA of 123 £ 3.1° and did not lead to any
significant bacterial adhesion reduction.

To further explore the stability of the superhydrophobic sample, a 3-month saline water
(3.5 wt.% NaCl, pH = 7.4) immersion study was performed. As shown in Figure 4.12, the WCA
was well above 150° after 90 days of saline water immersion. This signifies that the coating has a

long-lasting stability in a physiological solution (pH 7.4), typically found in Mammalia cells.
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Figure 4-12. Water contact angle of the superhydrophobic sample with time of
immersion in 3.5 wt.% NaCl solutions. WCA was measured after drying samples for
2 hat55 °C. © Henry Agbe, 2021.

In general, the superhydrophobic sample exhibits both bactericidal and anti-biofouling
properties. The bactericidal effect is observed owing to the possible release of Ag™ ions that
electrostatically interact with the negatively charged cell wall of bacteria, to inactivate it. The anti-
biofouling effect is achieved owing to the superhydrophobic property, induced by the combined
effects of nano-micro roughness (achieved by Ag-NPs and anodization) and the presence of —CHs
ligand from PMHS. Due to the superhydrophobicity, water has a minimum contact area with the
surface, hence a weaker bacterial interaction would be expected on such surfaces. Therefore, it
would be favorable for bacteria to remain in solution and roll off the surface when tilted rather

than adhere to the superhydrophobic surface [66].
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4.5 Conclusion

In this study, a simple two-step approach was deployed to fabricate Ag—PMHS
nanocomposite coatings on anodized Al. The as-synthesized Ag—PMHS nanocomposite coating
demonstrated excellent antimicrobial properties against clinically relevant planktonic bacteria,
with ZOlI values of 25.3 £ 0.5, 24.8 + 0.5, and 23.3 + 3.6 mm for P. Aeruginosa, E-coli, and S.
Aureus, respectively. The Ag—-PMHS nanocomposite coating exhibited a water CA of 159 £ 0.5°,
providing an excellent anti-biofouling property with bacterial adhesion reductions of 99.0 %, 99.5
%, and 99.3 % for P. Aeruginosa, E-coli, and S. Aureus, respectively. Stability study demonstrated
a stable water CA of 158° after 90 days of immersion in saline water (3.5 wt.% NaCl, pH = 7.4).
Remarkably, the superhydrophobic Ag—-PMHS nanocomposite coating on anodized Al exhibited
excellent scratch resistance, strong adhesion property and stability under UV-light irradiation.
Overall, Ag—PMHS nanocomposite coating on anodized Al provides a promising and excellent
candidate for potential use as antimicrobial touch surfaces to reduce the prevalence of nosocomial

infections.
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4.6 Supporting information
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Figure S 4-13. ATR- FTIR spectra of Ag-PMHS nanocomposite having a molar ratio
of Ag+/Si-H of 50:2.0 coated on AAO/AI (AgP-NcAAO); and 0.4 % wlv silicone
incorporated in AgP-NCAAOQO (04Sil-AgP-NcAAO), respectively. The increased
intensity of siloxane groups in the FTIR peaks for 04Sil-AgP—NcAAO compared to
AgP-NCcAAO signify the role of RTV siloxane in increasing the monodentate
bonding between the Si—O-Si group and the AAO/AI. © Henry Agbe, 2021.
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Table S 4-4 Contact angle measurements of Ag-PMHS nanocomposites at different
molar ratio on various Al substrates

Sample Ag:PMHS Molar Ratio Substrate Contact Angle (°)
1 50:1 120 min AAO 160+ 2.1
2 50:2 120 min AAO 159+1.2
3 50:30 120 min AAO 154 +2.1
4 50:40 120 min AAO 153+ 15
5 50:50 120 min AAO 152+ 0.6
6 2:50 120 min AAO 149+ 1.2
7 1:50 120 min AAO 148+ 1.5
8 50:2 60 min AAO 145+ 1.0
9 50:2 30 min AAO 128+ 2.0
10 50:2 As received Al 11315
11 0:50 120 AAO 123+3.1

Table S 4-5 Grade of adhesive bonding on tested samples- Ag—PMHS nanocomposite

coatings having a Ag'/Si-H molar ratio of 50:2.0 on: (A) as-received Al; (B)
AAO/AL; (C) 0.4% wlv silicone incorporated in AgP—NcAAQ; and (D) 04Sil-AgP—
NCcAAO in 90 days of immersion.

Samples Name Adhesive bonding (Grade)
A Ag-PMHS coated aluminum 0B
B AgP-NcAAO 4B
C 04Sil-AgP-NcAAO 5B
D 04Sil-AgP-NcAAO-90D 5B

The Ag—PMHS nanocomposite coating on the as- received Al, exhibited the lowest grade of 0B,

while the Ag—-PMHS nanocomposite coating on AAO exhibited grades between 4B and 5B.
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Interestingly, after 90 days of saline immersion, the Ag—PMHS nanocomposite coating on AAO

(Table S 4.2D) was still resistant to scratch with adhesive bonding Grade 5B.

Figure S4-14. Digital image of superhydrophobic Ag-PMHS having Ag+/Si-H
molar ratio of 50:2 on AAOQO/AI, subjected to 90 days immersion (04Sil-AgP-—
NCcAAO-90D) and scratch test. © Henry Agbe, 2021.

Video S 4.1: Demonstration of water roll-off property of superhydrophobic AAO/Al sample
(04Sil-AgP—NcAAO); AgP—NCcAAO maintains its superhydrophobic property even after loading

with 0.4% w/v RTV silicone (04Sil-AgP-NcAAO):

(https://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00159/suppl file/mt0c00159 si 002.mp4).
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Figure S4-15. Variation of water contact angle as a function of UV irradiation
time. © Henry Agbe, 2021.
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5 CHAPTER 5

This chapter has been published in Coating (Coatings 2020, 10(10), 982), and was authored
by Henry Agbe, Dilip Sarkar Kumar, and X-Grant Chen. As a first author, | designed and
performed all experiments, analyzed, and interpreted the results, as well as wrote both initial and

final manuscripts.

5.1 Abstract.

Surfaces in hygiene critical environment can become potential reservoir for transmission
of pathogenic infections. Engineering surfaces with the tunable anti-biofouling and antibacterial
properties could reduce infections particularly in hospitals and public transport hubs. In the present
work, a facile two-step process has been deployed to fabricate superhydrophobic and antibacterial
aluminum surface by chemical etching, followed by passivation with low surface energy
octyltriethoxysilane (OTES) molecules. The wettability and antibacterial properties of the OTES
passivated aluminum was monotonically tuned by adding quaternary ammonium (QUATS)
molecules. An anti-biofouling property of 99.9, 99 and 99% against Staphylococcus aureus,

Pseudomonas aeruginosa and E. coli bacteria respectively, was achieved.

5.2 Introduction

Antibacterial coatings for biomedical implant devices (such as catheters, artificial hip and
knee joints, etc.) and high touch surface applications have gained much attention in recent times
due to their ability to reduce the prevalence of nosocomial infections [1, 2]. Antibacterial coatings

may not only prevent biofilm formation, medical impact device failure and post-operative bacterial



infections, but also reduce microbial bioburden in hygiene critical environment [2]. It is
worthwhile mentioning that pathogenic microorganisms can survive on frequently touch surfaces
in our daily life such as door knobs, push plates, etc. for days, weeks and months [1, 2]. Thus,
surfaces act as hot-spots for transmission of pathogenic infections [2]. To this end, engineering
surfaces with antibacterial property have now been acknowledged as important strategy for
reducing microbial bioburden and the prevalence of infections [3]. Among surfaces with
antibacterial properties, anti-biofouling and superhydrophobic surfaces seem desirable as they

have the ability to inhibit bacterial attachment on surfaces.

Superhydrophobic surfaces possess a static water contact angle (CA) > 150° with a water
roll-off property. In nature, scientists have discovered the unique water roll-off property in several
plants, such as lotus leaf. Such superhydrophobic surface can be fabricated by patterning micro-
nano structures, followed by passivation with low surface energy molecules. Various strategies
such as photolithography [4], sol—gel [4], plasma etching [5], anodization [6] and chemical etching
[7], have been deployed to fabricate superhydrophobic surfaces, which find applications as self-
cleaning-fabrics, anticorrosion, drag reduction and anti-biofouling surface [8]. Though,
superhydrophobic surfaces can repel bacterial adhesion, they fail under long-term exposure [9].
For example, Ivanova et al. [10], utilized femtosecond laser ablation process to fabricate
superhydrophobic titanium coatings (with CA of 166°), and demonstrated their effectiveness at
repelling Pseudomonas aeruginosa (P.A), (Gram —ve) bacterium attachment. However, over long-
term exposure (~18 h), the water roll-off property was lost, subsequently leading to both
Staphylococcus aureus (S.A), (Gram +ve) and P.A bacterial colonization. Thus, incorporating
bactericides in superhydrophobic coating holds promise not only in inducing both anti-biofouling

and antibacterial properties, but also for improving their longevity. Again, superhydrophobic
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coating incorporated with bactericide could minimize uncontrolled bactericide release and

subsequent toxicity concerns.

Therefore, designing surfaces with both superhydrophobic and antibacterial properties has
recently gained significant interest [11-13]. For example, Chung et al. [12] fabricated a silver-
perfluorodecanethiolate coatings on silicon wafer with both superhydrophobic and antibacterial
coatings via precipitation method, using perfluorodecanethiol (PFDT) and silver as fluorinated and
metal-thiolate complexes precursors, respectively. In a related work, Wang et al. [11] fabricated a
superhydrophobic diamond films with both antibacterial and anti-biofouling properties using hot
filament chemical vapor deposition and sol-gel perfluorodecyltrichlorosilane (PFTS) molecules
passivation. Meanwhile, Zhang et al. [13] reported a Ag/Cu bimetallic coatings fabricated using a
galvanic replacement reaction and thermal oxidation processes. This coating exhibited both
superhydrophobic and antibacterial properties, but the bacterial repellent property was not
reported. It is reported that fluorosilane molecules and leachable bactericides such as Ag and Cu
may be toxic to the ecosystem [14]. For example, Ag and Cu at 6.1 ppm (56.5 uM) and 2.61 ppm
(41.1 uM) were reported to be toxic to Zebrafish embryos [15]. Again, fluorinated compounds
have been implicated in sporadic outbreaks of respiratory illness characterized by dyspnea, cough
and chest pain [16]. Thus, there is an urgent need for alternative biocompatible low surface energy
molecule and non-toxic bactericides (such as quaternary ammonium (QUATS) molecules
commonly used as disinfectants for sanitizing hospital environment) to fabricate tunable

superhydrophobic and antibacterial coatings

In the present work, a facile two-step process has been deployed to fabricate
superhydrophobic and antibacterial aluminum surface by chemical etching, followed by

passivation with low surface energy hydrocarbon of octyltriethoxysilane (OTES) molecules. To
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the best of our knowledge, this is the first report on OTES-QUATS coatings with tunable
antibacterial and bacterial repellent properties. While the water CA of most of the above-
mentioned coatings [11-13] were well above 150° and the coatings exhibited bacterial repellent
and antibacterial properties, their tunable properties have not been systematically studied yet. It
should be mentioned that a tunable superhydrophobic coating could be tailored for some specific
applications, such as hydrophobic and antibacterial coatings for medical implants or
superhydrophobic and antibacterial coatings for cooling tower or frequently touch surfaces. Again,
such coatings could improve the overall longevity of antibacterial properties even after the loss of
superhydrophobicity. In the present study, the water roll-off property is monotonically tuned from
superhydrophobic to hydrophilic surface by increasing the concentration of the QUATS.
Furthermore, the excellent antibacterial and anti-biofouling properties, as well as their synergistic

effects are demonstrated.

5.3 Experimental section

AA6061-T6 aluminum alloy of dimensions 2.54 cm x 5.08 cm was ultrasonically
degreased in a soapy solution, followed by chemical etching in 30 wt. % HCI at 55 °C for 3 min.
50 ml ethanol was taken in a beaker and 1000 pL of 3.0 M OTES added while stirring using a
magetic bar on a hot plat of temperuature of 25 °C to prepare the mixed solution of OTES.
Furthermore 0.01 M QUAT were added drop by drop in the solution to obtain the mixed solution
of OTES-QUAT. The amount of OTES was kept contant and the 0.01 M QUAT added in such as
way that the molar ratio of QUAT/OTES varies between 0 to 54 x 10, according to table S 5.1

(shown in the Supporting Information, Table S 5.1). The OTES-QUATS suspension was then
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sonicated for 15 min for dispersion. Subsequently, the etched Al substrates were immersed in these
solutions for 30 min for the passivation. Furthermore, the passivated aluminum substrates were

dried in the oven 100 °C in the air atmosphere for 2 h to remove residual solvents.

Sample characterization. The morphological and elemental characterizations of the
samples were analyzed using scanning electron microscopy (SEM, JEOL JSM-6480 LV),
equipped with energy dispersive X-ray spectroscopy (EDS). The chemical compositions were
analysed by Attenuated Total Reflection-Fourier Transform Infrared (ATR, Adgilent
Technologies Cary 630 FTIR). In addition, the wetting characteristics of the samples were
determined by measuring both static and dynamic contact angles (CA) using a First Ten Angstrom
Contact angle goniometer at five positions on each substrate using 10 pL deionized water drop.
The dynamic contact angle was measured by holding the water droplet with a stationary needle in
contact with the sample surface and moving the goniometer stage in one direction. The surface
roughness of the coatings were measured using an optical profilometer (MicroXAM-100 HR 3D
surface profilometer).

Antibacterial assay. Antibacterial activity was determined by both anti-biofouling and
disk diffusion assays. Using bacterial repellent assay, bacterial strains: Staphylococcus aureus
(ATCC 6538), Escherichia coli (ATCC 8739), and Pseudomonas aeruginosa (ATCC 9027)), were
grown overnight from frozen (-80 °C) glycerol stock in Tryptic Soy Broth (TSB) (Hardy
Diagnostics) at 37 °C, and then passaged on fresh TSB (37 °C) to obtain bacterial cell density of
108 colony forming units/ millilitre (CFU)/mL. Bacterial cell density was determined by measuring
the optical density (OD) at 625 nm wavelength. Static bacterial adhesion experiments were
conducted following a prescribed protocol elsewhere [17]. Briefly, two 250 mL sterile beakers

were filled with 99 mL 10 mM Phosphate buffer solution (PBS) (pH 7.5 +/- 0.3 at 25°C.) and 1
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mL bacterial culture. Subsequently, test samples, namely: 1-inche x 2 inches etched Al substrates
(used as blank) and OTES-QUATS passivated Al substrates were placed separately in the beakers.
Samples were then incubated for 3 h at 37 °C. Next, samples were rinsed in PBS to remove non-
adherent bacteria, which were subsequently transferred into a set of 50 mL sterile beakers
(containing PBS) and sonicated on ice for 10 min to remove adherent bacteria. Finally, the bacterial
suspensions were serially diluted, and plated on tryptic soy agar TSA, followed by an aerobic
incubation at 37 °C for 24 h. Positive controls were performed for t = 0 and t = 3 h to ascertain
bacterial viability. All experiments were performed in triplicate and on fresh bacterial inoculum.
Relative bacterial adhesion was calculated as: [(A-B)/Ax100%], where A = CFU/cm? of adherent
bacteria on etched Al substrates and B = CFU/cm? of adherent bacteria on OTES-QUATS

passivated sample

Regarding the disk diffusion assays, bacterial strains were grown overnight to obtain 108
CFU/mL as described above. Kirby Bauer disk diffusion assay was used as described elsewhere
[18]. Briefly, sterile swab was used to inoculate Mueller Hinton Agar (Hardy Diagnostics) films
by streaking to obtain a bacterial lawn. Subsequently, 20-uL QUATSs soaked Whatman filter
papers (6 mm diameter), were inserted on the agar media. Finally, the agar plates were aerobically
incubated at 37 °C for 24 h. Experiments were repeated and in triplicate, on different days with
fresh bacterial cell suspensions. All microbiology experiments related to the following bacterial
cell culture: Staphylococcus aureus-(ATCC 6538), Pseudomonas aeruginosa (ATCC9027) and
Escherichia coli (ATCC 8739) were obtained from Hardy Diagnostics and conducted at the
microbiology laboratory of our industrial partner and commenced subject to the ethical approval

of their ethics committee (https://a3surfaces.com/en/).
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5.4 Results and discussion.

