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Abstract

Essential oils and plant extracts are rich sources of biologically-active compounds that can be
used for manufacturing of antibacterial surfaces. This thesis reports the fabrication of pristine
polymers, and zinc oxide/polymer films from geranium essential oil utilizing low power plasma-
enhanced chemical vapor deposition technique (PECVD). The topographical, optical,
mechanical, chemical, electrical and antibacterial properties of the fabricated films were in-depth

studied.

Geranium-derived polymer films were fabricated at various input RF power. The resultant
polymer were founded to be optically transparent in the visibly region. The refractive index,
extinction coefficient, and optical band gap were found to be not significantly dependent on the
RF power. The crosslinking of the material increased with increasing input power. The
topographical features appeared to be uniform, smooth, and pinhole free for all samples, and the
surface roughness increased with an increase in the input power. Sample fabricated at 10 W
demonstrated a remarkable reduction in the number of cells, biovolume, or biofilm thickness,
while there was no significant difference in the bacterial growth between samples fabricated at

50 W and control.

Zinc oxide nanoparticles were incorporated in the fabricated polymer films via a single-step
approach that combines simultaneous plasma polymerization of geranium oil with thermal
decomposition of zinc acetylacetonate Zn(acac),. The resultant nanocomposite thin films were
systematically investigated. XPS survey proved the presence of ZnO in the matrix of formed
polymers at 10 W and 50 W. SEM images demonstrated that the average size of ZnO nanoparticle
slightly increased with an increase in the power of deposition from approximately 60 nm at 10 W
to approximately 80 nm at 50 W. Confocal scanning laser microscopy images showed that
viability of S. aureus and E.coli cells significantly reduced on surfaces of ZnO/composites

compare to pristine polymers.

The electrical properties of pristine and ZnO/composites thin films were investigated in metal—
insulator—metal (MIM) structures. It was found that the capacitance of the films decreases at low
frequencies (C ~ 10™'") and remains at a relatively constant value (C =~ 10"'°) at high frequencies.
These films also have a low dielectric constant across a wide range of frequencies that decreases
as the input RF power increases. The conductivity of pristine polymers was determined to be
around 107'°-1077 Q' m™', which is typical for insulating materials. Incorporation of ZnO
nanoparticles into the polymer films did not change the nature of charge transport, as the
nanocomposite films were found to behave as an insulator. However, the conductivity slightly of

nanocomposite materials slightly improved measuring 1074 Q™' m™.
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Increasing the input power, along with introducing hydrogen gas to the plasma tube, produces
desired sp>-bonded carbon nanostructures such as graphene materials. PECVD) had been utilized
for the fabrication of high-quality vertically erected graphene nano-walls from geranium essential
oil. The graphene synthesized using well-controllable system directly on silicon and quartz
substrates without use any catalyst. SEM showed that the formed graphene had a length of few
hundreds nanometers with thickness of 7 to 25 nm. AFM further confirmed the very sharp edges
of the produced graphene. The material revealed relatively high water contact angle value ranging
around 123°. Antibacterial performance of graphene nano-walls was studied against gram-
positive and gram-negative microorganisms. Confocal scanning laser microscopy images
demonstrated that the viability of E.coli and S. aureus cells were 32% and 38% were alive on

graphene compare to controls, respectively.
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CHAPTER I

Introduction

1.1 Rational

Even though synthetic antibiotics have been the best weapon for eradicating microbial infections
since the arrival of penicillin, the overuse of these medications is gradually rendering them
ineffective. It is anticipated that if new strategies are not developed soon, medical treatments
could retreat to the era where slight injuries and common infections develop into serious medical
problem. One promising strategy has been inspired by the inherent bioactivity of plant secondary
metabolites. It is known that most plants produce these organic molecules as antimicrobial agents
to combat harmful microorganisms. In their liquid form, geranium, lavender, garlic, oregano,
lemongrass, cinnamon oils are good examples of naturally-occurring substances with strong
antibacterial activity. Their individual constituents, e.g. citronellol and geraniol are aromatic
acyclic monoterpene alcohols that are very powerful bactericides. These essential oils have
proved broad-spectrum nonspecific biocide activities against different microbial species such as

E. coli, P. aeruginosa, and several drug-resistant bacteria (e.g. MRSA).

Current progresses in cold plasma polymerization have enabled the conversion of essential oils
and their derivatives into thin, highly-adherent and defect-free optically-transparent coatings,
whose biological activity and degradation kinetics can be controlled by controlling the chemical
structure of the precursor and the plasma processing conditions. From a processing point of view,
various essential oils are compatible with plasma polymerization, which is in essence a chemical
vapor deposition process enhanced by the catalytic activity of plasma, because they are highly
volatile at room temperature no external heat or carrier gas are required to deliver the precursor
macromolecules to the fabrication zone. The resultant films have more than a few advantages
such as low cytotoxicity, long-term stability, and a reduced possibility of emerging bacterial
resistance. These advantageous properties render the plasma films produced from plant secondary

metabolites a suitable candidate for bioactive coating applications.

In this regard, that plasma polymers are documented for favorable electrical properties (e.g.
dielectric constant) making them a suitable candidate for various organic electronics industries.
Organic films derived from essential oils such as terpenol, linalyl acetate, and y-terpinene have
been demonstrated to be appropriate for different applications such as insulating layers,
encapsulation layers in organic electronics, and biocompatible coatings for implants. As organic

microelectronics is a speedily developing technology to manufacture commercially feasible



devices, research on new plasma polymers and their approaches should yield various possible

applications.

Plasma system can be modified to introduce inorganic nanoparticles in the configuration of the
formed polymer, where the chemical reaction in the gas-phase and the formation of nanoparticles
simultaneously occurred. Subsequently, plasma-composite materials comprise inorganic
nanoparticles within short polymeric chains that are unsystematically branched and terminated
with a high cross-linking medium. It is interesting to notice that even an extremely low amount
of metal are needed to yield important changes in the polymer properties. Among different
materials, zinc oxide nanoparticles have shown desired biological and electrical properties such
as powerful antibacterial performance, high luminous transmittance chemical/physical stability
and possess wide and direct bandgap of 3.4 eV and a large exciton binding energy of 60 meV.
Zinc oxide is also relatively low cost, available in commercial quantities and can be prepared in
several nanostructure morphological forms (e.g. spherical particles, nano-rode, etc). Accordingly,

ZnO is important from both biological and electrical point of view.

Based on the above-mentioned points, renewable geranium essential oil was selected as a
monomer for this project. Environmentally friendly plasma polymerization technique was utilized
as a fabrication method due to its capability of manufacturing high quality thin films. The thermal
decomposition of zinc acetylacetonate hydrate (Zn (CsH70.), -xH,0O) was used to produce zinc

oxide nanoparticles that integrated in the structure of geranium plasma polymers.

1.2 Research Objectives

This project aims to produce a range of novel organic thin films from renewable geranium
essential oil for advanced and emerging applications in biomedical and microelectronics fields.

This is accomplished through addressing the following goals:

e To fabricate organic thin films derived from geranium monomer using plasma
polymerization technique and characterize the material’s optical, morphological,

mechanical, and chemical properties.

e To retain the inherent antibacterial activity of geranium essential oil into active polymer

coatings through plasma polymerization technique

e To develop green nanocomposites produced from geranium oil and the thermal

decomposition of zinc acetylacetonate in one step modified-plasma technique.



e To study the feasibly of the composites as antibacterial coatings for suitable medical

devices and implants.

e To determine the material’s electrical properties, both pristine polymer and ZnO doped
composite. This included investigations into the dielectric constant, the conductivity and

the mechanisms of charge transport through the material.

e To produce high quality graphene nano-walls from geranium oil using high-power

PECVD without the aid of any catalyst.

