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ABSTRACT

This thesis describes two types of approaches for reducing the incidence of hospital-
acquired infections (HAIs), which are chemical approaches that inactivate bacteria that
adhere to the surface i.e. bactericidal activity and physical approaches that inhibit initial
bacterial attachment to the surface i.e. anti-biofouling activity. Specifically, the
antimicrobial polydimethylsiloxane (PDMS)-based systems detailed in this thesis are: (i)
photosensitizer, crystal violet (CV),-coated PDMS for both medical device and hospital
touch surface applications, (ii) crystal violet-coated, zinc oxide nanoparticle-encapsulated
PDMS for hospital touch surface applications, (iii) superhydrophobic antibacterial copper
coated PDMS films via aerosol assisted chemical vapour deposition (AACVD) for hospital
touch surface applications and (iv) slippery copper-coated PDMS films to prevent biofilm

formation on medical devices.

The materials were characterized using techniques including: X-ray diffraction (XRD),
scanning electron microscopy (SEM), UV-vis absorbance spectroscopy, water-contact
angle measurement and microbiology tests. Functional testing indicated that CV-coated
samples were suitable for targeted applications and showed potent light-activated
antimicrobial activity when tested against model Gram-positive bacteria, Staphylococcus
aureus, and Gram-negative bacteria, Escherichia coli, associated with hospital-acquired
infections, with > 4 log reduction in viable bacterial numbers observed. On the other hand,
CVD modified samples demonstrated highly significant antibacterial activity against both
bacteria (> 4 log reduction in bacterial numbers) under dark conditions. Moreover, they
resulted in a significant reduction in bacterial cell adhesion compared to PDMS and glass
controls. However, superhydrophobic materials accumulated biofilm of both bacteria over
a 2-day period while slippery materials significantly prevented biofilm formation over the
same period. The novel and highly efficacious antibacterial materials reported in this thesis
show a very strong potential to be utilized in hospital environments for reducing the

incidence of HAISs.
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and S. aureus for 15 min and 60 min, respectively while dip-coated Cu-PDMS

(Cu*) was exposed to E. coli for 15 min.
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Fig. 4.9

Adherence of (a) S. aureus and (b) E. coli to the sample surfaces including
uncoated glass (glass), bare PDMS (PDMS), CVD treated PDMS (S-PDMS) and
Cu NPs coated CVD-PDMS (Cu-PDMS).
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Fig. 4.10

SEM images of the Cu coated PDMS surface that was exposed to the tape test.
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Chapter 5 — Extremely Durable Biofouling-Resistant Copper Based Self-

Sterilizing Surfaces

Fig. 5.1

Images of (a) plain glass, (b)PDMS-glass, (c) Cu-glass, (d) S.H-Cu and (e) SLIP-
Cu.

104

Fig. 5.2

SEM images of the surface morphologies of (a) uncoated SH-Cu (b) SH-Cu (c)
SLIP-Cu. The magnifications are x500 and x1000 for the inset images.
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Fig. 5.3

(a) Optical photograph of methylene blue-dyed water droplets on one layer of the
copper powder and (b) SEM photograph of Cu particles. The inset is a high

magnification photograph.
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Fig. 5.4 Optical images of the untreated and treated surfaces (superhydrophobic and | 106
slippery), respectively, on different substrates: (a) glass, (b) silicone, (c) paper
and (d) steel. The inset images show water contact angles of the substrates.

Fig. 5.5 (a) The SH glass surfaces is capable of trapping air in aqueous environment, | 106
leading to an underwater air-film. (b) and (c) In comparison, the air-film cannot
be stabilized by the SLIP and plain glass samples.

Fig. 5.6 Continuous water flow on (a) the S.H-Cu and (b) the SLIP-Cu surface. 107

Fig. 5.7 Snapshots taken in the course of flowing water, glycerol and blood on the pristine | 108
glass, S.H-Cu glass and SLIP-Cu glass at a TA of 10°. The water was labeled by
methylene blue.

Fig. 5.8 Self-cleaning test was performed on pristine filter paper, S.H-Cu filter paper and | 109
SLIP-Cu filter paper.

Fig. 5.9 Tape adhesive test of the uncoated and coated S.H-Cu samples (from lefttoright). | 110
Fig. 5.10 Plot of water contact/sliding angles as a function of bending times. Knife-scratch | 110
tests on the superhydrophobic glass, silicone, paper and steel substrates.

Fig. 5.11 One cycle (A) and ten cycles (B) of the sandpaper-abrasion test of the uncoated | 111
SH-Cu glass sample after 10 cycle. (C) SEM image of the sandpaper surface.

Fig. 512 (A) and (B) Hlustration of one cycle of the sandpaper abrasion test for the PDMS- | 112
coated superhydrophobic glass surface. (C) CA change of the superhydrophobic
surface with abrasion cycles, (D) photograph of water droplets on the coating
after 50 cycles of abrasion test.

Fig. 5.13 SEM images of the superhydrophobic coating (A, B) before abrasion; (C, D) after | 113
50 cyclic sand abrasion.

Fig. 514 Knife-scratch tests on the superhydrophobic glass, silicone, paper and steel | 114
substrates.

Fig. 5.15 Finger-wipe tests on uncoated SH-Cu, plain and coated SH-Cu glass substrates, | 114

respectively (from left to right). The coating without PDMS was partly removed

15



by a finger wife while the superhydrophobic glass with PDMS coating sustained

water proofing properties, indicating the coating becomes more robust.

Fig. 5.16

Snapshots taken before and in the course of pulling of the samples from the media
through the air-water interface after being exposed to either S. Aureus and E. coli
cultures for 2 days to grow biofilm.
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Fig. 5.17

Comparison of the attachment of biofilm-forming S. aureus (on the left) and E.
coli (on the right) to S.H-Cu and SLIP-Cu.
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Fig. 5.18

Optical and SEM images of SH-Cu (A) before and (B, C, and D) after being
exposed to S. Aureus culture for 2 days to grow biofilm. The magnifications are
x1300 and x2000 for the inset images. The arrows show the bacterial colonies.

The purple colour (B) indicates that the colonies were stained with crystal violet.
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Fig. 5.19

Optical and SEM images of SLIP-Cu (A) before and (B, C, and D) after being
exposed to S. Aureus culture for 2 days to grow biofilm. The magnifications are
%1300 and x2000 for the inset images.
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Fig. 5.20

Optical and SEM images of SH-Cu (A) before and (B, C, and D) after being
exposed to E. coli culture for 2 days to grow biofilm. The magnifications are
x1300 and x2000 for the inset images. The arrows show the bacterial colonies.

The purple colour (B) indicates that the colonies were stained with violet.
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Fig. 5.21

Optical and SEM images of SLIP-Cu (A) before and (B, C, and D) after being
exposed to E. coli culture for 2 days to grow biofilm. The magnifications are

x1300 and x2000 for the inset images. The arrows show the bacterial colonies.

119

16



LIST OF ABBREVIATIONS

Aerosol assisted chemical vapour deposition
Atomic force microscopy
Brain-Heart-Infusion

Contact angle

Centers for Disease Control and Prevention
Chemical vapour deposition

Escherichia coli

Hospital-acquired infection

MacConkey agar

Methicillin resistant-Staphylococcus aureus
Mannitol salt agar

Phosphate buffer saline

Photodynamic therapy

Reactive oxygen species

Singlet oxygen

Sliding angle

Slippery liquid-infused porous surfaces
Transmission electron microscope
Ultraviolet-visible

X-ray diffraction

AACVD
AFM
BHI
CA
CDC
CvD
E. coli
HAI
MAC
MRSA
MSA
PBS
PDT
ROS
102
SA
SLIPS
TEM
UV-vis

XRD

17



Chapter 1: Hospital- Acquired Infections and Strategies for Their Control

Chapter 1: HOSPITAL-ACQUIRED INFECTIONS
AND STRATEGIES FOR THEIR CONTROL

1.1: An Introduction to Hospital-Acquired Infections

Hospital-acquired infections (HAIS), also known as nosocomial infections, are defined by
The United Kingdom (UK) Department of Health (DoH) as “any infection by any
infectious agent acquired as a consequence of a person’s treatment by the UK National
Health Service (NHS) or which is acquired by a health care worker in the course of their
NHS duties”.! They are among the most frequent adverse events in hospitalized patients,
affecting healthcare systems worldwide?. Since 1980, the incidence of HAIs has been
increasing dramatically especially because of the emergence and worldwide spread of
multidrug-resistant bacteria resulting from the over and mis-use of antibiotics.® Dealing
with the control, prevention and successful treatment of these infections within healthcare

institutions is an ongoing problem.

HAISs are a leading cause of patient morbidity and mortality, striking between 7-10% of all
patients in developed and developing countries. In European countries, more than 4 million
patients are affected each year by approximately 4.5 million episodes of HAIs with an
average prevalence of 7.1, leading to 16 million extra-days of hospital stay, at least 37 000
attributable deaths. The estimated annual incidence rate of HAIs in the US is 4.5% with
approximately 1.7 million affected patients, causing approximately 99 000 deaths. In high-
income countries, the prevalence rate of HAIs varies between 5% and 15%, whereas
approximately 15-19% of patients are affected by at least one HAI in low-and middle
countries. Additionally, annual financial losses due to HAIs are significant, accounting for
about € 7 billion in Europe and about $ 6.5 billion in the US.*
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Chapter 1: Hospital- Acquired Infections and Strategies for Their Control

1.2: Antimicrobial resistance

Antimicrobial agents were developed to combat bacterial infections ca. 70 years ago.’
However, the widespread use of antibiotics to manage and treat bacterial infections have
led to the emergence of bacteria that are resistant to antibiotics.>® Antibiotic resistance is
the resistance of a microorganism to a certain antibiotic drug that was originally effective
to treat the infections resulting from it.” The rise of antimicrobial resistance is associated
with the inappropriate use of antibiotics (e.g. for viral infections), non-compliance in
patients and widespread antibiotic use in animal husbandry.® The first major problem in
treating infectious diseases with antibiotics was the emergence of vancomycin-resistant
Enterococcus (VRE) that possess intrinsic resistance to several frequently utilized
antibiotics and an ability of acquiring resistance to all currently available antibiotics.® Also,
more than of 40% of Staphylococcus aureus strains collected from hospitals were found to

be resistant to the antibiotic methicillin.X

As new resistance mechanisms emerge and spread globally, standard methods become
ineffective to treat common infectious diseases, leading to prolonged illness, higher health
care expenditures and a greater risk of death.!* According to The Centers for Disease
Control and Prevention (CDC, 2013), nearly 2 million patients were affected by antibiotic
resistant infections, causing more than 23 000 deaths in the U.S alone. Also, antibiotic-
resistant infections cost the U.S healthcare system over $20 billion per year.'>?
Consequently, there is an urgent need for a realistic alternative to the prescription
antibiotics as well as strategies to prevent HAIS.

1.3: Role of The Environment in the transmission of HAIs

The Centers for Disease Control and Prevention (CDC) has listed contact transmission,
direct from body to surface or indirectly through contaminated inanimate objects, as one
of the main modes of transmission of microorganisms.* 1> Hand hygiene plays a crucial
role in preventing the spread of microorganisms'®t’ and it is recommended by the World
Health Organization*® that hands should be cleaned before and after touching a patient and

the environmental sites close to the patient (e.g. bed rails) as evidence demonstrates that
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Chapter 1: Hospital- Acquired Infections and Strategies for Their Control

such sites can be heavily contaminated with bacteria or bacterial spores.’*23 In 2004, the
NHS National Patient Safety Agency implemented the “clean your hands” campaign to
improve healthcare worker hand hygiene to reduce the incidence of HAIs. However,
compliance levels among healthcare works are generally poor. In fact, 34 different studies
have reported that the average level of compliance with the CDC guidelines among
healthcare workers was 40%. Therefore, such low hand hygiene compliance can increase

the probability of environmental contamination via healthcare workers.?

The environment has also been demonstrated to play a crucial role in the spread of infection
within a healthcare facility. There is mounting evidence showing a link between poor
environmental hygiene and the spread of microorganisms leading to HAIs.?* The role of

the environment in the spread of HAIs is demonstrated in Fig. 1.1.

Microorganism

contaminated
surface

Patient Healthcare worker

Fig. 1.1 The role of surfaces in the transmission of bacteria.

Infectious microorganisms can be transferred from patient to patient via contact with
inanimate surfaces.?® The most frequently contaminated surfaces are floors, doorknobs,
television remote control devices, bed-frame lockers, mattresses, bedside tablets and toilet
seats in rooms previously occupied by a colonized or infected patient.?6?° Moreover,
medical devices (e.g. stethoscopes and otoscopes) and different plastic items (e.g. pagers
and cell phones) in the hospital are highly prone to bacterial contamination and can serve
as reservoirs of nosocomial pathogens and vectors for cross-transmission.*3! An estimated

20-40% of HAIs are because of cross-infection by the hands of healthcare staff in contact
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with patients or by touching contaminated surfaces. The characteristics and symptoms of

some clinically-relevant infections are summarized in Table 1.1.

Table 1.1 Examples of organisms causing nosocomial infections.

Organism

Transmission

Symptoms

S. aureus

Contact with a purulent lesion
or carrier, unsanitary

conditions, overcrowding

Skin, blood, respiratory
tract infection,

septicaemia and death

Clostridium difficile

Extensive contamination in

the environment

Diarrhoea and colitis

Escherichia coli

Person-to-person transmission
and ingestion of contaminated

food/water

Blood and urinary tract

infection

Norovirus

Faecal contaminated vehicle
(food or water) and person-to-

person transmission

Abdominal pain, nausea,
vomiting, headache and

chills

Pseudomonas aeruginosa

Contamination from tap
water, hospital sinks and

different medical devices

Lung and urinary tract

infection

1.3.1: Microorganisms commonly responsible for HAIs

Inanimate surfaces are potential reservoirs of pathogenic microbes correlating with the

incidence of nosocomial infection. Several

Clostridium difficile (C. difficile), Escherichia coli

important microorganisms, including
(E.coli), methicillin-resistant
(VRE),

Pseudomonas aeruginosa, may survive on inanimate surfaces for extended periods of time

Staphylococcus aureus (MRSA), vancomycin-resistant enterococci and

and can therefore be a source of transmission if no regular preventive surface disinfection

is carried out.
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Inconsistent results of bacterial survival on dry inanimate surfaces are reported (Table 1.2).
Overall, Gram-negative species have been demonstrated to survive longer compared to
Gram-positive species. Large differences in survival times can be attributed to not only
types of species and strains but also variations in experimental conditions such as inoculum
size, humidity, the suspending medium, and the surface material (i.e. a longer persistence
of bacteria on plastic or steel relative to glass).*? In addition, environmental factors such as
increased humidity (> 70%) and lower temperatures (4-6 °C) can improve persistence of

bacteria, viruses and fungi.®2

Table 1.2 Length of survival of common hospital-related pathogens on surfaces and associated infectious

dose, where known.3233

Organism Infectious Dose Length of Survival on
Surfaces
(If known)
Staphylococcus aureus <15CFU/108 (oral dose) 7 days - >1 year

Clostridium difficile 1CFU (in mouse models)®* 5 months

Klebsiella spp. No experimental evidence <1 hour — 30 months

E. coli 10 CFU® <1 hour — 16 months

Acinetobacter spp. No experimental evidence 3 days — 5 months
Pseudomonas aeruginosa 108 (oral dose) 6 hours — 16 months

What is important for determining the risk of a patient contracting or spreading a HAI
infection is that the longer a nosocomial pathogen can persist on a surface the longer it may
be a source of transmission, and therefore endangering a susceptible patient or a healthcare

worker,36:37
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1.4: Common pathogens
1.4.1: Methicillin-resistant Staphylococcus aureus (MRSA)

MRSA is resistant to multiple beta-lactam antibiotics including methicillin, penicillin,
oxacillin and amoxicillin. It was primarily identified as a nosocomial infection in the US

in the late 1960s among older and sicker patients contaminated by healthcare workers.®

MRSA is usually transmitted from patient to patient via the hands of health-care workers
(HCW), but persistence of the pathogen in the environment may also play a role.3® Thus,
MRSA can contaminate the near patient environment including the floor, bedframe, and

the patient locker.*°

MRSA infections are a major cause of morbidity, mortality and cost among inpatients. The
incidence has significantly increased twofold to threefold since the late 2000s worldwide.*
The rate of MRSA infections within the US increased from 46.3/1000 inpatients in 2006
to 66.4/1000 inpatients in 2010, and in the EU there were around 170 000 patients infected
by MRSA each year.*>*

Legislation and national infection control interventions were put into practice in England
in order to reduce rates of MRSA-related infections within hospitals. This has resulted in a
decrease in rates of such infections by 85% between April 2003 and March 2011.%
Whether S. aureus is sensitive or resistant, its transmission is clonal and in recent years
there has been an increase in the incidence of both sensitive- and resistant S. aureus

infections causing skin and soft issue infections.*
1.4.2: Escherichia coli (E. coli)

E. coli is a Gram-negative, rod shaped bacterium that is commonly found in the intestines
of people and animals and is a major constituent of a healthy human intestinal tract.*®
However, it causes problems when entering our bloodstreams or tissues within the body,
resulting in up to 40% of septicaemia and 75% meningitis cases.* It grows in moist hospital

environments and can also be found in solutions, humidifiers, endotracheal tubes, medical
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devices and equipment.®® E. coli is the major cause of bloody diarrhea.*® Additionally, it is
responsible for 90% of UTIs* and haemolytic uremic syndrome in some people (in

particular children under age 5) that destruct red blood cells and results in kidney failure.>

Recent studies demonstrated that the incidence of drug-resistant E. coli infections in the
U.S. doubled from 5.28 incidents per 100,000 patients to 10.5 infections per 100,000
between 2009 and 2014.5! Also, E. coli is the major cause of bacteraemia in the UK.
According to Public Health England (PHE) rate of bloodstream infections due to E.coli
increased by 15.6% from 2010 to 2014.%2

1.5: Antibacterial surfaces

Regular cleaning of hospital surfaces to control infections caused by pathogenic
microorganisms will not guarantee complete elimination. In this context, there are some
high-tech approaches gaining attention to develop “self-sterilizing” or “self-sanitising”
antibacterial surfaces that were first proposed in 1964 but were not considered as effective

controls to minimize the spread of pathogens until years later.>

Various reasons may cause surface contamination in a typical healthcare environment. In
particular, it may be because of direct transfer through touching from an infected or
colonized patient, or from a member of healthcare staff who is carrying the pathogenic
microbe on their hands. When a surface has become contaminated, a cyclical problem
occurs because this contamination can now be transferred to other surfaces and patients in
the vicinity. While appropriate hand washing by healthcare staff can inhibit the further
spread of pathogens through hand-surface transmission,> it cannot eliminate the surface
contamination itself as well as the potential direct transmission by the patient and thus, the
cycle will always continue. The effectiveness of traditional approaches to eradicate surface
contamination is under debate. A study demonstrated that in the healthcare environment
MRSA was detected on 74% of swab samples before cleaning and on 66% of swab samples

after cleaning.*

In recent years, the NHS has implemented a range of strategies, including mandatory

surveillance, legislation, and inspection in order to decrease the number of HAIs. In
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particular, significant effort has been devoted to prevent HAIs attributed to MRSA, and

C. difficile because they have caused multiple fatalities.>®>” Although the actions have

achieved a reduction in HAIs since 2007, fatality rate (~9000 deaths per year) is still

tragically high and requires further control measures.*®

In order to overcome the problems of the cyclical nature mentioned above, antimicrobial
surface coatings need to be developed to reduce microbial loads on a surface without
outside intervention and therefore reinforce the hygiene regime of a healthcare
environment. Such a coating may possibly break the “nosocomial infection loop” that

would solve the problem of person-person transmission (Fig. 1.2).>°

a Microorganism m Microorganism
contaminated contaminated
surface \ surface
Patient Healthcare worker Patient Healthcare worker

ey —_—

Fig. 1.2 The role of surfaces in the transmission of hospital infection. (a) Cycle of bacterial transfer from

surfaces to patients. (b) Disruption of cycle because of the use of an antimicrobial surface.