5.4.1 Morphological and chemical analysis

In Figure. 5.1 (a), | - 11l show the ATR-FTIR spectra of octyltriethoxysilane molecules
passivated etched Al substrate (OTES/AI); octyltriethoxysilane and quaternary ammonium
molecules passivated etched Al substrate (OTES-QUATS/AI); and quaternary ammonium
molecules passivated etched aluminum (QUATS/AI), respectively. The peak at 3445 cm™?,
represents the O-H and N-H stretching modes [19]. While those at 2955 cm™2, 2920 cm ™ and 2853
cm™! can be assigned to asymmetric CHs groups; and symmetric CH2 and asymmetric CH;
vibration modes [20, 21]. Again, the asymmetrical stretching vibration of the Si—O—Si molecules
are in the 1060-1100 cm™* bands. Additionally, 1646-898 cm ™ can be assigned to the C-N and C-
H stretching modes of QUATS [22, 23], (Supporting Information can be found in Figure. S 5-5).
Finally, the 1080 cm™ peak corresponds to the asymmetric Si-O-CH2CHs mode of OTES-QUATS
[20]. It is interesting to note that the increasing intensity of this peak of OTES-QUATS/AI
compared to OTES/AI (Figure. 5.1(a)(Il vs 1)) is due to symmetric and asymmetrical stretching
vibration overlaps from both the molecules of OTES and QUATS; and the resulting non-
hydrolysable reaction [20]. It has been suggested that QUATS covalently bonds to alkyl chains of
siloxane [19] through a non-hydrolysable Si-O-C bonding. Therefore, on the addition of QUATS,
the alkyl group of nitrogen (N*) - (CHzs)s covalently bonds with the octyl chains of the
octyltriethoxysilane (OTES) molecules through a non-hydrolysable reaction. [24], as

schematically modelled in Figure. 5.1 (b) (I1).
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Figure 5-1. (a) ATR-FTIR spectra of: (I) Octyltriethoxysilane molecules passivated
etched Al substrate (OTES/AI); (1) Octyltriethoxysilane and quaternary
ammonium molecules passivated etched Al substrate (OTES-QUATS/AI); (111)
Quaternary ammonium molecules passivated etched aluminum (QUATSs/AI) and
(b) Schematic model of: (I) OTES on etched aluminum (OTES/AI); (1) Formation

of OTES-QUATS on etched Al, along with (OTES/AI). © Henry Agbe, 2021.

In addition to the FTIR, SEM and EDS (Figure. 5.2 (a-b) and (c-d)) were performed to
study the morphological and the elemental composition of OTES-QUATSs molecules passivated
etched aluminum, respectively. EDS spectra show the presence of C, N, O, Al, Si and ClI, with
their corresponding K, peaks at 0.28, 0.39, 0.53, 1.49, 1.74 and 2.62 keV, respectively. As shown
in the inset in Figure 5.2 (a), chemical etching results in a topologically terraced micro and nano-
features with surface rms roughness and contact angle (CA) of 6.2 £ 1.5 pm and 16 + 0.2°

(Supporting Information, Table S 5.2), respectively, which is similar to those previously reported
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[25]. These small faceted and labyrinth micro-nano features, can trap air through the dispersed
protrusions of asperities, reducing solid-droplet contact to repel droplet over the entrapped air
layers [26]. However, OTES-QUATS/AI samples exhibited a roughness of 5.8 £ 0.5 um and a CA
of 153 + 3.7° (shown in the supporting information, Table S 5.2). Similarly, the OTES/AIl samples
showed a roughness of 6.5 + 0.5 um, and a CA of 161 * 2.3° (Supporting Information can be found
in Table S 5.2). It can be noted that the roughness of the etched and passivated samples was around

6 pm.

o 4}’,&”'“\? |
| "as sET/

A

Spectrum 1

T T T T T T T T T
1 2 3 4 5 6 7 8 9
Full Scale 70 cts Cursor: 0.000 keV| Full Scale 26 cts Cursor: 0.000 keV|

Figure 5-2. (a-b) and (c-d) SEM images and EDS spectra of etched Al substrate and OTES-
QUATS/AL respectively. X and Y-axes: Energy (keV) versus Intensity (a.u). The insets also
show the images of water drop on the respective surfaces with their contact angles. © Henry
Agbe, 2021.
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Note that the superhydrophobicity is due to combined effects of low surface energy OTES
molecules and nano—micro roughness of etched aluminum substrates. It is well known that the
micro—nano pattern on the surface allows large amount of air to be entrapped into the pattern while
the low surface energy molecules inhibits the interaction with water [27, 28]. Therefore, having a
CA > 160°, it is reasonable to assume that water drops on OTES/AI samples would roll-off easily.
However, by increasing molar ratio of QUATS/OTES, the wettability of OTES/AI sample was
monotonically converted from superhydrophobic to hydrophilic. The trend continued with loss of
superhydrophobicity (Figure 5.3). It should be mentioned that QUATS are amphiphilic surfactants
having hydrophilic head groups (nitrogen and anion halide), covalently attached to four functional
hydrophobic alkyl groups. At a high hydrophilic density (N*-CI-, O-H" etc.), surface chemistry is
altered, decreasing OTES hydrophobic groups, thus lowering CA.

Compared to CA, contact angle hysteresis (CAH) exhibited a linear relationship with
increasing molar ratio of [QUATS/OTES] (shown in the Supporting Information, Table S 5.2).
OTES passivated Al showed a CAH of 9 + 3.6°, where droplet becomes unstable and starts to roll-
off on the surfaces. However, as molar ratio of [QUATS/OTES] increased, CAH gradually
increased to 15 + 5° until droplet stuck on the surface with large values of CAH (Supporting

Information, can be found in Table S 5.2).
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Figure 5-3. Variation in contact angle as a function of QUATs/OTES molar
ratio. © Henry Agbe, 2021.

To further evaluate the durability of superhydrophobic OTES-QUATS/AI, UV accelerated
weathering test was performed. It is interesting to note that the OTES-QUATS/AI coating was
stable for 21 days with a CA > 150°; however, CA reduced gradually, until a lowest value of 121°

after 35 days (Figure S 5-6).

5.4.2 Antibacterial activity

Antibacterial property was studied by both disk diffusion and bacterial adhesion assays.
Note that disk diffusion describes antibacterial assay that utilizes the diffusion of antimicrobial

agents to inhibit the growth of microorganisms. The region surrounding antimicrobial agent, where
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microbial growth is inhibited is called the Zone of inhibition (ZOI). The larger the ZOl, the better
and effective the antimicrobial agent. It should be mentioned that QUATS are membrane-active
agents that interact with the cytoplasmic membrane of bacteria and lipids of viruses [29]. They are
very effective antimicrobial agent and first-line defence disinfectants against a wide variety of
pathogenic microorganisms, used generally for sanitizing hospital environment [30]. As shown in
Figure 5.4 (a), the disk diffusion assay results for S.A showed a zone of inhibition (ZOIl) of 39 £
0.8,34£1.6,and 12.0 £ 0.5 for ethanoic QUATSs, OTES-QUATSs and OTES, respectively. Similar
trends were also observed for the other bacteria, namely P.A and E-Coli, as given in Table 5.1.
Note that the QUATS only partially bonded to the OTES, thus the remained QUATS could leached,
forming the zone of inhibition. Again, it should be mentioned that the ZOI for OTES is due to the
antibacterial effect of ethanol [31]. Though the antimicrobial mechanism for QUATS is unclear
[32], it is generally believed that the electrostatic interaction between the positively charged
nitrogen moiety (N*) in QUATSs and the negatively charged intracellular molecules (such as
phospholipid bilayer, RNA and DNA), leads to cell membrane and cytoplasmic (lipid or protein)
perturbation resulting in subsequent bacterial death [32, 33]. Again, due to its amphiphilic nature,
hydrophobic tails can interact electrostatically with the hydrophobic groups of the phospholipid

bilayer and in the process, disrupt bacterial membrane core, leading to bacterial death [34]

174



g
3

g
o

- -
o [3,]

Adhesion Reduction of Log,, (CFU/cm?)
o
o

0.0

Figure 5-4. (a) Disk Diffusion assay of ethanoic solution of: OTES (Region S1);
OTES-QUATS (region S2); (QUATS) (region S3) and Ethanol (region S4), treated
against Staphylococcus aureus bacterium; and (b) Graphical representation of
adhesion reduction of S.A, P.A and E-coli on OTES/AIl, OTES-QUATS/AI,
QUATS/AI and etched Al substrate. © Henry Agbe, 2021.
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Table 5-1 Disk diffusion assay results of OTES-QUATS samples.

Agent Mean diameter Zone of inhibition (ZOI)(mm)
Gram-positive bacterium Gram-negative bacteria
Staphylococcus aureus P. aeruginosa (ATCC 9027) E. coli (ATCC 7839)
(ATCC 6538)

OTES 12.0+£05 11.0+1.0 11.0+£1.3

OTES- 34+£1.6 22+14 25+0.9

QUATs

QUATSs 39+0.8 2412 27+£0.8

Ethanol 13+0.8 12+0.5 12+0.5

Figure 5.4 (b) shows the graphical representation of bacterial adhesion reduction/cm? for the
model bacteria under study (shown in the Supporting Information, Table S 5.3). OTES passivated
aluminum sample showed a bacterial adhesion reduction factor of 1.6 (98%), 1.0 (90%) and 0.9
(87%) for S.A, P.A and E-Coli respectively, compared to etched Al substrate. Contrarily, OTES-
QUATS/Al samples exhibited a log reduction of 2.45 (99.9%), 1.88 (99%) and 1.85 (99 %) for same
bacteria respectively. Similarly, QUATSs/Al sample, showed a 2.39 (99.6%), 1.79 (98.4%) and 1.69
(98.0%) log reduction. However, on etched Al substrate (used as control), there were no significant
reduction in bacterial colony. Compared to OTES/AIl samples, the OTES-QUATS/AI samples were
superior and exhibited ~ two order of magnitude higher by reduction factor due to the synergistic

effects of QUATSs and OTES.
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It is worthwhile mentioning that the OTES-QUATS passivated etched aluminum compares
favourably to other superhydrophobic coatings/surfaces reported in the literature [11, 12]. For
example, in the work of Chung et al [12], a silver-perfluorodecanethiolate superhydrophobic
coatings on silicon wafer exhibited bacterial adhesion reduction factor of 77%. Also, in a related
study by Wang et al [11] a perfluorodecyltrichlorosilane superhydrophobic diamond films showed
a bacterial adhesion reduction of 90-99%. However, direct comparison of reported results in the
literature must be treated with caution, due to possible different experimental conditions. In this
study the superhydrophobic surfaces fabricated from a biocompatible siloxane precursor and a
commonly used disinfectants (QUATS), which exhibits an excellent bacterial adhesion reduction
factor of 99.9, 99 and 99 % against S.A, (Gram +ve) bacterium, and P.A and E-Coli (Gram —ve)
bacterial, respectively, appears promising. In general, the OTES-QUATSs on aluminum surface
exhibits both anti-biofouling and antibacterial properties due to the combined effects of low energy
OTES and nano—micro roughness and the presence of QUATS, respectively. As a further study,
OTES-QUATS solution was dropped cast on cotton fiber and tissue paper and exhibited water roll-
off property (Videos S5.1 & S5.2) suggesting that superhydrophobic OTES-QUATS could be
explored in fabricating anti-biofouling healthcare consumables such as nose masks, bedsheets and

medical scraps.

5.5 Conclusions

In this study, aluminum surfaces with tunable superhydrophobic, anti-biofouling and
antibacterial properties have been described. These surfaces have been fabricated by chemical

etching of aluminum substrates followed by passivation with OTES-QUATSs molecules. The
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OTES-QUATSs solution exhibited excellent antibacterial activity with a ZOl of 34 £ 1.6, 22 + 1.4,
and 25 * 0.9, against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli,
respectively. Similarly, OTES-QUATSs on aluminum surface showed superior anti-biofouling
property of 99.9, 99 and 99% bacterial adhesion reduction for same bacteria respectively, due to
both superhydrophobic nature of OTES and antibacterial nature of OUATs molecules. Overall, the
antibacterial properties of the OTES-QUATS passivated aluminum looks promising and can be
regarded as an adjunct to hand hygiene for reducing potential bacterial infections in hygiene critical

environment.

5.6 Supporting information

Table S5-1 QUATS/OTES Molar ratio.

QUATSs: OTES
Samples . _ . Volume of Ethanol (mL)
Molar Ratio x 107
1 0.000 50
2 0.087 50
3 0.174 50
4 0.360 50
5 1.737 50
6 8.682 50
7 54.000 50
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Table S5-2 Variation of surface roughness, contact angle (CA), contact angle
hysteresis, (CAH) and E-Coli adhesion reduction on etched Al; OTES/AI; OTES-
QUATS/AL; and QUATSs/AI samples.

Surface Roughness Contact Contact Angle E-Coli
Samples
(rms)/um Angles (°) Hysteresis (°) Reduction (%)
OTES/AI 6.5+05 161 +2.3 9+3.6 87.0
OTES-QUATS/AI 58+05 153+3.7 15+5 99.0
QUATS/AI 43x+04 40+0.4 > 98.0
Etched Al Substrate 6.2+15 16+0.2 > 0
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Figure S5-5. ATR-FTIR spectra showing no C-N region for (I)
octyltriethoxysilane molecules passivated etched Al substrate (OTES/AI); and
with selected region showing C—N vibration mode for (11) Octyltriethoxysilane
and quaternary ammonium molecules passivated etched Al substrate (OTES-
QUATS/AI); and (I11) Quaternary ammonium molecules passivated etched
aluminum (QUATS/AI). © Henry Agbe, 2021.
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Figure S5-6. Variation of water contact angle as a function of UV irradiation
time. © Henry Agbe, 2021.
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Table S 5-3. Bacterial count on OTES-QUATS passivated aluminum and as-received

Aluminum.
Model Aluminum OTES-
- OTES/AI UATS/AI
Bacterial Strain Substrate QUATS/AI e
Staphylococcus aureus CFU/cm? after
43,333,333 1065833 153333.3 160,000
(ATCC 6538) 3h
Reduction Rate
- %] 0 97.5 99.7 99.6
Log 10
- Reduction - 1.6 2.45 2.39
Pseudomonas aeruginosa CFU/cm? after
(ATCC 9027) ah 16,250,000 1593333 234,166.7 255000
Reduction Rate
- [%] 0 89.7 98.7 98.4
Log 10
- Reduction - 1.0 1.88 1.79
Escherichia coli CFU/cm? after
16,250,000 2,193,333 222,500 322500
(ATCC 7839) 3h
Reduction Rate
- [%] 0 86.5 98.6 98.0
Log 10
- Reduction - 0.87 1.85 1.69
t.: =
Video

C1 N\TrRrC NII1A

Video 5.51. OTES-QUATS treated cotton fiber.

!

G

Video

e~ A~tre ~nia Video 5.52. OTES-QUATS treated tissue paper.

181



5.7

10.

11.

12.

13.

14.

15.

16.

References:

Vrana, N.E., Biomaterials and Immune Response: Complications, Mechanisms and
Immunomodulation. 2018: CRC Press.

Walker, J., Decontamination in Hospitals and Healthcare. 2019: Woodhead Publishing.

Kramer, A., I. Schwebke, and G. Kampf, How long do nosocomial pathogens persist on inanimate
surfaces? A systematic review. BMC infectious diseases, 2006. 6(1): p. 130.

Oner, D. and T.J. McCarthy, Ultrahydrophobic Surfaces. Effects of Topography Length Scales on
Wettability. Langmuir, 2000. 16(20): p. 7777-7782.

M.B. Olde riekerink, J.G.A. Terlingen, J.G.A. Terlingen, G.H.M. Engbers, Jan Feijen, Selective
Etching of Semicrystalline Polymers: CF4 Gas Plasma Treatment of Poly(ethylene). 1999: p. 4847-
7463.

Momen, G., M. Farzaneh, and R. Jafari, Wettability behaviour of RTV silicone rubber coated on
nanostructured aluminium surface. Applied Surface Science, 2011. 257(15): p. 6489-6493.
Safaee, A., D.K. Sarkar, and M. Farzaneh, Superhydrophobic properties of silver-coated films on
copper surface by galvanic exchange reaction. Applied Surface Science, 2008. 254(8): p. 2493-
2498.

Brassard, J.-D., D.K. Sarkar, and J. Perron, Synthesis of monodisperse fluorinated silica
nanoparticles and their superhydrophobic thin films. ACS applied materials & interfaces, 2011.
3(9): p. 3583-3588.

Shuhao Liu, Li Hao, Yagmur Yegin, Michael Bae, Beril Ulugun, Thomas Matthew Taylor, Ethan A.
Scholar, Luis Cisneros-Zevallos, Jun Kyun Oh, Mustafa Akbulut, Dual-Functional, Superhydrophobic
Coatings with Bacterial Anticontact and Antimicrobial Characteristics. ACS Applied Materials &
Interfaces, 2020.