This thesis work has demonstrated that the nano-structural thin films can be developed from
geranium essential oils through plasma polymerization technique. Achieving the above objectives
led to a number of contributions in the fields of polymers and composites antibacterial coatings.
The developed material is also expected to benefit the progression of current and novel
applications in organic microelectronics. Overall, the work accomplished in this thesis is
likely to have a significant impact on the research and applied fields of employing natural

and environmentally friendly precursors for producing functional advanced materials.
1.3 Thesis Organization

This thesis is presented as a sequence of chapters, each representing a manuscript at various stages
of publication. A short abstract is given at the beginning of each chapter to ensure consistency

and flow when reading chapters in sequential order.

The reported work in this thesis was completed by the candidate Ahmed Al-jumaili and has
involved deep discussions with academic supervisors and experts as evident in the all
publications. Project supervisors Prof. Mohan Jacob and Dr. Katia Bazaka shared expertise in the
field and provided advices for all Chapters. A/Prof Jeffrey Warner and Dr. Peter Mulvey provided

help in antibacterial experiments and analysis of the data in chapter IV.
Chapter I shows the main objective and the rational for this study.

Chapter II scrutinized the challenges of bacterial adhesion, biofilms formation, and medical
device-associated infections are reviewed. Also, it highlights the up-to-date progress in the fields
of antibacterial surfaces derived from essential oils, and their applications in biomaterials. The
retention of inherent antimicrobial activity of plant secondary metabolites within solid polymers,
as bioactive coatings, are broadly discussed. This chapter is published as Al-Jumaili, A.; Kumar,
A.; Bazaka, K.; Jacob, M.V. Plant Secondary Metabolite-Derived Polymers: A Potential
Approach to Develop Antimicrobial Films. Polymers 2018, 10, 515.



Chapter III illustrated the thin film fabrication method and the details of the experiments. In
addition, the material properties, and antibacterial activity of geranium oil-based polymers
fabricated using plasma polymerization are reported. The results of this study have been published
as Al-Jumaili, A.; Bazaka, K.; Jacob, M.V. Retention of Antibacterial Activity in Geranium

Plasma Polymer Thin Films. Nanomaterials 2017, 7, 270.

Chapter IV describes the fabrication and characterizations of nanocomposite films produced from
geranium essential oil and the thermal decomposition of Zn(acac), in one step hybrid-plasma
system. The chemical composition, surfaces characteristics, antimicrobial performance and metal

release of the designed nanocomposite are systematically presented.

Chapter V reports the study of the influence of power deposition on the dielectric constant, the
conductivity and the mechanisms of charge transport through of the fabricated polymers. Al-
Jumaili, A.; Alancherry, S.; Bazaka, K.; Jacob, M.V. The Electrical Properties of Plasma-
Deposited Thin Films Derived from Pelargonium graveolens. Electronics 2017, 6, 86. Section II
of this chapter investigates the electrical properties of ZnO NPs incorporated in the plasma

geranium films.

Chapter VI discuss the formation of high quality graphene materials by PECVD technique.
Raman spectroscopy, surface characterization and the antibacterial performance of the formed

vertically erected graphene nano-walls are discussed in details.

Chapter IX provides the overall conclusion about the thesis and recommendations for the future

work.



Chapter I1

Literature Review

Chapter II reviews scientific background for the research presented in this thesis. It firstly focuses
on challenges of bacterial adhesion, biofilms formation, and medical device-associated infections.
Then, this chapter highlights current progress in plant secondary metabolites-derived

antimicrobial polymers and their applications in biomaterials.

Chapter IT was published as Al-Jumaili, A.; Kumar, A.; Bazaka, K.; Jacob, M.V. Plant Secondary
Metabolite-Derived Polymers: A Potential Approach to Develop Antimicrobial Films. Polymers
2018, 10, 515.

Abstract

The persistent issue of bacterial and fungal colonization of artificial implantable materials and
decreasing efficacy of conventional systemic antibiotics used to treat implant-associated
infections has led to the development of a wide range of antifouling and antibacterial strategies.
This article reviews one such strategy where inherently biologically active renewable resources,
i.e. plant secondary metabolites (PSMs) and their naturally occurring combinations (i.e. essential
oils) are used for surface functionalization and synthesis of polymer thin films. With a distinct
mode of antibacterial activity, broad spectrum of action and diversity of available chemistries,
plant secondary metabolites present an attractive alternative to conventional antibiotics. However,
their conversion from liquid to solid phase without significant loss of activity is not trivial. Using
selected examples, this article shows how plasma techniques provide a sufficiently flexible and
chemically reactive environment to enable the synthesis of biologically-active polymer-coatings

from volatile renewable resources.

II.1. Introduction

In 1963, Lieutenant W. Sanborn was first to systematically relate surface contamination to the
transmission of microorganisms [1]. Later, numerous studies have confirmed the attachment and
proliferation of microbial cells on artificial surfaces, such as that of medical devices [2, 3]. In
spite of significant progress in the development of antibacterial and antifouling surfaces,
microbial adhesion and resulting development of a thick sessile layer, i.e. the biofilm, on the
surfaces of synthetic implants remains a major issue with their clinical use [4]. Therapeutic

statistics have demonstrated that approximately 80% of the worldwide surgical site associated-



infections may relate to the microscopic biofilm formation [5]. Further, owing to microbial
infection, and subsequent failure of medical devices, there has been a significant increase in the
number of revision surgeries [6, 7]. In the United States alone, approximately 17 million new
biofilm-related infections are reported annually, leading to approximately 550,000 fatalities each

year [8].

Emergence of bacteria that are resistant to typically used antibiotics is now well recognized [9,
10]. The most serious problem with antibiotic resistance is that some pathogenic bacteria have
now become resistant to virtually all standard antibiotics [11, 12]. Significant examples are
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus
(VRE), multi-drug-resistant Mycobacterium tuberculosis (MDR-TB) and Klebsiella pneumoniae
carbapenemase-producing bacteria [13]. Moreover, today, MRSA, a leading cause of most
common hospital infections, and Neisseria gonorrhoeae, the pathogen responsible for
gonorrhoea, are almost resistant to benzyl penicillin, while in the past, these pathogens were
highly susceptible to the drug [14]. The impact of microbial resistance can be diminished

considerably through reduced antibiotic consumption.

Renewable resources have attracted some research attention as precursors for developing tailored
bioactive polymers that are capable of minimizing the rate of bacterial adhesion and biofilm
growth in healthcare facilities. Within the therapeutic arsenal of naturally-available alternatives
that have been explored, plant secondary metabolites (PSMs), such as essential oils and herb
extracts have revealed relatively powerful broad-spectrum antibacterial activities [15, 16]. Good
examples of currently used PSMs are tea tree (Melaleuca alternifolia), geranium, zataria, and
cinnamon oils that have shown inherent bactericidal performance in their liquid and/or vapour
form toward important pathogenic microbes. Due to the presence of a large number of active
molecules within a single essential oil or plant extract, their antimicrobial pathway is not fully
understood and cannot be attributed to a particular mechanism [17]. However, the pharmaceutical,
cosmetic and food industries have recently paid great attention to bioactive PSMs, by way of the
usage of natural additives as a substitute for synthetic preservatives [18]. Indeed, PSMs are a
relatively low-cost renewable resource available in commercial quantities, with limited toxicity
and potentially have different biocidal mechanisms to synthetic antibiotics, which makes them an
appropriate precursor for “green” functional polymeric materials. On the other hand, using PSMs
for surface functionalization through immobilisation or synthesis of coatings without loss of
functionality is challenging, in part due to the issues with solubility and volatility of these
precursors. Plasma-assisted technique overcomes these challenges, allowing the fabrication of a
polymerized 3D matrix from renewable precursors with control over its surface properties and

chemical functionality. Under appropriate fabrication conditions, plasma-enabled synthesis may



help preserve/retain the inherently antimicrobial functionality of PSMs within the solid polymer-
like thin films. Plasma polymers of PSMs (PP-PSMs) reveal several advantages including low
cytotoxicity, long-term stability and a reduced risk of developing microbial resistance. These

advantageous properties render PP-PSMs a suitable candidate for bioactive coating applications.

Thus, the focus of this article is on:

e The challenge of bacterial adhesion, biofilms formation, and medical device-associated

infections.

e The retention of inherent antimicrobial activity of sustainable monomers, e.g. plant
secondary metabolites within solid polymers with the aim of applying them as bioactive

coatings.