Antimicrobial surfaces may either (i) inactivate bacteria that do adhere to the surface (i.e.
bactericidal activity) using bactericidal nanoparticles or (ii) prevent the attachment of
bacteria (i.e. anti-biofouling activity) using superhydrophobic and slippery surfaces.

1.5.1; Antibacterial nanomaterials

At the beginning of the 20™" century, infectious diseases were the leading cause of death
worldwide. However, success in reducing morbidity and mortality from infectious diseases
during the last century was attributed mainly to the use of antimicrobial drugs. Nowadays,
however, microbial resistance to these drugs has reached a critical point, invalidating the
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therapeutic efficiency of major antimicrobial drugs that are currently utilized in clinical

settings.>®

A large number of bacteria are resistant to at least one antibiotic including methicillin-
resistant and vancomycin-resistant Staphylococcus aureus, vancomycin-resistant
Enterococcus, E. coli, and Pseudomonas aeruginosa.®®3 40-60% of strains of S. aureus
in hospitals in the US and UK are resistant to methicillin and most of these strains are also
resistant to multiple antibiotics.®> Antibiotic-resistance bacterial infections lead to

prolonged hospital stays, increased mortality and costlier treatments.®-64

To overcome this global problem, the use of biocidal nanoparticle agents has emerged as a
promising method to both prevent development of bacterial resistance and overcome
existing resistance mechanisms including decreased uptake and increased efflux of
antibiotic from the bacterial cell®>®” and biofilm formation.®*®® It is believed that high
surface area to volume ratios and novel chemico-physical features of different

69 Antibacterial

nanomaterials are associated with efficient antimicrobial activities.
nanoparticles provide many distinctive advantages over conventional antibiotics including
acute toxicity reduction, overcoming resistance and lower costs of synthesis methods.
Different types of nanoparticles (NPs) (e.g. silver, zinc and copper) overcome bacterial
drug resistance since they show simultaneous multi-site attack mechanism against
pathogenic microorganisms, therefore making it unlikely that bacterial will develop

resistance.”®

Fig. 1.3 summarizes the multiple mechanisms of antibacterial activity of various NPs.
Some antimicrobial mechanisms of nano-materials contain: i) photocatalytic generation of
reactive oxygen species (ROS) that lead to damage cellular and viral components, ii)
compromise the wall/membrane of bacteria, iii) interrupt energy transduction, and iv)

circumvent enzyme activity and DNA synthesis.%*
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Figure 1.3 Different antimicrobial mechanisms of nanoparticles.®
1.5.1.1: Silver-coated surfaces

The use of silver as a therapy for infectious diseases lost its popularity after the discovery
of penicillin in the 1940s.”* However, the limited efficacy of antibiotics against bacteria
that recently emerged revived the clinical utilization of silver and its compounds in a range
of applications such as wound dressings’?, medical devices and catheters,” and textiles.’
Silver nanoparticles (Ag Nps) have been proven to be strongly bactericidal against a variety
of microorganisms including drug-resistant bacteria, fungi and viruses.” " Since Ag NPs
use numerous antimicrobial mechanisms to kill bacteria the development of resistance to
them is unlikely.””:”® Their antimicrobial properties are attributed to release of Ag+ ions
from the Ag NPs in aqueous solution that exert antimicrobial activity through different

mechanisms,5478:80

Firstly, silver ions can interact with sulfur and phosphorus-containing proteins in the
bacterial membrane,”’"~"® causing holes in the membrane that allows cytoplasmic contents
to leak out the cell, and sometimes resulting in cell death.”®® Also, these interactions allow
the ions to penetrate into the cell cytoplasm by passing through the wall and plasma

membrane of the cell, where the ions provide additional antimicrobial effects.”>"°
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Once Ag" is in the bacterial cell, it shows several more antibacterial effects: (i) Ag+ also
attaches to and damages DNA and RNA of microbes,”>"""%8L (ii) Ag+ circumvents DNA
replication and cell division of microbes,”®®! and (iii) Ag+ can generate reactive oxygen
species (ROS) that shows toxic effects both on bacterial and eukaryotic host cells’®-8

It was reported that the antimicrobial activity of Ag NPs is inversely dependent upon the
nanoparticle size®#® and shape.®* Combination of Ag NPs and antibiotic such as penicillin
G, amoxicillin, erythromycin and vancomycin lead to enhanced and synergistic
antibacterial activities against Gram-positive and Gram-negative bacteria (e.g., E. coli and
S. aureus).®>®7 On the other hand, prolonged exposure to soluble silver-including materials
may generate toxic effects such as organ damages (e.g. liver and kidney), irritation (e.g.
eyes and skin) and alteration in blood cell counts.®® Conversely, some studies suggested
that Ag NPs are non-toxic.8% As a result, the use of Ag NPs can be considered as
promising antimicrobial compounds that require comprehensive understanding of their

potential toxicity.
1.5.1.2: Copper-coated surfaces

Copper (Cu) has been known as an antibacterial agent for centuries and was used to treat
ulcers by Hippocrates (Hippocrates, 400 BC). A broad range of microorganisms are
susceptible to copper, including S. aureus, E. coli, C. difficile, E. faecalis, E. faecium,

Mycobacterium tuberculosis, and influenza A H1IH1.%

Cu NPs have been fabricated using a broad range of techniques including thermal
reduction,® chemical reduction, vacuum vapour deposition and microwave irradiation
techniques.®® These techniques utilize oxygen-free conditions to prepare the nanoparticles
because they rapidly oxidise to Cu?* ions in air or aqueous media.** Therefore, it is vital
that a technique is developed which can stabilize Cu NPs to inhibit oxidation and
agglomeration. Nanoparticles readily agglomerate since they possess a high surface energy
that limits effective dispersion into solutions or polymer matrices.® Alternative techniques

have been carried out to produce Cu NPs in the presence of polymers (e.g. chitosan,®
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polyethylene glycol®”) or surfactants (e.g. cetyl trimethyl ammonium bromide) as

stabilizers in order to form coatings around the nanoparticle surface.*®

Copper surfaces have been examined for their use in the healthcare environments in the
UK, USA, Chile and Japan.®*1%! For instance, copper-containing taps, door push plates
and toilet seats were applied to an acute medical ward in the UK, which resulted in much
lower bacterial loads on the surfaces compared to that found on non-copper containing

control surfaces.1%?

Although the exact bactericidal mechanism of Cu NPs is not fully understood, it has been
demonstrated to be mainly because of disruption of cellular respiration, DNA damage by
means of the generation of reactive oxygen and ionic copper species that cause damage to

bacterial enzymes and proteins.*%31%°
1.5.1.3: Zinc oxide-coated surfaces

Zinc oxide nanoparticles (ZnO NPs), which are non-toxic to human and biocompatible,
have been used as drug carriers, cosmetic ingredients, and medical filling materials. 106107
In addition, it was found that ZnO NPs exhibited antibacterial property against important
food-borne pathogens such as E. coli 0157:H7 and enterotoxigenic E.coli*%®11 as well as
against drug-resistant bacteria (e.g. MRSA).% ZnO NPs have benefits compared to Ag NPs
such as lower cost, a white appearance and UV-blocking characteristics.!'? It is believed
that ZnO NPs destroy lipids and proteins of the bacterial cell membrane, which result in a

leakage of intracellular contents and ultimately the death of bacterial cells.*!>!13

ZnO NPs use multiple mechanisms to destroy pathogens and therefore the likelihood that
bacteria will develop resistance to them is low. These mechanisms include: (i) ZnO NPs
attach strongly to bacterial cell membranes and disturb both the lipids and proteins of
membrane, leading to increased membrane permeability and leakage of cytoplasmic
contents out of the cell, which result in cell death,%%7 (ii) ZnO NPs can also produce
Zn?* ions and ROS (e.g. H20), which possess harmful effects on the bacterial cell,® " (ii)
ZnO coated polyvinyl alcohol (PVA) increases membrane permeability and then penetrates

into the cytoplasm of the cell, where it induces oxidative stress.%>:68
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1.5.1.4: Titanium oxide-coated surfaces

Titanium oxide (TiO2) has been used in a wide range of applications including water

114 and self- cleaning windows'®®. TiO; is a photocatalyst that

sterilization for drinking
needs sub 385 nm radiation due to its high band gap. Hence, TiO absorbs UV light and
can store energy in order to efficiently convert carbonatious materials on the surface into
carbon dioxide and water. Therefore, it can keep itself clean under UV. Owing to its self-
cleaning ability, TiO, has been coated onto various types of surfaces such as glass,!16-119
textiles'?>2! and catheters.!?2, Moreover, TiO2 has much potential to circumvent the spread
of hospital pathogens such as E. coli and MRSA. For the first time, Matsunaga et al.
discovered the antimicrobial properties of titanium oxide in 1985. It was reported that after
2 hours ultra-violet (UV) irradiation, platinized TiO, was capable of eliminating 102 cfu/ml

Saccharomyces cerevisiae and 10% cfu/ml E. coli due to its photo-catalytic activity.*?®

Although TiO2-based materials show remarkable both self-cleaning and antibacterial
properties, there are some disadvantages related to TiO,. The main disadvantage is that
TiO2 adsorbs mainly the UV light due to its larger band gap (3.25 eV).1?* Some of
approaches to increase its efficiency and to shift its absorbance to the visible region include
metal (Au, Ag, Pt, Pd, Cu and etc.)’”"1%132and non-metal doping (C, N).13 Dopants can
narrow the band gap of TiO2 that causes its absorption peak to appear in the visible
spectrum, therefore increasing the efficiency of the doped TiO2. Another common
disadvantage of TiO2 and other light-induced materials is that their incorporation in organic
materials causes the degradation of the matrix due to ROS production. It was reported that
a white powdery material was formed on the surface of TiO.-based paints when exposed

to sunlight and this phenomenon is known as the chalking effect.*®*
1.5.1.4.1: Photocatalytic mechanism of TiO2

TiO2 is a well-known semiconductor that is composed of two energy bands; the valance
and conduction bands. When TiO> absorbs a photon of UV light, an electron is promoted
from the valance band to the conduction band resulting in the formation of an electron-hole

pair (Fig. 1.4). Afterwards, these reactive species participate in oxidation or reduction
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processes within the TiO> itself or with adsorbents at the surface. The main reactive species,

the hydroxyl radical, is generated through the following series reactions:
TiO2+hv > e +h*
h* + HoOgds) — HO® + H*
h* + OH " (surfacey &> HO®
e+ 02— 0
2020~ +2H,0 — 2HO® + 20H +0,1*

The hydroxyl radicals generated by redox processes on the TiO surface are extremely
reactive and completely non-selective. Therefore, they are potent biocides and capable of

oxidizing most organic compounds at the catalyst surface.'*

Adsorbed H,O

Adsorbed O, O,¢  H,0,

U
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Adsorbed pollutant
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Fig. 1.4 General mechanism of the photocatalysis on the surface of titanium dioxide.
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1.5.2: Photodynamic therapy

Light has been utilized to treat skin disorders, tracing back thousands of years to the ancient
civilisations of Egypt, Indian and China. They used combinations of plant extracts (e.g.
Ammi majus) and sunlight to treat skin diseases such as vitiligo. Nowadays, the active

ingredient of this plant (psoralen) is employed globally in the treatment of psoriasis.

Phototherapy was first utilized by the Nobel Prize winner Niels Finsen in the treatment of
lupus vulgaris, a tuberculosis skin condition, in the 1890’s by applying light directly onto
the lesions.?3*%3" Photodynamic therapy (PDT) evolved from this initial work and involves
the use of combination of a photosensitizing agent and a light source to produce toxic

reactive oxygen species.'®

PDT has successfully been utilized to treat bladder cancer with the photosensitizer
Photofrin®. Additionally, PDT was approved to treat other cancers including bronchial*®
and skin cancers.*® Over the past decade PDT has been developed and approved to treat
age-related macular degeneration that is the major cause of vision lose among the elderly
in the Western world. Treatment involves intravenous injection of the photosensitizing
agent Visudyne® and has been employed over two million cases to date.’** When PDT is

utilized to destroy bacteria, it is termed “photodynamic inactivation”.#?

The concept of bacterial cell destruction by using the combination of light and dye was
firstly introduced by a medical student named Oscar Raab in 1900.143 He reported the
deactivation of Paramecium caudatum stained with acridine orange upon exposure to high
intensity light. Following this finding, his supervisor, Hermann von Tappeiner, indicated
oxygen was essential for the phototoxic effect of the dye and they coined the term
“photodynamic action” in 1907 to describe this reaction and hence the field of

Antimicrobial Photodynamic Therapy (aPDT) was born, 14414

PDT is particularly advantageous for antimicrobial application. In this therapy, radical
species can be regarded as non-selective microbicides!3>4® because they show a non-site

specific and multi-site attack mechanism against microorganisms. Therefore, it reduces the

32



Chapter 1: Hospital- Acquired Infections and Strategies for Their Control

chance of the development of bacterial resistance since resistance only develops when a

microbicide targets to a specific site. 4

Photodynamic therapy (PDT) requires three components for treatments: light, a
photosensitizer, and molecular oxygen.**” The process begins when a ground state
photosensitizer (PS) absorbs light of an appropriate wavelength and gets transformed into
an excited singlet state. This single state of the PS readily decays back to the ground state
with the emission of light (fluorescence) or heat or are converted into an excited triplet
state.!*® The excited state PS can either transfer the energy to a substrate (e.g. water) to
generate radical ions that react with oxygen to generate cytotoxic reactive oxygen species
such as superoxide (O>™), hydrogen peroxide (H20-), and hydroxyl radicals (OH—) which
is known as a type | reaction or it can react with molecular oxygen producing singlet
oxygen (*0z) which is known as a type Il reaction. These reactive oxygen species may
result in significant damage to bacterial cells via several different mechanisms including
oxidation of membrane lipids and amino acids in proteins, cross-linking of proteins and

oxidative and nucleic acids (Fig. 1.5).1491%0
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Fig. 1.5 Schematic diagram explains the mechanism of action of PDT.
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Importantly, the O species are generated without transformation of the photosensitizer
dye, hence allowing each single dye molecule to generate many times its own concentration
of 10,.1%! Over time, however, the dye will be degraded during light irradiation via a
process known as “photobleaching” which can caused by both type I and type II reactions.
Also, it should be noted that dye molecules do not have to be taken up bacterial cells or
even adsorbed to the bacterial surfaces to exert a bactericidal effect. Since a 102 molecule
can travel a distance of between 100-300 nm, it has the ability to diffuse from its site of

production.1®2153
1.5.2.1: The mode of action of photosensitizers

Larson et al. have suggested three modes of action by which photosensitizer agents can

interact with the cell:

1. The agent accumulates outside the cell, producing reactive oxygen species (ROS)
in solution, which can enter the cells of the target pathogen and react to cause

cellular damage.

2. The PS attaches to or localize in the cell membrane via hydrophobic or coulombic
interactions and upon illumination the PS transfers energy to target biomolecules

within the cell, leading to ROS generation that result in cell damage.

3. The PS diffuses into the interior of the cell and react with an intracellular target
such as a protein (including enzymatic damage) or the nucleus (including genetic

damage).
1.5.2.2: Photosensitizer properties

Photosensitizers (PSs) are planar unsaturated organic molecules with extensive electron
delocalization.® Hence, they have a tendency to be deeply coloured since the energy
required to excite the electron in the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital is low in comparison to less delocalized molecules
and hence, the visible absorption bands tend to be in the longer wavelength (red) spectral

region and reflect the high probability of electronic excitation. The first photosensitizer dye
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used for bacterial photo-deactivation was acridine orange (Fig. 1.6).2>> Most of the dyes
that have been used over the last 100 years to treat cancer and other tissue diseases are
primarily porphyrin-based compounds.**® In addition, different non-porphyrin based dyes
have been employed including xanthenes (e.g. rose Bengal)'® and phenothiazinium salts
(e.g. toluidine blue (TBO) and methylene blue (MB)).8

In respect of their use for antimicrobial applications, they should possess the ideal

characteristics which are:
i.  High O, quantum yield

ii. Broad spectrum of action against a wide range of microorganisms including

bacteria, fungi, yeasts, viruses and parasitic protozoa.
iii.  Efficacy independent of the antibiotic-susceptibility of the target pathogens.

iv.  Ability to result in significant reduction in pathogen populations while causing no

damage to the host tissues

v.  Low probability of promoting the onset of mutagenicity

vi.  Inhibition of regrowth of the microorganisms after multiple treatments.
vii.  Availability of formulations allowing specific delivery of the PS to the infected
area.

Currently available PSs do not meet all of these criteria; some are close and with some
chemical manipulation could be promising candidates as antimicrobial PSs. There are
several groups of PSs that are being currently utilized for lethal photosensitization of
pathogens and for treating infectious diseases, including phenothiaziniums, acridines,
cyanines, porphyrins, phthalocyanines, chlorins, and psoralens (Table 1.3). An overview

of phenothiaziniums is discussed in this section.
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Table 1.3 Absorption maxima of photosensitizers.

Photosensitizer Amax range in buffer (nm)
Acridine 400-450
Cyanine 350-800
Phenothiazinium 620-660
Phthalocyanine 670-780
Porphyrin 600-650
Psoralen 300-380

1.5.2.2.1: Photosensitizer-based antibacterial surfaces

Light-activated antimicrobial agents (LAAAS) can be utilized in PDT. It involves using
combination of light sensitive agents and light in an oxygen-rich environment. These
adsorb photons of energy from light and transfer this energy to surrounding oxygen
molecule so that toxic oxygen species such as singlet oxygen and free radicals are formed.
These species are very reactive and can cause lethal damage to bacteria proteins, lipids,

nucleic acids and other cellular components.**®

Photosensitizers utilized in PDT are generally heterocyclic ring type, as demonstrated in
Fig. 1.6, show low toxicity in the dark, but which produce cytotoxic species upon photo-
activation in the presence of oxygen.'®%16! These photosensitizers can be classified as (a)

porphyrin-based and (b) chlorophyll-based structures and (c) dye molecules.6!

Phenothiazine dyes such as methylene blue, toluidine blue and crystal violet are
compounds which possess a core structure comprising a planar tricyclic heteroaromatic

ring with the formula S(CeH4)2NH, with an absorption range of Amax = 620-660 nm. Since
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these dyes show minimal toxicity to human cells and are capable of producing high
quantum yields of singlet oxygen, in recent years they have attracted attention to be used

as photo-activated antimicrobial agents.
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Fig. 1.6 Some chemical structures of tetrapyrrole-based and non-tetrapyrrole based photosensitiser

compounds.°

Photosensitizers such as methylene blue can be efficaciously incorporated into medical
grade polymers by the exposure of the polymers to specific solvents that induces the
polymer swelling.12-1% After the swelling process, the photosensitizer dye molecules can
diffuse throughout the polymeric matrix.*®” When removing the swelling solution, the
evaporation of any trapped solvent molecule in the swollen polymer occurs and the
polymer shrinks to its original size, finally ending up with strongly coloured dye-

encapsulated polymer sections. 162166

The dye incorporated polymers using this simple “’swell-encapsulation-shrink’’ technique

showed the potent photo-inactivation against both Gram-positive and Gram-negative
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163-166

bacteria, when irradiated with either a laser light source or a white light source of an

appropriate wavelength. 62
1.5.2.3: Antimicrobial Photodynamic Therapy (aPDT): Is resistance possible?

The main mechanism of ROS is thought to mainly cause damage to the cytoplasmic
membrane and DNA.1%® The membrane can be destroyed through multiple pathways
including leakage of cellular contents or inactivation of membrane transport systems and
enzymes.'®® On the other hand, DNA repairing systems can repair DNA chain.™® Hence, it
was demonstrated that even though DNA damage takes place, it cannot be the main cause
of bacterial cell photo-killing process,'®® because Deinococcus radiodurans, a very

efficient DNA repair mechanism, can be destroyed by aPDT.1"!