Elena Fadeeva, Vi Khanh Truong, Meike Stiesch, Boris N Chichkov, Russell J Crawford, James
Wang, Elena P Ivanova, Bacterial retention on superhydrophobic titanium surfaces fabricated by
femtosecond laser ablation. Langmuir, 2011. 27(6): p. 3012-3019.

Tao Wang, Lei Huang, Yuzhi Liu, Xingxing Li, Chunhua Liu, Stephan Handschuh-Wang, Yang
Xu, Ying Zhao, Yongbing Tang, Robust Biomimetic Hierarchical Diamond Architecture with a Self-
Cleaning, Antibacterial, and Antibiofouling Surface. ACS applied materials & interfaces, 2020.
12(21): p. 24432-24441.

Jae-Seung Chung, Byoung Gak Kim, Soojin Shim, Seong-Eun Kim, Eun-Ho Sohn, Jeyong
Yoon, Jong-Chan Lee, Silver-perfluorodecanethiolate complexes having superhydrophobic,
antifouling, antibacterial properties. Journal of colloid and interface science, 2012. 366(1): p. 64-
69.

Mei Zhang, Ping Wang, Hongyan Sun, Zuankai Wang, Superhydrophobic surface with hierarchical
architecture and bimetallic composition for enhanced antibacterial activity. ACS applied materials
& interfaces, 2014. 6(24): p. 22108-22115.

Hays, H.L., D. Mathew, and J. Chapman, Fluorides and Fluorocarbons Toxicity. StatPearls
[Internet], 2020.

Hsiu-Ju Yen, Jiun-Lin Horng, Ching-Hua Yu, Ching-Ya Fang, Ya-Hsin Yeh, Li-Yih Lin, Toxic effects of
silver and copper nanoparticles on lateral-line hair cells of zebrafish embryos. Aquatic Toxicology,
2019. 215: p. 105273.

Control, C.f.D. and Prevention, Severe acute respiratory illness linked to use of shoe sprays--
Colorado, November 1993. MMWR. Morbidity and mortality weekly report, 1993. 42(46): p. 885.

182


https://research.utwente.nl/en/persons/j-feijen
https://pubmed.ncbi.nlm.nih.gov/?term=Fadeeva+E&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Truong+VK&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Stiesch+M&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Chichkov+BN&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Crawford+RJ&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+J&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+J&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Ivanova+EP&cauthor_id=21288031
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+T&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Huang+L&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+Y&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Li+X&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+C&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Handschuh-Wang+S&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+Y&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+Y&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Zhao+Y&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Tang+Y&cauthor_id=32342682
https://pubmed.ncbi.nlm.nih.gov/?term=Chung+JS&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+BG&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Shim+S&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Kim+SE&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Sohn+EH&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Yoon+J&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Yoon+J&cauthor_id=22018531
https://pubmed.ncbi.nlm.nih.gov/?term=Lee+JC&cauthor_id=22018531
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Zuankai++Wang
https://pubmed.ncbi.nlm.nih.gov/?term=Yen+HJ&cauthor_id=31445453
https://pubmed.ncbi.nlm.nih.gov/?term=Horng+JL&cauthor_id=31445453
https://pubmed.ncbi.nlm.nih.gov/?term=Yu+CH&cauthor_id=31445453
https://pubmed.ncbi.nlm.nih.gov/?term=Fang+CY&cauthor_id=31445453
https://pubmed.ncbi.nlm.nih.gov/?term=Yeh+YH&cauthor_id=31445453
https://pubmed.ncbi.nlm.nih.gov/?term=Lin+LY&cauthor_id=31445453

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

33.

Meier, M., V. Dubois, and S. Seeger, Reduced bacterial colonisation on surfaces coated with
silicone nanostructures. Applied Surface Science, 2018. 459: p. 505-511.

Arash Bahrami, Reza Rezaei Mokarram, Mahmoud Sowti Khiabani, Babak Ghanbarzadeh, Roya
Salehi, Physico-mechanical and antimicrobial properties of tragacanth/hydroxypropy!
methylcellulose/beeswax edible films reinforced with silver nanoparticles. International journal of
biological macromolecules, 2019. 129: p. 1103-1112.

Kuo-Hui Wu, Je-Chuang Wang, Jo-Yu Huang, Chen-Yang Huang, Yi-Hui Cheng, Nien-Tung Liu,
Preparation and antibacterial effects of Ag/AgCl-doped quaternary ammonium-modified silicate
hybrid antibacterial material. Materials Science and Engineering: C, 2019. 98: p. 177-184.

Hasan, A. and L.M. Pandey, Kinetic studies of attachment and re-orientation of octyltriethoxysilane
for formation of self-assembled monolayer on a silica substrate. Materials Science and
Engineering: C, 2016. 68: p. 423-429.

Zhang, F. and M. Srinivasan, Self-assembled molecular films of aminosilanes and their
immobilization capacities. Langmuir, 2004. 20(6): p. 2309-2314.

Si-Dong Li, Pu-Wang Li, Zi-Ming Yang, Zheng Peng, Wei-Yan Quan, Xi-Hong Yang, Lei Yang, Jing-
ling Dong, Synthesis and characterization of chitosan quaternary ammonium salt and its
application as drug carrier for ribavirin. Drug delivery, 2014. 21(7): p. 548-552.

Kurrey, R., M.K. Deb, and K. Shrivas, Surface enhanced infra-red spectroscopy with modified silver
nanoparticles (AgNPs) for detection of quaternary ammonium cationic surfactants. New Journal
of Chemistry, 2019. 43(21): p. 8109-8121.

Poberznik, M. and A. Kokalj, Implausibility of bidentate bonding of the silanol headgroup to
oxidized aluminum surfaces. Applied Surface Science, 2019. 492: p. 909-918.

Escobar, A.M. and N. Llorca-Isern, Superhydrophobic coating deposited directly on aluminum.
Applied surface science, 2014. 305: p. 774-782.

Hosono E, Fujihara S, Honma |, Haoshen zhou, Superhydrophobic perpendicular nanopin film by
the bottom-up process. Journal of the American Chemical Society, 2005. 127(39): p. 13458-13459.
Wenjing Ma, Yichun Ding, Mengjie Zhang, Shuting Gao, Yuansheng Li, Chaobo Huang, Guodong
Fu, Nature-inspired chemistry toward hierarchical superhydrophobic, antibacterial and
biocompatible nanofibrous membranes for effective UV-shielding, self-cleaning and oil-water
separation. Journal of hazardous materials, 2020. 384: p. 121476.

Brassard, J.-D., D.K. Sarkar, and J. Perron, Studies of drag on the nanocomposite superhydrophobic
surfaces. Applied Surface Science, 2015. 324: p. 525-531.

Gerba, C.P., Quaternary ammonium biocides: efficacy in application. Appl. Environ. Microbiol.,
2015. 81(2): p. 464-469.

Megan C Jennings, Bettina A Buttaro, Kevin P C Minbiole, William M Wuest , Bioorganic
investigation of multicationic antimicrobials to combat QAC-resistant Staphylococcus aureus. ACS
infectious diseases, 2015. 1(7): p. 304-309.

Batzing, B.L., Microbiology: an introduction. 2002: Brooks/Cole Pacific Grove, CA.

Gregory A. Knauf, Ashley L. Cunningham, Misha I. Kazi, lan M. Riddington, Alexander A. Crofts,
Vincent Cattoir, M. Stephen Trent, Bryan W. Davies, Exploring the antimicrobial action of
quaternary amines against Acinetobacter baumannii. MBio, 2018. 9(1): p. e02394-17.

Minghao Zeng, Jiayun Xu, Quan Luo, Chunxi Hou, Shanpeng Qiao, Shuang Fu, Xiaotong
Fan, Jungiu Liu, Constructing antibacterial polymer nanocapsules based on pyridine quaternary
ammonium salt. Materials Science and Engineering: C, 2020. 108: p. 110383.

183


https://pubmed.ncbi.nlm.nih.gov/?term=Bahrami+A&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Rezaei+Mokarram+R&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Sowti+Khiabani+M&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Ghanbarzadeh+B&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Salehi+R&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Salehi+R&cauthor_id=30213572
https://pubmed.ncbi.nlm.nih.gov/?term=Wu+KH&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Wang+JC&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Huang+JY&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Huang+CY&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Cheng+YH&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+NT&cauthor_id=30813017
https://pubmed.ncbi.nlm.nih.gov/?term=Li+SD&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Li+PW&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Yang+ZM&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Peng+Z&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Quan+WY&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Yang+XH&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Yang+L&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Dong+JJ&cauthor_id=24215307
https://pubmed.ncbi.nlm.nih.gov/?term=Dong+JJ&cauthor_id=24215307
https://europepmc.org/authors/0000-0001-6941-2327
https://europepmc.org/authors/0000-0003-1299-1369
https://europepmc.org/authors/0000-0002-6536-576X
https://pubmed.ncbi.nlm.nih.gov/?term=Ma+W&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Ding+Y&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Zhang+M&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Gao+S&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Li+Y&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Huang+C&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Fu+G&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Fu+G&cauthor_id=31699485
https://pubmed.ncbi.nlm.nih.gov/?term=Jennings+MC&cauthor_id=27622820
https://pubmed.ncbi.nlm.nih.gov/?term=Buttaro+BA&cauthor_id=27622820
https://pubmed.ncbi.nlm.nih.gov/?term=Minbiole+KP&cauthor_id=27622820
https://pubmed.ncbi.nlm.nih.gov/?term=Wuest+WM&cauthor_id=27622820
https://www.ncbi.nlm.nih.gov/pubmed/?term=Knauf%20GA%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cunningham%20AL%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kazi%20MI%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Riddington%20IM%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Crofts%20AA%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cattoir%20V%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Trent%20MS%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://www.ncbi.nlm.nih.gov/pubmed/?term=Davies%20BW%5BAuthor%5D&cauthor=true&cauthor_uid=29437928
https://pubmed.ncbi.nlm.nih.gov/?term=Zeng+M&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Xu+J&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Luo+Q&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Hou+C&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Qiao+S&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Fu+S&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Fan+X&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Fan+X&cauthor_id=31923992
https://pubmed.ncbi.nlm.nih.gov/?term=Liu+J&cauthor_id=31923992

34, Yang Jiao, Li-Na Niu, Sai Ma, Jing Li, Franklin R Tay, Ji-Hua Chen, Quaternary ammonium-based
biomedical materials: State-of-the-art, toxicological aspects and antimicrobial resistance.
Progress in Polymer Science, 2017. 71: p. 53-90.

184


https://pubmed.ncbi.nlm.nih.gov/?term=Jiao+Y&cauthor_id=32287485
https://pubmed.ncbi.nlm.nih.gov/?term=Niu+LN&cauthor_id=32287485
https://pubmed.ncbi.nlm.nih.gov/?term=Ma+S&cauthor_id=32287485
https://pubmed.ncbi.nlm.nih.gov/?term=Li+J&cauthor_id=32287485
https://pubmed.ncbi.nlm.nih.gov/?term=Tay+FR&cauthor_id=32287485
https://pubmed.ncbi.nlm.nih.gov/?term=Chen+JH&cauthor_id=32287485

CHAPTER 6



CHAPTER 6

Chapter 6 is under peer review in the Journal of Materials Chemistry B, and authored by
Henry Agbe, Dilip Sarkar Kumar, and X-Grant Chen. As a first author, | conceived, designed, and
performed all experiments, analyzed and interpreted the results, as well as wrote both the original

and final manuscript.

6 Abstract

A two-step electrochemical deposition process has been deployed to fabricate AgsPOa
antibacterial coating on anodized aluminum surfaces. Structural, morphological, and chemical
compositional analyses characterized by XRD, SEM and FTIR, confirm the formation of
crystalline AgsPO4 nanoparticles. The AgsPO4 coated anodized aluminum resulted in 100%
Escherichia coli (E. coli) bacteria inactivation. Furthermore, susceptibility and photocatalysis
studies on powdered (5 pg/mL) AgsPOs nanoparticles showed excellent antibacterial properties
with a zone of inhibition of 20 + 1.3 mm and 100% E. coli inactivation under 15 min of visible-
light irradiation. Additionally, the electrochemically synthesized AgsPOa4 coating on anodized

aluminum exhibited a remarkably high adhesion.

6.1 Introduction

Silver is a metallic element of great value in human civilisation. It finds application in
photography, catalysis and antimicrobial applications among many others [1]. In particular,

antimicrobial property of silver has been known throughout history, and was used to fight



microbial infections until the discovery of penicillin in the 1940s [2]. However, the inherent ability
of microorganisms to mutate, coupled with indiscriminate use of antibiotics has resulted in the
development of antimicrobial resistant strains to conventional antibiotics, necessitating the need
for novel antimicrobial solutions. In this regard, nanotechnology can serve as an important toolKkit
for synthesizing variety of promising antimicrobial materials such as antimicrobial silver
phosphate nanoparticles.

Silver phosphate (AgsPOs) is a high quantum yield visible-light active photocatalytic
nanomaterial [3]. Since its discovery by Yi et a | [4] in 2010, various groups have reported on the
excellent photocatalytic performance of AgsPOs for various applications, including water
purification, environmental remediation, water splitting and most importantly, the antibacterial
applications [3, 5, 6]. Xie X et al [7] demonstrated an antibacterial property of silver phosphate
using the synergistic effect of Ag* ion and reactive oxygen species (ROS) in both vitro and in vivo
systems [7]. They showed that by immobilizing polydopamine (PDA)/AgsPOa4/graphene oxide
(GO) coatings on both titanium alloy and polyether ether ketone (PEEK), the hybrid coating could
maintain a repeatable and sustained antibacterial efficacy against both Staphylococcus Aureus
(gram +ve) and E. coli (gram —ve). Similarly, in the work of Yingde Xu et al [8], a synergistic
antibacterial effects of nanospikes and AgsPOs-TiO2- photocatalyst was able to inactivate both
Staphylococcus Aureus (gram +ve ) and E.coli (gram —ve) bacteria under 20 min of visible light
irradiation. Meanwhile, Zhang, C et al [9] showed that nanocomposite power of polyvinyl alcohol
hydrogel (PAH), reduced graphene oxide (RGO), molybdenum disulphide (MoSz) and silver
phosphate (AgsPO4), under co-irradiation of 660 nm (visible light) and 808 nm (near-infrared
light) could inactivate both Staphylococcus aureus and E.coli bacteria [9]. Note that antibacterial

property of AgsPOs, can also be enhanced by the PO4*> groups, which can attract bacteria in a
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“Trojan horse system”, interfering with the Adenosine triphosphate/Adenosine diphosphate
(ATP/ADP) interconversion cycle through competitive inhibition pathways to inactivate bacterial

cell [10].

Conventionally, AgsPOs has been synthesized by ion exchange, precipitation and
hydrothermal synthesis processes [11]. Hong L. et al, used hydrothermal method to fabricate a
Bi»Sz nanorod (NR) arrays on titanium (Ti) implants, followed by a stepwise electrostatic
adsorption of AgsPOs nanoparticles (NPs) [12]. While the coating demonstrated an excellent
biocompatibility and antibacterial properties against both Staphylococcus aureus and E. coli, the
adhesive property of the coating on the titanium implants was not reported. For application on
frequently touched surfaces such as doorknobs and countertops, where coatings must adhere to
underlying substrates, wet chemistry technique such as electrochemical deposition processes are
desirable., Yi et al [4] has reported AgsPOs synthesis by electrochemical process for deposition
on indium tin-oxide (ITO)-coated glass substrate. However, their application was not focussed on
antibacterial properties, and rather, on successful coating for water splitting application.
Furthermore, electrochemical silver-phosphate synthesis has been limited to hydroxyapatite-based
compounds [13-15], presumably due to their unique osseo-integration property as reported. Fu et
al [13] deplored a two-step electrochemical process to fabricate a silver-hydroxyapatite (Ag-
Caio(PO4)s(OH)2) on titanium alloy surface for orthopaedics and dental implant applications. The
titanium alloy was first coated with hydroxyapatite during the oxidation process, followed by silver
nanoparticles deposition on the hydroxyapatite during the reduction process. Their silver-
hydroxyapatite coated titanium alloy was effective in inhibiting the growth of gram (-) E. coli

bacteria by 87% in a span of 8 h. In a similar study, Mokabber et al [14] used a pulsed
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electrodeposition method to fabricate silver-calcium phosphate coatings on titanium substrates.
The silver-calcium phosphate coatings exhibited an antibacterial efficiency between 76 to 99.7%
for Staphylococcus aureus bacterium in 48 h. In a related study, Jianghong L. et al [16] fabricated
a pyrrole/hydroxyapatite/ZnO-Ag-Cu nanocomposite coatings on Ti substrate using pulse
electrochemical method. During the oxidation step, pyrrole was polymerized into polypyrrole, and
then followed by nucleation and growth of hydroxyapatite (from PO4>-based electrolyte) during
the reduction step. This coating was not only effective in inactivating bacteria, but also in
promoting growth and proliferation of both Vascular Endothelial Cells (VECs) and Bone Marrow
Mesenchymal Stem Cells (BMSCs). From the foregoing, it is noticeable that reported work on
electrochemical process has been limited to titanium alloys due to their biocompatibility [17-21].
However, as aluminum is a commonly used engineering material for general construction and
fabrication of frequently touched surfaces, it is important the surface of aluminum be modified to
exhibit antibacterial property via electrochemical process such as deposition of silver phosphate
on the anodized aluminum oxide surfaces.