I1.2. Microbial contamination

Global production of medical devices and associated materials is an industry worth over $180
billion, and is expanding swiftly [19]. Microbial contamination of these biomaterials is a serious
and widespread problem facing current health system because it often leads to devastating
infections and failure of the affected device. Adhesion of planktonic microorganisms (e.g. bacteria
and fungi) to surfaces is the first stage during surface colonisation, followed by the subsequent
formation of biofilms which provide an ideal environment for the microbial community to flourish
and effectively evade treatment. An active biofilm can be up to 1000 times more resistant to an
antimicrobial treatment than planktonic bacteria of the same species [20, 21]. Biofilms act as a
nidus for systemic pathogenic infections, including dental cavities, periodontal disease,
pneumonia associated with cystic fibrosis, otitis media, osteomyelitis, bacterial prostatitis, native
valve endocarditis, meloidosis and musculoskeletal infections [22, 23]. Thus, a thorough
understanding of the mechanisms by which microorganisms attach to the substrate, and the
structure and dynamics of biofilms formation is necessary to develop bio-active coatings that

reduce or prevent medical device-associated infections.

I1.2.1. Bacterial adhesion

Bacterial cells are essentially capable of attaching to all natural and artificial surfaces [24]. Yet,
it has been assumed that bacteria favourably stick to rougher surfaces for three reasons: (i) a
higher surface area available for attachment, (ii) protection from shear forces, and (iii) chemical
changes that cause preferential physicochemical interactions [25]. Also, there is consensus among
scientists that the solid-liquid interface between a surface and an aqueous medium (e.g. water and

blood) provides a suitable environment for the adhesion and propagation of bacteria [26].



Before the first microorganism reaches the surface, water, salt ions, or proteins that exist in the
environment will adhere to the substrate, with the nature of the attachment dependent on the
properties of the material [27] and the chemistry of the environment. Consequently, a single layer
of organic macromolecules called a ‘conditioning film’ is formed [28]. The characteristics of
conditioning films in turn significantly influence the surface colonization. As the bacterial cell
approaches the surface (a few nanometres), the initial stage of adhesion is governed by a number
of physico-chemical effects, which include long-range and short-range forces. The long range
forces include gravitational, van der Waals, and electrostatic interactions, while the short range
forces include hydrogen bonding, dipole—dipole, ionic, and hydrophobic interactions [21, 29].
The initial microbial attachment is considered reversible, as the cell will attach to the conditioning
film not the surface itself. During adhesion to the surface, various bacteria can transiently produce
flagella that render them very motile. Depending on the species, microorganisms may have
appendage such as fimbriae, polymeric fibers also called pili or curli, which enhance the
attachment to surfaces [30]. For example, curli fibres of E. coli are 4-6 nm wide unbranched
filaments, having a distinctive morphology that can be easily detected by electron microscopy
[31]. If the microorganisms are not immediately removed from the surface, they can anchor
themselves more permanently by producing a large amount of fibrous glycocalyx that performs

the role of the ’cement* to attach cells to the targeted surface [32].

11.2.2. Biofilms formation

After adhering to solid surfaces, the next step of permanent attachment is growing a bacterial
‘sanctuary’, which is the biofilm. Biofilm formation is a four stage process which includes: (i)
irreversible attachment, (ii) early development, (iii) maturation, and (iv) detachment or dispersal
of cells, as seen Figure I1. 1 [29]. In the irreversible adhesion, major changes occur in gene/protein
expression of microbial cells. It has been shown conclusively that bacteria secrete a highly
hydrated layer (biofilm) that provides a shield against host defence system and antibiotics, and
strengthens the attachment of the microorganisms to the surface. Early steps of biofilm formation
are controlled by physical adsorption processes and evolution dynamics of planktonic pathogens

[33].

A biofilm cluster consists of accumulations of extracellular polymeric substances (EPS),
primarily polysaccharides, proteins, nucleic acids and lipids [34, 35]. Typically, a viable biofilm
involves three organic layers. The first layer is attached to the surface of the tissue or biomaterial,
the second layer is called the ’biofilm base’, which holds the bacterial aggregation, and the third
layer, known as the ’surface film’, performs as an outer layer where planktonic organisms are

released [6]. Biofilm architecture is heterogeneous both in space and time. The thickness of a



biofilm varies depending on the microbial species. For example, the mean thickness of P.
aeruginosa biofilm is about 24 um, while S. epidermidis has a mean biofilm thickness of 32.3
um, and can reach more than 400 um in some species [36]. Active biofilms are highly hydrated,
with 50-90% of the overall area at each sectioning depth comprising EPS and liquid [37]. Direct
microscopic observation has shown that biofilm clusters accumulate a large quantity of pathogens
within a small area, with microorganism cell densities on an infected surface reaching 10°
cells/cm? [38]. Microorganisms communicate with each other inside a biofilm by producing
chemotactic particles or pheromones, in a process called ‘quorum sensing’ [39]. Biofilm
sanctuaries can include a single infectious species or multiple infectious species, as well as non-
pathogenic microorganisms which nevertheless can produce substances that would benefit the
survival and proliferation of the pathogenic species. In the case of the infection of medical devices
and implants, a single bacterial species is usually responsible for biofilm formation. While in

environmental surfaces, groupings of various species will usually dominate the biofilm [40].

Hydrodynamic, physiological, and ecological conditions, along with presence of other colonisers
and harmful agents (e.g., antibiotics and antimicrobial nanoparticles) considerably influence the
biofilm structure. For example, biofilm structures of P. fluorescens and P. aeruginosa are
significantly affected by nutritional cues, e.g., carbon and iron availability in their surroundings,
respectively [41]. It has been reported that shear forces affect the distribution of micro-colonies
due to the passage of fluid over the biofilm. At low shear forces, the colonies are formed like a
channel, while at high shear forces, the colonies are extended and susceptible to rapid vibrations
[42]. These channels are essential for bacteria to transport necessary water, nutrients and oxygen
to the bacterial community within the biofilm [43]. It has been shown that an increasing loading
rate applied under a stable shear stress induced the formation of thicker and rougher biofilms [44].
Detachment is a fundamental process in biofilm development that benefits bacterial life cycle by
allowing planktonic cells to return to the environment and settle new territories [45]. Three
different biofilm strategies have been suggested to elucidate biofilm detachment: (i) swarming
dispersal, where planktonic cells are freed from a bacterial cluster; (ii) clumping dispersal, where
aggregates of microbial cells are separated as clumps; and (iii) surface dispersal, where biofilm
matrices move across infected surfaces through shear-mediated transport [46]. Detachment
initiation has been proposed to initiate in response to specific endogenous or/and exogenous cues
(e.g. alack of nutrients that causes starvation, or high cell densities) [47]. The event of detachment
is complex and random. In some cases, separation of large masses (cell clusters above 1000 pm?)
from mature biofilms represents only 10% of the detachment process, yet accounts for more than
60% of the microorganisms detached [48]. A considerable amount of literature has been published
on biofilms, yet the mechanisms of biofilm detachment are poorly understood [49, 50]. Better

understanding to the detachment mechanisms is necessary to evaluate accurately the spatial



distribution of the bacterial cells in their environment, their ability to survive as well as their

resistance to biocides.

o g - A -

f Stage | Stage 11 Stage 111

1-4days

Sdays

b

1day 2days 3 da)':_a 4days

Figure IL.1. Schematic of the lifecycle of P. aeruginosa grown in glucose media. Images of
inverted fluorescence microscopy with 400x magnification present stages of biofilm
development. In stage I, planktonic bacteria attach to a solid surface. In stage II, the attachment
becomes irreversible. Stage III elucidates the micro-colony foundation. Stage IV illustrates the
biofilm maturation and growth of the three-dimensional bacterial sanctuaries. In stage V,
dispersion occurs and free planktonic cells are released from the cluster biofilm to colonize new
locations. Images characterize a 250 x 250 um? field. Reproduced with permission from [51].