There are not many investigations to determine if bacteria can develop resistance after a
number of consecutive aPDT treatments. One study reported that the photo-inactivation of
two  bacterial  species  (Peptostreptococcus  micros  and  Actinobacillus
actinomycetemcomitans) by two PS did not induce significant resistance development even
after ten subsequent irradiation treatments.}’> Moreover, Pedigo et al. used antibiotic
resistant strains of S. aureus and E. coli in order to study the development of resistant
bacteria after repetitive photosensitization sessions using methylene blue. While there was
no significant decrease in bactericidal activity towards E. coli after eleven consecutive
exposures, for MRSA negligible resistance was observed through twenty five repeated
aPDT treatments.!”®

1.5.3: Nature Inspired Antifouling coatings

Fouling organisms have been present on Earth for billions of years and they have developed
a multitude of survival mechanisms against physical and chemical attack.1’#1"®> One of the
main mechanisms facilitating survival is the phenomenon of biofilm formation. A
pathogenic biofilm can show remarkable resistance to the natural immune systems and
antibiotics!’>1"". Specifically, Gram-negative Pseudomonas aeruginosa are responsible
for 10-15% of HAIs worldwide and possess high intrinsic antibiotic resistance.*’® Also,

biofilms can show remarkable resistance against a broad range of treatments such as
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chlorine bleaching for 60 min'’® and continuous flushing with multiple biocides over 7

days.t"®

Bacteria are capable of forming biofilms in a wide range of natural and anthropogenic
environments on all type of surfaces*®®8 posing serious effects on the function of a wide
range of systems including plumbing, oil wells, medical implants and catheters, air
conditioning and other systems!®2, causing environmental, social and economic
implications. Biofilm formation on medical devices causes half of all hospital-acquired
infections (H1As) associated with substantial morbidity, mortality'83-18 and hospitalization

cost between $28 and $45 billion to the U.S. economy per year.'8

Many strategies have been employed to reduce the detrimental effects of biofouling, which
can be broadly categorized into two main categories; (i) chemical approaches that
inactivate bacteria that do attach to the surface i.e. bactericidal activity or (ii) physical
approaches that inhibit initial bacterial attachment to the surface i.e. anti-biofouling
activity.'8"188 Chemical approaches include the use of biocide/release coatings such as
antibiotics,'® 1% metal/metal oxide nanoparticles.’®>1% However, chemical coatings are
usually susceptible to degradation, depletion and desorption®®. Furthermore, the use of
biocidal agents can accelerate the emergence of multi and pan-drug resistant strains.'%
Therefore, a “physical”, non-cytotoxic strategy to inhibit biofilm formation rather than
treating it is of great interest without contributing selective pressure and accelerating

antibacterial resistance of pathogenic organisms.

To solve this problem, fouling-release coatings have emerged as a promising approach,
which have great potential to be utilized for longer periods of time. In nature, many
creatures have developed different adaptions that allow them to show excellent anti-fouling
properties over extended periods of time. Some of them include nanoscale surface
characteristics on shark skin, mucus-based layer coatings on fish scales and the generation

of natural biocidal agents on the fronds of macroalgal species (e.g. Delisea pulchra).®’

It should be noted that bacteria are complex microorganisms that possess different surface

chemistry, hydrophobicity, cell membranes, surface charges, shapes and hardness as well
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as having pili and flagella to modify their attachment. 1%-202 Therefore, the elaboration of

surfaces that repel all types of bacteria is to date not possible.

In this section, three different surfaces will be explained in detail, which are hydrophilic

surfaces, superhydrophobic surfaces and slippery surfaces.
1.5.3.1: Hydrophilic Polyethylene glycol (PEG)-based Coatings

Attachment of pathogenic bacteria to biomedical devices and the subsequent biofilm
formation is a major problem.?®® The type of interaction varies from one species of
bacterium to another and perhaps also between strains within a species because of
mutations or differential adaptive responses, therefore adding to the complexity of the
problem. Researchers have found that bacteria can attach to surfaces through the deposition
of a layer of proteins, and hence protein-resistant surfaces should also resist the bacterial
attachment.?®* Thus, there have many investigations into rendering surfaces protein-

resistant using PEG that is flexible and show large steric repulsion forces.?93-208

The correlation between the chain length of PEG brushes and the attachment of various
bacteria was investigated with a conclusion that the higher molecular weight PEG exhibited
more effective protein-resistant properties. Moreover, the relatively hydrophobic bacteria
(P. aeruginosa) attached more strongly compared to the hydrophilic one (S. epidermis) due

to hydrophobic interactions that promoted the adhesion of the bacteria on the surface. 2%

Even though PEG-modified surface is one of the most effective approaches to design
protein-resistant surfaces, it is not effective in preventing bacterial attachment, maybe
because of the complex mechanisms that bacteria use to attach to a surface.?%* Furthermore,
PEG undergoes oxidative degradation in complex media, making it unsuitable for use for

long periods of time.207:20
1.5.3.2: Superhydrophobic surfaces

A water droplet can interact with a surface in different ways. When a droplet hits a surface,
the interaction with the surface ranges from superhydrophilicity,?*® in which the shape of
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water droplet becomes a flat puddle because of the strong water-surface interaction and can
fully wet the surface, to superhydrophaobicity, in which the water droplet becomes a near-

spherical droplet and is repelled by the surface because of weak water-surface interaction.

In nature, different plants, insects and animals possess superhydrophobic properties in
order to survive in extremely aggressive environments. The most famous example is the
Lotus leaf. Even though in Asia the Lotus has been symbol of cleanliness for centuries, its
self-cleaning mechanism was explained in 1997 after the introduction of the scanning
electronic microscope.?'® Because of the low surface energy of waxes and the surface
topography consisting of a hierarchical micro/nano structures as demonstrated in Fig. 1.7,
the Lotus leaves have superhydrophobic surfaces with a water contact angle of over 170°

and very low water roll-off angles.

Fig. 1.7. (a) Water droplets on the Lotus leaf. (b) A scanning electron microscopy (SEM) image of a Lotus
leaf exhibiting a highly rough surface microstructure. Scale bar = 20 pm.?*

Such surfaces minimize the contact area between water or the dirty particles and the leaf
surface owing to the entrapped air between the surface structures. This significantly
reduces the adhesion of water and the dirty particles to the surface. When water forms near-
spherical droplets, they roll across the surface facilitating the dirty particles to be picked
up, as shown in Fig. 1.8. This phenomenon is known as the “Lotus effect”. Contrarily, on
a tilted smooth surface the water droplet will slide off the surface without taking away the
dirty particles from the surface. More precisely, superhydrophobic surfaces are regarded as
easy-to-clean surfaces rather than self-clean surfaces. For example, a superhydrophobic

surface in a paper machine was examined and it was concluded that the surface was not
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self-cleaning (i.e. not being clean by itself) but contaminated due to the paper machine
environment. However, the surface could be easily cleaned by a gentle water rinse because

of the low adhesion force of the contaminants to the surface.?!?

Fig. 1.8. Schemes show the relationship between surface wettability and self-cleaning properties. The dirt
particles are redistributed by water on a smoot hydrophobic surface (on the left) while they are removed by

water from rough a superhydrophobic (water-repellent) surface (on the right).?!*

The influence of superhydrophobic surfaces made of using different materials and
synthesis methods on bacterial adhesion has been widely investigated.?3-218 Qverall, such
surfaces can prevent bacterial attachment rather than destroying them directly?'°?% by
reducing the adhesion force between bacteria and a solid surface that enable the easy

removal of bacteria before a thick biofilm is established on the surface.?®

There are different investigations on the interaction of bacterial cells with
superhydrophobic surfaces and it has been shown that reducing protein adsorption and the
entrapped air layer between the bacteria cells and the surface has been identified as crucial
factors to reduced bacterial adhesion. In general, hydrophobic surfaces and surfaces with
contact angles of 60-90° attract proteins.?? Contrarily, superhydrophobic surfaces have
been shown to lead to a low protein adsorption,?22% hence resulting in a low bacterial

adhesion 221,224,225

Some researchers have investigated the bacterial adhesion patterns and its possible

mechanism on superhydrophobic surfaces. For example, laser ablated superhydrophobic
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titanium surfaces were investigated for their ability to retain four coccoid bacteria including
Staphylococcus aureus CIP 65.87, Staphylococcus aureus ATCC 25923, Staphylococcus
epidermis ATCC 14990" and Planococcus maritumus KMM 3738. It was found that each
species tended to preferentially adhere to the crevices between the microscale features of
the surface, while the upper regions of the microscale features were essentially cell-free.
An explanation for this has been proposed. Since surfaces with hierarchical topographical
structures are usually highly hydrophobic because of their exceptional ability to trap air, a
large proportion of the surface is occupied by air. Therefore, small particles with low mass
(i.e. bacteria) usually cannot cross an air-water interface because of the effects of surface
tension. Based on this phenomenon, the bacterial cells were unable to contact with the
superhydrophobic underlying substrate owing to occupation of the surface with nano-sized
bubbles. As a result, they began to accumulate in the tri-phase interface that provides the
best shelter from water turbulence. Afterwards, the cells slide across the nanobubbles
within the nanotopographical features (Fig. 1.9). This theory can explain an increased

bacterial adhesion with time because of the replacement of trapped air.??
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Fig. 1.9 Proposed mechanism by which bacterial cells accumulate at the tri-phase interface on immersed

superhydrophobic Ti surfaces.??

1.5.3.3: Slippery surfaces

Superhydrophobic surfaces based on trapped air may easily fail since the stability of air
pockets can be destroyed by different factors including various liquid environments,

pressure and hydrodynamic shear.???% Also, superhydrophobic surfaces would usually
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suffer from weak wear resistance because of the surface micro/nano structures and fast
degradation of surface chemical composition. As a result, any defects in the surface
chemistry could provide favorable sites for bacterial attachment. Additionally,
superhydrophobic surfaces in the Cassie state tend to irreversible wetting (the Wenzel
state), especially with the generation of a bacterial surfactant, reducing their efficiency in

submerged environments.??°

Recently, a different concept based on the peristome of
pitcher leaves has been developed to inhibit the bacterial adhesion on surfaces even under

wet conditions.

Pitcher plants have pitcher-shaped leaves in order to capture prey (i.e. insects), as
demonstrated in Fig. 1.10.22%-2%2 The pitchers present visual and olfactory signals to attract
insects. Since the pitcher rim (peristome) is slippery because of the microscale surface
topographical features and secretion of hygroscopic nectar, the insects fall into the bottom
part of the pitcher that is filled with a digestive fluid, making them drown and subsequently

decompose.?*?

Peristome

Outer side L

Inner side
Pitcher

Figure 1.10 (a) Optical images of a Nepenthes pitcher plant. (b) The cross section of the peristome of the
Nepenthes pitcher plant.?33

44



Chapter 1: Hospital- Acquired Infections and Strategies for Their Control

Based on the mechanism inspired by the slippery surface of the pitcher plant, novel liquid-
repellent surfaces, named “slippery liquid-infused porous surface(s) (SLIPS), has been
developed by infusing perfluorinated liquids onto nanofibrous Teflon membranes. SLIPS
are based not upon an unstable and transient solid-air Cassie-type interface, but rather on a
stable, immobilized and smooth liquid surface locked in place by a micro/nano-porous
solid, offering great potential to be used in a range of areas such as fluid transportation,
airplane and watercraft coatings, and medical applications since they show low contact
angle hysteresis, self-healing, anti-icing and anti-biofouling properties.234-240

Attempts at fabricating slippery surfaces with combinations of roughness, porosity surface
chemistry and various infused liquids have been carried out.?*:-2%® In general, stable SLIPS
can be designed based on three important criteria: (i) the surface energies of the solid and
the lubricating fluid need to be well-matched; (ii) a microporous structure on the substrate
is required to improve the surface area for the adhesion of the lubricating fluid and its
immobilization; and (iii) the lubricating fluid and the ambient fluid must be largely

immiscible.2*

SLIPS surfaces exhibited exceptional ability to inhibit biofilm formation of diverse types
of bacteria including Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia
coli. The antifouling ability of SLIPS is attributed to a very weak adhesion of bacteria to
the fluid interface of the SLIPS, allowing easy removal of adhered bacteria from the surface

even under weak shear forces. 24°

1.6: Research aims

This thesis details novel routes toward antibacterial surfaces for potential use in hospital
touch surface applications. These surfaces will be examined and their antibacterial efficacy
will be evaluated. The thesis describes the following studies:

a) The antibacterial activity of photo-active dye, crystal violet (CV)-incorporated

polymers

b) An investigation of the effects of different ZnO concentration on the antibacterial

activity of crystal violet when incorporated into polymers.
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c) A two-step chemical vapour deposition (CVD) method for fabricating novel

antibacterial and water-repellent surfaces.

d) An investigation of the bacterial adhesion to superhydrophobic and slippery

surfaces.

It is hopeful that these surfaces can be utilized in healthcare applications, to reduce
microbial surface contamination and subsequently, reduce the risk of HAIs.
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Chapter 2: THE ANTIBACTERIAL PROPERTIES OF LIGHT-
ACTIVATED POLYDIMETHYSILOXANE CONTANING CRYSTAL
VIOLET

2.1: Introduction

The current rapid emergence of resistant bacteria and the simultaneous downward trend in
the fabrication of novel antimicrobial agents to combat resistant strains is a global threat to
the treatment of life-threating infections. For instance, antibiotic-resistance bacteria
significantly reduces the likelihood of treating infected wounds effectively and causes
delayed wound healing and complications such as septicaemia that can result in death.?*
Hence, there is a great of interest in the development of non-invasive and non-toxic novel
antimicrobial strategies that work more efficiently and faster compared to the current
antibiotics, to which pathogens will not be able to quickly develop resistance.?*” In this
context, lethal photosensitization (LP) is an alternative approach to current antimicrobial
agents and the application of LP to treat an infection is known as photodynamic therapy
(PDT).

Light-activated antimicrobial agents (LAAAS), known as photosensitizer dyes (e.g. crystal
violet), can be incorporated into surface coatings to reduce the prevalence of microbial
surface contamination. These modified coatings destroy bacteria by generating reactive
oxygen species upon illumination with a light source. These species use a “multi-site
attack” mechanism against pathogenic microorganisms unlike most antibiotics, which use
a single pathway of attack, and therefore the occurrence of the development of bacterial
resistance is improbable, indeed none have been reported to date. 48249

This chapter reports the light-activated antibacterial activity of polydimethylsiloxane
(PDMS) coated with crystal violet (Fig. 2.1). PDMS is chosen to be a supporting base due
to its unique features including high flexibility, chemical inertness and low cost.?>%%! Also,
it is capable of absorbing a broad range of aromatic materials.?> The crystal violet coated
polymer samples were prepared by using a “’swell-encapsulation-shrink’” method. The
objective of this work was to study the effectiveness of CV-incorporated PDMS in killing
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the Gram-negative bacterium, Escherichia coli, and the Gram-positive bacterium,

Staphylococcus aureus, using white light.

Fig. 2.1 Chemical structures of (on the left) the photosensitizer dye, crystal violet, and the silicone elastomer

polydimethylsiloxane (on the right),253254

2.2: EXPERIMENTAL
2.2.1: Chemicals and Substrates

The reagents and substrates used in materials synthesis were as follows: Crystal violet
(Sigma, U.K), acetone (VWR), and the substrate was SYLGARD® 184 Silicone Elastomer
(Dow Corning Corporation Ltd.). The silicone elastomer consists of a two-part curable
silicone elastomer. The precursor, Slygard 184, can be cross-linked using its curing agent

and the final material is polydimethylsiloxane (PDMS).
2.2.2: Material Preparation
2.2.2.1: Elastomer preparation

Silicone elastomers were prepared using viscous liquid polydimethylsiloxane as a starting
material; this was mixed with the crosslinking agent in a 10:1 ratio, and spread uniformly
on to glass squares. The polymer was then cured at 100 °C for 45 min. After cooling, the

sheet was cut into smaller pieces (squares 2.0 x 2.0 cm).
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2.2.2.2: Polymer System Optimization — Organic solvent

Silicone polymer squares (1 cm?) were immersed in crystal violet - organic solvent
solutions (750 ppm crystal violet, 100 % organic solvent) prepared using the following
organic solvents: water, ethanol, methanol, acetone, toluene, hexane, chloroform and
tetrahydrofuran (THF). The silicone sections were allowed to swell under dark conditions
for 24 h. The samples were subsequently removed and allowed to air-dry overnight, after

which they were washed (distilled water) and towel-dried.
2.2.2.3: Polymer Samples Prepared for Antibacterial Testing
The following modified silicone samples (2 cm?) were prepared for antibacterial testing:

(i) Control samples: Silicone polymer squares (2 cm?) were used as negative controls.

(i) Crystal violet-coated silicone: Silicone polymer squares (2 cm?) were immersed
in a acetone swelling solution saturated with crystal violet (750 mg/L) for 24 h in
the dark. Afterwards, the samples were washed and air-dried in the dark at room

temperature for 24 h.
2.2.3: Materials Characterization

A Perkin-Elmer Lambda 950 UV-vis Spectrometer was used to measure the UV-vis
absorption spectra analyses of the polymers within the range 400-800 nm. IR analysis of
the polymers was performed within the range of 400-4000 cm™ with an accumulation of

16 scans per sample using a Bruker Platinum ATR.
2.2.4: Functional Testing

2.2.4.1: Water Contact Angle Measurement

Equilibrium water contact angle measurements (~3 pL) on: untreated silicone and crystal

violet-coated silicone were obtained using an FTA 1000 Drop Shape Instrument. The

contact angle measurement for each sample type was taken to be the average value of 5
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measurements, using a droplet of deionized water dispensed by gravity from a gauge 27
needle and the samples were photographed side on. The data was analyzed using FTA32

software.
2.2.4.2: Leaching test

The stability of the CV coated elastomer in solution was determined: CV coated sections
(2 cm?) were immersed in phosphate buffered saline (PBS) (10 ml, 37 °C) for 335 hours.
The UV-Vis absorbance of the PBS (596 nm, Pharmacia Biotech Ultrospec 2000) was
measured periodically to monitor leaching of the CV from the polymer into the surrounding
solution. The concentration of the CV in solution was determined on the basis of its

absorbance at 596 nm, compared to a calibration curve.
2.2.4.3: Bactericidal assay

Pure PDMS polymer (control) and CV-coated polymer were used to determine the
bactericidal activity of the materials against E. coli ATCC 25922 and S. aureus 8325-4.
The bacteria were stored at -70 °C in Brain Heart Infusion broth (BHI, Oxoid) containing
20% (v/v) glycerol and propagated on either MacConkey agar (MAC, Oxoid Ltd.) in the
case of E. coli or Mannitol Salt agar (MSA, Oxoid Ltd.) in the case of S. aureus, for a

maximum of 2 subcultures at intervals of 2 weeks.

BHI broth (10 ml) was inoculated with 1 bacterial colony and cultured in air at 37 °C for
17 h with shaking at 200 rpm. The bacterial pellet was recovered by centrifugation (20 °C,
4000 x g, 5 min), washed in (10 ml) and centrifuged again (20 °C, 4000 x g, 5 min) to
recover the bacteria, which were finally resuspended in PBS (10 ml). The washed bacterial

suspension was diluted 1 in 1000 in PBS to give an inoculum of approximately 10° cfu/ml.