In the present work, a two-step electrochemical process has been deployed to fabricate
Ag3PO4 nanoparticles on anodized aluminum oxide for antibacterial applications. Ag* ion was first
reduced to Ag® metal at a reduction process, while the metallic Ag® was oxidized again into Ag*
ion. Antibacterial properties of the AgsPO4 coated anodized aluminum (AgsPO4/AAO/Al) were
studied by a novel dry seeding, Kirby Bauer disk diffusion and photocatalytic assays, showing

promising results for application on frequently touched aluminum parts.
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6.2 Experimental section

6.2.1 Anodization of aluminum

AA6061-T6 aluminum alloys of dimensions 2.54 cm x 5.08 cm were degreased under
ultrasound washing in a diluted soap solution (LIQUINOX), followed by distilled water for 15
minutes. Next, 1 M NaOH (VWR) chemical etching at 55 °C was performed for 3 minutes to
remove the weak native oxide layer from the clean Al surfaces. The etched Al substrates were then
immersed in HNOs solution (10 wt. %, VWR) for desmutting, followed by rinsing in distilled
water. Subsequently, etched and desmutted Al alloys were anodized in an acidic electrolyte of 3
wt.% HsPO4 (VWR) in galvanostatic mode at a constant current density of 40 mA/cm? for 120
minutes. The electrochemical cell was equipped with a 600 W direct current power supply
(Ametek Sorensen DCS 100-12E, Chicoutimi, QC, Canada), a quartz-jacketed beaker with
circulating cold water (5 °C), and a small magnetic Teflon stirrer, rotating at 2000 rpm. Finally,
the anodized aluminum oxide (AAO/AI) samples were dried at 70 °C overnight in an electric oven

(VWR). For quality control and reproducibility, each experiment was repeated in triplicate.

6.2.2 Electrochemical deposition of AgsPOs nanoparticles

A two-step redox electrochemical process was deployed to deposit AgsPO4 nanoparticles
in situ on anodized aluminum oxide layer (AAO/AI) in a regular two-electrode cell. In the first
stage, AAO/AI and as-received aluminum (used as cathode and anode electrodes, respectively)

were immersed in a 0.12 M AgNOs electrolyte solution under a -1.0 V DC potential and a
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temperature of 65 + 1 °C, while stirring with a magnetic Teflon stirrer rotating at 500 rpm for 15,
30 and 60 minutes. In the second stage, electrodes were exchanged, where the Ag coated anodized
aluminum oxide (Ag/AAO/AI) and as-received aluminum were used as anode and cathode,
respectively. The electrodes were immersed in a 0.12 M sodium orthophosphate (NazHPO4)
electrolytic solution under a 10 V DC potential for 60 seconds at a temperature of 65 + 1 °C. During
this process, metallic Ag°® oxidizes to react with orthophosphate anions (PO4>) to form the AgsPO4
[4] in situ on anodized aluminum pores. To investigate antibacterial activity in aqueous conditions,
powder form of AgsPOswas also prepared, by following a modified ion-exchange process
described in our previous contribution [3]. Briefly, 0.12 M AgNOz was completely dissolved in
100 mL distilled water under constant magnetic stirring. Next 0.12 M of Na;HPO4 was added
dropwise to above solution under continuous stirring for 15 minutes to form the AgsPO4 deposits
in the solution. The powdered AgsPO4 was washed severally with deionised water, followed by

drying at 70 °C overnight in an electric oven (VWR).

6.2.3 Sample characterization

The micro-nanostructure and morphological analyses were performed using Scanning Electron
Microscopy (SEM, JEOL JSM-6480 LV, Pleasanton, USA). Elemental composition of the AgsPO4
nanoparticles were further analyzed with the SEM equipped energy-dispersive spectroscopy
(SEM/EDS). The crystalline structure and chemical composition were analyzed using X-ray
powder diffraction (XRD) (a Bruker D8 Discover system) and attenuated total reflection-Fourier
transform infrared (ATR, Agilent Technologies Cary 630 FTIR), respectively. The XRD data are

collected in the 260 range of 10—80° with a step size of 0.02°, while the FTIR spectra were collected
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in the range of 4000 — 500 cm™. Crosshatch Cutter, ASTM D-3359, (ASTM standard) was used to

evaluate adhesion level of the AgsPO4 coated anodized aluminum.

6.2.4 Antibacterial assays.

Antibacterial performances were determined by dry seeding, Kirby Bauer disk diffusion
assays and photocatalysis. Dry seeding was performed as follows: The E. coli bacterium (ATCC
8739), was grown overnight from frozen (—80 °C) glycerol stock in tryptic soy broth (TSB) (Hardy
Diagnostics) at 37 °C. A sub-culture was prepared on the fresh TSB (37 °C) to obtain bacterial cell
density of 102 colony forming units/milliliter, (CFU)/mL. Cell density was determined at a
wavelength of 625 nm at an absorbance of 0.1. Next, 5 uL of bacterial inoculum was seeded onto
a sterile 2.54 cm x 2.54 cm AgsPO4 coated anodized aluminum and control coupons. Coupons
were incubated at ambient conditions of temperature (25 °C) and relative humidity (50 = 10%) in
a Class Il Biological safety cabinet for a pre-determined contact time (0, 15, 60, 90, 240 and 1440
minutes). Sterile swab was then used to sample bacteria into a physiological saline (0.85 wt.%
NaCl), followed by serial dilutions and plating on tryptic soy agar (TSA). Agar plates were then
aerobically incubated at a temperature of 37 °C for 24 h to yield countable viable bacterial colonies
(30-300 colonies per plate). Three independent experiments were performed from fresh culture
and repeated to determine number of viable bacteria. Data were analyzed by a one-way analysis
of variance (ANOVA) with the Tukey—Kramer multiple comparison test. Results were considered
significant at p < 0.05. Antibacterial efficiency was calculated as: [(A-B)]/Ax100 %, where A =
colony-forming unit per cm? (CFU/cm?) of viable bacteria on AgsPO4 coated anodized aluminum

coupon and B = CFU/cm? of viable bacteria on as-received aluminum coupon (as control).
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The Kirby Bauer disk diffusion assay was prepared as described in our previous work [22].
Similar protocol described above was used to grow bacterial culture. For photocatalysis-mediated
E. coli inactivation, 2g/L AgsPO4 or commercially available TiO, anatase (positive control)
powder were dispersed in physiological saline, containing E. coli inoculum. Next, the reactor
flasks were exposed to either the visible light (25-watt table lamp, 17.3 W/m?) or the UV-A light
(30-watt UV-A lamp, 259 nm, 21 W/m?) under constant stirring, with 1 ml aliquots withdrawn for
pre-determined time of 0, 15, 30 and 60 minutes to determine bacteria concentration. This was
determined by performing serial dilution, followed by streaking to obtain a bacterial lawn. After
incubation at 37 °C for 24 h, the number of viable E. coli cells were counted. Bacterial inactivation

rate was calculated using equation 3.8 as showed in chapter 3.

6.3 Results and discussion.

6.3.1 Deposition of AgsPO4 on anodized aluminum oxide layer

A two-step redox electrochemical process was deployed to deposit AgsPOs in situ on an
anodized aluminum oxide (AAO/AI) according to Equations 6.1 and 6.2.
Cathodic reaction:
Ag” +e— Ag, (6.1)
Anodic reaction:
3Agl + POY — Ag,PO, | +3e (6.2)

During the reduction process, a -1.0V potential reduces Ag* ion into metallic Ag® in situ on

AAO/AI (Figure. 6.1(A)). Evidently, this is a typical current-time transient curve for instantaneous
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silver growth [23], where incoming silver atoms occupy all nucleation sites simultaneously at the
instant of deposition [24]. As shown in Figure. 6.1(A), current density increased linearly with time
and attained a maximum peak of 376 pA/cm? and 831 pA/cm? after 15 and 60 minutes of
electrodeposition, respectively. It should be mentioned that the barrier oxide layer (~250 nm in
thickness) of typical sulphuric acid anodized aluminum presents a challenge for metal
electrodeposition [25]. Traditionally, two steps have been utilized for DC metal electrodeposition
on anodized aluminum. These methods involve removal of base aluminum metal with saturated
HgCl> solution in the first step, and metallization of the anodized alumina, prior to
electrodeposition using high applied voltage (> 5V)[25]. However, this is not only cumbersome
and time consuming, but also the high applied potential leads to hydrogen gas evolution from

water splitting, and an unstable coating [25].

To circumvent this phenomenon, anodization of aluminum was performed with a 3 wt.%
H3PO4 and the electrochemical silver reduction achieved at an optimal potential of -1.0V. The
mass of silver determined from Equation 6.3 was found to increase linearly with deposition time
(Figure. 6.1(B)), where M is the molar mass of deposited Ag® (107.87 g mol™), or PO4 (94.97 ¢
mol™?), Z is the number of electrons transferred or accepted in the redox reaction, F is Faraday’s

C/mol), 1, the current (A) and t, the time (s)

MIt
m = ; (6.3)

Calculated mass of silver was 0, 0.4, 1.6 and 3.4 mg for electrodeposition time of 0, 15, 30
and 60 minutes, respectively and equivalent mass of PO4 of 0.3 mg. (Supporting Information,
Table S6.1). After deposition of Ag in AAO/ALI, this electrode was used in the solution of Na;HPO4

to deposit AgsPOg4. Figure. 6.1(C) shows the current-time (I-t) transient curve on the growth of
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AgsPO4 from the deposited Ag in the electrolyte of Na2HPO4, utilizing a constant voltage of +10

V.
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Figure. 6-1. Graphical representation of: (A) Current-time (I-t) transient curve of
silver deposition on AAO/AI for 15, 30, and 60 minutes, (B) Calculated mass of Ag
from (A); (C) Current-time (I-t) transient curve for electrodeposition of AgzPO4 on
AAO/AI. © Henry Agbe, 2021.
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During the oxidation process, metallic Ag® oxidizes to Ag*, which in turn reacts with
NaHPOs. Specifically, as metallic Ag® oxidizes, Ag* reacts with PO4> to electrochemically
precipitate AgsPO4[4] in situ on anodized aluminum (AgsPO4/AAO/AIl) according to Equation.

6.4
3AgNO, + Na,HPO, — Ag,PO, ¥ +2NaNQ, + HNO, (6.4)

It is observed that this reaction occurred faster and completed in just one minute of +10V. The
applied potential among other factors (concentration and pH of electrolyte) plays an important role
in electrodeposition. This is due to the fact that the number of active nucleation sites and growth
of metallic silver are proportional to applied potential [24].

Morphological analysis of both anodized aluminum oxide (AAO/AI) and AgsPO. coated
anodized aluminum (Ag:PO4/AAO/Al) were characterized by SEM. Figure. 6.2(A) shows the
SEM micrograph of AAO/AI, exhibiting typical porous morphological features [22]. Figure.
6.2(B), (C) and (D) show SEM micrographs of AgsPOs deposited electrochemically on anodized
aluminum using deposited silver for 15, 30 and 60 minutes, respectively. Evidently, the number
density of AgsPO4 nanoparticles increased linearly with electrodeposition time, where 15 minutes
led to a randomly distributed and fewer particles of average size, 33 = 9 nm (Figure. 6.2 (B) and
Supporting Information, Figure. S 6.1). However, as the electrodeposition time increased to 30
minutes, the number density of the particles increased accordingly, as characterized by few isolated
uncoated areas (Figure. 6.2 (C)). With further increase in deposition time to 60 minutes, individual
Ags3PO4 nanoparticles of size 91 + 27 nm presumably merged to form nanoclusters, covering the
entire area, (Figure. 6.2 (D) and Supporting Information, Figure. S 6.1). Nanoclusters of AgsPOa
appears to be deposited in situ on AAO/AI pores of diameter of 151 £ 37 nm, as shown in Figures.

6.2.(E) and (F).
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Figure. 6-2. SEM images of (A) AAO/AI; and electrodeposition of AgsP4 on
AAO/AI using deposited silver for (B) 15 minutes; (C) 30 minutes; and (D) 60
minutes, respectively; and high magnification images of (E) AAO/AI and (F)

AgsPO4 on AAO/AIL. © Henry Agbe, 2021.
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Since chemical nature of AgsPO4 coated anodized aluminum is important for determining Ag*
release kinetics, a representative portion of AgsPO4 coated anodized aluminum using 60 minutes
deposited silver, was examined using EDS elemental mapping. Among serval locations of the
elemental mapping, Fig. 6.3(A) shows the SEM micrograph of the representative site, while the
Figures. 6.3 (B), (C), (D) and (E) show the elemental mapping of Al, O, Ag and P, respectively.
Notably, Al and O, arising from porous oxide layer of AAO/AI covered the entire selected area
(Figure. 6.3(B) and (C)), confirming the successful anodization. In addition, uniformly distributed
patterns of Ag nanocluster are visibly distributed on entire selected area, as evident in Figure. 6.3
(D). A similar trend was observed for P, albeit a low mass (Figure. 6.3 (E)). It should be reiterated
that a relative mass of 11.333 (Ag*/POs4) was observed for AgsPO4 coated anodized aluminum.
From both SEM micrograph and EDS elemental mapping, it is evident that AgsPO4 nanoparticles
was uniformly deposited on entire range of randomly selected area of the AgsPO4 coated anodized
aluminum. Additionally, EDS confirmed the elemental composition to consist of O, Al, and P with
corresponding K, peaks values at 0.52, 1.48, 2.01 keV respectively, and L, peak of Ag at 2.98 keV

(Figure. 6.3 (F) and Figure. 6.4).
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Figure.6-3. EDS mapping of electrodeposition of AgsPOs on AAO/AI: (A) SEM
image; (B) Al; (C) O; (D) Ag; (E) P; and (F) Elemental composition. X and Y-axes:

Energy (keV) versus Intensity (a.u). © Henry Agbe, 2021.

As a further study, X-ray diffraction (XRD) analysis was performed to confirm the crystal
structure of the AgsPO4 coated anodized aluminum. Figure. 6.5 (I-11)) shows the XRD spectra of
body centered cubic (bcc) crystal structure of AgsPO4 and the face centered cubic (fcc) structure
of aluminum. All XRD patterns match well with standard data of AgsPOaswith prominent peaks
for 20 at 20.8°, 29.7°, 33.3°, 36.5", 42.4°, 47.8°52.6°, 55.0°, 57.2°, 61.6°, 70.0°, 71.8" and 73.7", with
corresponding planes (110), (200), (210), (211), (220), (310), (222), (320), (321), (400), (411),
(420) and (421), respectively (JCPDS No. 06-0505) [3]. The 26 for aluminum of planes (200),

(220) and (311), corresponds to 38.75°, 67.0° and 78.3, respectively (JCPDS file No. 04-0787)
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[26]. These results show that the electrodeposited AgsPO4 nanoparticles are of high crystallinity

and purity.
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Figure. 6-4. EDS spectra of electrodeposition of AgsPOs on AAO/AI using
deposited silver for (1) 15 minutes, (I1) 30 minutes and (111) 60 minutes; and
(IV) Powdered AgsPOs4, respectively.© Henry Agbe, 2021.
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Figure.6-5. XRD spectra of (I) Powdered AgsPOy4; and (I1) Electrodeposition
of AgsPOs on AAO/AI. © Henry Agbe, 2021.