~

25 um —

EPS

I1.2.3. The impact of biofilm formation in healthcare environment

Microbial infections related to bacterial attachment and biofilm formation have been detected on
various medical devices including prosthetic heart valves, orthopedic implants, intravascular
catheters, artificial hearts, contact lenses, left ventricular assist devices, cardiac pacemakers,

vascular prostheses, cerebrospinal fluid shunts, urinary catheters, ocular prostheses and contact
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lenses, and intrauterine contraceptive devices [52]. The three most common device-related
infections are central line-associated bloodstream infection, ventilator-associated pneumonia
(VAP), and Foley catheter-associated urinary tract infection (UTI) [53]. Studies have shown that
60-70% of nosocomial infections are associated with some type of an implanted medical device
[54]. More specifically, the Centre for Disease Control and Prevention in the USA reported that
of the infections in medical devices, 32% are urinary tract infections, 22% are surgical site
infections, 15% can be attributed to pneumonia and lung infections, and 14% constitute
bloodstream infections [55]. Microorganisms also form biofilms on damaged vascular
endothelium of native heart valves in patients with pre-existing cardiac disease, causing Candida
infectious endocarditis [35]. It is known that biofilms of Candida species cause malfunctioning
of the valve in tracheo-oesophageal voice prostheses, leading to an increase in air flow resistance
and potential fluid leakage [56]. Furthermore, scanning electron microscopy confirmed biofilm

development at the tip of urinary catheters even after a short period of exposure [29].

While a large number of microorganisms are capable of causing infections, those that are able to
survive and thrive in clean sites, such as that of clinics and hospitals, present a considerable threat
[57]. These organisms include gram-positive Enterococcus faecalis, Candida albicans,
Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus viridans; and gram-
negative Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, and Pseudomonas
aeruginosa. Prevalence of these pathogens is a serious problem in modern societies. For example,
C. albicans causes superficial and serious systemic diseases, and is known as one of the major
agents of contamination in indwelling medical devices [58-60]. P. aeruginosa is an opportunistic
pathogen of immunocompromised hosts and can cause native acute and chronic lung infections
that result in significant morbidity and mortality, especially in cystic fibrosis patients [61, 62]. S.
aureus and S. epidermidis have been shown to strongly adhere and form biofilms on metallic

implants, e.g. orthopaedic screws, leading to potential device failure [6].

I1.3. The antibacterial activities of PSMs

Even though synthetic antibiotics have been the best weapon for eradicating microbial infections
since the arrival of penicillin, the overuse of these medications is gradually rendering them
ineffective. It is anticipated that if new strategies are not developed soon, medical treatments
could retreat to the era where slight injuries and common infections develop into serious medical
problem. One promising strategy has been inspired by the inherent bioactivity of plant secondary
metabolites [63]. It is known that most plants produce these organic molecules as antimicrobial
agents to combat harmful microorganisms [64, 65]. In the past few decades, the progress in the
synthesis of nanoscale materials, in particular plasma assisted-fabrication provides the means to

retain the antimicrobial activities of PSMs within bioactive coatings. This family of techniques is
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compatible with PSMs, and offers several advantages such as being an environmentally friendly,

versatile, and low-cost technology (discussed further in this article).

In their liquid form, lavender, garlic, oregano, lemongrass, cinnamon oils are good examples of
naturally-occurring substances with strong antibacterial activity [66, 67]. Their individual
constituents, e.g. citronellol and geraniol are aromatic acyclic monoterpene alcohols that are very
powerful bactericides [68-71]. Terpinene-4-ol, a major component of tea tree oil, is a broad-
spectrum nonspecific biocide well-known as a natural agent against microbial species such as E.
coli, P. aeruginosa, Acinetobacter baumannii, and several drug-resistant bacteria (e.g. MRSA )
[72]. A number of PSMs have been used against cancer cells, whereas others are currently used
in food preservation [73, 74]. In their vapour phase, a number of PSMs has demonstrated strong
antibacterial activities [75, 76]. So far, there are thousands of natural oil currently known. Among
them, 300 oil are important and commonly used in the pharmaceutical, food, sanitary, agronomic,

perfume and cosmetic productions [77].

PSMs are extracted as part of highly complex mixtures of various individual constituents (often
hundreds of components) [78]. PSMs were reported to contain a variety of chemical groups in
their structure, such as alcohols (terpineol, menthol, geraniol, linalool, citronellol, borneol),
aldehydes (benzaldehyde, citral, cinnamaldehyde, citronellal, vanillin), acids (benzoic, cinnamic,
isovaleric, myristic), esters (acetates, cinnamates, benzoates, salicylates), hydrocarbons (cymene,
sabinene, myrcene, storene), ketones (carvone, camphor, pulegone, menthone, thujone), phenol
ethers (safrol, anethol), phenols (carvacrol, eugenol, thymol), terpenes (camphene, cedrene,

limonene, pinene, phellandrene) and oxides (cineol)[79].

I1.3.1. The antibacterial mechanisms of PSMs

The antibacterial action of PSMs (in their liquid form) is complex and not yet fully understood;
it potentially involves several mechanisms, as summarised in Figure I1.2. A number of researchers
have proposed that the hydrophobic nature of PSMs allows them to accumulate and perturb the
structure and function of lipids of the microbial cell membrane, disturbing the biological function
and causing failure of chemiosmotic control and rendering the membrane more permeable [66,
80]. An increase in membrane fluidity and permeability results in membrane expansion, damage
of membrane-embedded proteins and triggers inhibition of respiration system and alteration of
ion transport activities of bacterial cells [81]. For example, carvacrol oil was reported to make the
cell membrane permeable for K" and H', consequently dissipating the proton motive force and
inhibiting ATP production [82]. Similarly, menthol and citronellol causes an expansion of the cell
membrane, leading to passive diffusion of ions between the stretched phospholipids [83]. Ultee

and Smid (2001) hypothesized that during exposure to PSMs, the driving force for optimal
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secretion of the toxin (ATP or the proton motive force) is not sufficient, causing accumulation of
the toxin inside the cell, which in turn inhibits normal microbial metabolism [84]. Some active
PSMs are capable to coagulate the microbial cytoplasm, leading to cells inactivation [85]. For
example, it has been obsedrved that coagulated materials (related to denatured membranes,
cytoplasmic constituents, and proteins) were formed outside of the bacterial body when cells (E.
coli) were grown in the presence of tea tree oil. These coagulates were released through

microscopic holes produced in the cell wall as a result of the interaction with the oil [86].

Exposure to PSMs can lead to the reduction in enzymatic activities, loss of turgor pressure,
changes in DNA synthesis and inhibition of different metabolic functions [82]. Moreover, some
oils, such as rose, geranium, lavender and rosemary have been shown to inhibit cell-cell
communication, affecting the quorum sensing (QS) network in the bacterial community [87]. QS-
system is vital for bacterial growth and hence any interference with the sensing network may

reduce pathogenicity, biofilm formation, and antibiotic resistance during infection events.

The antimicrobial performance of PSMs is linked to their chemical structure, particularly the
presence of -OH functional groups [88]. Each compound may reveal a different biocidal
mechanism toward microorganisms [83]. The bioactivity of several active oils is associated with
the presence of phenolic groups. For example, the antimicrobial efficacy of clove, thyme, and
oregano oils is related to the presence of phenol-containing eugenol, thymol, and carvacrol,
respectively [89]. However, other findings indicate that the components present in high quantities
with the oil are not necessarily responsible for the entire biological activity of a PSM. The
antibacterial performance of these complex mixtures relies on a variety of synergistic effects of
different sub-components in the oil. Furthermore, it can also be attributed to the presence of other
components that may be effective even in small quantities [90, 91]. In the case of essential oils
containing a high percentage of phenolic compounds (e.g. carvacrol, thymol), it can be assumed
that their bactericidal action would be similar to other phenolic groups, e.g. by way of the
disturbance of the membrane, disorder the proton motive force, electron flow, and coagulation of
cell contents [80]. In the case of complex mixtures, where numerous active molecules are present,
potential synergistic and antagonistic influences, as well as minor compounds that can have an
important contribution to the oil’s activity need to be considered [92, 93]. It is important to
indicate that the biocidal mechanisms of PSMs are dissimilar from currently used synthetic
antibiotics, which should minimise the likelihood of the development of microbial cross-drug

resistance [94].
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Figure IL.2. Scheme represents the proposed antibacterial mechanisms of secondary planet
metabolises in their liquid form.