Duplicates of each polymer sample (2 cm?) were inoculated with 25 ul of the inoculum and
covered with a sterile cover slip (18 mm x 18 mm). The samples were then irradiated for 4
hours in the case of E. coli and for 2 hours in the case of S. aureus utilizing a white light
source (General Electric 28 W Watt MiserTM T5 2D compact fluorescent lamp). The light

intensity was arranged to emit an average light intensity of 6500 + 300 lux at a distance of
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16 cm from the samples. A further set of samples (in duplicate) was maintained in the dark
for the duration of the irradiation time. Post irradiation, the inoculated samples and cover
slips were placed into PBS (5 ml) in 50 ml plastic tubes and vortexed for 60 seconds. The
neat suspension and ten-fold serial dilutions (100 pl) were plated on the appropriate agar,
incubated aerobically overnight at 37 °C and the colonies enumerated to determine the
number of surviving bacteria. The bacterial numbers in the inocula were also determined
in each experiment by viable colony counting. Each experiment included two technical

replicates and the experiment was reproduced three times.
2.2.4.4: Statistical Significance

The Mann-Whitney U test was used to determine the statistical significance of the
following comparisons: (i) the activity of the CV-treated polymer compared to the pure
polymer when both were incubated in the dark and (ii) the activity of the irradiated CV-

treated polymer compared to the same material incubated in the dark.

2.3: Results and Discussion

2.3.1: Materials Synthesis

A facile “swell-encapsulation-shrink” method was used to incorporate the triarylmethane
dye, crystal violet, into non-toxic PDMS. Previous studies have shown that the swelling
amount of PDMS is dependent upon the type of solvent. To induce polymer swelling and
subsequent incorporation of the dye, PDMS sections (1 cm x 1 cm) were exposed to crystal
violet swelling solutions prepared using a range of solvents for 24 h. Fig. 2.2 shows the
resulting modified polymer sections after swell-encapsulation of CV in the presence of
various organic solvents either immediately post-immersion. It is obvious that solvents
such as THF, toluene, hexane, chloroform result in extreme polymer swelling. Even though
the polymer swells to a large extent in hexane, no visible encapsulation of the dye is
observed because of the insolubility of the dye in hexane. However, despite the insolubility
of the dye in both THF and toluene, an efficacious uptake of the dye is achieved. Moreover,
the study showed that water, ethanol, methanol caused poor uptake of the dye, whereas
acetone and chloroform resulted in the most efficacious uptake of the dye. Since the use

51



Chapter 2: The Antibacterial Properties of Light-Activated Polydimethylsiloxane Containing Crystal Violet

of acetone as a swelling solution to incorporate photosensitizer dyes into different polymers
without material deformation has been well established,'®62°>2% it was used to swell-

encapsulate the dye into the polymer.

(b)

Fig. 2.2 (a) Crystal violet-incorporated polymer sections prepared by immersion in crystal violet/ organic
solvent swelling solutions for 24 h (immediately post-removal from swelling solution. Organic solvents used
are as follows: 1. water, 2. ethanol, 3. methanol, 4. acetone, 5. toluene, 6. hexane, 7. chloroform, 8. THF. (b)

Polymer sections immersed in different crystal violet/ organic solvent swelling solutions (100 % solvent).

Dye-impregnated polymer was prepared using a swell-encapsulation-shrink method. (Fig
2.3). In this method, polydimethylsiloxane squares (2 cm x 2 cm) were placed in an acetone
solution saturated with CV for 72 h in the dark. They were subsequently removed from the
solution, washed and air-dried (24 h) so that the solvent evaporated. This method generated
a purple-colored silicone that had shrunk to its original size and contained physically

encapsulated CV.
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Fig. 2.3 Images of PDMS samples before -on the left- and after the swell-encapsulation-shrink  process in

acetone with 750 ppm of crystal violet —on the right.
2.3.2: Materials Characterization

The IR spectrum of the samples was obtained by ATR (Fig. 2.4). The spectra detected no
significant change across the sample range after embedding CV in the polymer matrix. The
results demonstrated that the swell-encapsulation-shrink technique had no influence on the

physical and chemical structure of the silicones. IR spectra only gave peaks related to the

host polymer matrix.

—— PDMS
—— CV-PDMS

Absorbance

~r
~

—
—

T T T T \ T T T \ T T 1
1000 1500 2000 2500 3000 3500 4000

Wavelength (cm™)

Fig 2.4 FTIR spectra of plain PDMS and CV-coated PDMS.
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The UV-vis absorbance spectra of silicone samples were measured within the range 400-
800 nm (Fig. 2.5). While pure PDMS does not show any absorbance in the visible region,
when immobilized in 750 ppm CV solution, the main absorption peak of CV-encapsulated

silicone is at A = 590 nm, with a shoulder peak of weaker intensity at A ~ 533 nm.

0.5

Absorbance

450 500 550 600 650 700

Wavelength (nm)

Fig. 2.5 UV-vis absorbance spectra of CVV-coated silicon polymer at a concentration of 100 ppm.

The light source used in this work was a General Electric 28 W Watt MiserTM T5 2D
compact fluorescent lamp with a color temperature of 3500 K, which emits light across the
visible spectrum. This light source was employed since it has the same characteristics as
fluorescent lights utilized in hospitals in the United Kingdom. The spectral profile of the
lamp is composed of approximately 405, 435, 495, 545, 588 and 610 nm (Fig. 2.6). It can
be seen that the absorbance of the crystal violet silicone includes four of the main emission

peaks of the light source.
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Fig. 2.6 Spectral Power Distribution of General Electric 28W Mlser™ 2D lamp.
2.3.3: Functional Testing

2.3.3.1: Water Contact Angle Measurements

The contact angles of water on both the untreated elastomer and the treated elastomer were
measured (Table 2.1). The table shows that the surface of untreated PDMS was
hydrophobic with a water contact angle of 99.1°. In addition, a slight increase in the wetting
properties of the untreated elastomer was seen when contrasted with the treated elastomer
after the swell-encapsulation-shrink process. However, this was within the error of the

experiment.

Table 2.1 Average contact angle measurements (°) + standard deviation of PDMS samples.

Samples Water contact angle (%)

Untreated PDMS (Control) 99.1 +1.7

CV-treated PDMS 101.1+2.2
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2.3.3.2: Leaching Study

In order to examine whether there had been any leaching of the CV-incorporated polymer,
the polymer was placed in PBS and leaching measured spectroscopically as a function of
time (Fig. 2.7). The data demonstrates that the sample released some CV into solution upon
immersion (the first measurement of the solution was taken after 20 min from the sample
immersion), although the leaching of dye from the polymer plateaued quickly with time.
Over a period of more than 300 h, the leaching of CV into the solution was ~ 3 x 107 M

(within experimental error) at 37 °C.
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Fig. 2.7 Leaching of crystal violet (mol dm=) from a CV-coated silicon polymer into PBS solution at 37 °
C, was measured as function of time (hours).

A major problem of PDT is that the photosensitizer can localize at high concentrations
within the body or onto the skin.?®” For instance, the unwanted accumulation of a
photosensitizer to the skin can cause swelling, sunburn and blistering.2>® Therefore, this
would not be an issue for CV-incorporated PDMS as a potential material for invasive

devices since the amount of dye that leached from the polymers was minimal.
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2.3.4: Bactericidal activity

The antibacterial activities of both untreated and CV-embedded silicon polymers were
assessed against two common hospital-associated pathogens; the Gram-negative
bacterium, E. coli and the Gram-positive bacterium, S. aureus. A white light source similar
to those commonly found in UK hospitals was used to activate the antimicrobial activity
of the dye-coated polymer.

Fig. 2.8 demonstrates that neither the control silicone sample, nor silicone containing CV
showed significant bactericidal activity in the dark for 2 h. On the other hand, exposing the
CV-containing polymer to light resulted in the most potent lethal photosensitization with
bacterial numbers reduced below the detection limit (P = 0.002) compared to the control
elastomer sample after 2 h of exposure to a white light source emitting an average light

intensity of 6500 + 300 lux at a distance of 16 cm from the samples.

When tested against E. coli in the dark over a period of 4 h (Fig. 2.8), no reduction in the
numbers of E. coli was observed for the untreated polymer. Similarly, there was no
detectable kill on the surface of the CV-encapsulated silicone samples stored in the dark
for the same period of time. However, the samples containing CV showed a significant
lethal photosensitization resulting in a statistically significant reduction in the number of
E. coli following exposure to white light for 4 h. (> 4 log reduction; P = 0.002)

Overall, these results indicate that the polymer with encapsulated dye is not toxic to
bacterial cells without a light source but exhibits highly significant bactericidal activity in
the presence of light. Also, the difference in susceptibility between Gram-positive and
Gram-negative bacteria has been observed in other studies with the latter generally more

resistant presumably as a result of their more complex cell wall structure.?®
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Fig. 2.8 Numbers of (a) S. aureus and (b) E. coli on the surfaces of the polymers after 2 h and 4 h exposure,
respectively. Bars on the graph represent the: initial inoculum, control elastomer (control) and CV-
encapsulated elastomer (CV). (L+ = white light exposure, L- = no white light exposure, S+ = CV dye present,
S- = CV dye not present). The asterisk indicates where the bacterial numbers are below the detection limit of
100 cfu/mL.

In order to validate the antibacterial performance of the polymers fabricated in this chapter,
their photobactericidal activity was compared to other antibacterial CV-containing surfaces
published in the literature. Over the last decade, The Materials Research Centre at
University College London (UCL) has used a facile, well-established “swell-
encapsulation-shrink™ technique to incorporate different photosensitizer dyes into medical
grade polymers that has led to the development of potent light-activated antimicrobial
materials that induce the lethal photosensitization of both Gram-positive and Gram-
negative bacteria.?%-2%2 This can either be achieved upon short-term illumination using a
laser source,?%%-262 or over a longer duration using standard hospital lighting to activate the

photobactericidal activity of the polymer .21 Overall, these studies have concluded that the
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antibacterial activity of a LAAA depends on the concentration of the agent, the exposure
time, and they are usually more effective against Gram-positive bacteria compared to
Gram-negative bacteria.?324 Moreover, the production of ROS is correlated with the light
intensity, and a ~600 nm laser was demonstrated to be more effective compared to white
light from a hospital lamp because of higher flux. However, laser technology is not
practical to be used in the sterilization of commonly touch surfaces in healthcare facilities.
On the other hand, while white light, from a common hospital light source, can be easily
applied. Hence, white light-activated antibacterial surfaces are of great interest. For
instance, the data presented here shows that a relatively short white light illumination time
of CV-PDMS is more effective at killing the Gram-positive bacterium, S. aureus, than
either methylene blue-polyurethane or toluidine blue-polyurethane (2 h vs. 24 h).2% The
difference in efficacy may be correlated with the diffusion distance of ROS. The diffusion
distance of singlet oxygen has been previously estimated as around 0.2 microns within the
polymer.?% Since MB and TBO are distributed evenly throughout the polymer, the dyes
incorporated within the polymer will not contribute to antibacterial activity and only dye
near the polymer surface will play a role. Therefore, we speculated that high concentrations
of CV on the surface of the polymer would lead to increased production of ROS thereby

increasing the kill of surface-loaded bacteria.?5!

In addition, Sandeep et al.?®" incorporated crystal violet into polyurethane. When irradiated
with white light for 2 h, CV-coated polymers demonstrated a 1 log and 1.4 log reduction
in S. aureus and E. coli, respectively. In another study,?®® CV embedded polyurethane
showed some photodynamic antibacterial activity against E. coli and S. aureus, causing 0.5
and 2 log orders of both bacteria, respectively, with illumination of white light (28-W
domestic lamb bulb) for 2 h. These results highlight the effective photobactericidal activity
caused by the CV-embedded PDMS surfaces reported here, resulting in the lethal

photosensitization of both S. aureus and E. coli in 1.5 and 3 hours, respectively.

In this chapter, it was shown that CV could make PDMS antimicrobial towards
representative Gram-positive and Gram-negative bacteria that are significant causes of
nosocomial infection under ambient light conditions. Thus, this self-disinfecting surface

can be employed in a wide range of application areas from healthcare environments to
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electronic devices including tablet and mobile phone covers and computer keyboards. The
intensity of the white light source utilized to activate the photo-antimicrobial properties of
the polymer was 10500 + 250. The lighting conditions in this study can be compared to the
brightness of different locations in UK hospitals, as recommended by the Department of
Health (Table 2.2).2°%269270 Therefore, it is anticipated that it would be more efficacious to
employ light-activated antimicrobial coating in examination rooms and operating theaters,

where light intensities are highest.

Table 2.2 Recommended light intensities for various areas in the UK healthcare environments,259:269.270

Environment Light intensity /Ix
Operating theatre 10 000-100 000
Pathology lab 8000

Ward corridors >200

A & E examination room 1000

However, it is also possible to achieve significant kills in areas of lower light intensity if
the illumination time is prolonged. In addition, it should be noted that in these experiments,
very high bacterial loads (~6.3 x 10* cfu cm for E.coli, ~5.1 x 10* cfu cm for S.aureus)
were used to examine the antibacterial effect of the polymer, much higher than the levels
reports on contaminated hospital surfaces (up to an equivalent of 3060 cfu cm™ with

average values of <100 cfu cm).2%
2.4: Conclusion

In this work light-activated antimicrobial PDMS polymer was prepared successfully using
a facile swell-encapsulation-shrink method utilizing CV. When photo-activated by a

standard hospital light source, the CV embedded polymer was potent at killing suspensions
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of S. aureus in just 2 hours and E. coli in just 4 hours, with a minimum of a 4-log reduction
in the numbers of both bacteria. Consequently, the presence of CV in PDMS can extend its

use in antimicrobial applications.

61



Chapter 3: Synergetic Combination of Zinc Nanoparticle with Crystal Violet as a White-Light Activated Antibacterial Paint

Chapter 3: SYNERGETIC COMBINATION OF ZINC OXIDE
NANOPARTICLE WITH CRYSTAL VIOLET AS A WHITE-LIGHT
ACTIVATED ANTIBACTERIAL PAINT

3.1: Introduction

Metallic nanoparticles (NPs) are promising antibacterial agents owing to their large surface
area to volume ratio, suggesting an alternative pathway to combat the ever-increasing
bacterial resistance problem.?’* Of them, ZnO is a striking one because of its excellent
stability, robustness, biocompatibility and long shelf life.2’227 The antibacterial activity of
ZnO has been well exploited under irradiation with light (UV or white light) and in the
absence of light.2’42"® Similar to LAAAs, the proposed mechanism of their antibacterial
activity is thought to be via oxidative stress as a result of ROS production®”® though

additional mechanisms have also been proposed,109:112.113.194,280

Further enhancement of antibacterial activity of photosensitive dyes has been observed
upon incorporation of various NPs (e.qg silver, gold and zinc oxide).?62267:268 Even though
these materials show potent photobactericidal activity, they include complex, labor-
intensive, time consuming synthesis of NPs. Also, these NPs can be implemented only to

soft materials such as polymers and silicones by the “’swell-encapsulation-shrink’’ process.

In this chapter, a simple, scalable and versatile approach is reported for fabricating highly
efficacious white-light activated self-sterilizing surfaces applicable for a broad range of
substrates, by mixing commercial ZnO NPs and PDMS followed by CV incorporation.
This type of material outperforms its counterparts in many aspects such as its ease of
fabrication, the inexpensive materials utilized, in addition to the material’s high versatility
for being coated on a wide range of substrates (e.g metal, glass, wood and soft polymer
plates) (Fig. 3.2). The objective of this work was to examine the effectiveness of CV-
incorporated nanoparticle doped polymer matrix in killing two common pathogens: the
Gram-negative bacterium, E. coli and the Gram-positive bacterium, S. aureus, commonly
correlated with nosocomial infection. The results showed that the synergistic combination

of CV and ZnO NPs led to superior antibacterial activity of the polymers.
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3.2: EXPERIMENTAL

3.2.1: Chemicals and Substrates

The reagents and substrates used in materials synthesis were as follows: Crystal violet
(Sigma, U.K), acetone (VWR), ~ 60 nm Zinc oxide nanoparticles (Sigma, U.K) and the
substrate was SYLGARD® 184 Silicone Elastomer (Dow Corning Corporation Ltd.)

3.2.2: Materials Synthesis

3.2.2.1: Elastomer preparation

Blank silicone elastomers were prepared using viscous liquid polydimethylsiloxane (Dow
Corning Corporation Ltd.) as a starting material; this was mixed with the crosslinking agent
in a 10: 1 ratio, and spread uniformly on to glass substrates followed by curing at 100 °C
for 45 min. After the cooling, the polymer sheets were peeled off from the substrates and

were cut into smaller pieces (squares 2.0 x 2.0 cm).
3.2.2.2: Preparation of ZnO-NPs/PDMS composites

Polymer/nanoparticle composites with varying contents of ZnO fillers (0 wt%, 0.5 wt%, 1
wit%, and 5 wt%) ZnO NPs (Sigma Aldrich, UK) with different concentrations (1,2,3, wt%
ZnO NPs) were dispersed in PDMS (10: 1 ratio). This mixture was homogenized by hand-
stirring. Afterwards, the slurry was degassed in a desiccator for 15 min followed by casting

on glass substrates. Finally, they were cured in a pre-heated oven (100 °C) for 45 min.
3.2.2.3: Preparation of polymers with embedded crystal violet

Crystal violet solutions (CV) were prepared at a concentration of 750 ppm in acetone
(Sigma Aldrich). 2.0 cm? samples of both the un-doped PDMS and the ZnO-containing
polymers were placed into the CV solutions and left to swell for 24 h. The samples were

removed, washed and left to dry in the dark at room temperature for 24 h.
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Table 3.1 The polymer matrices embedded with photosensitizer dye and different ZnO NP contents

represented by various sample IDs and average contact angle measurements (°) + standard deviation of the

samples.
Sample ID ZnO (g) | PDMS (g) | Photosensitizer | Water Contact
angle (°)
(CV)

PDMS(Control) - 10.0 - 97.0+£1.80

CVv - 10.0 + 100.8 £ 0.82

0.5Zn 05¢9 10.0 - 96.1+3.51

0.5Zn-CV 05¢9 10.0 + 102.9 £ 3.30

1.0Zn 10g¢ 10.0 - 98.3+1.57

1.0Zn-CV 10g¢ 10.0 + 99.5+1.37

5.0Zn 509 10.0 - 100.0 £ 4.62

5.0Zn-CV 509 10.0 + 102.4 +£0.98

3.2.3: Materials characterization

A PerkinElmer Lambda 950 UV-vis spectrometer was used to measure the UV-vis
absorption spectra of the polymers within the range 400-700 nm. IR analysis of the
polymers was performed within the range of 400-4000 cm-* with an accumulation of 16
scans per sample using a Bruker Platinum ATR. X-ray diffraction pattern was carried out
using a Stoe diffractometer with monochromated Mo Kal radiation (A = 0.7093 A) in

transmission mode over the angle range 2-40°/26°.
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3.2.4: Functional Testing

3.2.4.1: Water contact angle measurements

Equilibrium water contact angle measurements (~ 3.0 uL) were measured for each type of
sample using a FTA 1000 Drop Shape Instrument. The average contact angle measurement
over > 5 measurements was calculated, using a droplet of deionized water dispensed by
gravity from a gauge 30 needle, with a camera that photographed the samples side on. The

data was analyzed using FTA32 software.
3.2.4.2: Leaching test

The stability of the CV coated elastomers in solution was determined: the CV coated
sections (2.0 x 2.0 cm?) were immersed in phosphate buffered saline (PBS) (2.5 ml, 37 °C)
for an extended period of time. The UV-vis absorbance of the PBS (596 nm, Pharmacia
Biotech Ultrospec 2000) was measured periodically to monitor leaching of the CV from
the polymer into the surrounding solution. The concentration of the CV in solution was

determined on the basis of its absorbance at 596 nm, comparing it with a calibration curve.
3.2.4.3: Dye Adherence Testing

All samples containing crystal violet were wiped rigorously with a 70% isopropyl alcohol
wipe (AZOwipeTM, Synergy Health) to determine whether the dye adhered to the sample

surface.
3.2.5: Bactericidal assay

A range of elastomer samples (2 cm x 2 cm?) was used in the antibacterial experiments:
pure PDMS polymer (control), zinc oxide-incorporated (ZnO), crystal violet coated PDMS
(CV), 0.5 % ZnO-doped PDMS (0.5Zn), 0.5 % ZnO-doped PDMS with CV (0.5Zn-CV),
1 % ZnO-doped PDMS (1.0Zn), 1 % ZnO-doped PDMS with CV (1.0Zn-CV), 5 % ZnO-
doped PDMS (5.0Zn) and 5 % ZnO-doped PDMS with CV (5.0Zn-CV). These samples
were evaluated against E. coli ATCC 25922 and S. aureus 8325-4 . The bacteria were
stored at -70 °C in Brain-Heart-Infusion broth (BHI, Oxoid) containing 20% (v/v) glycerol
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and propagated on either MacConkey agar (MAC, Oxoid Ltd.) in the case of E. coli or
mannitol salt agar (MSA, Oxoid Ltd.) in the case of S. aureus, for a maximum of 2

subcultures at intervals of 2 weeks.