Figure. 6.6 (A) shows the ATR-FTIR spectra of electrodeposition of AgsPO4 on AAO/AI using
deposited silver for 15, 30 and 60 minutes; and powdered AgsPOa (I-1V), respectively. The broad
absorption bands of 3400-3500 cm™ located at the high-frequency region can be assigned to the
stretching vibration of H-O—H [27]. The two absorption peaks at the lower frequency region
centered at 1650 cm™2, correspond to bending vibration bond of O—H of absorbed water molecules,
while the 1353 cm™ can be attributed to the Ag—O vibration bond [28] of electrodeposited silver.
Similarly, peaks at low frequency regions at 930 cm™ and 550 cm™ can be ascribed to the
molecular vibrations of POs*>~ and Ag — O bonds, respectively [28]. As expected, increased

electrodeposition time, such as 60 minutes, increases intensity of Ag-O absorption peaks at both
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Absorbance (a.u)

1353 cm™* and 550 cm 2. In addition, P-O peak appears to shift towards a lower frequency region

as Ag-O peak increases. Contrarily to strong absorption peak associated with Ag-O vibration band

at 1353 cm* for 60 minutes of electrodeposition, no signal was detected for the 15- and 30-minutes

counterparts (Figure. 6.6 (A) (I and 11)). Furthermore, analysis of selected region of interest (560-

540 cm ™), confirmed a linear relation between the integrated peak area and electrodeposition time

(Figure. 6.6 (B). Thus, the coating obtained from 60 minutes of electrodeposition was selected for

the remainder of the study.
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Figure. 6-6. (A) ATR-FTIR spectra of electrodeposition of AgsPOs on AAO/AI
using deposited silver for (1) 15 minutes, (1) 30 minutes and (l11) 60 minutes and
(IV) Powdered AgsPOg, respectively; and (B) Graphical representation of peak area
with electrodeposition time. © Henry Agbe, 2021.
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Since the AgsPOs4 coated anodized aluminum is intended for frequently touched surfaces

application, stability of such coatings is important. Therefore, a crosshatch adhesion tester

based on ASTM D-3359 standard was used to evaluate the adhesion level of the AgzPO4 coating
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with the anodized aluminum (AgsPO4+/AAO/Al). According to the ASTM standard, a grade 5B
defines the highest level of adhesion of a coating with its substrate with the levels decreasing
with lower grades, namely, 4B, 3B, 2B and 1B, while 0B defines the least adhesion level
referring to very poor adhesion of the coating [29]. As evident from Figure. 6.7,
electrodeposited AgsPOs on anodized aluminum (AgsPO4/AAO/Al) exhibited the highest
adhesion level of grade 5B, compared to electrodeposited AgsPOas on as-received aluminum
with the lowest adhesion level of grade of 0B. The strong adhesion of AgsPO4 coatings on
anodized aluminum may be attributed to both anodization process and presence of P—O-P
groups which interact covalently with Al2Os3 to form P-O-Al via strong monodentate bonding
[30]. Hence, AgsPO4 coated anodized aluminum is found to be durable and therefore, ideal for

practical applications.

Figure. 6-7. Digital images of scratch test based on American Standard Test Method
(ASTM D-3359) showing the adhesion of electrodeposited AgzPO4 on (A) As-
received aluminum and (B) AAO/AI. © Henry Agbe, 2021.
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6.4 Antibacterial assays

Antibacterial activity was studied by a novel dry seeding assay, Kirby Bauer disk diffusion assay
and photo-induce catalysis. The dry seeding assay was performed to mimic near-dry conditions of
frequently touched surfaces in hospital environments. The antibacterial performance of
AgsPO4/AAO/AI obtained from 60 minutes deposited silver was compared with control coupons

such as copper, anodized aluminum oxide (AAO/AI) and as-received aluminum (Figure. 6.8).
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Figure. 6-8. Antibacterial activity of E. coli bacteria on AgsPO4 coated anodized
aluminum (AgsPO4 /AAO/AI) compared to control samples (copper, AAO/AI and

as-received aluminum) under different contact times. © Henry Agbe, 2021.

Compared to copper and AAO/AI surfaces, which resulted in 12% and 6% E. coli bacteria death,
respectively, AgsPO4/AAO/AI led to ~ 50% bacteria death in 15 minutes. However, after 60
minutes, a 100% bacteria killing was observed for all three conditions, which is consistent with

other reports on copper [31, 32]. On the other hand, we found that AAO/Al is able to inactivate E.
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coli bacteria after 60 minutes of contact, which is presumably due to nanoscale topographical
features of pore diameter, surface roughness, and oxide layer thickness. Anodizing aluminum with
3wt.% HsPOq at a current density of 40 mA/cm? and anodization time of 120 minutes, exhibits a
pore diameter of 151 £ 37 nm, a cell dimeter of 239 + 53 nm, an oxide layer thickness of 5.3 £ 0.4
nm, a rms roughness of 2.9 = 0.7um and antibacterial efficiency of 100%. It should be mentioned
that since topography-mediated antibacterial cicada wings was first reported by lvanova and co-
workers [33] against Pseudomonas aeruginosa (gram -ve) bacterium, and their subsequent report
on synthetic analogue, black silicon [34], these surfaces have attracted the interest of the scientific
community due to their non-toxicity and durability. However, antibacterial mechanism of the
topography-mediated antibacterial aluminum alloy is not provided here. Additionally, as can be
seen, E. coli bacteria survived quite well on as-received aluminum. After 1440 minutes of bacterial
contact, ~ 33% of E. coli bacteria was still persistent on as-received aluminum. This is worrisome;
as such bacterial contaminated surface could lead to healthcare associated infections [35]. It has
also been reported that multi-drug resistant (MDR) pathogens survived on inanimate dry high-
touch surface for months [35-37]. Thus, our AgsPO4/AAO/AI surfaces, which present better
antibacterial effects, show sound promises to reduce both microbial burden and nosocomial

infections in hygiene critical environment.
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Antibacterial property of AgsPOs (5 pg/mL) was further analyzed using Kirby Bauer disk
diffusion assay. Figure. 6.9 (A) and (B) show the zone of inhibitions (ZOl) of E. coli bacteria by
AQgsPOs4, under visible light and dark conditions, compared with commercially available
antibacterial standard (as positive control) and deionized water (as negative control). The region
surrounding an antibacterial agent where the growth of bacteria is inhibited or inactivated is called
the zone of inhibitions (ZOl). The ZOI for AgsPOs, under light and dark conditions were found to
be 20 £ 1.3 mm and 15 £ 1.0 mm, respectively compared to 26 £ 1.7 mm for the commercially
available standard, while the bacteria grew successfully around negative control sample.
Antibacterial activity of AgsPOain the dark conditions may be attributed to the presence of Ag™.
It should be mentioned that ~5 mm gain in ZOI by visible light activated AgsPOs, is due to its

photocatalytic nature.
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Figure. 6-9. (A). Antibacterial activity of powered AgsPO4 nanoparticles against of
E. coli (in both light and dark conditions) compared with controls (industrial standard
and distilled water); and (B) Disk diffusion assay of AgsPOs nanoparticles: Ring 1
(AgsPOa) (in light); Ring 2 (AgsPOs) (in dark); Industrial standard: Ring 3; Distilled
water Ring 4. Data represent three independent experiments. © Henry Agbe, 2021.
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These ZOI compare favourably with those reported on free releasing silver or silver-impregnated
polymer. For example, ZOI of 19.5 £+ 0.71 was observed for AgNOs (15 pg/mL) whilst a ZOI of
155 £ 0.71 has been reported for Derris trifoliate-Ag-NPs (10 pg/mL)[38]. AgsPOs is a
photocatalyst [3], as such can be activated by visible light to generate Reactive Oxygen Species
(ROS) to inhibit bacterial growth. Specifically, upon visible light activation by photons of energy
greater than the bandgap of AgsPOs (2.34 eV > Eg4 of wavelength 530 nm), exciton or electron-
hole pairs are generated [3], leading to ROS ("OH", "O7 radicals, H20; etc.), which can inactivate
bacterial cells [5]. Again, phosphate-uptake by bacteria can lead to Ag* ions release to covalently
bond with both purine and pyrimidine base pairs, rupturing the H-bonds, leading to
Deoxyribonucleic acid (DNA) disruption [39], loss of DNA replications [40] and bacterial death
[41][42]. Furthermore, AgsPOsa is a slightly soluble in water (0.02 g/L 25 °C) and can release Ag*
ions by sustained kinetic profile with oligodynamic effects [10]. Specifically, AgsPO4 can
dissociate gradually from Ag,PO4 ! through AgPO4?, to PO4*". The PO4*"ions could then act as
bait (in a “Trojan horse system”) for targeting and interfering with ATP/ADP interconversion cycle
to inactivate E. coli cell [10], (Figure. 6.10). Per the Clinical and Laboratory Standards Institute
standards, ZOIl values falling within 8-30 mm are considered as acceptable standards for
inactivating MDR pathogens such as methicillin-resistant Staphylococcus aureus (MRSA),
Pseudomonas aeruginosa and E.coli [43]. Therefore, AgsPOs proves to be an effective
antibacterial agent, particularly for gram-negative bacteria, such as E-coli.

As factors such as humidity, temperature, concentration and light source, affect
antibacterial property of AgsPOa, further analysis was performed for AgzPO4 in aqueous conditions

under both ultraviolet (UV) and visible-light irradiation. Figure. 6.11 shows E.coli inactivation rate
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under visible light, UV and dark conditions. As it is evident in Figure. 6.11 (A), AgsPO4 under

visible light proves to be very effective at inactivating E.coli bacteria.

Visible light

Figure 6-10. Schematic representation of proposed mechanisms of antibacterial AgsPO4
nanoparticles. © Henry Agbe, 2021.

It achieved a 100% efficiency in 15 minutes compared to 44% by TiO (titania), that was used as
control (Supporting Information can be found in Table S 6.2). Note that the titania is regarded as
standard photocatalyst against which other photo catalytic materials are evaluated [44]. After 60
minutes of the photocatalysis, only 48% of E.coli bacteria had been inactivated by titania.
Similarly, under 60 minutes visible light irradiation (without a Titania and AgzPOa4), only 13% of
E.coli bacteria was inactivated. This signifies the role of catalysts (AgsPOs and TiO) in
photocatalysis. Figure. 6.11 (B), shows the effect of photocatalysis under UV light. Similar to

visible light, irradiation of AgsPO4 by UV light led to 100% inactivation efficiency in 15 minutes.

209



On the other hand, titania under same conditions, led to 70% inactivation efficiency. Increasing
duration of irradiation of titania by UV light to 60 minutes, resulted in corresponding increase in,
E. coli bacteria inactivation efficiency by ~85% . This is ~100% increase in inactivation rate
compared to titania under visible light conditions, which exhibited in an inactivation efficiency of
48% (Figure. 6.11 (A)). The high antibacterial performance of TiO2 in the UV spectrum is

presumably due to its high band gap range of 3.0-3.2 eV [45].

Thus, TiO2 activation under UV light is much favourable than visible light. On the contrary,
AgsPOqis photoactive in both UV and visible light spectra due to its low indirect and direct band
gaps of 2.36 and 2.43 eV [3], hence, resulting in 100% efficiency very easily as compared to TiOa.
As expected, efficiencies in dark were rather low, particularly for TiO2, which exhibited ~ 36%
efficiency after 60 minutes (Figure. 6.11 (C)) whereas for the AgsPO4 was 91%. The high E. coli
inactivation rate for AgsPOs under same conditions can be attributed to the role of Ag® ions as
explained above. While many reports exist in the literature relating to AgsPO4 photocatalysis for
water spitting and environmental degradation [4, 46-48], few reports are found on antibacterial

application [49, 50] (Supporting information can be found in Table S 6.3).
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Figure. 6-11. E. coli bacterium inactivation by powdered AgsPO4 nanoparticles under
(A) Visible light irradiation; (B) UV-A irradiation; and (C) Dark condition. Data
represent three independent experiments. © Henry Agbe, 2021.

In the work of Seo et al.[49] for example, AgsPO4 synthesized by precipitation method, yielded ~
50% E.coli bacteria inactivation after 16 h, compared to 100% inactivation under only 15 minutes
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in our present study. In another work by Su et al.[50], a 99.91% E.coli bacteria inactivation was
achieved by solvothermal synthesis of AgsPO4/a.Fe>Oscomposites. However, given the different

experimental conditions reported in the literature, direct comparisons must be treated with caution.

6.5 Conclusion

In the present study, AgsPO4 was synthesized on anodized aluminum oxide (AAO/AI) by a
two-step electrochemical process. Ag* ion was reduced to metallic Ag’, followed by oxidation in
sodium orthophosphate to form AgsPOs on AAO/AI. The AgsPO4 coated anodized aluminum
(AgzPO4/AAOQ/AI) exhibited an excellent antibacterial efficiency of 100% for E.coli bacteria in
60 minutes. Both susceptibility and photocatalysis studies on AgsPOs showed excellent
antibacterial properties, with ZOI value of 20 + 1.3 mm and 100% E.coli inactivation under 15
minutes visible-light irradiation, respectively. Furthermore, the AgsPOs coated anodized
aluminum, exhibited a remarkably high adhesion levels of AgsPO4 with the anodized aluminum
surfaces. Overall, the AgsPOs coated anodized aluminum has proven to be an excellent
antibacterial material and a promising solution to be considered for use of frequently touched parts
as adjunct to hand hygiene in reducing the potential threat of healthcare associated infections in

hygiene critical environment.
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6.6  Supporting information
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Figure S 6-12. Particle size distributions for electrodeposition AgsPOs on AAO/AI
using deposited silver for (A) 15 minutes, (B) 30 minutes; (C) 60 minutes; and
(D)Powered AgsPO4 nanoparticles. © Henry Agbe, 2021.
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Table S6-1. Calculated mass of silver and phosphate by electrodeposition process

Deposition Calculated mass of | Calculated mass of | Factor
Time (min) Ag (mg) AgsPO4(mg)

0 321,000 418,580

15 0.4 0.52 1.30
30 1.6 2.08 1.30
60 34 4.42 1.30

Table S6-2. 1 % inactivation E. coli by AgsPO4 under visible light, UV light and dark

conditions

E.coli Bacterium inactivation Rate (%0)
Samples Photocatalysis Time (min)

0 15 30 60
E.coli 0 1.0 1.3 2.0
E.coli + Visible Light 0 7 10 13
E.coli + UV Light 0 14 15 20
E.coli + Visible Light + AgsPOs | 16 100 100 100
E.coli + Visible Light +TiO> 8 44 46 48
E.coli + UV Light + AgzPO4 8 100 100 100
E.coli + UV Light + TiO> 5 70 81 85
E.coli + AgsPO4 (Dark) 10 86 90 91
E.coli + TiO2 (Dark) 4 29 35 36
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Table S6-3 Comparison of current study with existing reports in the literature

AgsPOs-Based | Antibacterial | Reactio | Waveleng | Mechanisms Referen
Antibacterial Efficiency n Time | th ce
Agent (min) (nm)
S.A E. coli

AgsPOJ/AAO/AI | - 100% | 60 - Photocatalysis Current
(Coating) - Study
AgsPO,  (light) | - 20 1440 - Photocatalysis/Diffu | Current
S5ug/mL  —-ZOlI | - sion Study
(mm)
AgsPO4  (dark) 15 1440 - Diffusion Current
5ug/mL-  ZOl Study
(mm)
AgsPO4 - 91% | 60 - Ag+ ion leaching Current
Suspension - Study
(Dark)
AgsPO, - 100% | 15 - Photocatalysis Current
Suspension - Study
(visible-light)
AgsPO, (visible- | 9.2 10.00 | 1440 - Photocatalysis/Diffu | [51]
light) 125pg/mL- sion
ZOIl (mm)

20 750-1000 | Photocatalysis [8]
BU-TIiO-- 99.85 | 99.76
XIAQsPO4 % %
(Suspension -
(visible light)
Bi:Ss@AQgsPO4 | 99.45 | 99.74 | 15 808 Photocatalysis [12]
Ti  Suspension | % %
(visible light) -
RGO/Mo0S2/Ags | 97.8% | 98.33 | 10 660 Photocatalysis [9]
PO, composite - %
PDA/AQ:PO4/G | 99.66 | 99.53 | 15 660 Photocatalysis [7]
0 hybrid | % %
(coating)
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This final contribution is currently under peer review in ACS Biomaterial Science and
Engineering. Henry Agbe, Dilip Sarkar Kumar, and X-Grant Chen authored it. As a first author, |
conceived, designed, and performed all experiments, analyzed, and interpreted the results, as well as

wrote both the original and final manuscript.

7.1 Abstract

Topography-mediated antibacterial surfaces that inactivate bacteria by physical contact are
gaining attention in recent times. Contrary to conventional antibacterial coatings, topography-
mediated antibacterial surfaces do not suffer from coating instability and possible toxicity problems.
In this study, a one-step hard anodization process has been deployed to fabricate a topography-
mediated antibacterial aluminum surface. By optimizing anodization parameters, such as
concentration of electrolyte, current density and anodization time, desirable features of micro-
nanoscale morphology were achieved. The optimum condition of anodized aluminum that provided

pores of diameter of 151 + 37 nm effectively killed 100% E. coli bacteria.