I1.3.2. Sustainable polymers from bioactive essential oils

Ecological concerns of current petroleum processing, along with economic recession, depleting
reserves, and political aspects, have led to increased interest in the production of sustainable
polymers derived from renewable resource [95, 96]. These eco-friendly polymers can be derived
from a wide range of possible precursor materials, including oxygen-rich monomers (e.g.
carboxylic acids), hydrocarbon-rich monomers (fatty acids, terpenes, vegetable oils), and non-
hydrocarbon monomers (carbon dioxide) [97]. So far, polymers derived from essential oils,
vegetable oils, bio-ethanol, cellulose, fats, resins, naturally occurring polysaccharides, microbial
syntheses and other natural ingredients have been widely used for a variety of applications [98-
103]. Essential oils, in particular, are renewable in nature, relatively inexpensive, available in
commercial quantities, and display minimal toxicity compared to many conventionally-used

precursors, which makes them an appropriate precursor for “green” functional materials. Among
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them, terpenes (major components in a large number of essential oils) have received considerable
attention. Their structure contains one or more carbon—carbon double bonds, showing a carbon
skeleton of isoprene. The abundance of double bonds allows for cationic and radical
polymerization of terpenes, along with epoxidation as a path to biodegradable oxygenated
polymers [104]. Cationic polymerization has been generally accepted to be the most appropriate
kind of chain reaction for these monomers [105]. However, essential oils have not been widely
applied for production of bioactive polymers due to limitations associated with fabrication
systems and oil properties [106, 107]. These limitations include challenges in controlling the
surface chemistry and morphology of the synthesised materials, and solubility and/or volatility of

the natural monomers.

Recent technological advances in the field of controlled polymerization, catalysis, nano-
encapsulation, and effective organic functionalization, give great potential for the application of
essential oils in manufacturing of sustainable polymers with innovative designs and
characteristics. This allows the fabrication of organic films with good control over film thickness,
physico-chemical properties and, importantly, biological functionality. For instance, it was
possible to successfully engineer antibacterial UV -cured networks by using a thiol-ene route with
covalent immobilization of natural terpene (linalool and a trithiol) as antibacterial agents, without
employing any organic solvent. These bio-based materials exhibited attractive thermal properties,
not affected by water penetration under high moisture conditions, and strong inhibition against
microorganisms [108]. Chen et al. (2012) developed reversible transfer polymerization approach
to design a series of cationic rosin-containing methacrylate bioactive-copolymers. The
antibacterial activities of these rosin-containing copolymers were found to be dependent on both
the degree of quaternization of rosin group, the molecular weight of copolymers, along with the
conformation of hydrophobic group [109]. Furthermore, a cinnamon essential oil/cyclodextrin
integrated into polylactic acid nanofilm made by electrospinning and co-precipitation showed

strong antimicrobial activity [110].

Several studies have been carried out in order to incorporate active essential oils into selected
polymers through applying emulsification or homogenization methods, where ultra-fine
emulsions of oils are formed containing polymer at the continuous aqueous phase. Upon drying,
lipid droplets remain incorporated into the polymer structure. The releasing rate of the embedded-
oil from films is subject to multiple factors, such as electrostatic interactions between the oil and
the polymer chains, osmosis, structural variations induced by the presence of the oil as well as
environmental circumstances [111]. Remarkably, a small fraction of an incorporated essential oil
within a polymer structure is sufficient to achieve desired antimicrobial properties. For example,

quince seed mucilage films containing low percentage (1.5 - 2%) of oregano essential oil were
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reported to be very effective against several microorganisms, including S. aureus, E. coli and S.
putrefaciens [112]. Other findings showed that inactive chitosan films were transformed into
bioactive materials when a small quantity (~1-2%) of extracts from two endemic herbs (Thymus

moroderi or Thymus piperella) were integrated within the films [113].

Encapsulation of oils has been developed as one such technology that has great potential to
improve the physical stability of the active components, protecting them from degradation due to
environmental aspects (e.g. oxygen, light, moisture, pH) [114]. Among the nanometric
encapsulation structures currently being used, nanoemulsions are mainly utilized due to the
possibility of formulation with natural components and the compatibility with industrially
scalable manufacturing processes by high pressure homogenization [115]. Nanoemulsions are
defined as emulsions with ultra-small droplet size of approximately 100 nm. At this tiny
dimension, there is a potential of enhancing physicochemical properties and stability of the active
compound. In addition, the oil bioactivity can be considerably increased, since significant
increases in the surface area per unit of mass can be achieved, improving the passive mechanisms
of cell absorption, which again allow for the reduction of the oil quantity required to ensure
antimicrobial action [116]. The encapsulated essential oils are promising antimicrobial agents for
biodegradable/edible coatings in food packaging industries to inhibit pathogenic microorganisms
[117]. Tt has been reported that the encapsulation in nanoemulsion formulation of a terpenes
mixture and limonene increased the antimicrobial performance of the pure compounds against
various microorganisms such as E. coli and Saccharomyces cerevisiae, through increases of
transport mechanisms in the membrane of the target cell [115]. Mohammadi et al. (2015) also
encapsulated Zataria multiflora essential oil in chitosan nanoparticles (average size of 125-175
nm) and reported that a controlled and sustained release of essential oil for 40 days can be
accomplished, along with a superior antifungal performance in comparison with the un-
encapsulated oil [118]. Moreover, films with 1.5% nanocomposite marjoram oil diminished the
numbers of E. coli, S. aureus, and Listeria monocytogenes populations with respect to the control
up to 4.52, 5.80, and 6.33 log, respectively [119]. Similarly, introduction of carvacrol
nanoemulsions into modified chitosan have led to the development of a bioactive film active

against gram negative pathogenic bacteria [120].

It is worth to mention that, in many cases, the vapor phase of essential oils exhibits strong
inhibitive performance against pathogens, even more effective than direct application [121, 122].
For instance, Avila-Sosa et al. (2012) found that chitosan films incorporating cinnamon or
Mexican oregano essential oils can inhibit fungi by vapor contact at lower oil concentrations than

those required for amaranth and starch polymeric coatings [111].
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11.3.3. Plasma-assisted fabrication of PSMs

Among fabrication techniques, cold plasma polymerization is a multipurpose approach that
relatively fast and low-cost for fabricating coatings from a wide array of natural precursors,
including those that do not usually polymerize by conventional methods, and do not require
further chemical or physical processing (e.g. annealing, catalysts) [123]. From a processing point
of view, many PSMs are compatible with plasma polymerization, which is in essence a chemical
vapour deposition process enhanced by the catalytic activity of plasma, because they are highly
volatile at room temperature, thus no external heat or carrier gas are required to deliver the

precursor macromolecules to the fabrication zone.

Introducing of PSMs molecules, in vapour phase, into a highly reactive plasma field triggers a
wide range of reactions including fragmentation, oligomerisation, rearrangement, and
polymerization. The degree of dissociation is highly dependent on the amount of energy provided
into the plasma system and the pressure in the chamber. The fragmentation is initiated by active
electrons rather than thermal excitation or chemical reaction, creating a unique mixture of
chemically-diverse species (e.g. unsaturated bonds, ions, neutrals, free radicals), which may not
be reachable under other conditions [124]. It is believed that weakly ionised plasma and relatively
low substrate temperature during deposition promote condensation and adsorption of non-excited
species, which help to increase the proportion of non/partially-fragmented precursor molecules
on the substrate [125]. The recombination of the reactive species and precursor molecules may
lead to the formation of the organic thin layer (polymer) on the surface of a given substrate. Due
to the diversity of functional groups and reactive species, the polymer can be formed in several
ways, involving free-radicals induced-polymerization of fragments containing unsaturated
carbon-carbon bonds, recombination fragment/recombination initiated by the plasma-generated
and surface-attached reactive ions [126]. The formed polymer is often highly branched and highly
cross-linked (amorphous), comprising large quantities of trapped free radicals in its structure

[127].