BHI broth (10 ml) was inoculated with 1 bacterial colony and cultured in air at 37 °C for
17 h with shaking, at 200 rpm. The bacterial pellet was recovered by centrifugation (20 °C,
4000 x g, 5 min), washed in PBS (10 ml) and centrifuged again (20 °C, 4000 x g, 5 min)
to recover the bacteria, which were finally re-suspended in PBS (10 ml). The washed
bacterial suspension was then diluted 1 in 1000 in PBS to give an inoculum of

approximately 10 cfu ml.

Duplicates of each polymer sample were inoculated with 25 ul of the inoculum and covered
with a sterile cover slip (18 mm x 18 mm). The samples were then irradiated for up to 90
min in the case of E. coli and 45 min in the case of S. aureus utilizing a white light source
(General Electric 28 W Watt MiserTM T5 2D compact fluorescent lamp). The light
intensity was arranged to emit an average light intensity of 6500 + 300 lux at a distance of
25 cm from the samples. A further set of samples (in duplicate) was maintained in the dark
for the duration of the irradiation time. Post irradiation, the inoculated samples and cover
slips were placed into PBS in a 50 ml plastic tube and vortexed for 60 seconds. The neat
suspension and tenfold serial dilutions were plated on the appropriate agar incubated
aerobically overnight at 37 °C and the colonies enumerated to determine the number of
surviving bacteria. The bacterial numbers in the inoculum were also determined in each
experiment by viable colony counting. Each experiment included two technical replicates
and the experiment was reproduced three times. The data was analyzed using the Mann—
Whitney U test.

3.3: Results and Discussion
3.3.1: Materials Synthesis

CV and ZnO NPs were incorporated into PDMS by a facile two-step procedure to fabricate
a potent bactericidal polymer-nanocomposite. The first step involved mixing ZnO NPs
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with an average diameter of 60 nm with PDMS (monomer: crosslink = 10:1 in mass) by
mechanical rabbling on the basis of a series of PDMS/ZnO NPs with varying nanoparticle
content as shown in Table 3.1. Then, the resultant milky polymer was degassed under
vacuum to remove entrapped air bubbles. Finally, the polymer was cast on glass substrates
and cured in a pre-heated oven at 100 °C. While PDMS is transparent, the ZnO-embedded

polymers are white.

In the second step, these modified polymers were coated with CV by using a “’swell-
encapsulation-shrink’> method. In this process, the polymer squares (2 x 2 cm) were
immersed in 750 ppm CV solutions in acetone for 24 h under dark conditions. They were
subsequently removed from the solution, washed and towel dried, resulting in a dark
purple-coloured polymer square indicating an efficacious uptake of the dye onto the
polymer surfaces (Fig. 3.1).

Mixing of ZnO NPs and PDMS Degassing under vacuum
Under mechanical rabbling for removing entrapping air bubbles
PDMS Dyed PDMS

PDMS

. i g Glass substrate
Drying step Dying step Washing step Oven
Swell-encapsulation-shrink process PDMS spreading and curing in a preheated oven for 45 min
m PDMS 0.5Zn 1.0zn 5.0Zn
0.5Zn-CV 1.0Zn-CV 5.0Zn-lI

Fig. 3.1 (a) Schematic view and process flow of the polymer paint containing ZnO and CV. (b) Photograph
of the PDMS/Zn0O samples with different nanoparticle content (0.50 to 5.0 wt%) samples before -on the top-

and after the swell-encapsulation-shrink  process in acetone with 750 ppm of crystal violet —on the bottom.
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Fig. 3.2. White light activated antibacterial paint coated (a) glass, (b) wood, (c) metal (aluminum), and (d)
soft polymer (polyurethane) plates.

3.3.2: Materials Characterization

Fig. 3.3 shows FT-IR spectroscopy of the polymer films, from which no significant change
was confirmed across the ZnO/PDMs composite films from 0 to 5 wt% of ZnO nanoparticle
concentration before and after the “swell-encapsulation-shrink” process. The similarity
between the untreated and treated samples can be attributed to the strong absorbance bands
of the polymer and because of the low concentrations of dye present in the samples.
Consequently, the results indicate that the incorporation of ZnO NPs and CV in the
silicones had no significant influence on the internal structures of the films within the

detection limit of FT-IR. IR spectra only gave peaks related to the host polymer matrix.
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Fig. 3.3 FT-IR spectra of ZnO/PDMS composite films (a) before and (b) after the swell-encapsulation shrink

process in acetone with 750 ppm of crystal violet.

The presence of the ZnO NPs was confirmed by X-ray diffraction (XRD) and functional
testing of the polymer films. The X-ray diffraction of neither the 0.5Zn nor the 1.0Zn
samples displayed no discernible reflection because of the low density of the ZnO NPs
embedded within the polymers, while the peaks of crystalline plane of ZnO appeared when

ZnO concentration increased to 5.0 wt% (Fig. 3.4). (Peaks at 26 = 31.7°, 34.4°, 36.2°,
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47.6°, 56.5° assigned to (100), (002), (101), (102) and (110) planes, respectively). Also, it
can be seen that the incorporation of CV into the polymer does not impact on the internal

structure of the polymer film, in good agreement with the experimental results of Fig. 3.2.
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Fig. 3.4. XRD pattern of (a) ZnO nanopowder and (b) PDMS, 5.0Zn and 5.0Zn-C. The peaks were indexed

to polycrystalline wurtzite structure.

The UV-vis absorbance spectra of uncoated and CV-coated silicone samples were
measured between 450-700 nm (Fig. 3.5). While bare PDMS does not give any absorbance
peak in the visible region, when coated with CV, the main absorption peak of PDMS
containing CV alone is at A ~ 590 nm, with a shoulder peak of weaker intensity at A ~ 533
nm. Regarding the ZnO-CV samples the peak maxima and intensity is very different, which
demonstrates that dye uptake increases with the increase in ZnO concentration. This
phenomenon has been demonstrated in another study in which gold nanoparticles enhanced

the UV-visible absorption of toluidine blue.?8!

70



Chapter 3: Synergetic Combination of Zinc Nanoparticle with Crystal Violet as a White-Light Activated Antibacterial Paint

E ] m

204

Absorbance
Absorbance

0.0

T T T T 1 T T T T !
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

354 4.5+
| El

w
°
!

Absorbance

354

Absorbance
»
@

3.0+

2.04

T T T T 1 25 T T T T )
450 500 550 600 650 700 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

Fig. 3.5 UV-vis absorbance spectra of (a) CV, (b) 0.5Zn-CV, (c) 1.0Zn-CV and (d) 5.0Zn-CV.

The contact angles of water on the silicone samples are measured (Table 3.1). It is obvious
that the surface of pure silicone was hydrophobic with a water contact angle of 97.0° + 1.8
while no significant difference in the wetting properties of the treated samples was

observed, varying in contact angle + 6 degree.

In order to examine whether there was leaching of the dye-incorporated polymers, they
were placed in 10 ml of PBS solution at 37 °C and the CV leachates were measured
spectroscopically as a function of time (Fig. 3.6). It can be seen that all of the CV-coated
samples leached dye into PBS after 24 h and that the amount of CV leaching was correlated
with increasing the nanoparticle weight. Over a period of more than 300 hours, the CV
concentration of all of the samples plateaus at below 8.5 x 107 M and overall, no further
leaching was observed, indicating stability of the dye in the polymers. In addition, a similar
set up was used to detect whether the ZnO-incorporated samples release nanoparticle into
PBS solution. There was no observable change in the amount of leaching, the colour or
conductivity of the solution (data not shown), showing that, in contrast to CV, the ZnO in

the polymer matrix is more stable to leaching in contrast to CV.
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Fig. 3.6 Leaching of crystal violet (mol dm3) from the polymer into PBS solution at 37 °C was measured as

a function of time (hours).

3.3.3: Antibacterial activity

The antibacterial activity of a series of modified silicone samples was testing using
representative  Gram-positive and Gram-negative bacteria, S. aureus and E. coli,
respectively, both of which are key causative agents of HAIs. A General Electric 28 W
Watt MiserTM T5 2D compact fluorescent lamp, similar to those commonly found in UK
hospitals, was used to activate the antibacterial activity of the dye-coated polymers while
a control set of polymers was stored under dark conditions for the duration of white light

illumination.

The photo-activated and intrinsic bactericidal activities of the following samples were
tested: undoped PDMS polymer (control), zinc oxide-incorporated (ZnO), crystal violet
coated PDMS (CV), 0.5 % ZnO-doped PDMS (0.5Zn), 0.5 % ZnO-doped PDMS with CV
(0.5Zn-CV), 1 % ZnO-doped PDMS (1.0Zn), 1 % ZnO-doped PDMS with CV (1.0Zn-
CV), 5 % ZnO-doped PDMS (5.0Zn) and 5 % ZnO-doped PDMS with CV (5.0Zn-CV).

Fig. 3.7(a) demonstrates the lethal photosensitization of S. aureus when exposed to the
different polymers in the dark or following 45 min of exposure to a white light source

emitting an average light of 6500 + 300 lux at a distance of 25 cm from the samples. Under
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dark conditions (45 min), none of the samples showed significant kill of S. aureus.
Similarly, exposure to white light over a period of 45 min caused no significant decrease
in the number of viable S. aureus on the 0.5 Zn sample surface compared to the control
sample. However, a greater reduction in bacterial numbers was apparent on the surfaces of
both the 1.0Zn and the 5.0Zn samples (P-value < 0.01 for both). Furthermore, the 0.5Zn-
CV combination caused an approximately 1 log reduction in bacterial numbers, with
enhanced kill compared to the sample containing CV alone (0.35 log reduction). The effect
of both the 1.0Zn-CV and the 5.0Zn-CV was even more remarkable, reducing bacterial

numbers to below the detection limit (>4 log) following exposure to white light for 45 min.

PDMS 0.5Zn 1.0Zn 6.0Zn cv 0.6Zn-CV  1.0Zn-CV 6.0Zn-CV

m -

10° |

10" -

* *

10° -
PDMS 0.5Zn 1.0Zn 5.0Zn cv 0.5Zn-CV  1.0Zn-CV 5.0Zn-CV

Fig. 3.7 Viable counts of S. aureus 8325-4 after incubation on modified PDMS polymers incubated at 20 °C
under (A) dark conditions and (B) exposed to white light illumination for 45 min. * Indicates where the

bacterial numbers are below the detection limit of 1000 cfu mL™.
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The photo-activated and intrinsic bactericidal activities of the same polymers were
investigated against the Gram-negative bacterium, E. coli, under the same conditions but
with a longer exposure time. Fig. 3.8 demonstrates the activity of the samples against E.
coli in the dark over a 90 min period, where no significant reduction in the numbers of
viable bacteria was observed on the surfaces of 0.5Z, 1.0Z and 5.0Z samples compared to
the control polymer. On the other hand, except the polymer containing CV alone all the
samples containing ZnO and coated with CV displayed statistically significant (P-value <

0.01) activity relative to the control sample.
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Fig. 3.8 Viable counts of E. coli after incubation on modified PDMS polymers incubated at 20 °C under (A)
dark conditions and (B) exposed to white light illumination for 90 min. * Indicates where the bacterial

numbers are below the detection limit of 1000 cfu mL™.
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Exposure to white light for a period of 90 min induced significant decreases in the number
of viable bacteria was observed on the 0.5Z-CV sample (0.70 log reduction) and the 1.0Z-
CV sample (1.33 log reduction). Moreover, the 5.0Z-CV displayed a highly significant
reduction in bacterial numbers after 90 min of irradiation, with bacterial numbers reduced

to below the detection limit (>4 log, P-value = 0.002).

As expected from previous studies, there was a difference between the bactericidal activity
of the polymers against the Gram-positive and the Gram-negative bacteria, which is most
probably due to the differences in cell wall structures.?®® Gram-positive bacteria possess a
single thick peptidoglycan layer while Gram-negative bacteria contain a thinner
peptidoglycan layer but possess a second (outer) membrane,*® making them less
susceptible against photodynamic inactivation compared to Gram-positive bacteria, 26282
Overall, the results show that the polymer containing ZnO or CV alone does not possess
potent antibacterial properties. Hence, it is required to combine both agents into the
polymer to fabricate a superior self-sterilizing material that shows efficacious

photobactericidal activity against both E. coli and S. aureus.

The mechanism of antibacterial activity of ZnO is still unclear but there are various
mechanisms proposed in the literature, including the production of ROS,274275283-287 the
release of zinc ions%276.283.288 and the accumulation of NPs in the bacterial cytoplasm and
on the outer membrane of Gram-negative bacteria.?’”* Some studies showing significant
antibacterial activity of ZnO in the dark attributed this to the release of zinc ions from a
ZnO suspension that penetrate into the bacteria damaging DNA and resulting in cell
death.1%3278289 However, there are many studies indicating that the concentrations of
released Zn?* ions were not high enough to cause the nanotoxicity.?’4275292% | gkshmi et
al. proved that its antibacterial activity is mainly attributed to ROS in the dark?% rather
than release of zinc ions (zinc ion dissolution) and ZnO internalization.!3194277.278 They
proposed the following mechanism for the generation of ROS under dark conditions
originated from the interaction between water and superoxide radicals that are mediated

through singly ionized oxygen vacancy (i.e. surface defects).
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In contrast to ZnO, the antibacterial behavior of CV is well established. Upon illumination
of the dye, two different photochemical pathways; one is to generate hydroxyl radicals
(#OH) and superoxide ions (Oze") through electron transfer process (Type 1) or singlet
oxygen (*0,) through energy transfer (Type 11).2% Photo-generated ROS can attack bacteria
via a non-site specific multiple attack mechanism (unlike antibiotics which usually have a
singlet target) including the disruption of cellular membranes and DNA by means of
oxidative damage, making bacteria unlikely to develop resistance since resistance normally
develops when a bactericide has a singletarget,65256:294

To validate the antibacterial effectiveness of these surfaces, their photobactericidal activity
was compared to other antimicrobial systems published in the literature. For example,
Sehmi et al. reported CV-coated ZnO NPs (18.3 + 4.9 average diameter size) incorporated
polyurethane squares via a two-step dipping procedure. Upon illumination with a white
light source (6600 + 990 lux), these materials induced lethal photosensitization of both
E.coli and S.aureus in 1 and 4 hours, respectively, with bacterial levels reduced below the
detection limit of 102 CFU mL1.2% Another similar work was carried out by incorporating
smaller ZnO NPs (3.3 + 1.1 average diameter size) with CV into polyurethane squares.
[llumination of these samples using a white light source (3750 + 250 lux) caused 3.36 log
kill of S. aureus after 1 h. Under the same conditions, lethal photosensitization of E. coli
was observed after 6 h with >4 log reduction in bacterial numbers.?*® Improved bactericidal
efficacy was observed with the the 5.0Zn-CV surfaces reported here, achieving decreases
in bacterial numbers of greater than 4 logs for both S. aureus and E. coli in only 45 and 90

min, respectively.
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Crystal violet, a topical antiseptic, possesses antibacterial, anti-fungal properties.?3 It is
still listed by the World Health Organization even though new drugs have superseded its
use in the medical field and clinical trials showed its efficiency to treat infected wounds,
superficial skin and MRSA infections.?®®?%” Regarding real-world applications, it is
imperative that the dye incorporated in the polymer does not leach significantly or rub off
upon contact with hands or disinfectant wipes that are often used to reduce the risk of the
spread of infection. To determine the stability of the modified polymers, they were
vigorously wiped with AZO wipes that are utilized to clean hard surfaces on the wards in
University College London Hospital NHS Trust hospitals. There was no visual evidence
of dye removal from the modified polymer after rigorous wiping with 70% alcohol, and
hence, transmission of dye upon touching is unlikely. Furthermore, the CV-coated samples
have showed excellent stability under aqueous solutions at 37 °C. The amount of CV
leached from the samples was relatively small relative to the concentration (20 000 ppm)
resulting in dermal irradiation or sensitization over an extended period of clinical
assessment.?%” Also, adverse effects of the NP on human health should be considered. Since
ZnO NPs have been widely utilized in the cosmetics and food industry, their toxicity on
humans has been extensively investigated, with a conclusion that it depends on many
factors such as their size, shape, route of administration and dosage. Studies have showed
that their penetration through skin is improbable although other routes of administration of

these nanoparticles can demonstrate harmful effects at high doses (>100 pg mL1),2%82%
3.4: Conclusion

In this study, ZnO NPs have been successfully embedded with different nanoparticle
concentration in PDMS followed by incorporating CV using a simple ‘’swell-
encapsulation-shrink’> process to fabricate a light-activated antibacterial paint. The
ZnO/CV composites possess superior antibacterial activities that are dependent upon the
concentration of zinc in the polymer films. Among them, the 5.0Zn-CV is proved to be
very efficacious antibacterial polymer surface, which are active in light conditions relevant
to UK hospitals and exhibiting lethal photosensitization of S. aureus in just 45 min and of
E. coli in just 90 min, with a minimum of a 4-log reduction in the numbers of both bacteria.
Therefore, it has potential applications from healthcare settings to electronic devices (e.g.
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tablet covers) to help reduce bacterial surface contamination and thus reduce the risk of the

spread of infection.
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Chapter 4: COPPER-BASED SUPERHYDROPHOBIC AND
ANTIBACTERIAL COATINGS BY AEROSOL ASSISTED
CHEMICAL VAPOUR DEPOSITION

4.1: Introduction

Pathogens such as MRSA, E. coli and C. difficile, can survive for long periods of time on
inanimate surfaces, making a continuous source of transmission of infectious agents.
Biofilms can form in 24 hours when microbial cells stick to each other and attach to a
surface,3® causing approximately 80 % of all medical infections. Also, cells protected by
an extracellular matrix within biofilms can be up to 100-1,000 times more resistant to
antibiotics and disinfecting agents compared to planktonic cells.>*! Bacterial colonization
of surfaces is known to have an adverse effect on the function of a diversity of materials
such as textiles, medical catheters, dental implants and resistant contact lenses.302-304

Antibacterial surfaces may either (i) inhibit the attachment of bacteria i.e. anti-biofouling
activity or (ii) destroy bacteria that do attach to the surface i.e. bactericidal activity.187188
In this context, the liquid-repellent feature of natural or artificial surfaces plays a crucial
role in preventing biofouling by reducing the contact area between bacterial cells and the
surface and adhesion strength®®>2%". Studies about the correlation between liquid-
repellency and antibiofouling properties can be traced back to the discovery of the “Lotus
effect”.?!! Lotus leaves possess excellent self-cleaning properties due to the presence of the
complex micro/nanoscopic architectures on their leaves that impart superhydrophobicity.
Such surfaces show excellent non-wetting properties because of a water angle greater than
150° and water droplets easily roll-off carrying away dirt particles and bacteria.3%® Several
studies have demonstrated that bacterial adhesion is significantly influenced by surface
wettability. For instance, Arima et al. reported that bacteria could effectively adhere onto
surfaces with contact angles of 40-70°.3%° Contrarily, Freschauf et al. found that various
shrink-induced superhydrophobic polymers greatly prevented the attachment of E. coli.?®
Even though anti-biofouling surfaces can reduce bacterial adhesion, they are not able to

inactivate adherent bacteria. Hence, the combination of antibacterial agents (i.e. copper)
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and superhydrophobicity would be most effective at reducing the load of colonizing

bacteria relative to materials showing either property alone.