7.2 Introduction

Many organisms such as cicada, dragonfly and damselfly use their micro-nanoscale surface
structures to adapt, fight colonization or as evolutionary surviving strategy [1]. These micro-
nanostructures on the wings of most insects and plant parts such as lotus leaves are composed of

natural long chain palmitic (hexadecanoic) and stearic (octadecanoic) fatty acids [2], rendering them



superhydrophobic. Superhydrophobic surfaces are known to exhibit water contact angle (WCA) >
150° and a tilting angle < 10° [3]. Due to their ability to inhibit initial bacterial attachment and
subsequent biofilm formation, superhydrophobic coatings are considered important strategy for
designing anti-biofouling surfaces [3]. However, they lose their water roll-off property over time [4]
due to coating instability. Hence, novel antibacterial strategies that kill bacteria on contact via surface
topography have become an area of intense scientific focus in recent times [1, 5-7]. These novel
antibacterial strategies herein referred as topography-mediated antibacterial surfaces exhibit
antibacterial property by inducing mechanical stresses to damage cell membrane, leading to bacterial
cell death [6, 8, 9].

Since topography-mediated antibacterial cicada wings was first reported by lvanova and co-
workers [5] against Pseudomonas aeruginosa (P.A) (gram -ve) bacterium, and their subsequent
report on synthetic analogue, black silicon [10], various artificial antibacterial surfaces, mediated by
micro-nanoscale patterns, such as nanocones, nanofibers and nanopillars have been fabricated on
metals, ceramics and polymers [11-13]. These approaches provide a paradigm shift in fabrication of
the next generation novel antibacterial surfaces. Contrary to conventional antibacterial coatings, such
as leachable antibacterial agents (metallic silver and copper), these do not suffer from coating
instability, possible toxicity and antibacterial resistance problems [6]. Thus, they are more eco-
sustainable, have great potential for medical implant prostheses and devices, and frequently touched
surface applications. These could be useful as antibacterial touched surfaces, in support of existing
hand hygiene, masking and social distancing protocols aimed at curbing both community and
healthcare spread of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections.
Surfaces in frequently touched areas can become potential reservoir for transmission of various

pathogens making it a serious infection prone health risk. For example, SARS-CoV-2, methicillin-
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resistant Staphylococcus aureus (MRSA), Escherichia coli (E. coli), Pseudomonas aeruginosa (P.A)
and Clostridium difficile spores can survive on inanimate environmental surfaces for days, weeks and
months [14-16]. Thus, commonly touched inanimate environmental surfaces such as elevator buttons,
doorknobs, handrails, faucet handles, light switches, medical equipment etc., should be rendered
antibacterial to limit the spread of pathogenic infections.

Aluminum is a very attractive material for engineering constructions and many aluminum
components are widely used in medical devices [17] and in frequently touched surfaces [18].
Aluminum can be transformed into antibacterial surface via low-cost wet chemistry surface
modification. Surprisingly, only few studies have reported on antibacterial aluminum modified by
wet chemistry [17-19]. Hasan et al [19], recently fabricated antiviral aluminum surface using
chemical etching process. The aluminum surface was effective against the current SARS-CoV-2. In
a related study [18], they demonstrated the antimicrobial activity of a topography-mediated
aluminum, fabricated by chemical etching against common multi-drug resistant (MDR) pathogens
such as Pseudomonas aeruginosa (P.A) and Staphylococcus aureus (S.A), and on respiratory viruses
such as respiratory syncytial virus (RSV) and rhino virus (RV). While desirable nanoscale
topography are achievable by chemical etching, mechanical property of nanoscale features are rather
weak [20]. An alternative surface treatment process resulting in aluminum surfaces with excellent
anti-corrosive, tribological and mechanical properties such as anodization [21] appears promising in
terms of robustness.

Considering the importance of the microstructural stability of the surface for a long-term
service life and protection, we report novel topography-mediated antibacterial aluminum surfaces,
fabricated via anodization. In this study, parameters of anodization such as electrolyte types, current

density and anodization time have been systematically varied for obtaining optimal topography that
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showed the best antibacterial performance. The results of the optimization process and the
antibacterial properties have been demonstrated. It has been shown that the excellent antibacterial

performance was purely driven by the surface topography of the anodized aluminum.

7.3 Experimental section

Pre-treatment of aluminum. AA6061-T6 aluminum sheets of dimensions 1” x 2" were
ultrasonically degreased (Branson® Ultrasonic Bath, 230 Vac, 50 Hz) in a diluted soap solution for
15 minutes. The cleaned Al substrates were immersed in 1 M NaOH (VWR) etchant for 3 minutes at
55 °C to remove a superficial oxide layer. Subsequently, etched Al substrates were immersed in
HNO:s solution (10 wt. %, VWR) for desmutting, followed by further rinsing thoroughly in distilled

water. Finally, etched Al substrates were dried at 70 °C in an oven overnight.

Anodizing in acid electrolyte. Etched and as-received AA6061-T6 aluminum sheets were
used as anode and cathode, respectively, in different acidic electrolytes of H>SO4 and H3PO4 (VWR)
and 3 wt. %, 15 wt. % and 45 wt. % concentration. The anodization process was performed by
optimizing current density from 7 to 40 mA/cm? and time from 30 to 120 minutes in a galvanostatic
600 W direct current power system (Ametek Sorensen DCS 100-12E, Chicoutimi, QC, Canada). To
ensure uniform heat distribution and prevent burning, the electrochemical cell was equipped with a
cold-water circulating coolant bath (5 °C) and a Teflon stirring magnetic unit, rotating at 2000 rpm
throughout the anodization process. During anodization, the two electrodes were separated in parallel
by 1.5 cm. Anodized coupons were finally sonicated for 30 minutes in distilled water to remove
residual electrolytes, followed by drying at 70 °C in an electric oven (VWR) over night. For quality

control and reproducibility, each experiment was repeated in triplicate.
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Sample characterization: The surface morphological and elemental analyses of anodized
samples were performed using scanning electron microscopy (SEM, JEOL JSM-6480 LV) equipped
with energy dispersive X-ray spectroscopy (EDS). High-resolution SEM micrographs were analyzed
in a Java-based image-processing program-lmage J (http://rsbweb.nih.gov/ij/), to determine the
morphological features. A minimum of 30 different SEM micrographs were taken from each sample
for analysis. Approximately 1,000 independent measurements were analysed. Prior to SEM analysis,
anodized samples were metalized with gold coating (~8 nm) using an Edwards Scancoat Six Sputter
Coater. The surface roughness of anodized samples was studied using an optical profilometry
(MicroXAM-100 HR 3D surface profilometer, NANOVEA, Irvine, USA). Antibacterial property was

studied by a novel dry seeding assay, described in both Chapters 3 and 6.

7.4 Results and discussions

7.4.1 Effect of H3PO4 concentration and current density

Figure 7.1. (A) and (B) show the potential-time (V-t) transient curve for the anodization
process. As typical for galvanostatic anodization, potential increases sharply at the initial stage and
reduces gradually with steady state oxide growth and dissolution over anodization time [22]. The
sharp increase in potential is due to high resistance imposed by the compact barrier oxide layer. It
should be mentioned that barrier oxide results from egressing Al* ion (from the metal/oxide interface)

and ingress O ion (from the oxide/metal interface), following local electrolytic water splitting [23].
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As the anodization continues, potential increases linearly with time until it reaches a local maximum

called the breakdown potential.
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Figure 7-1. Parameters of anodization process: (A) Voltage-time (V-t) transient
curve as a function of concentration of HsPO4 acid; (B) Voltage-time (V-t) transient
curve as a function of current density; (C) Thickness of anodized alumina oxide
layer as a function of concentration of HsPO4 acid; and (D) Thickness of anodized

alumina oxide layer as a function of current density. © Henry Agbe, 2021.

226



Beyond the breakdown potential, it decreases gradually until it reaches a steady state-forming
potential [22]. For a 3 wt. % H3POQg, a steady state-forming potential of 96 V was attained after 60
minutes. Beyond this, the potential remains constant for an equilibrium oxide layer growth and
dissolution, which leads to a complete formation of porous oxide after 120 minutes. Similar trend
was observed for the other H3PO4 concentrations such as 15 and 45 wt. %. For example, a steady
state-forming potential of 82 V was attained for 45wt. % H3PO4 after 50 minutes, which led to
complete anodization after 120 minutes. Notably, steady state-forming potential decreased with
increasing H3PO4 concentration. This may be due to the inverse relation between steady state-forming
potential and acid concentration, which is commonly explained by the oxygen bubble growth model
[24]. According to this model, total anodizing current (Jwtar) COntributing to oxide layer growth and
dissolution, consists of both ionic current (Jion) and electronic current (Je) as shown in Equation 7.1
[25]

o = Jion T Je (7.1)
where J1o1, is the total current, J;y,, the ionic current, and J,, the electronic current. The ionic
current contributing to migration of anions and cations at the anode can be expressed as Equation 7.2.

2AI* +30* — AlLQ, (7.2)

similarly, the electronic current leading to oxygen evolution at the anode can be expressed as

Equation 7.3.
40* 20, T +8e (7.3)

However, since ionic current dominates at the initial stage of anodization, the requisite net current

for overcoming the resistance of the compact barrier oxide layer is induced by ionic current [25].
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Contrarily, beyond the breakdown potential, electronic current increases at the expense of ionic

current. Resulting in a decrease in total current J,,, and potential, leading to oxygen evolution and a

lower porous oxide growth [24, 25]. Hence, high acid concentration such as 45 wt. % H3zPO4 resulted
in a lower steady state-forming potential of 82V. On the other hand, a low acid concentration such as
3 wt. % HsPO4 led to higher steady state-forming potential of 96V. A similar observation was made
by Zhang et al [24] on anodized Titanium alloy using NH4F acid as electrolyte. They demonstrated
that NH4F concentration of 0.5 wt. % resulted in a low steady state-forming potential of 55V
compared to 0.1 wt. % NH4F acid, with a high steady state-forming potential of 95V. As shown in
Figure 7.1 (B), steady state-forming potential increased with increased current density. As a result, a
steady state-forming potential of 96V was achieved for 40mA/cm?, compared to 78 V for 10mA/cm?.
Similarly, current density increased linearly with oxide layer thickness. Consequently, 10 mA/cm?
resulted in oxide layer thickness of 3.1 + 0.4 um. On the other hand, 40 mA/cm? led to a thickness of
5.3 + 0.4 um (Figure 7.1. (C)). Contrarily, as acid concentration increased, oxide layer thickness
decreased. Thus, a porous oxide thickness of 1.1 = 0.5 um was obtained for 45 wt. % H3POs
concentration, as opposed to a thickness of 5.3 £ 0.4 um for 3 wt. % HzPO4 (Figure 7.1 (D)).

Since topographical features such as pore diameter, cell diameter or pitch, oxide thickness
and roughness are important for antibacterial activity [6], topographical features were analyzed using

Equations 7.4, 7.5 and 7.6 [22].
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= P, V3D? (7.4)
W = DC;D” (7.5)
a= i(D—p)z = 0.907 (ﬁ)2 (7.6)
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where 1) is the pore density, P is the surface area of a single hexagonal cell, Dy, is the pore diameter
and Dc, is the cell diameter in nm. Generally, phosphoric acid with low acid concentration, such as
3% HsPO4 and a high current density such as 40 mA/cm?, led to a large pore diameter, a large cell
diameter, a high surface roughness and efficient bactericidal property, compared to 45wt. % H3sPO4
at a low current density such as 10 mA/cm?. The low acid concentration leading to increased potential
and larger morphological features can be explained by oxygen bubble growth model [25]. By
contrast, the classical field-assisted growth model explains the reason for increased current density
resulting in larger morphological features. Thus, 3 wt. % H3PO4 (herein referred as 3HP40), exhibited
a pore a diameter of 151 + 37 nm, a cell diameter of 239 + 53 nm, a roughness (rms) of 2.9 + 0.7 um
and bactericidal efficiency of 100%. Contrarily, 45wt. % H3PO4 (herein referred as 45HP40) showed
a low pore diameter of 55 + 12 nm, a cell diameter of 115 + 16 nm, a roughness (rms) of 0.8 £ 0.1

um and a bactericidal efficiency of 90%. (Details can be found in Supplementary data, Table S7.1).

7.4.2 Effect of H2SO4 concentration and anodization time

Figure 7.2. (A) and (B) show the potential-time (V-t) transient curve at constant current for
H>SO4 acid anodization. Like HsPOs, potential decreased with increasing H2SOs concentration
(Figure 7.2. (A)), which can be explained by the oxygen bubble growth model [25]. In addition,
potential increased linearly with anodization time. While incomplete anodization was observed for
both 30 min and 60 min anodization times, 15wt. % H>SO4 anodized at 120 min resulted in complete
anodization process (Figure 7.2. (B)). Figure 7.2 (C) shows the graphical representation of H2SO4

concentration relative to porous oxide thickness. Notably, a 45 wt. % H2SO4 concentration, resulted
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in decreased thickness of porous oxide growth compared to that obtained for a low concentration

such as 3 wt. % H>SO4. However, 15 wt. % H>SO4 concentration was deemed optimal for its

bioactivity (see section 7.3).
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Figure 7-2. Parameters of anodization process: (A) Voltage-time (V-t) transient

curve as a function of concentration of H.SO4 acid; (B) Voltage-time (V-t) transient
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As shown in Figure 7.2 (D), porous oxide growth increased linearly with anodization time. Thus,
porous oxide increased from 36 £ 0.7 um to 75 = 2.0 um, for anodization time of 30 min and 120
min, respectively. Also, 15 wt. % H2SO4 (herein referred as 15HS40) concentration produced a
pore diameter of 60 = 11 nm, a cell diameter of 121 + 19 nm, a roughness (rms) of 9.2 + 0.6 um
and 100% antibacterial performance. In contrast, 45 wt. % H>SO4 concentration (herein referred
as 45HS40) produced a pore diameter of 27 £ 13 nm, a cell diameter of 60 £ 20 nm, a roughness
(rms) of 5.0 £+ 0.7 um and a 79% antibacterial performance. (Details can be found in
Supplementary data in Table S 7.2 and Figure S7-7). However, since phosphoric acid anodization
is more advantageous compared to sulphuric acid, in terms of cost and environmental friendliness
[23], phosphoric acid anodization was selected for the remainder of the study involving

antibacterial activities.

7.5 Antibacterial activity

Antibacterial activity was studied by a novel dry seeding assay against E. coli bacterium on
both test and control coupons. The objective here was to mimic a real-world scenario. Thus, we
inoculated test coupons with E. coli inoculum at ambient conditions of 25 °C and relative humidity
of 50 £ 10% in a cell culture plate for pre-determined contact time of 1-4h. Figure 7.3 shows the
effects of morphological features on E.coli bacterial killing. Generally, antibacterial efficiency of
anodized coupon increased linearly with increased pore diameter, cell diameter, oxide layer thickness

and root mean square roughness. Anodized coupon having a lower HsPO4 concentration such as 3
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wt. %. and a high current density such as 40 mA/cm?, exhibited a high antibacterial efficiency

compared to anodized coupon with a high HsPO4 concentration such as 45wt. %.
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In particular, for 3wt.% HsPOQ4, increasing the current density from 10 mA/cm? to 40 mA/cm?,
led to increase in both pore and cell diameters with a corresponding increase in bactericidal
performance (Details can be found in Supplementary data, Table S7.1 and Figure S7.8). For instance,
the pore diameter increased from 65 + 15 pm to 151 + 37 um for current densities of 7 to 40 mA/cm?,
corresponding in an increase of antibacterial activity from 90 to 100%, (Figure 7.3 (A)). Similarly,
the cell diameter or pitch increased from 135 £ 10 um to 239 + 53 um for same current densities with
a corresponding increase in antibacterial activity from 90 to 100% (Figure 7.3 (B)). As would be
expected, the current density also increased linearly with porous oxide thickness and hence
antibacterial activity. Oxide thickness of 1.1 + 0.5 um and 5.3 + 0.4 um, were obtained for current
densities of 7 and 40 mA/cm?, respectively, resulting in 90% and 100% antibacterial efficiency
(Figure 7.3 (C)), respectively. Similar trend was observed for the surface roughness and bacterial
efficiency (Figure 7.3 (D)). It should be mentioned that exact antibacterial mechanism for 3 wt. %
H3PO4 anodized coupon-3HP40, was not fully elucidated here. Bacterial attachment on both biotic
and abiotic substratum surfaces is a complex phenomenon, involving surface chemistry and
substratum surface morphology, bacterial cell type and adhesion, Van der Waals interactions, extra
polymeric substance (EPS) and quorum sensing molecules [26]-[27] etc,. However, we hypothesize
that the micro-nanoscale topography features, characterized as pore diameter, cell diameter (pitch)
and roughness (rms) may be responsible for the excellent bactericidal activity. It should be mentioned
that previous reports have confirmed a topography-mediated antibacterial surface [5]. In fact, lvanova
et al.[5] first reported on topography-mediated bactericidal effects on Psaltoda claripennis cicada
wings. In their work, they demonstrated that by pure physical contact of Pseudomonas aeruginosa

(P.A) (gram -ve) bacterium on micro-nanoscale patterns cicada wings, P.A died in 30 minutes. These
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nanoscale pillar arrays were hexagonal and conical shapes, with spherical caps of diameter ~ 60 nm,
pitch of 170 nm and height of 200 nm [5]. Similarly, in a recent work by Hasan, et al [17, 18],a3 h
NaOH and KOH chemical etching of wrought aluminum alloys (Al 5052, Al 1200 and Al 6063)
resulted in a 5 to 97% antibacterial efficiency. However, by using gold sputtering to alter surface
chemistry, they confirmed antibacterial activity of the etched aluminum alloys was purely mediated
by topography [17]. Also, Kelleher, S.M. et al [9] showed that nano-pillar array of diameters ranging
from 156 £ 29 nm to 207 £ 62 nm and pitch ranging from 165 £ 8 nm to 251 + 31 nm, could effectively
kill Pseudomonas fluorescens bacterium. However, direct comparison of reported results in the
literature must be treated with caution as the difference may arise due to different experimental
conditions. In the present report, 3 wt. % H3PO4 anodized coupon-3HP40 was compared with the
control coupons of as-received aluminum and of antibacterial solid copper (C11000 of 99.9% Cu) in
a novel dry seeding assay. It is worthy to note that since 2008, copper has been registered by the
United States Environmental Protection Agency (US-EPA) as an antimicrobial touched surface and
regarded as gold standard for comparing other non-porous antimicrobial touched surfaces [28-30].
Also note that existing protocols such as the ASTM E 2180 [31], the Japanese Standard JIS Z2801
[32] or the 1ISO 22196 [33] stipulate conditions of high liquid medium and temperature of ~37°C.
While these protocol might be ideal for biomedical implant applications, they do reflect the near dry
conditions of inanimate environmental surfaces in close proximity to patients, typified by a
comfortable humidity and temperature [34]. Thus, these protocols may not truly predict the efficacy
of antibacterial surfaces under realistic conditions [34].