A large number of species that exists in the discharge (e.g. ions, electrons, stable molecules,
radicals and photons) can react with each other and with the forming chains through a range of
interaction mechanisms, as seen in Figure I11.3. The complexity of the process of PSMs plasma
makes the evaluation of each specific reaction, along with the prediction of material properties
very challenging. In some cases, few specific reactions can dominate the formation of the film,
especially at low input power. Thus, it is rational to propose that films fabricated from PSMs
using plasma under specific deposition conditions (e.g. specific input power, frequency, flow rate,

temperature) could retain some/most of original functional groups of the original PSMs within
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the bioactive three-dimensional solid film. In addition, the un-fragmented precursor molecules
trapped within the polymer during the fabrication may elute over time, acting as a drug release
coating, with the capacity to retard microbial attachment and biofilm development on the surface
[128].

A number of attempts had been made to manufacture antibacterial surfaces based on plasma
polymerization of essential oils, where the antibacterial performance is based only on the natural
bioactivity of the polymerized surfaces, in absence of synthetic additives, inorganic nanoparticles
or conventional antibiotics. Using this information, we strongly encourage the reader to further
research this rapidly growing and highly-promising arena. Here, we highlight the successful
manufacturing of antimicrobial coatings from different PSMs through cold plasma

polymerization technique.
I1.3.3.1. Terpinen-4-ol

Terpinen-4-ol is a monocyclic terpene alcohol that is an active component of tea tree oil.
Terpinen-4-ol has demonstrated powerful antimicrobial and anti-inflammatory properties [129,
130]. Upon interaction with microorganisms, cyclic terpene hydrocarbons have shown to
accumulate in the cell membrane. This disturbs membrane integrity, triggering an increased
passive flux of protons through the membrane and dissipation of the proton motive force [131].
Bazaka et al. (2011) prepared plasma polymerized coatings derived from terpinen-4-ol at various
input power levels, showing a considerable potential in minimizing bacterial attachment and
metabolic activity of S. aureus and P. aeruginosa. Fabrication at low input power level of 10 W
resulted in a partial retention of biologically-active groups of the original precursor, which led to
a significant antimicrobial and antibiofouling activities of terpenol-derived coatings [132].
Confocal laser scanning microscopy evidently showed that around 90% of S. aureus cells retained
on the films of 10 W substrata were non-viable, in comparison to that retained on the surface of
25 W films [133, 134]. However, when fabricated at higher input power (25 W), these films lost
their biocidal activity, and promoted adhesion and proliferation of tested bacterial cells and
biofilm development. In a recent report, the decrease in antibacterial activity with increasing RF

energy was also observed in the plasma polymerization of polyterpenol films [135].

11.3.3.2. Carvone

Carvone is found in various essential oils, such as caraway, spearmint, and dill. This PSM has
shown a variety of antiproliferative effects with regards to microbial cells, by the presence of a
monoterpene group in its structure [136, 137]. In addition, carvone and its related compounds
were shown to be potential chemopreventive agents, due to their ability to induce increased
activity of detoxifying enzymes. The o,B-unsaturated ketone system in carvone is generally

expected to be responsible for the high enzyme-inducing action [138]. Recently, Chan et al.
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(2016) fabricated polymer coatings resultant from plasma polymerization of carvone [139]. At an
input power of 10 W, carvone polymerized coatings demonstrated almost equal antimicrobial
performance against both gram negative and gram positive bacteria (86% decrease in E. coli and
84% reduction in S. aureus), with no cytotoxic effect towards primary human endothelial cells.
In addition, these coatings were smooth, highly cross-linked hydrocarbons, with low fraction of
carboxyl, hydroxyl, and amine-amide functionalities. Although the carvone surfaces reduce
bacterial adhesion, it was observed that some cells were damaged and died after attaching to the
surface. The scanning electron microscope (SEM) images clearly exhibited membrane distortion,
pore creation and membrane rupture of microorganisms attached on the surface of plasma

polymers of carvone.

11.3.3.3. Eucalyptol

Eucalyptol, a major component of eucalyptus oil and a minor component of tea tree oil, is a
saturated monoterpene known by a variety of synonyms, such as 1,8-cineole, 1,8-epoxy-p-
menthane and cajeputol. This PSM has been demonstrated to retain strong biological activities,
including anti-inflammatory, antifungal, antibiofilm and antiseptic properties toward a range of
bacteria [140-143]. The retention of the natural bio-active groups of the 1,8-cineole oil was also
achieved using plasma polymerization. Fabricated at 20 W, moderate hydrophobic coatings were
achieved, with the ability to reduce the attachment of E. coli and S. aureus cells by 98% and 64%,
respectively, compare to unmodified glass. In addition, the 1,8-cineole plasma films resisted
biofilm formation after 5 days of incubation in the presence of bacterial cells. The polymer surface
and any products that may be released from the film were also found to be not cytotoxic to
mammalian cells [144]. In the same way, Mann and Fisher (2017) used a range of applied RF
powers (P =50-150 W) and H,Oy plasma-treatment during the plasma fabrication of 1,8-cineole
polymers. The fabricated films retained some antimicrobial behaviour characteristic of the
precursor, in addition to desired properties, such as being highly adherent to the substrate,
conformal, and with smooth surfaces. The in vitro studies showed that E. coli were largely
nonviable and unable to colonize the plasma-cineole surface over the 5 day biofilm development
assay period. The biofilm coverage on these surfaces was significantly lower (<10%) than on

glass control [145].

11.3.3.4. Geranium

Geranium (Pelargonium graveolens) oil produces a mixture of various components (more than
80) such as linalool, citronellol and geraniol [146]. Studies have revealed that geranium oil is able
to combat pathogens, both gram-negative and gram-positive bacterial strains [73, 147]. More
recently, geranium oil-derived coatings were also found to have the potential to reduce the

microbial adhesion and biofilm formation of select human pathogens, such as S. aureus, P.
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metabolite (or an essential oil) is placed under low pressures, the molecules gain sufficient kinetic
energy to evaporate and begin independently moving towards the glow region within the
deposition chamber. Exposure of the molecules to the highly reactive plasma initiates various
chemical reactions such as bonds fragmentation, oligomerisation, and polymerization. At chosen
plasma parameters, the process allows for the preservation of active functional groups of PSMs
within the cross-linked solid polymeric films. Direct observations of SEM demonstrated powerful
antimicrobial performance of geranium, terpenen-4-ol and carvony films in contact with different
pathogens. The antimicrobial activities of these films included anti-biofouling effects and/or
bactericidal actions (e.g. membrane distortion, pores creation and membrane damage). The SEM

images are reproduced with permission from [132, 139, 148].

Despite the fact that the mechanism by which the deactivation process takes place remains not
fully understood, the attractive antibacterial performance of PP-PSMs surfaces indicate that the
original active chemistry of the oils are partially retained within the structure of fabricated films.
Undeniably, plasma parameters are key factors that determine the extent of retention of biological
functionality. The degree of precursor fragmentation is directly related to the amount of applied
energy (RF power). For example, during the polymerization of geranium oil and terpinen-4-ol , a
slight increase in the input power resulted in failure to preserve the desired functional groups
within the polymer. One reason for this loss of the bactericidal activity could be the complete
dissociation of the precursor functionalities upon plasma exposure. Furthermore, these
polymerized films demonstrated a wide range of functional groups in their structure, such as
primarily methyl/methylene functionalities as well as hydroxyl, alkene and carbonyl groups. The
hydroxyl group particularly is broadly accepted to be an antimicrobial agent of polymer surfaces.
It was previously reported that S. aureus cells do not preferentially attach to polymers comprising
—OH functionality than those bearing carboxylic and methyl groups [150]. However, other surface
parameters should be carefully considered during plasma fabrication. It is well known that surface
chemistry, hydrophobicity, free energy, and architecture of polymer films have the potential to
significantly influence the final antibacterial outcome. The synergistic effects of these parameters

may determine the inhibition of bacterial attachment and proliferation.