Various nanomaterials such as TiO2, ZnO and SiO; have been demonstrated to exhibit
remarkable antibacterial properties. Among these metal-based NPs, copper-based
nanomaterials have attracted considerable attention due to their unique chemical, physical
and biological properties.}4431% At low concentrations copper is a cofactor for
metalloproteins and enzymes, thus, proving to be a low toxicity material compared to other
metals.** Copper (Cu) has been known for some time to be an excellent biocide, and both
copper ions and NPs have shown antibacterial activity against a broad range of bacterial
species.12314 Recently, Hassan et al. demonstrated both copper and copper-based films
showed excellent antibacterial activity against both Gram-positive and Gram-negative
bacteria.®®® There are very few reports on synthesis of Cu NPs using a “green method” that
does not exert adverse effects to human health and the environment. For medical
applications, it is imperative that the synthesis of these NPs should rely on non-toxic

chemicals, environmentally benign solvents and renewable materials.

In previous chapters, highly photo-bactericidal polymer surfaces have been fabricated.
However, they largely require light to be activated. It has been reported that the average
light intensity in hospitals ranges between 1,000 lux in an accident and emergency (A &
E) examination room to 10,000-100,000 lux in an operating theatre. Moreover, actual light
intensity measurements in some hospital wards were as low as ~200 lux.3'®3! To overcome
this problem, this chapter reports the efficacious bactericidal activity of Cu NP-coated
PDMS films without the need for light. A simple, eco-friendly and effective technique was
proposed for coating small-sized copper nanoparticles (Cu NPs) (~3.5 nm in size) onto a
curable silicone polymer, polydimethylsiloxane (PDMS), facilitated by a simple two-step
deposition process using aerosol assisted chemical vapour deposition (AACVD). The
presence of the Cu-NPs on the superhydrophobic polymer film was confirmed by UV-vis
spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), energy dispersive X-ray spectroscopy (EDX) and functional testing. The material
was characterized using a range of techniques including electron microscopy, water contact

angle measurement and elemental mapping. The antibacterial activity of the modified film
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was tested against the Gram-negative bacterium, E. coli ATCC 25922, and the Gram-
positive bacterium, S. aureus 8325-4 and the film shows highly significant antibacterial
activity against both bacteria (>4 log reduction in bacterial numbers) in 15 min and 60 min,
respectively. In addition, all the CVD modified samples results in a significant reduction
in bacterial cell adhesion compared to the control materials. Therefore, the combination of
antibacterial agents and superhydrophobicity can lead to a new concept in developing novel
antifouling materials that has dual mode of action-the superhydrophobicity helps limit
bacterial adhesion combined with a copper-induced bacterial kill under any lighting

conditions.

4.2: EXPERIMENTAL
4.2.1: Chemicals and Reagents

CuCl»2.2H20 (Sigma, UK) and L-ascorbic acid (Sigma, UK) were utilized in nanoparticle
synthesis. Laboratory solvents were purchased from Fisher Scientific Limited and of the
highest possible grade. Sylgard® 184 Silicone Elastomer was purchased from Dow
Corning Corporation Ltd, which consists of two-part silicone elastomers (base and curing
agent). The precursor, Sylgard 184, can be cross-linked with the curing agent and the final

polymer is polydimethylsiloxane (PDMS).
4.2.2: Materials Synthesis

4.2.2.1: Aerosol Assisted Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a versatile technique to deposit gas phase reactants
(precursors) onto a solid substrate creating thin films. The process involves first the
transportation of precursor molecules into a reaction chamber and to the substrate by an
inert carrier gas such as nitrogen and argon. This results in the formation of a solid material
on the substrate as a result of a sequence of reactions of gaseous precursor molecules under
an activated environment (e.g. heat, light, plasma). The deposition takes place near or on
the surface of the substrate, starting with the decomposition of precursor solution followed

by physisorption or chemisoption of atoms and nucleation on the surface. Depending upon
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the different requirements for particular type of materials, a broad-range of variations of
CVD are commonly utilized, including metal-organic CVD (MOCVD),*!8 low pressure
CVD (LPCVD),** plasma enhanced CVD (PECVD),3? laser assisted CVD (LACVD)3?°
and aerosol assisted CVD (AACVD).3?

In this chapter, aerosol assisted CVD (AACVD) was utilized to create novel polymer-
nanocomposite films, which is a liquid-phase CVD process. Primarily precursors are
dissolved in a solvent that are vaporized by an ultrasonic humidifier (nebulizer), producing
a ‘precursor milt’. Afterwards, the generated aerosol is transported into a cold-walled CVD
reactor by an inert carrier gas (e.g. N2). Evaporation of the solvent occurs when the aerosol
reaches the pre-heated substrate, after which deposition is made onto the substrate.
Molecules that are not deposited can be lost from the activated complex and extracted as
waste gas. There are several possible mechanisms for the reactions resulting in film
deposition. They include the decomposition of the precursor, heterogeneous nucleation,
homogeneous nucleation, adsorption and chemical reactions. The general process during
deposition is shown in Fig. 4.1.
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Fig. 4.1 Schematic illustration of the deposition process in AACVD reaction.®?!

4.2.2.2: Aerosol Assisted Chemical Vapour Deposition of Polymer Solutions

The two components of Sylgard® 184 Silicone Elastomer (0.70 g) were dissolved in (70
ml) with rapid stirring. To prevent premature curing the mixture was used immediately

after stirring for deposition studies.
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The depositions were carried out in a cold-walled horizontal-bed CVD reactor. The reactor
contained top and bottom plates, both composed of SiO; coated barrier glass (dimensions:
140 x 45 x 5 mm; barrier thickness 50 nm) supplied by Pilkington NSG. A carbon block
on which the bottom plate was placed heated the CVD reactor. The top plate was positioned
8 mm above and parallel to the bottom plate, the complete assembly was enclosed within
a quartz tube. The aerosol of the precursor solution was generated using a PIFCOHEALTH
ultrasonic humidifier with an operating frequency of 40 kHz and 25 W of power. The
aerosol generated was moved to the reactor using a nitrogen gas flow via PTFE
(polytetrafuoroethylene) and glass tubing, where it entered between the top and bottom

plates. The reactor waste gas left via an exhaust.

Nitrogen flow carried the vapour from the flask until all liquid was gone, which took
typically 50-60 min per deposition. The depositions were carried out at 390 °C and 350 °C
respectively with an air-flow of 0.8 L min™t. The thin films of superhydrophobic PDMS
and Cu NPs on PDMS were deposited. Then, the heated carbon block was then turned off
and allowed to cool to room temperature; the nitrogen flow was left on for a further 15 min.
The cooled plates were removed and handled in air. The deposition of the films occurred

to the top plate.
4.2.2.3: Deposition of Copper Nanoparticles

Precursors solutions of copper nanoparticles were prepared according to Xiong et al.®?? In
a typical preparation process, CuCl,.2H>0O aqueous solution was prepared by dissolving
CuCl2.2H20 (10 mmol) in 50 ml deionized water. A flask containing CuCl,.2H20 aqueous
solution was heated to 80 °C in an oil bath with magnetic stirring. A 50 ml L-ascorbic acid
aqueous solution (0.6 M) was added dropwise into the flask while stirring. The mixture

was kept at 80 °C until a dark solution was obtained for 16-18 h.

The copper nanoparticles were deposited using the same AACVD method as described in
this section immediately after the deposition of Sylgard without cooling the reactor to room
temperature. 5 ml of the solution was diluted to 50 ml with methanol and was used as a

precursor solution. The flow rate of 0.8 L/min was used. The deposition of nanoparticles
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always occurred on the top plate; the substrate temperature was kept constant at 350 °C.

4.2.3: Materials Characterization

A Perkin-Elmer Lambda 950 UV-vis Spectrometer was used to measure the UV-vis
absorption spectra analyses of the copper nanoparticle solution within the range 250-400
nm. Scanning electron microscopy was performed using secondary electron imaging on a
JEOL 6301 field emission instrument with Oxford instruments EDX spectrometer attached.
Transmission electron microscopy (TEM) images were recorded using a JEOL JEM
1200EX with a 4 megapixel Gatan Orius SC200 charge-coupled device (CCD) camera at
an acceleration voltage of 120 kV. Powder X-Ray Diffraction (XRD) pattern was measured
on a Bruker-Axs D8 (GADDS) diffractometer using monochromated Cu Ko radiation.
Atomic force microscopy (AFM) measurements were performed in air on a Veeco
Dimension 3100 using a Nanosurf Easyscan 2 system fitted with a NCLR cantilever. Non-
contact tapping mode was used to build a topological map of each sample over a5 x 5 um
area and roughness statistics extracted using post-process software (Gwyddion).
Adherence tests were carried out by applying Scotch Home and Office masking tape to the
deposited films with even pressure applied by hand, followed by removal in one swift

motion. Any difference in the film appearance was noted.

4.2.4: Functional Testing

4.2.4.1: Surface Hydrophobicity Measurements

Water contact angle measurements were carried out using an FTA-1000 drop shape
instrument; ~3 pL water droplets were used to minimize any gravitational effects. The
water droplet images were analyzed using a digital protractor to obtain the water contact
angles on the surface. A range of points across the substrates was tested, with 5
measurements made on each film. Water slip angles were also measured, noting the angle
to the horizontal at which 10 pL water droplets moved on the surface. Many positions

across the substrates were tested.
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4.2.5: Bactericidal Assay

A range of different samples (1 cm x 1 cm) were used in the antibacterial experiments:
uncoated microscope glass (control), uncoated PDMS (PDMS), CVD treated PDMS (S-
PDMS) and copper nanoparticle-encapsulated silicone (Cu-PDMS). These samples were
evaluated against E. coli ATCC 25922 and S. aureus 8325-4. The bacteria were stored at -
70 °C in Brain-Heart-Infusion broth (BHI, Oxoid) containing 20% (v/v) glycerol and
propagated on either MacConkey agar (MAC, Oxoid Ltd.) in the case of E. coli or Mannitol
Salt agar (MSA, Oxoid Ltd.) in the case of S. aureus, for a maximum of 2 subcultures at

intervals of 2 weeks.

BHI broth (10 ml) was inoculated with 1 bacterial colony and cultured in air at 37 °C for
17 h with shaking, at 200 rpm. The bacterial pellet was recovered by centrifugation (20 °C,
4000 x g, 5 min), washed in phosphate buffered saline (PBS, 10 ml) and centrifuged again
(20 °C, 4000 x g, 5 min) to recover the bacteria, which were finally re-suspended in PBS
(10 ml). The washed bacterial suspension was then diluted 1 in 1000 in PBS to give an

inoculum of approximately 10° cfu/ml.

To ensure that the bacterial suspension did not bounce off the surface of the material, 10
ul of the inoculum was placed gently on to the material from a pipette tip held close to the
surface and covered with a sterile cover slip (22 mm x 22 mm) to provide good contact
between the bacteria and the surface of the sample. The samples were then incubated at
room temperature for the allocated exposure time. Post incubation, the inoculated samples
and cover slips were placed into PBS in sterile plastic tubes and mixed on a vortex mixer
for 20 seconds. The neat suspension and ten-fold serial dilutions were plated on the
appropriate agar, incubated aerobically overnight at 37 °C and the colonies enumerated to
determine the number of surviving bacteria. The bacterial numbers in the inoculum were
also determined in each experiment by viable colony counting. Each experiment included
two technical replicates and the experiment was reproduced three times. The data was

analysed using the Mann-Whitney U test.
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4.2.6: Bacterial Attachment Assay

Bacteria were grown in an overnight culture to 107 cfu/ml. Then, 10 pL of the bacterial
suspension was placed on the specimen, which was placed at room temperature for 60
minutes. The specimens were then rinsed twice by gently dipping in PBS to remove any
unattached cells. Afterwards, the samples were transferred into sterile conical tubes
containing 3 mL of fresh PBS. The tubes were mixed using a vortex mixer for 5 minutes
and then placed in an ultrasonic bath and sonicated for 15 minutes to release the attached
cells from the biomaterial. After an additional vortex mix for 1 min, the suspensions were
serially diluted with PBS and enumerated on the appropriate agar plates. The experiment

was reproduced five times.

4.3: RESULTS AND DISCUSSION
4.3.1: Material Characterization

4.3.1.1: Characterization of Copper Nanoparticles

A simple green route was utilized to produce the Cu NPs by drop-wise addition of L-
ascorbic acid to copper (I1) chloride solution at 70 °C. The dispersion became colourless
when L-ascorbic acid was added, and gradually turned to yellow, orange, brown and further
heating resulted in a dark brown solution indicating that reaction was completed. Non-toxic
antioxidant, L-ascorbic acid, was used as both reducing Cu*? to Cu® and capping the NPs

to prevent aggregation and oxidation.3??

Transmission electron microscopy (TEM) was utilized to study the morphology and the
size distribution of the Cu NPs. The typical TEM images of the particles reveal that the Cu
NPs are well-separated, spherical without any agglomeration (Fig. 4.2(a)). The average
particle size was determined to be 3.56 + 0.8 nm (Fig. 4.2(b)). EDX elemental composition

showed minimal oxidation of the NPs and a strong presence of Cu (Fig. 4.2(c)).
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Fig. 4.2 (a) HR-TEM image, (b) EDX spectrum and (c) size distribution of the prepared Cu NPs.
4.3.2: Materials Synthesis

4.3.2.1: Deposition and Characterization of Modified Polymer samples

A facile two-step AACVD process was carried out to create novel composite thin film on
glass which is expected to simultaneously show superhydrophobic and antibacterial
properties. Firstly, AACVD was carried out using a chloroform solution of the
thermosetting Slygard-184 (base and curing agent) at 390 °C, where the chloroform solvent
evaporates and the thermoset polymer is cured. This followed by a methanol solution of
Cu NPs, which was deposited onto the as-prepared polymer thin film at 350 °C by a second

CVD step (Fig. 4.3(a)). While PDMS films are white-opaque, copper-containing films are
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metallic brown in colour (Fig. 4.3(b)). The films were uniform and showed good coverage

across the glass surface.

Fig. 4.3 (a) Schematic to show fabrication of Cu NPs coated PDMS. (b) Images of Sylgard 184 polymer
deposited via AACVD at 390 °C — on the left- and after the NP deposition at 350 °C- on the right-. The

sample dimensions are 14 cm x 4.5 cm x 0.5 cm.

The morphology of the films was investigated using scanning electron microscopy (SEM),
atomic force spectroscopy (AFM) and transmission electron microscopy (TEM). Cu NPs
were deposited onto PDMS matrix through the AACVD deposition process. Therefore,
they were expected to be anchored on the PDMS surface and this was confirmed by both
SEM and TEM images. SEM images revealed that PDMS films by AACVD had a very
rough surface consisting of interlocking particles with surface protrusions around 3-5 um
in length (Fig. 4.4(a-b))and spherical Cu NPs were uniformly attached to the surface
protrusions (Fig. 4.4(c)).
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n WD 108mm

Fig. 4.4 SEM images of (a) and (b-side view) PDMS film grown by AACVD of Sylgard 184 in chloroform
at 390 °C in 3000x and 1500x magnifications, respectively; (c) after coating with Cu NPs at 350 °C in 1500x

magnification.

The surface morphology and roughness of the samples was further examined by atomic
force microscopy (AFM). The two-dimensional and three-dimensional AFM images of the
samples are shown in Fig. 4.5. Both the glass and the PDMS sample had rather smooth
surface with Rims (root-mean-square-roughness) of 0.132 nm and 2.175 nm, respectively.
After CVD treatment with PDMS, the glass surface dramatically roughened with Rims of
0.278 um. However, with Cu-incorporation, the roughness of the hybrid film slightly

reduced to Rrms of 0.230 pum.
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Fig. 4.5 Two-dimensional (top) and three-dimensional AFM images of (a) plain glass, (b) plain PDMS, (c)
CVD-treated PDMS and (d) Cu-coated CVD-treated PDMS.

The surface of bare glass was hydrophilic with a water contact angle of 48 + 3° while bare
PDMS film was hydrophobic with a water contact angle of 111 + 5° due to the presence of
water-repelling C-H groups on the surface. During the AACVD process, PDMS with low-
surface energy was cured resulting in a highly rough surface converting the glass substrate
to superhydrophobic with water contact angle up to 155 + 2° (Fig. 4.6 (a)). The protrusions
act to trap air under a water droplet as surface roughness is increased, leading to a Cassie-
Baxter wetting mechanism. No significant change in the wetting properties was observed
upon coating of the Cu-NPs into the polymer matrix with a contact angle of 151+2° (Fig.
4.6(b)).
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While the water droplets (10 ul) adhered to the S-PDMS surface slide away at a tilting
angle of less than 10°, the Cu-PDMS surface is extremely slippery compared to the S-
PDMS, enabling the water droplets to readily roll off, even at 1° tilt angle. Low tilt angles
confirmed a Cassie-Baxter wetting mechanism on these surfaces with the successful

trapping of air underneath water droplets within the film porosity.

Fig. 4.6 Water droplets (3 uL) on the surface of (a) S-PDMS and (b) Cu-PDMS; (c) Photograph showing a
5 uL droplet of water on the surfaces of S-PDMS (on the left) and Cu-PDMS (on the right).

Fig. 4.7(a-b) shows the TEM image of the Cu-PDMS composite and its corresponding
elemental mapping. It can be clearly seen that Cu NPs were distributed throughout the
polymer matrix. Also, elemental distributions from the EDS spectrum indicate that the
elements Cu, Si and Cl are the main constituents (Fig. 4.7(c-e)). While the elements Cl and
Cu are associated with the synthesis of the NPs, the Si comes from the polymer itself
consisting of a flexible (Si-O) backbone and a repeating (Si(CHs)2) unit.®?®
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Fig. 4.7 TEM images (a) colloidal Cu NPs and (b) Cu-PDMS composite and (c-e) energy dispersive X ray
spectrum and mapping of the Cu-PDMS composite for the elements Cl, Si and Cu.

4.3.3: Microbiological testing

The antibacterial activities of the following samples under dark conditions were evaluated
against two model hospital-associated pathogens; the Gram-negative bacterium, E. coli,
and the Gram-positive bacterium, S. aureus; a glass sample (control), a bare polymer
sample (PDMS), a CVD treated polymer (S-PDMS) and a Cu-coated CVD-treated polymer
sample (Cu-PDMS).

Fig. 4.8(a) shows that no reduction in the number of E.coli was observed on the samples
after 15 min compared to the control sample when Cu NPs were absent. However, all Cu-
coated samples achieved significant bacterial kill for all exposure times (P < 0.01). A 2.3-

log reduction in E. coli numbers was achieved after 10 min of exposure to the sample
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coated with Cu NPs and > 4 log reduction was achieved after 15 min with the materials

containing Cu NP.
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Fig. 4.8 Numbers of (a) E. coli after incubation on the surfaces of the samples in the dark and (b) numbers of
S. aureus after incubation on the surfaces of the samples in the dark. The black lozenges indicate where the
bacterial numbers are below the detection limit of 100 cfu/ml. Black bars refer to uncoated glass. Gray bars
refer to bare PDMS (no nanoparticle). White-gray bars refer to CVD treated PDMS (S-PDMS). Red bars
refer to Cu NPs coated CVD-PDMS (Cu) with different time intervals. Bare glass, PDMS and S-PDMS
samples were exposed to E. coli and S. aureus for 15 min and 60 min, respectively while dip-coated Cu-
PDMS (Cu*) was exposed to E. coli for 15 min.

In the case of S. aureus, there was no detectable kill of S. aureus on the surface of either
bare PDMS or CVD treated PDMS after 1 h in the dark compared to the glass sample (Fig.
4.8(b)). However, the samples coated by Cu NPs demonstrated a 0.69 log reduction in
viable bacteria after 15 min (P < 0.01). Moreover, a 1.4-log reduction in viable bacteria
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was observed after 45 min on the surface of the Cu coated PDMS samples whereas after 1
h the number of S. aureus was reduced to below the detection limit (>4 log reduction; P =
0.02).