Figure 7.4 shows representative images of E. coli bacterium colonies on 3HP40 test coupon,
relative to the control coupons. Compared to anodize aluminum coupon-H3P40, as-received

aluminum displayed a confluent bacterial growth with evenly spread colonies on TSA media even
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after 4 h E. coli bacterium contact. On the contrary, it is noticeable that 3 wt.% H3PO4 anodized
aluminum coupon-3HP40 killed virtually all bacteria under 1 h of E. coli bacterium contact. The
number of colonies on as-received aluminum at time 0 h, 1 h, and 4 h were 4.5 x 10, 4.207 x 10’
and 2.24 x 107, respectively. These represent a 6.6% or 0-log reduction, 39% or 0.2 log reduction and
51% or 0.3 log reduction, respectively (see Table S 7-3 of supplementary data). In contrast, the 3
wt.% H3PO4anodized aluminum coupon-3HP40 achieved a bactericidal efficiency of 99.99998% or

6.5 log reduction after 1 h of contact.
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As-Received Aluminum  3wt. % H;PO, Anodized Al

Figure 7-4. Representative images of colonies of E. coli in contact with as-received

aluminum coupon from 1- 4 h (A)-(C); 3 wt.% H3PO4 anodized aluminum coupon-
3HP40 from 1- 4 h (D)-(F); and copper coupon from 1- 4 h (G)-(I). © Henry Agbe,
2021.

The results of 3 wt.% H3PO4anodized aluminum are very comparable with the commercially
available antimicrobial copper, of which both exhibited a 100% bactericidal efficiency after 1 h under
same conditions (Figure 7.5). It must be noted that minimum microbiologic bacterial loads acceptable

in hospital inanimate environmental surfaces is 2.5 cfu/cm?. Thus, bacterial colonies of 2.24 x 107 on
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as-received aluminum could be regarded worrisome; since such surface contamination could be a

potential reservoir for spread of nosocomial infection.
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Figure 7-5. Bactericidal efficiency of E. coli bacteria on 3 wt.% H3POs anodized
aluminum coupon-3HP40 compared to control samples (as-received aluminum and
copper) under 1 h of contact. Data represent three independent experiments. © Henry
Agbe, 2021.

According to the US-EPA, touched surfaces with the claim of antibacterial property ought
to Kill or inhibit the growth of bacteria to a minimum of 3-log reduction or 99.9 % [35]. Thus, the
3 wt.% HsPO4 anodized aluminum is very promising and shows great potentials as the ideal

condition for practical antibacterial touched surface applications.
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Figure 7.6 (A) and (B) show the SEM micrographs of as-received aluminum and 3 wt.%
H3POsanodized aluminum coupon-3HP40, respectively. Notably, rod shaped E. coli bacteria (green
arrows) are clearly seen on as-received aluminum (Figure 7.6 (A). In contrast, live E. coli bacteria
cells are not seen on 3 wt.% H3PO4 anodized aluminum coupon-3HP40, except for cytoplasmic
material (shown in the region in red) (Figure 7.6 (B)), which leaked out from bacteria after they
were deformed and sunk into the nanopores [8]. In fact, the antibacterial mechanism for topography-
mediated antibacterial surfaces such as cicada wings has been attributed to the self-induced shear
stresses on bacterial cell membrane in contact with nano-pillars [1, 5, 36, 37]. Specifically, higher
surface roughness, coupled with micro-nanoscale patterns increases surface area for attachment
from multiple focal points and overall bacterial-substratum interaction. A stronger bacterial-
substratum interaction would presumably enhance the tendency for bacterial membrane to be
stretched out, leading to an irreversible rupture and death [32]. However, in the present work, a
micro-nanoscale pattern was achieved by nano-pore arrays, different from other nanostructures such
as nanopillars reported previously [5-7]. Thus, we hypothesize that upon bacterial attachment on
the surface of the anodized aluminum (3HP40), E. coli bacteria become suspended under gravity
within nano-pore arrays of anodized surface, where the suspended regions of anodized pores induce
shear stresses on E. coli cell membrane. In their attempt to avoid uncomfortable suspended regions,
E. coli bacteria release extra polymeric substance (EPS), which further enhance bacterial attachment
on nano-pores of anodized aluminum surface (3HP40). Consequently, this leads to membrane
deformation, cytoplasmic material leakage, failure of cell membrane integrity [8] and bacterial

death.
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Figure 7-6. Representative SEM microimages of colonies E-Coli bacteria on: (A)
As-received aluminum coupon; (B) 3 wt.% H3PO4 anodized aluminum coupon-
3HP40; and (C) Graphical representation of 96 h E. coli bacteria continuous loading
on 3 wt.% H3PO4 anodized aluminum coupon-3HP40. The green arrows in (A)
show live E. coli bacteria and the region in red in (B) indicates dead E. coli bacteria,

respectively. Data represent three independent experiments. © Henry Agbe, 2021.
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Figure 7.6 (C) shows a graphical representation of a 96-h continuous E. coli bacterial loading
study on the 3 wt.% H3PO4 anodized aluminum coupon-3HP40. The samples were monitored at 24
h interval within cycles to evaluate the long-term activity of the anodized aluminum surface.
Interestingly, even after 96 h E. coli bacteria continuous loading cycles, the 3 wt.% H3PO4anodized
aluminum coupon-3HP40 was still bioactive with a 100% bactericidal efficiency. Thus, this
anodized aluminum surface with excellent bactericidal efficiency and durability looks promising
for antibacterial touched surface applications and an adjunct to hand hygiene for reducing potential

bacterial infections in hygiene critical environments.

7.6 Conclusions

In the present study, a topography-mediated novel antibacterial aluminum surface was
fabricated using a one-step hard anodization process. Anodization parameters such as electrolyte
concentration, time and current density were optimized. 3wt.% H3PO4 anodized aluminum at current
density of 40 mA/cm? and anodization time of 120 minutes exhibited a larger pore diameter (151 +
37 nm), larger cell dimeter (239 £ 53 nm), higher oxide layer thickness (5.3 £ 0.4 nm) and higher rms
roughness (2.9 £ 0.7um), compared to 45 wt.% H3PO4 anodized aluminum at same conditions.
Furthermore, 3wt.% HsPO4 anodized aluminum at current density of 40 mA/cm? compared
favourably with antibacterial solid copper with 100% bactericidal efficiency after 1 h E. coli
bacterium contact. Overall, the fabrication of topography-mediated antibacterial aluminum presents

a novel approach to be considered for the use of the next generation frequently touched surfaces.
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7.7  Supporting information
Table S7-1. Effect of HsPOs acid concentration and current density on
morphological features of as received aluminum coupon and various anodized
aluminum coupons under different conditions.
Samples Pore Cell Wall Oxide Pore Porosity: | Roughness: | Bactericidal
Diameter: ll)’iiztlgllle(t:; Thickness: | Thickness Density: U a (%) Rq (um) 2;2:’;3
Dp (nm) (nm) W (nm) (4 m) E. coli (%)
(pore/cm?)
As Nii Nii Nii Nii Nii Nii 0.5+0.1 50
Received
Al
Varied H3PO, concentration (3%, 15% and 45%) @ constant current density of 40 mA/cm? and time = 120 min
3HP40 151+37 239 +53 44 +8 53104 2.0x10° 57 29+0.7 100
(3%
HsPOy)
15HP40 119+30 188 + 41 35+5.5 3.0£0.5 3.2x10° 27 1.6+0.1 97
(15%
HsPOy)
45HP40 55+12 11516 302 1.1+0.5 8.7 x10° 21 0.8+0.1 85
(45%
HsPOy)
Varied current density (10, 20, 30 and 40 mA/cm?) @ constant HsPO, concentration (3%) and time = 120 min
3HP10 91+35 188 +37 49+1 3.1+04 3.3x10° 21 2.0+0.7 99
(10
mA/cm?)
3HP20 115+ 30 193 +41 396 43+04 3.0x10° 32 22+0.6 99.4
(20
mA/cm?)
3HP30 135+ 29 214 +37 43+3 4.4 +04 2.9x10° 45 2.7+0.8 99.99
(30
mA/cm?)
3HP40 151+37 239 +53 44 +8 53104 2.0x10° 57 29+0.7 100
(40
mA/cm?)
Anodization Time (120 min) @ constant C,H,0, concentration (10%) and current density of 40 mA/cm?
10CH40 45+7 93+10 24+2 3.2+0.7 5.7 x 10° 21 23+0.6 96
(40
mA/cm?)
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Table S7-2. Effect of H2SO4 acid concentration and anodization time on morphological

features of various anodized aluminum coupons under different conditions

Pore Cell Wall Oxide Pore Porosity: | Roughness: Bactericidal
. . Diameter . . . L o activity
Diameter: (Pitch Thickness: Thickness Density: o (%) Rq (um) against
Dp (nm) P)) W (nm) (um) n E. coli (%)
(nm) (pore/cm?)
Varied H,SO, concentration (3%, 15% and 45%) @ constant

3HS40

30+19

62+19

16+0.1

current density of 40 mA/cm? and time = 120 min

(3%
H,S0,)
15HS40

78+3.0

3.0x10% 21

11.2+0.9

80

(15%
H,S04)
45HS40

27 +13

121 +19

60 =20

31+4

75+17

7.9x10° 22

9.2+0.6

100

(45%
H,S05)

20+ 7

28+4.2

3.2x10% 18

50+06

79

Varied Anodization Time (30, 60 and 120 min) @ constant H,SO, concentration (15%) and constant current density of 40 mA/cm?

15HS120 60+11 121 +19 31+4 75+2.0 7.9 x10° 22 9.2+0.6 100
(120 min)

15 HS60 39+18 90+ 20 26+2 56 £ 1.0 1.4 x 10% 17 5004 70

(60 min)

15HS30 26+6 59+ 14 17+4 36+0.7 3.3x10% 18 30+0.2 68

(30 min)
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Figure S7-7. Representative images of colonies of E. coli bacterium in contact
with: as-received aluminum for 0 h (A), 3 h (B) and 4 h (C); 3 wt.% H3PO4
anodized aluminum for 4 h at 10mA/cm? (3HP10) (D), at 30mA/cm? (3HP30)
(E) and at 40mA/cm? (3HP40) (F); 15 wt.% H>SO4 anodized aluminum for 2 h
at 40mA/cm? (15HS40) (G); 45 wt.% H3PO4 anodized aluminum for 2 h at
40mA/cm? (45HP40) (H); 15 wt.% HsPOs anodized aluminum for 1 h at
40mA/cm? (15HS60) (1); 15 wt.% HsPOs anodized aluminum for 2 h at
40mA/cm? (15HS120) (J); and 10 wt.% C2H,O4 anodized aluminum at
40mA/cm? (10CH40) (K). © Henry Agbe, 2021.
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Figure S7-8. Representative SEM micro images of anodized aluminum coupons
using 3 wt.% H3POys at a current density of: (A) 10 mA/cm?, (B) 20 mA/cm?, (C)
30 mA/cm?and (D) 40 mA/cm?; and at a constant current density of 40
mA/cm?and varied phosphoric acid concentrations of: (E) 3 wt.% H3POy4, (F) 15
wt.% HsPOg, (G) 35 wt.% H3POsand (H) 45 wt.%. H3PO4. © Henry Agbe, 2021

Table S7-3. Bactericidal performance of 3 wt. % HsPO4 anodized coupon-

3HP40 compared to control samples (as-received aluminum and copper).

Bacterial Strain As-Receive 3HP40 Copper
Aluminum
Time O 45,000,000 - -
Escherichia coli CFU/cm? after 1 h 42,075,000 <10 0
(ATCC 7839)
Reduction Rate [%] 6.5 99.99998 100
Log 10 Reduction 0.0 6.7 7.7
Escherichia coli CFU/cm? after 3 h 27,333,333 0 0
(ATCC 7839)
Reduction Rate [%] 39.3 100 100
Log 10 Reduction 0.2 7.7 7.7
Escherichia coli CFU/cm? after 4 h 22,000,000 0 0
(ATCC 7839)
Reduction Rate [%] 51 100 100
Log 10 Reduction 0.3 7.7 7.7
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8.1

Transversal discussions of contributing chapters

CHAPTER 8: CONCLUSIONS AND FUTURE RECOMMENDATIONS

This chapter provides brief discussions on findings of the contributing chapters, how they

compare with requirements of ideal antibacterial coatings, and originality in relation to existing

works in the field of surface engineering and antibacterial surfaces. Table 8.1 shows a summary

of comparison of contributing chapters to an ideal antibacterial coating.

Table 8-1. A summary of contributing chapters in relation to an ideal antibacterial coating

Item Requirement of Ideal Contributing chapters
Antibacterial Coating | situation
Chapter 4 Chapter 5 Chapter 6 Chapter 7
1 Simple fabrication Yes Yes Yes Yes Yes
2 Biocide property of Yes No No No Yes
morphological features
3 Durability and Yes Yes Yes Yes Yes
mechanical stability
4 Broad spectrum Yes Yes Yes Yes Not studied
effectiveness
5 Environmental Yes Yes Yes Yes Yes
friendliness
Non-toxicity Yes Not studied | Not studied Not studied | Not studied
6 Adaptability to large Yes Yes Yes Yes Yes
scale production
7 Cost effectiveness Yes Yes Yes Yes Yes
8 Antibacterial Yes Not studied Not studied Not studied | Not studied
resistance




8.1.1 Chapter 4

Chapter 4 described the fabrication of superhydrophobic antibacterial aluminum surfaces
using a biocompatible polymethylhydrosiloxane (PMHS) and silver nanoparticles (Ag-NPs) on
anodized aluminum via a simple sol-gel process. Morphological features of Ag-PMHS
nanocomposite coating observed by scanning electron microscopy showed heterogeneous micro—
nanostructures. The chemical compositions of these coatings were characterized using X-ray
diffraction and attenuated total reflection-Fourier Transform infrared spectroscopy, which
indicated the presence of silver and low-energy PMHS polymer. Optimal micro-nano
topographical features such as surface roughness of 9.7 + 1.0 um, pore diameter of 60 £ 11 nm
and cell diameter of 121 + 19 nm were observed. The micro-nano topography, resulting from both
silver nanocluster and anodized nano pores, was passivated with the low energy PMHS to fabricate
a superhydrophobic coating. This strategy induced both anti-bacterial and anti-biofouling
character, not from micro-nano topographical features per say, but from silver nanocluster and
superhydrophobicity. This is very pertinent, considering the shortcomings associated with existing
antibacterial surfaces, in terms of instability of superhydrophobicity and uncontrolled release of
leachable bactericidal silver, (the latter, which has implication for toxicity concerns). Thus, PMHS
polymer firstly, served as a reducing agent for synthesizing Ag-NPs in situ within the polymeric
matrix, secondly, for anchoring the Ag-NPs within an anodized Al oxide (AAO) substrate, and
thirdly, for enhancing the adhesion, durability, and stability of superhydrophobic Ag-PMHS
nanocomposites, as confirmed by both chemical and mechanical stability studies. It should be
mentioned that given the highly multidisciplinary nature of this project, bactericidal leachable ion

release kinetics (silver, aluminum, and quaternary ammonium salt) and both in-vitro and in vivo
251



cytotoxic impact studies, were investigated by collaborators at Sherbrook University. Thus, the
scope of the current research was limited to the fabrication of a novel and durable aluminum

surfaces, and validation of their antibacterial properties.