I1.3.4. Properties of PSM-derived polymers

To be a successful polymeric antibacterial coating satisfying requirements for biomedical
applications, the material should possess a range of specific biological, physical and chemical
properties. Films fabricated from PSMs display a wide range of desired properties, including
optical transparency, moderate hydrophilicity, relatively high degradation temperature, low post-

annealing retention, and good biocompatibility, forming simple, useful, and versatile bioactive
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coatings. Hence, a brief description of some important physicochemical characteristics of PP-

PSMs fabricated at low input power (below 100 W) is provided below.

As a general trend observed for PP-PSMs, polymers deposited at higher input power are typically
less susceptible to mechanical deformation. This trend is owing to an increase in the degree of
cross-linking correlated with higher input power, and hence films are likely to be more stable and
less susceptible to wear [151]. Highly cross-linked polymers are expressively more stiff and dense
compared to conventional polymers (amorphous or crystalline arrangements). This is related to
the vibrational movement of the carbon backbone of the polymeric structure that is constrained

by the presence of a multiple covalent bonds between polymer chains [152].

The topographical features of PP-PSMs fabricated at suitable parameters have been shown to be
uniform, pinhole free, with films being highly-adherent to the substrate [149, 153-158]. The
uniformity indicates that polymerization reactions occurred on the surface of the substrate in
preference to the gas phase. Moreover, ultra-smooth surfaces (with an average roughness of less
than 1 nm) were attained for plasma polymerization of various PSMs, which particularly is a
significant factor that may influence the initial microbial adhesion [159, 160]. It is worth to
mention that the properties of the surface of plasma polymerized films are highly susceptible to
growth conditions, especially the input power, where more energetic ions can cause more surface
bombardment and etching. Furthermore, the chosen precursor plays an important role in the
overall surface properties, since it to a degree defines the chemical functionalities and determines

the quantities of free radicals in the plasma system [161, 162].

A large number of plasma polymers developed from PSMs were reported to have favourable
optical properties. Although optical properties were affected by processing parameters during film
deposition, PP-PSMs were found to be optically transparent in the visible region and have high
absorption in the infrared region. The refractive index and extinction coefficient were in the range
of 1.5 and 0.001 (at 500 nm), respectively [163, 164]. In addition, PSMs-derived polymer
materials have optical energy gap (Eg) values in the insulating and semiconducting region. For
example, films fabricated from terpinen-4-ol, linalool, y-terpinene and geranium have E4= 2.5,
2.9,3.0 and 3.6 eV, respectively [148, 160, 165]. It is important to note that the optical properties
of plasma films are characteristically dependent on the structure of the p-conjugated chains in

both the ground and the excited stats, as well as on the inter-chain orientation [166].

In general, PP-PSMs were moderately hydrophilic, with values of contact angles ranging from
~50° to 80°. The wetting characteristics were defined largely by plasma conditions and the
chemistry of the chosen precursor. For example, improved hydrophobicity of the surface was

observed for films fabricated from y-terpinene with increasing the deposition RF power, from
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61.0° (10 W) to 80.7° (75 W). This polymer revealed a strong electron donor and a negligible
electron acceptor behaviour [167]. The range of contact angle values of plasma polymer are well-

suited for biological uses, since they enable and promote adhesion of various cell types [148].

Given their potential application as an antibacterial coating for implants, the cytocompatibility of
PP-PSMs was examined for several types of mammalian cells. A study that tested the
biocompatibility of coatings fabricated from various oils (e.g. limonene, tea tree, lavender, and
eucalyptus) at different deposition power showed minimum toxic effects. After being implanted
in mice for 3 days, 14 days and 28 days, all PP-PSM films were demonstrated to be biocompatible.
While in most cases, these coatings did not produce an unwanted host or material response, in a
number of mice sinus formation was observed, however it was deemed not significant [168]. The
biocompatibility of polymer films is a property that should be addressed carefully for protective
coatings in medical applications, in particular for implantable devices, since the film surface
directly interfaces with various bio-components including blood, proteins, cells and tissue growth.
Hence, non-biocompatible coatings may lead to failure, toxic responses, abnormal cell/tissue

responses, and device degradation.

It should be noted that PP-PSMs have shown some limitations. For example, they are generally
insoluble in organic-solvents owing to their high degree of crosslinking. This feature, in
particular, greatly complicates the characterization of the polymers [126]. It was also observed
that PP-PSMs are highly susceptible to changes brought by the chemical composition of the
medium (e.g. the aqueous solution and body fluid) that may affect their operation in some

applications [169].

I1.4. Challenges in the fabrication of PSM-derived polymers

In the scientific and manufacturing field, replication or reproduction of the consistent systematic
results is the key to success [170]. A major issue of plasma techniques is the constancy of the
result, particularly across different plasma systems due to differences in processing parameters
(e.g. power, pressure, temperature, flow rate and tube geometry). For example, changes in the
design of plasma equipment can affect the dynamics of the flow of vapors through the system,
and the profile of the plasma discharge zone, which could potentially alter the nature,
homogeneity and density of the gas phase species inside the reactor. Indeed, this problem becomes
more obvious during the fabrication of functional coatings from PSMs, where retention of certain
chemical moieties is essential [171]. To minimize the variation of films produced across different
plasma systems, scaling factor route can be applied that takes into account both the actual energy
consumed in the active plasma field, and the differences in the geometry of the utilized reactors

[172].
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Another concern comes from the varying properties of the renewable precursor. It is well
documented that essential oil composition is very complex and depends on multiple interacting
factors. In addition, De Masi et al. (2006) reported that chemical compounds of essential oils were
found extremely variable in the various cultivars/genotypes of the same plant species and they are
not necessarily correlated with genetic relationships [173]. At this regard, the oil quality and
biological activity can be affected also by the conditions of storage, e.g. temperature [174]. The
potential to obtain biopolymer films with consistent properties regardless of base material source,

method or time of harvest is important for successful integration into the industrialised process.

It is generally accepted that the chemical composition of essential oils varies by plant health,
growth stage, climate, edaphic factors, and harvest time. On the other hand, the degradation
kinetics of these oils due to external factors (e.g. temperature, light, and atmospheric oxygen
exposure, presence of impurities) should be thoroughly taken into account [175]. For example,
pure cinnamaldehyde was reported to decompose to benzaldehyde at temperatures approaching
60 °C. But, once it combined with eugenol or cinnamon leaf oil, cinnamaldehyde remained stable
at 200 °C [176]. The molecular structures of natural oil have, in particular, a substantial effect on
the degree of degradation. Compounds rich in allylic hydrogen atoms could be most potential
targets for autoxidation, where hydrogen atom abstraction is giving rise to resonance-stabilized
radicals that highly preferable owing to lower activation energy [177]. Furthermore, essential oil
components are generally known to easily convert into each other (through processes such as
isomerization, oxidation, cyclization, or dehydrogenation reactions), since their structural

relationship within the same chemical group [175, 177].

It is important to mention that serval essential oils (e.g. tea tree, lavender, and terpenene-4-ol)
have shown some irritation and allergies in users (via inhalation or direct contact) [178-180]. The
allergic reactions typically arise from certain components such as benzyl alcohol, cinnamyl
alcohol, iso-eugenol, eugenol, hydroxycitronellal, geraniol and various others constituents [181-
183]. However, sensitive symptoms due to essential oils can range from relatively minor
incidences of irritation and sensitisation, to contact dermatitis and the most serious anaphylactic

reaction, thus should be well considered [184, 185].