The antibacterial mechanism of Cu NPs is still under debate,®* however several
mechanisms have been proposed. Some studies suggest that copper increases intracellular
ROS production causing oxidative stress and DNA damage.3?>3% Furthermore, copper may
damage the cell membrane.®?” Moreover, their antibacterial activity may be attributed to
the continuous release of copper ions under wet conditions3? that attach to the bacterial

cell wall. This interaction may lead to cell death by disrupting the cell membrane.
4.3.4: Anti-adhesion properties

A bacterial adhesion test was carried out with app. 10 cfu/ml of the two bacterial species
after 1 h period of incubation. It was observed that bacterial adhesion rates on the samples
were greatly affected by surface wettabilities as shown in Fig. 4.9. The glass sample had
the greatest attachment of S. aureus. With high contact angles the number of adherent
bacteria was significantly reduced compared to glass alone with 38% and 80% of the
bacteria adhering to the bare PDMS and Cu-PDMS, respectively. CVD treated PDMS was
superior to Cu-PDMS inhibiting 87% of bacterial attachment compared to glass alone (Fig.
4.9(b)).

With E. coli, the highest level of adherence was observed on bare PDMS while the S-
PDMS showed the least attachment (Fig. 4.9(b)). The number of bacteria adhered to the
Cu-PDMS surface was 50% of that on the glass surface. These results demonstrated that
CVD modification improves the non-fouling nature of the bare PDMS surfaces against E.

coli and S. aureus.
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Fig. 4.9 Adherence of (a) S. aureus and (b) E. coli to the sample surfaces including uncoated glass (glass),
bare PDMS (PDMS), CVD treated PDMS (S-PDMS) and Cu NPs coated CVD-PDMS (Cu-PDMS).

The different levels of bacteria attachment of the samples can be explained by two models;
Wenzel*?° and Cassie-Baxter.>° The Wenzel model states that no air is under the droplet so
that the water penetrates the surface porosity leading to full contact with the surface and
hence is relatively sticky. On the other hand, Cassie-Baxter states that air is trapped
between the water droplet and the surface protrusions, therefore demonstrating the lotus
effect..?14330-332 Thys, the surfaces with Cassie-Baxter wetting properties significantly
prevented bacterial attachment, suggesting an alternative application as an antibacterial

surface.
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The small surface features that make up most superhydrophobic materials means that most
have a poor mechanical durability; this is the main problem limiting the worldwide
application of these coatings. Therefore, robustness of the superhydrophobic samples was
tested using a standardized scotch tape test (ASTM).33® While CVD treated PDMS passed
the test, the Cu NPs coating were removed from the substrate that was used in the
antibacterial test because it had weak adhesion strength with the polymer. To overcome
this problem, the Cu coated polymer sample was dip-coated into a %1 PDMS-CHCIs
solution (withdrawal rate of 120 cm min) followed by curing so that a thin layer of PDMS
was deposited into the micropillars. Then, the dip-coated Cu-PDMS before and after the
test was examined with SEM images, contact angle measurements and antibacterial test.
The dip-coated Cu-PDMS was again tested against E. coli and it decreased the bacterial
counts to below the detection limit (>4 log reduction) in 15 min (Fig. 4.8(a)). Also, the
images confirmed that the coating remained stable and retained superhydrophobicity (Fig.
4.10).

Fig. 4.10 SEM images of the Cu coated PDMS surface that was exposed to the tape test.

PDMS has been used in a wide range of applications including sensors and microfluidic
channels because of its properties including high flexibility, low cost, non-toxic nature,
chemical inertness and easy preparation.®2°2334 Therefore we anticipate that the loading of
Cu NPs onto PDMS may extend its use in antibacterial applications from air filters to touch
surfaces such as door handles and bed rails in clinical environments. Consequently, this
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may help disrupt the cycle of transmission of microorganisms between patients, healthcare

staff and the environment.

4.4: Conclusions

In this work, we have successfully fabricated a novel superhydrophobic antibacterial thin
films by creating a second layer of Cu NPs upon the first layer of superhydrophobic thin
film via AACVD. The modified sample showed superhydrophobicity with a water contact
angle of 151° as well as remarkable water bouncing properties. It was potent at killing
suspensions of S. aureus in just 1 hour and E. coli in just 15 min, with a minimum of a 4-
log reduction (99.99 % kill) in the numbers of both bacteria. Moreover, the CVD treated
samples greatly prevented the adhesion of both types of bacteria compared to glass and
PDMS samples. This novel hybrid surface may help decrease the incidence of infection in
healthcare environments as it works in a novel two-fold manner- preventing bacteria

sticking and inactivating those that do.
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Chapter 5: EXTREMELY DURABLE BIOFOULING-RESISTANT
COPPER BASED SELF-STERILIZING SURFACES

5.1: Introduction

Superhydrophobic surfaces that show extreme water-repellent properties have attracted
enormous scientific and industrial interest because of their use in a broad range of
applications including self-cleaning,3*3% antifouling,®"3% anti-icing®*® and water/oil
separation.®*® However, such surfaces usually suffer from low mechanical robustness
hindering their real-world applications. Hence, nowadays, the mechanical durability of
superhydrophobic surfaces are of great interest®*! to employ such surfaces in practical

applications.

In Chapter 4, superhydrophobic antibacterial copper coated polymer films were fabricated
via AACVD. The films showed significant bactericidal activity as well as a significant reduction
in bacterial cell adhesion compared to the control materials. However, normal contacts (e.g.
finger touch, abrasion and scratching) could destroy the micro/nano-roughness features or
remove most of the hydrophobic layer on the surface, causing loss of the surface
superhydrophobicity. Also, such surfaces depending upon trapped air may have limited use
under different conditions such as liquid environments, pressure and hydrodynamic shear
that may easily fail the stability of air pockets.??” Hence, it is unlikely that self-sterilizing
coatings based on one property (e.g. surface energy) are able to reduce biofouling and
hence new strategies need to be developed to generate mechanically durable materials with
multifunctional properties (e.g. bactericidal, surface topography and lubricity).342343

Recently, a different concept has been introduced to make self-cleaning surfaces inspired
by Nepenthes pitcher plants with an immobilized lubricant liquid in hierarchical texture to
form slippery liquid-infused porous surfaces (SLIPS). Due to their unique slippery
characteristics (e.g. liquid repellency, smoothness, self-healing and robustness), they find
great applications including fluid transportation, airplane and watercraft coatings. It has
been shown slippery surfaces exhibited excellent repellency against blood cell, protein and

bacteria over longer periods of time.2%0:344
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In this Chapter, a facile, low-cost, scalable strategy was developed to design robust
superhydrophobic (SH) and slippery surfaces (SLIP) based upon particle-filled polymer
composites. Commercial copper particles were spread on the un-cured PDMS-hexane
solution surface with the use of a sieve. Then, the PDMS matrix was completely cured after
removing the excessive particles by washing. The accumulation of particles results in
surface roughness and the required low surface energy is provided by both the particles and
the PDMS matrix. Consequently, the resultant material showed superhydrophobicity with
high water contact angle (CA, > 155%) and very low sliding angle (SA, < 10%). The particles
are commercial and utilized as received without any modification. In addition, the
mechanical durability of the modified samples is systemically examined against different
mechanical actions. The results show that the SH samples were mechanically robust against
sandpaper abrasion (100 g, 50 cycles), finger-wiping and scratching. These surfaces with
extreme mechanical durability and anti-biofouling properties can be prepared in large scale
without the need for any expensive materials and special equipment, which can offer
numerous applications that require prolonged biofilm resistance even under harsh
environmental and fouling conditions. Chemical composition, structure, wetting and
mechanical properties of the as-prepared samples were characterized in detail Moreover,
the antifouling properties of the samples were investigated against two key bacterial species

associated with HAISs.

5.2: EXPERIMENTAL

5.2.1: Chemicals and Reagents

Copper powders (Cu) were purchased from Sigma-Aldrich. Laboratory solvents were
purchased from Fisher Scientific Limited and of the highest possible grade. Sylgard® 184
Silicone Elastomer was purchased from Dow Corning Corporation Ltd, which consists of
two-part silicone elastomers (base and curing agent). The precursor, Sylgard 184, can be
cross-linked with the curing agent and the final polymer is polydimethylsiloxane (PDMS).

99



Chapter 5: Extremely durable biofouling-resistant copper-based self-sterilizing surfaces

5.2.2: Materials Synthesis

5.2.2.1: Preparation of Superhydrophobic and Lubricant-Infused Surfaces

Different materials including glass, silicone, paper and steel were used as substrates in this
work. Firstly, the PDMS pre-polymer (20 g), its curing (2.0 g) agent and hexane (30 ml)
were mixed in a beaker and stirred for 10 min at room temperature to obtain a transparent
solution. Then, the substrates were dip-coated into the solution (withdrawal rate of 120 cm
min'1) so that a thin sticky layer of PDMS was deposited on the substrates. Copper powders
were carefully spread on the sticky surface by using a sieve until the surface was
completely covered by the copper powders. After overnight, the Cu coated PDMS surfaces
were fully cross-linked at 100 °C for 1h in order to immobilize the copper particles. After
the cross-linking of PDMS, redundant copper particles were removed by water. Also, the

slippery surface was prepared through absorption of silicone oil.

5.2.3: Materials Characterization

Scanning electron microscopy was performed using secondary electron imaging on a JEOL
6301 field emission instrument with Oxford instruments EDX spectrometer attached.
Atomic force microscopy (AFM) measurements were performed in air on a Veeco
Dimension 3100 using a Nanosurf Easyscan 2 system fitted with a NCLR cantilever. Non-
contact tapping mode was used to build a topological map of each samples over a5 x 5 um

area and roughness statistics extracted using post-process software (Gwyddion).
5.2.4: Functional Testing
5.2.4.1: Surface Hydrophobicity Measurements

Water contact angle measurements were carried out using an FTA-1000 drop shape
instrument; ~3 pL water droplets were used to minimize any gravitational effects. The
water droplet images were analyzed using a digital protractor to obtain the water contact

angles on the surface. A range of points across the substrates was tested, with 5
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measurements made on each film. Water slip angles were also measured, noting the angle
to the horizontal at which 20 uL water droplets moved on the surface. Many positions

across the substrates were tested.
5.2.4.2: Bacterial Biofouling Tests.

Suspensions of E. coli ATCC 25922 and S. aureus 8325-4 with densities of approximately
1 x 108 cells/mL were prepared overnight in BHI broth and the treated glass samples (3.0

x 2.5 cm?) were immersed in the suspensions at 37° for 48 h.

Following incubation, the samples were gently removed from the bacterial suspensions.
Samples for analysis of the stained and dried biofilms were immediately stained by
incubating in a 0.1% (w/v) solution of crystal violet in water for 20 min, gently rinsed in
deionized water to remove excess stain, then dried. The dried samples were placed in sterile
plastic tubes filled with ethanol. After a 60-min incubation, a plate reader was used to

measure the absorbance of the solubilized CV at 590 nm.
5.2.4.3: Robustness tests

Both hard (glass slide, and steel) and soft (silicone and paper) substrates were involved in
the robustness tests, such as knife scratch and finger-wipe. For knife-scratch tests, water
was first dropped on the surfaces to test the wettability, and then a scalpel was used to
scratch the superhydrophobic surfaces along a meshy path, followed by the water dropping
test to confirm the robustness of the superhydrophobic surfaces. For a finger-wipe test,
water was firstly dropped on the surfaces to test the wettability, and then a finger tried to
remove the coating from the superhydrophobic surfaces, followed by the water dropping
test to compare the robustness of the superhydrophobic surfaces with or without PDMS

overlayer coating.

To further demonstrate the robustness, a glass slide sample was tested via sandpaper-
abrasion method. The superhydrophobic surfaces were placed facedown onto the
sandpaper (standard glasspaper, grit no. 240). These surfaces were longitudinally and

transversely (10 cm for each direction) abraded by the sandpaper under a weight at 100 g,
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respectively; this process is defined as one cycle. Fifty cycles of mechanical abrasion tests
were carried out on the glass slide sample, and water contact angles were measured at the

end of every five cycles.

Also, adherence tests were carried out by applying Scotch Home and Office masking tape
(3M™) to the deposited films with even pressure applied by hand, followed by removal in
one swift motion. Any difference in the film appearance was noted.

5.3: RESULTS AND DISCUSSION
5.3.1: Material preparation and characterization

A facile, inexpensive, scalable, substrate-independent method was reported to create
slippery antibiofouling coatings. In a typical preparation process, the first stage involved
preparing a transparent solution of PDMS, curing agent and hexane in a mass ratio of
1/10/10, respectively. Then, various substrates (e.g. glass, silicone, steel and paper) were
dipped into the transparent solution to prepare a sticky PDMS interlayer on the substrates.
Afterwards, copper particles were carefully spread on the un-cured PDMS coated
substrates with the use of a sieve until they were completely covered by the particles. The
particles sunk slowly from the surface to the bottom in the un-cured polymer matrix
overnight followed by full cross-linking of PDMS at 100° for 1 h (denoted as uncoated SH-
Cu). The next step was to again dip-coat the Cu-coated substrates with PDMS-hexane
solution to enhance the mechanical robustness of the surfaces followed by curing so that a
thin layer of PDMS was penetrated into the particles to act as an interconnection between
them. The resulting material was denoted as SH-Cu. In the last step, the silicone lubricant

liquid was spread on the SH-Cu via capillary effect and was denoted as SLIP-Cu. (Fig. 5.1)
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Fig. 5.1 Images of (a) plain glass, (b) PDMS-coated glass, (c) uncoated SH-Cu glass, (d) coated SH-Cu glass
and (e) SLIP-Cu glass.

SEM was used to characterize the surface morphology of the as-prepared samples. It was
revealed that the plain glass possessed a very smooth surface. Similarly, after coating with
PDMS, the topography of the glass almost remained unchanged. However, when coating
with Cu particles, a rough surface was formed with hierarchical micro- and nanoscale sheet
structures by assembly of Cu particles that look like flower clusters with average diameter
of about 2-3 um (Fig. 5.2 (a)). Post PDMS coating resulted in a thin layer of PDMS into
the micropillars. (Fig. 5.2 (b)). On the other hand, after the lubricant infusion, the
hierarchical microscale structures were occupied by silicone oil, leading to a flat liquid film
on the surface (Fig. 5.2 (c)).

Fig. 5.2 SEM images of the surface morphologies of (a) uncoated SH-Cu (b) SH-Cu (c) SLIP-Cu. The

magnifications are x500 and x1000 for the inset images.

The commercial Cu particles with a surface energy of 26.7 mN/m3 exhibit hydrophobicity
and can be used to render surfaces superhydrophobic, originating from its hydrophobic
nature and intrinsic microstructure (Fig. 5.3). Hence, Cu based PDMS coated different
substrates have large roughness because of presence of flower-like Cu particles and low
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surface energy owing to both the particles and PDMS, which are two crucial factors in

yielding superhydrophobic surfaces.

UCL CHEM SEI 10.0kV X330 ‘WD 8.5mm

Fig. 5.3 (a) Optical photograph of methylene blue-dyed water droplets on one layer of the copper powder
and (b) SEM photograph of Cu particles. The inset is a high magnification photograph of a water droplet.

Wetting properties of the samples were characterized by contact angle (CA) and sliding
angle (SA) measurements using water as a test liquid. As demonstrated in Fig. 5.4, while
water droplets would either completely spread or show semi-spherical shapes on the plain
substrates depending on the type of the material, they resemble typical spherical balls on
all the Cu-coated substrates, showing CAs of > 155° of and SAS of < 5°, enabling them to
readily slide off. The Cu particles not only enhanced the surface roughness but also
changed the surface energy that led to the superhydrophobic behavior. However, when the
superhydrophobic surfaces were wetted by silicone oil, the contact angles dramatically
decreased to about 100°, indicating that the lotus-inspired superhydrophobic coating was

converted to the pitcher-inspired slippery coating.
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Fig. 5.4 Optical images of the untreated and treated surfaces (superhydrophobic and slippery), respectively,
on different substrates: (a) glass, (b) silicone, (c) paper and (d) steel. The inset images show water contact

angles of the substrates.

To further examine the remarkable water repellency, the SH-Cu glass sample was
completely submerged in water. Unlike the bare glass and SLIP-Cu-glass (Fig. 5.5 (b and
¢), SH-Cu sample demonstrates an obvious bright plastron layer (i.e. a layer of air) because
of the total reflectance of light at the air layer trapped on the surface, preventing the glass
from wetting, characteristic of a SH surface (Fig. 5.5 (a)).>*® This phenomenon
demonstrated that the coating possessed typical Cassie mode superhydrophobicity®*’ and
therefore, a jet of water can also bounce off the coating without leaving any trace, showing
excellent water repellent property (Fig. 5.6 (a)). Unlike the SH-Cu surface, the SLIP-Cu

surface showed an inelastic collision of impacted water flow (Fig. 5.6 (b)).

Figure 5.5 (a) The SH glass surfaces is capable of trapping air in agueous environment, leading to an
underwater air-film. (b) and (c) In comparison, the air-film cannot be stabilized by the SLIP and plain glass

samples.
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Fig. 5.6 Continuous water flow on (a) the S.H-Cu and (b) the SLIP-Cu surface.

Slippery Cu (SLIP-Cu) samples were fabricated following three criteria: (1) affinity of
lubricating liquid with solid surface, (2) the testing liquid must show immiscibility with
the lubricant and (3) requirement of hydrophobic solid substrate. The first criterion was
fulfilled by taking silicone oil as a lubricant liquid that completely spreads on SH-Cu films.
Since silicone oil can swell crosslinked PDMS, the swelling increases its affinity with
PDMS coated films. Second requirement was satisfied by using water as a test liquid that
is immiscible with the silicone oil. Finally, third criterion was satisfied automatically
because both PDMS and Cu particle coated films are inherently hydrophobic. Satisfying
these criteria, silicone oil infused slippery surfaces were fabricated on various substrates to
slide off water droplets upon tilting. Each of these substrates shows very low contact angle
hysteresis and low sliding angle for 15 pl droplet volume inclined at 15°.

Converting a surface from superhydrophobic to slippery bring many advantages.?*34 For
instance, although superhydrophobic surfaces demonstrate outstanding water repellency,
they usually fail to repel low-surface tension liquids®*® and become significantly
contaminated in biological media.®*® In order to test the resistance of the coatings to
different liquids, water (72 mN/m), glycerol (63.4 mN/m) and horse blood (E & O Lab.
Ltd.) were placed on the surfaces at a titling angle (TA) of 10°. Methylene blue-dyed water
droplets, glycerol and blood completely spread on the pristine glass, while they slid on the
surface leaving behind a trace a long its traveled path. In contrast, water droplets readily
slid down at the titled SH-Cu surface without wetting while the surface was contaminated
by low-surface-tension liquids (i.e. glycerol and blood). On the other hand, all tested liquids
can easily slide down SLIP-Cu surface with a TA of 10° without leaving any traces,
indicating its outstanding liquid-repellent properties (Fig. 5.7). This is because when the

lubricant silicone oil was infused with the SH surfaces, its porous microtexture was able to
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lock in and sustain a layer of lubricant liquid because of high chemical affinity of the
lubricant to the underlying porous solid. Therefore, the resultant slippery samples showed
excellent anti-wetting behavior against even low-surface-tension liquids. Since liquids
cannot penetrate through this constant lubricant overlayer, and experience liquid-liquid
interaction at the interface with lubricant, hence avoiding pinning on the solid and leading

to extremely low values of CAs and SAs and thus high droplet mobility.

Liquids

Water Glycerol Blood

Samples

Glass

SH-Cu

SLIP-Cu

Fig. 5.7 Snapshots taken in the course of flowing water, glycerol and blood on the pristine glass, S.H-Cu
glass and SLIP-Cu glass at a TA of 10°. The water was labeled by methylene blue.