Though silicone-based superhydrophobic antibacterial surface are common in the literature
due to their biocompatibility nature, their ability to repel bacterial adhesion has been rather low
(79 - 95 %)[1, 2]. In this contributing chapter, the antibacterial property of the reported silicone-
based superhydrophobic antibacterial surface, enhanced by Ag-NPs, resulted in an excellent
performance, with anti-biofouling property or bacterial adhesion reductions of 99.0 %, 99.5 %,
and 99.3 % for P. Aeruginosa, E. coli, and S. Aureus, respectively. Again, anti-biofilm assay
studied by scanning electron microscopy, demonstrated that the superhydrophobic Ag—-PMHS
nanocomposite coated aluminum inhibited initial bacterial attachment and subsequent biofilm
formation. This is particularly important given that biofilm on both animate and inanimate surfaces
is known to represent a potential reservoir for the spread of nosocomial infections. The excellent
anti-biofilm performance was due to combined effects of silver and superhydrophobicity, which

exhibited a water CA of 159 + 0.5°.

Furthermore, as the lack of mechanical robustness of a micro-nanoscale architecture and
stability of surface chemistry affect durability of superhydrophobic coating, the chemical stability
of Ag-PMHS nanocomposite was investigated. UV-accelerated weathering and 0.85 wt. % saline
immersion studies were performed. The former simulates natural solar irradiation to quantify the
effects of weathering conditions (UV irradiation) on the coating’s degradability, while the latter
simulates ability to inhibit bacterial initial attachment, particularly for cooling towers applications.
Cooling towers are known to transmit Legionella pneumophila and P. Aeruginosa bacterial

infections in hospital environment.
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The surface chemistry is altered as a coating is exposed to harsh environmental conditions
of different pH, humidity and UV-outdoor environmental conditions, whereas mechanical stability
is affected by delamination of coating from underlying substrate over time. Interestingly, the
mechanical stability of Ag-PMHS nanocomposite studied with the American Standard Test
Method (ASTM D-3359) showed remarkably high coating adhesion. In addition,
superhydrophobicity was stable with water contact angle (WCA) > 150° after 35 days of UV
irradiation and 90 days 0.85 wt. % saline immersion studies, respectively. The 35 days of UV
irradiation, represents a continuous UV irradiation, which overestimates the typical UV irradiation
conditions in an indoor healthcare environment, typified by sporadic and intermittent irradiation.
In a recent UV-accelerated weathering study by Xianai Huang [3], it predicted a relation between
an artificial UV and natural UV irradiation in Canada. The study revealed that a1500h continuous
UV irradiation of coatings corresponds to a 6 years and 4 months coating stability. Thus, in
principle, the Ag—PMHS nanocomposite, subjected to similar conditions (but (840h)) can achieve
long-term durability and stability for years.

Overall, chapter 4 met most requirements of antibacterial coating in terms of ease of sol-
gel synthesis, durability and mechanical stability, broad-spectrum effectiveness, environmental
friendliness, low-cost and adaptability to large-scale production. However, toxicity and
antibacterial resistance investigations were not performed. In addition, morphological features in
terms of roughness of 9.7 £ 1.0 um could be optimized to produce nanoscale roughness that targets

pathogens in the nano to few micro scale dimensions.
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8.1.2 Chapter 5

Chapter 5 dealt with the fabrication of superhydrophobic surface with tunable antibacterial
and anti-biofouling properties. These properties were achieved by chemical etching of aluminum
followed by passivation with octyltriethoxysilane (OTES)—quaternary ammonium salt (QUATS)
molecules in a facile chemical bath process. The wettability and antibacterial properties of the
OTES passivated aluminum was monotonically tuned by optimizing QUATS/OTES molar ratio.
This is very pertinent as an ability to tune superhydrophobicity opens room for designing tailored
antibacterial-anti-biofouling coatings for specific applications. It should be mentioned that this
contribution was the first report on the use of a biocompatible low surface energy OTES molecule
and a non-toxic QUATS to fabricate a tunable superhydrophobic and antibacterial coating. The
micro and nano-topological roughness of 5.8 £ 0.5 um, observed by scanning electron microscopy
was passivated with the low surface energy OTES molecules to generate the superhydrophobicity,

whilst the bactericidal property was induced by QUATS.

An antibacterial property, with a zone of inhibition of 34 £ 1.6, 22 + 1.4, and 25 + 0.9
against S. Aureus, P. Aeruginosa and E. coli, respectively, were obtained for the solution form of
OTES-QUATS. Conversely, anti-biofouling property of 99.9, 99 and 99% were obtained for same
bacteria respectively, on the OTES-QUATSs coated aluminium surface. As durability and chemical
stability of coatings are important for practical application, a 35-day UV-accelerated weathering
study was performed to investigate the stability of the OTES-QUATS coating. Interestingly, the
superhydrophobic OTES-QUATS coating was stable with a water contact angle (WCA) > 150°
after 21 days, which showed the ability of OTES-QUATS coating to repel bacterial attachment.

However, the WCA reduced gradually to a value of 121° after 35 days of UV irradiation.
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Nonetheless, theoretically, the presence of QUATS could offer extended bactericidal properties to

guarantee long-term antibacterial activity.

In summary, chapter 5 met the requirements of antibacterial coating by way of facile
chemical bath synthesis, long-term bactericidal performance, broad-spectrum effectiveness,
environmental friendliness, low-cost production, and adaptability to large-scale production.

However, toxicity and antibacterial resistance investigations were not performed.

8.1.3 Chapter 6

Chapter 6 shed light on a facile two-step electrochemical synthesis process to deposit
Ag:POs nanoparticles on anodized aluminum surfaces for obtaining durable antibacterial
properties. lonic silver (Ag* ion) was first reduced to metallic Ag® on anodized aluminum,
followed by oxidation of the metallic silver (Ag®) in an electrolyte of sodium orthophosphate to
electrochemically precipitate AgsPOs in situ on anodized aluminum surface. These were achieved
by applying an optimized reduction potential of -1.0V and oxidation potential of 10V; respectively
on a 3 wt. % HsPO4 anodized aluminum. This strategy is very innovative and promising as it
enabled the use of direct current (DC) to electrochemically synthesis silver phosphate on anodized
aluminum, without the need for high-cost alternative current (AC) electrodeposition process or the
time-consuming process of removing anodic aluminum oxide layer, required for typical

electrodeposition of metals on H.SO4 anodized aluminum.

The characterization by X-ray powder diffraction, attenuated total reflection-Fourier

transform infrared spectroscopy, energy-dispersive spectroscopy and scanning electron
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microscopy confirmed the formation of AgsPO4 nanoparticles. Furthermore, mechanical stability
study on the AgsPOs coated anodized aluminum using the American Standard Test Method
(ASTM D-3359), revealed a remarkably high resistance against scratch and a very high coating
adhesion. Additionally, antibacterial property of the AgsPOs4 coated anodized aluminum was
excellent, with 100% efficiency in 60 minutes of contact with E. coli bacteria. Again, both
susceptibility and photocatalysis studies on AgsPOs showed superior antibacterial properties with
a zone of inhibition (ZOI) value of 20 + 1.3 mm and 100% E. coli inactivation in15 min of visible-

light irradiation.

In chapter 6, antibacterial-coating requirements such as use of simple and scalable
electrochemical synthesis process, durable and stable coating, broad-spectrum antibacterial
effectiveness, low-cost fabrication process and environmental friendliness were achieved.
Nonetheless, ion releasing, its evolution with time, safety concerns on touchers, long-term toxicity

and antibacterial resistance concerns were not addressed.

8.1.4 Chapter 7

In chapter 7, the serendipitous discovery of a topography-mediated antibacterial aluminum
surface, fabricated by a one-step hard anodization process was discussed. Anodization parameters
such as electrolyte, concentration, time, and current density were optimized to induce micro-
nanoscale topographical features, composed of pore diameter, cell diameter, surface roughness,
and oxide layer thickness among others. These features characterized by scanning electron

microscopy, energy dispersive X-ray spectroscopy and surface profilometry were found to be
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responsible for antibacterial performance. Phosphoric acid electrolyte produced better
topographical features compared to sulphuric acid. In general, phosphoric acid with low acid
concentration, such as 3% H3sPOa and a higher current density such as 40 mA/cm? led to a large
pore diameter, a large cell diameter, a high surface roughness and excellent antibacterial property,
compared to higher acid concentration such as 45wt. % HsPO4 under similar conditions. Thus, 3
wt. % H3POys, exhibited a pore diameter of 151 + 37 nm, a cell diameter of 239 + 53nm, a roughness
(rms) of 2.9 + 0.7um and bactericidal efficiency of 100%. Contrarily, 45wt. % H3PO4 showed a
lower pore diameter of 55 + 12 nm, a cell diameter of 115 + 16, a roughness (rms) of 0.8 + 0.1um
and a bactericidal efficiency of 85%. In addition, the 3 wt. % H3PO4 anodized at 40 mA/cm?
compared favourably with a commercially available antibacterial copper (C11000 of 99.9% Cu),
having a 100% bactericidal efficiency after 1h E. coli bacterial contact. Furthermore, after 96 h of
E. coli bacterial continuous loading cycles, the 3 wt.% H3PO4 anodized aluminum coupon still
exhibited a superior antibacterial property, having 100% efficiency. On the contrary, as-received
aluminum killed only 6.6% of E. coli bacteria after 1h of contact.

This novel antibacterial strategy represents a very innovative and promising solution to
overcome the issues with existing antibacterial coatings, characterized by coating instability,
toxicity, and antibacterial resistance problems. The fact that topography-mediated antibacterial
aluminum surface requires no coating, but mainly the outermost interface needs to be engineered
to induce micro-nanoscale topographical patterns to modulate antibacterial activity represents a
paradigm shift in antibacterial surface technology. Thus, these surfaces represent a more eco-
sustainable solution to both implant devices prostheses and frequently touched surfaces-mediated
healthcare associated infections. The originality of this contributing chapter consists of the fact

that, theoretically, topography-mediated antibacterial aluminum surface could offer a more durable
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and long-lasting antibacterial surface in term of bioactivity, for months and years of repeated
touches.

Another important contribution to knowledge was the development of the novel dry
seeding protocol that simulated the near dry conditions of typical frequently touched surface of
hygiene critical environment. Existing antibacterial protocols are limited to immersion and wet
condition studies, (which is typical for medical implant device prostheses applications). However,
protocols intending to assess antibacterial effectiveness of inanimate frequently touched areas in
hospital environment ought to mimic and model the near dry conditions, characterized by very thin
aqueous films or local droplets of fingerprint-contact of indoor inanimate surfaces. In this regard,
the novel dry seeding protocol described in chapter 7, attempted to achieve such realistic
conditions by utilizing maximum recovery diluent (MRD) load to simulate soiling condition of
vomit, blood or faeces spread on inanimate frequently touched areas. As noted earlier, result of
this novel dry seeding protocol, conducted on both commercially available antibacterial copper
and the 3 wt.% HsPO4 anodized aluminum coupon-3HP40, was excellent with 100% bactericidal
efficiency after 1h E. coli bacteria contact.

In summary, requirements of antibacterial coating in terms of simple fabrication process,
adaptability to large-scale production, non-toxicity, environmental friendliness, low-cost
production, durability, and long-term stability of topographical features were achieved. However,
long-term antibacterial performance and bioactivity in contaminated environment could have been

further explored.
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8.2 Conclusions

Multidrug resistance pathogens such as S. Aureus, P. Aeruginosa and E. coli can survive
on frequently touched surfaces. These surfaces can become potential reservoirs for transmission
of both community and healthcare associated pathogenic infections. As a common engineering
material having easy fabrication process for such applications, aluminum alloy has been used and
transformed into antibacterial surfaces by: (i) anodization process to create a nano-porous
topographical pattern, which kill bacteria on contact; (ii) as well as passivating the nano-porous
topographical pattern to create superhydrophobic properties to repel the initial attachment of
bacteria; or (iii) immobilizing antibacterial agents on anodized aluminum to kill bacteria on

contacts.

Through the existence of the extensive literature and experimental investigations in the
field of antibacterial materials and surfaces, this research, as apart of doctoral studies, has
successfully demonstrated the potential use of AA6061-T6 aluminum alloy as the antibacterial

surfaces via the following original contributions:

1. Fabrication of a novel topography-mediated antibacterial aluminum surface via a one-step
constant current hard anodization.

2. Designing a novel dry seeding protocol that simulate near dry condition of typical
frequently touched surfaces.

3. Fabrication of silver-polymethylhydrosiloxane (Ag-PMHS) nanocomposite coating on

anodized aluminum with superhydrophobic and antibacterial properties.
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4. Fabrication of a tunable superhydrophobic aluminum surface with anti-biofouling and
antibacterial properties.
5. Electrochemically synthesized silver phosphate coating on anodized aluminum with

superior antibacterial properties.

Overall, in this research, different methods have been utilized to fabricate the novel
antibacterial aluminum surfaces. Typically, utilization of surface engineering strategies such as
anodization, low surface energy passivation and electrochemical surface immobilization of
photocatalysts, prove to be sufficient to transform AA6061-T6 aluminum alloy into antibacterial
surfaces capable of reducing microbial burden of clinically relevant pathogens such as S. Aureus,

P. Aeruginosa and E. coli.
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8.4 Recommendations and future work

While this study has demonstrated different experimental process for transforming AA6061-

T6 aluminum alloy used in our daily life, for the potential use as antibacterial surface, there are

still opportunities to improve the limitations and unanswered questions worthy of consideration

for further studies:

1.

In this research project, antibacterial performance of the fabricated aluminum surfaces was
evaluated by in-vitro assays. However, this may not replicate the real sites of intended
applications such as healthcare facility, long-term care homes, outpatient surgical centres
and other hygiene critical environment. Hence, future work should focus on evaluating the

antibacterial activity of the AA6061-T6 aluminum surfaces in real life settings.

To improve longevity of antibacterial properties even after eventual possible loss of
superhydrophobicity in the long-term, silver and quaternary ammonium salt (QUATS)
were incorporated in polymethylhydrosiloxane (PMHS) polymeric matrix and
octyltriethoxysilane molecules, respectively. As future recommendation, release kinetics
of these antimicrobial materials and cytotoxic impact studies (for example on fibroblasts

cell lines) and possible resistance to bacteria could be investigated.

While anti-biofilm study was conducted on Ag—PMHS nanocomposite aluminum, most
bactericidal assays were performed on one planktonic bacteria cell at time. However, it is
common knowledge that bacteria attach and develop in colonies of biofilms. Hence, further

investigation could be investigated using a high throughput Calgary Biofilm Device
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(CBD). The CBD is a very versatile Biofilm culturing device that can provide information
not only on the minimal inhibitory concentration, the minimal biocidal concentration, the
minimal biofilm eradication concentration (ability to Kill existing biofilms), the minimal
biofilm prevention concentration (ability to prevent attachment and biofilm initiation) but
also the minimal biofilm growth inhibition concentration (ability to prevent biofilm

proliferation).

In addition, the excellent performance of the topography-mediated antibacterial aluminum
surface was studied under near dry conditions to simulate conditions of typical frequently
touched surface. However, it would be interesting also to evaluate the antibacterial
performance in wet conditions. In addition, studies with gram-positive bacteria could be
investigated. Furthermore, detailed mechanism of the topography-mediated antibacterial
aluminum surfaces could be investigated. Furthermore, while maximum recovery diluent
(MRD) load was utilized to simulate soiling condition of vomit, blood or faeces, alternative
organic soil such as Bovine Serum Albumin could be further explored. In addition, long-

term bioactivity in contaminated environment could be studied.

Finally, regarding the study on electrochemically synthesized AgsPOas coating on
aluminum, it is unclear whether the nucleation and growth of the AgsPO4 occurred within
the anodized aluminum pores. Thus, anodization parameters such as concentration of
different electrolytes, temperature and applied potential or current, could be optimized to
produce larger pores to incorporate AgsPO4 nanoparticles. Again, morphological surface
roughness could be optimized to produce nanoscale feature that targets pathogens in the
nano to few micro scale dimensions.
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