In many industrial applications, the anti-fouling properties of solid surfaces are vital. To
examine the anti-fouling abilities of the untreated and treated filter papers were inserted
into methylene blue dyed water. As demonstrated in Fig. 5.8, the pristine filter paper got
dyed while SH-Cu and the SLIP-Cu filter papers could sustain their original clean surface
after being immersed into the dyed-water for twenty consecutive test cycles. The prepared
micro/nano-structures on the SH-Cu sample can store a certain amount of air in the coating

107



Chapter 5: Extremely durable biofouling-resistant copper-based self-sterilizing surfaces

surface. Moreover, the surface energy of the superhydrophobic coating was lower than that
of the methylene blue dyed water. Based on the above two points, an air layer formed on
the coating surface to inhibit penetration of the dyed water into the coating. These
phenomena showed that the prepared coatings possess outstanding anti-fouling abilities,
offering many industrial potential applications. As for the slippery filter paper, a

combination of slipperiness and the presence of the liquid layer prevented it from wetting.

Glass

SH-Cu

Fig. 5.8 Self-cleaning test was performed on pristine filter paper, S.H-Cu filter paper and SLIP-Cu filter
paper.

In real-world applications, superhydrophobic coatings usually depend on a fragile
micro/nano structure for their excellent water-repellency that are hence prone to wear by
abrasion resulting in the loss of surface superhydrophobicity. Therefore, it is essential to

examine the mechanical stability of the fabricated superhydrophobic coatings.

Different methods have been carried out to examine mechanical properties of the coatings.
(1) Scotch tape, finger-wipe and bending tests were applied to characterize adhesion of the

Cu particles to the underlying substrate, (ii) the surfaces were scratched (horizontal and
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vertical cuts) by a scalpel and (iii) sand paper test was applied to show the resistance of the

coatings to massive mechanical damage.

The adhesion strength of the coating was characterized by tape peel test and by bending of
the sample. Dense coverage of copper particles was found on the pealed tape from the SH-
Cu surface without PDMS coating, while the coated surface did not reveal much,
suggesting improved stability of the particles post PDMS coating (Fig. 5.9).

Tape test

—)

Fig. 5.9 Tape adhesive test of the uncoated and coated S.H-Cu samples (from left to right).

Moreover, the SH-Cu silicone sample were repeatedly bent forwards and backwards, from
-90 to 90 (defined as 1 cycle) over 100 folding cycles (Fig. 5.10). Any delamination,
fracturing, cracking or peeling of the coating was not observed even after 100 repeated
bending cycles and the coating showed extreme water repellency and water droplets rolled

away easily.
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Fig. 5.10 Plot of water contact/sliding angles as a function of bending times.
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The strong adhesion of the coating could also be reflected through the sandpaper abrasion
test that was performed using 240 grit SiC sandpaper as an abrasion surface. The SEM
image in Fig. 5. 11 (c) demonstrates that the sand paper consisted of irregular structures
with diameters in 20-50 um, which would easily damage the coatings. SH-Cu sample with
a weight of 200 g above it was put face-down to sandpaper and moved 10 cm along the
ruler (Fig. 5.12 (a)); the sample was then contra-rotated by 90 and moved 10 cm along the
ruler (Fig. 5.12 (b)). This process is defined as one abrasion cycle, which provides that the
surface is rubbed longitudinally and transversely in each cycle and totally 50 cycles (1000
cm) were carried out. The CAs of the coatings was measured as a function of abrasion
cycles and for the sake of comparison, the prepared glass surfaces with and without PDMS

overlayer coating were tested.

As shown in Fig. 5.11, a huge amount of coating material was worn off from the
superhydrophobic surface without PDMS coating after each abrasion cycle, hence
exposing the underlying hydrophobic silicone substrate and causing loss of
superhydrophobicity, upon being abraded for 10 cycles. Although repeated abrasion
process resulted in removal a few outmost layers of the material without PDMS coating, it
still sustained its superhydrophobic behavior. Therefore, these materials show mechanical

abrasion tolerance until they are worn out.

Sand paper

Fig. 5.11 One cycle (A) and ten cycles (B) of the sandpaper-abrasion test of the uncoated SH-Cu glass sample
after 10 cycle. (C) SEM image of the sandpaper surface.
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Contrarily, Fig. 5.12 (c) shows that the CAs of the PDMS-coated superhydrophobic coating
maintained its superhydrophobicity with CAs larger than 150° and SAs lower than 10° even
after 50 cycles of sand abrasion, indicating its high tolerance upon mechanical damage.
The results suggest that the PDMS overlayer would provide physical support to the
partially embedded particles, protecting them from being worn out. It is well known that
PDMS is an elastic polymer. The elastic micro-structures on the superhydrophobic surface
can be compressed to avoid being broken.®! The deformation will recover to its original
structures when the external force is removed and help to stabilize the air cushions trapped
in the microstructures that are essential to sustain the durable superhydrophobic surfaces.

Therefore, the superhydrophobic surface shows outstanding mechanical durability.
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Fig. 5.12 (A) and (B) Illustration of one cycle of the sandpaper abrasion test for the PDMS-coated
superhydrophobic glass surface. (C) CA and SA change of the superhydrophobic surface with abrasion

cycles, (D) photograph of water droplets on the coating after 50 cycles of abrasion test.

Furthermore, the morphology of the coating was examined upon cyclic sand abrasion using
SEM. As shown in Fig. 5.13 (a and b), it is apparent that the original coating is a
homogenous particle packing structure with PDMS as particle interconnection covering the

Cu particles. Even after 50 cycles of sand abrasion, no obvious difference could be
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observed on the surface and the micro/nano-roughness features were similar to the non-
abraded surface (Fig. 5.13 (c and d)). It has been demonstrated that smooth hydrophobic
Teflon (CA = 103°) can be converted to superhydrophobic after roughening using
sandpaper.®? Similarly, PDMS is also hydrophobic and the surface shows excellent

abrasion resistance since the fresh exposed surface is still rough with low surface energy.

Fig. 5.13 SEM images of the superhydrophobic coating (A, B) before abrasion; (C, D) after 50 cyclic sand

abrasion.

The mechanical stability of the coatings was also investigated using finger-wipe and knife-
scratch tests. As demonstrated in Fig. 5.14 and 5.15 upon being scratched by a scalpel and
being pressed by finger, the surfaces retained their superhydrophobicity and water droplets
could easily roll off the damaged surfaces. The damaged areas caused by the knife cutting
or the finger-wiping can be clearly seen. The methylene blue labeled water could still
readily slide down or across the damaged coating at a TA of 10° without leaving any traces
behind (Fig. 14).
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After scratching  Water dropping = Water dropping = After dropping

Glass

Silicone

Paper

Steel

Fig. 5.14 Knife-scratch tests on the superhydrophobic glass, silicone, paper and steel substrates.

Before wiping After wiping

Glass

Fig. 5.15 Finger-wipe tests on uncoated SH-Cu, plain and coated SH-Cu glass substrates, respectively (from
left to right). The coating without PDMS was partly removed by a finger wife while the superhydrophobic

glass with PDMS coating sustained water proofing properties, indicating the coating becomes more robust.
5.3.2: Antifouling activity

More than 60% of HAIs worldwide are attributed to bacteria forming biofilms on medical
devices.®*334 The biofouling process is complicated but it starts with spontaneous non-
specific adsorption of organic molecules on to the surface followed by colonization by

microorganisms.®*® In order to decrease HAIs cases and associated hospitalization costs, it
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is essential to fabricate surfaces that inhibit bacterial attachment and subsequent biofilm
formation.

In this work, the antifouling properties of the following samples were investigated using
two model hospital-associated pathogens®®; a Cu-deposited glass as a low-adhesive SH
surface (SH-Cu) and a Cu-coated glass infused with silicone oil formed a slippery material
(SLIP-Cu).

The anti-fouling properties of the samples was examined using overnight bacterial cultures
in order to initiate biofilm formation under static conditions. Over this growth period (48
h), there was noticeable bacterial growth on all the samples. However, when the samples
were washed with deionized-water, the attached biofilms were spontaneously delaminated
resulting in clean surfaces (Fig. 5.16). This was attributed to the poor attachment of the

bacteria to the samples.

Samples after
| incubation

P‘ulling through water-air interface

S.H-Cu

Fig. 5.16 Snapshots taken before and in the course of pulling of the samples from the media through the air-
water interface after being exposed to either S. aureus or E. coli cultures for 2 days to grow biofilm.
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In order to quantify the adherent bacteria, the attached biomass was washed and then
stained with crystal violet. Measurement of the absorbance of the solubilized CV
demonstrated a 99.3% reduction in S. aureus biofilm on SLIP-Cu compared with S.H-Cu
over a 2-day growth period (Fig.5.17 (a)). Antifouling activity was also apparent in
experiments with E. coli. The amount of E. coli attachment on SLIP-Cu was decreased by
88.9% compared to S.H-Cu under the same conditions (Fig. 5.17 (b)).

It is important to note that many environmental conditions where biofilm inhibition is
essential are not static. Most submerged biofilm formation takes place under different flow
conditions such as in plumbing, catheters, ship hulls and so on.**"*8 Therefore, slippery
surfaces on which biofilm attachment is significantly reduced is expected to promote easy
removal of the attached cells by even gentle flow leading to a persistent antifouling strategy

which is superior to bactericidal and chemical methods.

There might be two possible reasons for this low attachment. First, the bacteria could not
penetrate through the lubricant layer to make contact with the solid surface since the
bacterial suspension and the lubricant is immiscible. Second, bacteria cannot anchor onto
a lubricant surface through pili and other cellular mechanics as would be possible on a solid
surface.®3%0 Hence, any bacteria contact with the lubricant layer can be easily removed

by even a gentle water rinse.

S, aurues 48- hour attachment | E. coll 48-hour attachment

304 144

254

204

0.125
0.017 .

S.H-Cu SLIP-Cu SLIP-Cu

Fig. 5.17 Comparison of the attachment of biofilm-forming S. aureus (on the left) and E. coli (on the right)
to S.H-Cu and SLIP-Cu.

115



Chapter 5: Extremely durable biofouling-resistant copper-based self-sterilizing surfaces

The antifouling performance of the samples was also qualitatively investigated using SEM.
It was apparent that after 2 days of incubation, a larger number of both S. aureus (Fig. 5.18)
and E. coli (Fig. 5.20) cells have colonized the S.H-Cu surface, indicating its low
antifouling efficiency despite its low surface energy. On the other hand, no biofouling
caused by S. aureus (Fig. 5.19) or E.coli (Fig. 5.21) can be seen on SLIP surface indicating
that the bacteria were not capable of sensing and adhering to the surface.®!

Fig. 5.18 Optical and SEM images of SH-Cu (A) before and (B, C, and D) after being exposed to S. Aureus
culture for 2 days to grow biofilm. The magnifications are x1300 and x2000 for the inset images. The arrows

show the bacterial colonies. The purple colour (B) indicates that the colonies were stained with crystal violet.
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Fig. 5.19 Optical and SEM images of SLIP-Cu (A) before and (B, C, and D) after being exposed to S. Aureus

culture for 2 days to grow biofilm. The magnifications are x1300 and x2000 for the inset images.

Fig. 5.20 Optical and SEM images of SH-Cu (A) before and (B, C, and D) after being exposed to E. coli
culture for 2 days to grow biofilm. The magnifications are x1300 and x2000 for the inset images. The arrows

show the bacterial colonies. The purple colour (B) indicates that the colonies were stained with violet.
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Fig. 5.21 Optical and SEM images of SLIP-Cu (A) before and (B, C, and D) after being exposed to E. coli
culture for 2 days to grow biofilm. The magnifications are x1300 and x2000 for the inset images. The arrows
show the bacterial colonies.

This performance difference between the SH and SLIP can be attributed to the instability
of the air layer trapped in the SH-Cu surface under immersed conditions, in contrast with
the stability of the lubricant over layer in the SLIP-CU surface under the same conditions.
Superhydrophobic surfaces in the Cassie (trapped air) state are prone to irreversible wetting
(Wenzel state), particularly when bacteria produce surfactants, seriously hindering their
lifetime in submerged environments.3% In addition, bacteria have been demonstrated to
utilize their flagella to displace the trapped air layer from the superhydrophobic surface to

provide new favorable sites for bacterial attachment.363
5.4: CONCLUSION

Mechanically durable Cu-based substrates with different surface properties (i.e.
superhydrophobic and slippery) have been developed without the need for any expensive
chemicals (e.g. fluorinated compounds) or further complex post-treatments (e.g. plasma
modification and chemical grafting).

118



Chapter 5: Extremely durable biofouling-resistant copper-based self-sterilizing surfaces

The main advantages of the as-prepared Cu coatings can be summarized as follows; (i) A
facile, simple, inexpensive, scalable method fabricates exceptionally mechanically durable
Cu films on different substrates including glass, silicone, paper, steel and so on. (ii) Robust
superhydrophobic coatings with CAs of >155"maintained their anti-wetting performance
after various kinds of damage such as finger-wipe, knife-scratch and multiple abrasion
cycles with sandpaper, validating their outstanding mechanical durability. (iii) When
converted to the SLIP, they can repel even low-surface-tension liquids (e.g. glycerol) as
well as complex fluids (e.g. blood) and considerably reduce attachment of pathogenic
microorganisms without toxic effects. Consequently, these surfaces with extreme
mechanical robustness and anti-fouling properties can offer numerous potential
applications that require prolonged biofilm resistance even under harsh environmental and

fouling conditions.
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Chapter 6: CONCLUSIONS

The increasing incidence of HAIs often caused by antibiotic resistant pathogens highlights
the importance of the development of efficacious infection-prevention approaches. One
way of decreasing the spread of infection is the utilization of self-sterilizing surfaces to
help both reduce the risk of infection upon use of medical devices (e.g. catheters) and also
disrupt the cycle of person-person transmission of pathogenic bacteria in healthcare
environments. In this thesis, various antibacterial surfaces have been fabricated that destroy
colonising bacteria in the dark or light.

Chapter 2 and 3 outlined the development of potent antibacterial surfaces that show an
enhanced activity triggered by a light-activated bactericidal mechanism. A novel method
was employed, exploiting the concept of PDT. The advantage of this method for use in
biomedical applications is two-fold. Firstly, these polymers eradicate bacterial cells
through production of a broad range of ROS that show a non-site specific and multi-site
attack mechanism against bacteria in the vicinity, reducing the likelihood of the emergence
of bacterial resistance. Secondly, while other bactericidal surfaces lose their biocidal
efficacy because of the build-up of dirt masking the antibacterial properties, it is assumed
that the ROS produced by these samples can oxidize organic matter contaminating the
polymer surface, hence sustaining the antibacterial properties.

In Chapter 2, the photo-active dye, crystal violet, was successfully incorporated into a non-
toxic polymer, PDMS, using a facile ‘’swell-encapsulation-shrink’” method for potential
use in hospital touch surface applications. The antibacterial activity was activated using a
white hospital light source. This CV-embedded polymer was able to kill S. aureus in 2
hours and E. coli in 4 hours, with bacteria numbers reduced below the detection limit upon

white-light illumination.

Further work highlighted the fabrication of materials that induced a dual-mechanism
bacterial kill approach, through the incorporation of both photo-active crystal violet and
intrinsically antibacterial Zinc Oxide NPs, for the development of self-sterilizing surfaces
(Chapter 3). The results revealed that further enhancement of antibacterial efficacy of the
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dye incorporated polymer was observed upon the introduction of ZnO NPs. ZnO/CV
composites induced the lethal photosensitization of both S. aureus and E. coli in just 45
min and 90 min, respectively, with a minimum of a 4-log reduction in the numbers of both

bacteria.

Next, Chapter 4 and 5, focused on the development of materials that not only kill the
bacteria without any white light activation or a photosensitizer, but also reduce the
attachment of bacteria. A two-step deposition process was employed to coat 3-5 nm copper
nanoparticles (Cu NPs) onto a curable silicone polymer, polydimethylsiloxane (PDMS)
using aerosol assisted chemical vapour deposition (AACVD) (Chapter 4). Cu particles
adherent to the PDMS surfaces were expected to destroy the contacted pathogenic bacteria
while the low surface energy could significantly reduce the number of adhered bacteria and
subsequent biofilm formation. The modified samples showed superhydrophobicity with a
water contact angle of 151° as well as remarkable water bouncing properties. Also, they
demonstrated rapid, potent biocidal activity under dark conditions when tested against both
E. coli and S. aureus (>4 log reduction in bacterial numbers) in 15 min and 60 min,
respectively. Furthermore, the CVD treated superhydrophobic surfaces considerably
prevented the attachment of both types of bacteria in contrast with uncoated glass samples

following 1 h period of incubation.

However, superhydrophobic surfaces should possess a mico-/nano surface roughness and
a low-surface-energy layer, which are essential for superhydrophobicity. Hence, such
surfaces are susceptible to mechanical abrasion, limiting their use in real-world
applications because of the fragile surface micro/nano structures and fast degradation or

removal of low-surface-energy species.

To overcome this problem, in Chapter 5, mechanically stable antifouling coatings on
different substrates (e.g. glass, metal, silicone) were fabricated by incorporating PDMS and
commercially available hydrophobic copper particles. The resultant materials showed
superhydrophobicity with high water contact angle values (CA, > 155°) and very low
sliding angle (SA, < 5°). These coatings also demonstrated resilience and sustained its

performance after different types of physical damage including finger-wipe, knife-scratch
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and multiple abrasion cycles with sandpaper. However, superhydrophobic surfaces in the
Cassie (trapped air) state are prone to irreversible wetting (Wenzel state), particularly when
bacteria produce surfactants, seriously hindering their lifetime in submerged environments
On the other hand, Xiao et al. has shown that different bacteria types including
Pseudomonas aeruginosa, E. coli and S. aureus do not form biofilms on slippery liquid-
infused porous surfaces (SLIPS).%4 In addition, SLIPS have demonstrated a reduction in
settlement of various marine organisms such as Ulva linza zoospores and Balanus
Amphitrite larvae.®* Inspired by these works, slippery surfaces were obtained by infusion

of a silicone oil lubricant on the robust superhydrophobic surfaces via capillary effect.

The anti-biofouling properties of the samples were examined using high density cultures
of S. aureus and E. coli. They were immersed in growth media containing app. 108 CFU
mL* for 2 days under static conditions. The results demonstrated that the superhydrophobic
surfaces were significantly fouled. On the other hand, no biofouling was observed on the
slippery surfaces. Based on CV absorbance, these slippery surfaces inhibited 88.9% and
99.3% of E. coli and S. aureus, respectively.

Future work should focus on an investigation into the photochemical mechanisms for the
antibacterial activity of photo-activated CV-coated samples using EPR spectroscopy that
can determine whether Type 1 or Type 2 pathways are responsible for the destruction of
bacteria. This should be carried out in the presence and absence of ZnO NPs to detect any
differences. ICP-OES should be performed for quantification and analysis of nanoparticle
that might leach from the nanoparticle-doped polymer samples fabricated in this thesis.
This would give valuable information on how the leaching of nanoparticles from the
polymers influence the viability of bacteria.

Also, the stability and longevity of the modified samples should be investigated over a
longer period of time (e.g. months/years) under various conditions (e.g. with routine
cleaning, organic contamination and without coverslip and light). Moreover, the effects of
environmental factors including organic contamination, humidity, and temperature on the

bactericidal activity of the samples should be investigated.

122



Chapter 6: Conclusions

Since some discrepancies between the efficacy of the modified samples against Gram-
positive bacteria and Gram-negative bacteria were observed, testing different types of
bacteria would help identify a pattern. Moreover, further investigation on the interaction
of bacterial cells with both superhydrophobic and slippery materials fabricated in this thesis
should be performed in order to elucidate the mechanism of observed anti-adhesion

activity, i.e. AFM to measure the interaction force of bacteria with the modified sample.
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