As mentioned previously in this article, typical plasma polymerization of PSMs (continuous
mode) yields the fragmentation of large quantity of precursor molecules. The random
recombination of fragments, radicals and atoms renders the chemical structure and configuration
completely irregular. In fact, even when fabrication coatings under low energy conditions, an
irregular structure dominates and the density of the wanted functional group remains low. Pulsed-
plasma polymerization can address this issue. This technique offers a sequence of on-periods (a

few ps-long period during which fragmentation takes place) and off-periods (us to ms-long
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periods during which recombination and polymerization occurs), where the resultant polymer
should consist of more chemically regular structures than those of the continuous mode [186].
The idea is to further reduce the degree of dissociation/fragmentation of the precursor molecules,
and hence the off-period reactions contributing more non-fragmented functionalities into the
formed polymer. To date, the pulsed-plasma polymerization has not been used for the synthesis
of antibacterial surfaces from PSMs. We highly encourage researchers to explore and expand the
usage of pulsed-plasma method, where the optimization of the desired functionality will

essentially include the increasing/decreasing the off-period in pulsed polymerization.

I1.5. Conclusion

A better understanding of the way to preserve/retain the bioactivity of essential oils within a thin
film is critical for the development of a wide range of bactericidal coatings suitable for medical
devices. Aforementioned polymer materials that derived from renewable resources present a
promising approach toward producing antimicrobial and biocompatible materials and tissue
contact coatings. However, information on the long-term performance of plasma polymerized
PSMs thin films requires further exploration. Also, although a small number of systematic studies
showed promising antimicrobial activity of encapsulating essential oils, further research in this

direction is warranted.
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Chapter 111

The Fundamental Properties of Geranium Plasma Polymer Thin Films

The thin film fabrication method and the details of geranium oil-based plasma polymers were
described in this chapter. The optical, mechanical, topographical and chemical properties of
geranium polymers were studied. In addition, the antibacterial activity of geranium polymers were

demonstrated against important human pathogens.

This chapter was published as: Al-Jumaili, A., K. Bazaka, and M.V. Jacob, Retention of
Antibacterial Activity in Geranium Plasma Polymer Thin Films. Nanomaterials, 2017. 7(9): p.
270.

Abstract

Bacterial colonisation of biomedical devices demands novel antibacterial coatings. Plasma-
enabled treatment is an established technique for selective modification of physicochemical
characteristics of the surface and deposition of polymer thin films. We investigated the retention
of inherent antibacterial activity in geranium based plasma polymer thin films. Attachment and
biofilm formation by Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli was
significantly reduced on the surfaces of samples fabricated at 10 W radio frequency (RF) power,
compared to that of control or films fabricated at higher input power. This was attributed to lower
contact angle and retention of original chemical functionality in the polymer films fabricated
under low input power conditions. The topography of all surfaces was uniform and smooth, with
surface roughness of 0.18 and 0.69 nm for films fabricated at 10 W and 100 W, respectively.
Hardness and elastic modules of films increased with input power. Independent of input power,
films were optically transparent within the visible wavelength range, with the main absorption at
~290 nm and optical band gap of ~3.6 eV. These results suggest that geranium extract-derived

polymers may potentially be used as antibacterial coatings for contact lenses.

II1.1. Introduction

Medical devices are a critical part of the current healthcare system. However, their usage has led
to the emergence of device-associated infections. Contamination of medical devices by
microorganisms is associated with substantial morbidity, as well as substantial healthcare costs

[1,2]. Abiotic surfaces are vulnerable to microbial attachment and growth, and eventually, biofilm
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formation; as such, these surfaces may act as a reservoir of chronic infection [3]. Indeed, 64% of
hospital-acquired infections worldwide are attributed to attachment of viable bacteria to medical
devices and implants [4], and a reported 80% of the global impact of surgical site infections
involve microbial biofilms [5]. When protected by the biofilm, bacterial cells are significantly
less susceptible to antibiotics and host immune responses than planktonic bacteria of the same
strain, and as such, biofilms are more difficult to clear [6]. Emergence of microbial strains
resistant to one or more of the available synthetic antibiotics creates further challenges for the
treatment of implant-associated infections. Significant examples include methicillin-resistant
Staphylococcus aureus, NDM-1 producing Klebsiella pneumoniae, vancomycin-resistant

Enterococcus, and multidrug-resistant Mycobacterium tuberculosis [7].

To substantially alleviate pathogenic infections, the development of effective self-disinfecting
surface coatings for medical devices is vital. Several surfaces have been adapted to inhibit and/or
reduce microbial adhesion and proliferation via antibiofouling and/or bactericidal activity,
depending on the effect the surface exerts on the microorganism [8]. Antibiofouling materials
may resist the initial attachment of microorganisms, due to the existence of unfavourable surface
micro-features and/or surface chemistry. On the other hand, bactericidal surfaces may impede
colonisation by killing the microorganisms on contact, via surface-immobilised antimicrobial
macromolecules, or by releasing biocidal molecules, e.g., polymeric biocides [9]. However, self-
disinfecting surfaces often suffer from significant drawbacks, such as uncontrolled material

degradation, premature mechanical failure, and limited biocompatibility [10].

In recent years, there has been an increasing interest in the use of plant-derived compounds as
natural antimicrobials [11,12]. Essential oils and plant extracts are rich sources of biologically-
active compounds with mechanisms that are distinct from those of currently used synthetic
antibiotics, which should limit the emergence of bacterial resistance [13]. Among these natural
antimicrobial agents, geranium (Pelargonium graveolens) essential oil exhibits strong activity
against a broad spectrum of bacterial strains [14,15]. When used in solution or as an aerosol,
geranium oil was effective against clinically-significant human pathogens, such as gram-positive
S. aureus and Enterococcus faecalis, and gram-negative P. aeruginosa, Proteus mirabilis, and
Escherichia coli, and the fungi Candida albicans [16,17]. However, until recently, essential oils
have rarely been used for fabrication of biologically-active coatings, due to a complex, multi-
component nature of essential oils and extracts, which may vary with season and geographic
location [18]. Recent advances in cold plasma polymerisation have enabled the conversion of
essential oils and their derivatives into thin, highly-adherent and defect-free optically-transparent
coatings, whose biological activity and degradation kinetics can be controlled by controlling the

chemical structure of the precursor and the plasma processing conditions [19-21].
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This paper investigates the synthesis, material properties, and antibacterial activity of geranium
oil-based polymers fabricated using plasma polymerisation. To our knowledge, this is the first

report on the use of polymers derived from geranium oil as an antibacterial coating.

II1.2. Methods

II1.2.1. Materials

A precursor material was selected because of its strong antibacterial activity against gram-
negative and gram-positive bacteria, and compatibility with the plasma polymerisation process
[14,22]. The geranium essential oil was procured from Australian Botanical Products (ABP,
Victoria, Australia), and was used without further modification. According to the manufacturer,
the main compounds include citronellol (32%), geraniol (15%), linalool (6%), isomenthone (6%),
geranyl formate (2.5%), tiglate (2%), citronellyl formate (6%), guaia-6,9-diene, and 10-epi-y
eudesmol (5%). Citronellol (CioH200) and geraniol (CioHg) are aromatic acyclic monoterpene
alcohols, and are considered to be very potent bactericides responsible for the biological action
of geranium oil [23-25]. From a processing point of view, geranium oil is compatible with plasma
polymerisation (plasma-enhanced chemical vapour deposition), as this oil is highly volatile at
room temperature, and so no external heating nor carrier gas is required to deliver the precursor
units to the site of deposition. Geranium oil has a density of 1.044 g/mL at 25 °C, a boiling point
0of 250-258 °C, and refractive index of 1.53 at 20 °C.

I11.2.2. Polymer Synthesis

Microscope glass slides (76 mm X 26 mm) and cover glass No.5 (19 mm) were cleaned with
commercial decon, washed extensively with distilled water, then sonicated in distilled water for
20 min. Thereafter, substrates were rinsed with acetone, subjected to propan-2-ol bath for 15 min,
and finally dried by air. Plasma synthesis was carried out in a custom-made cylindrical glass
chamber (I: 90 cm, d: 5 cm). The reactor chamber was evacuated to pressure of 0.2 mbar using a
double stage rotary pump (JVAC-DD150, Victoria, Australia). Radio frequency (RF) generator
model ACG-3B (MKS Instruments, Andover, MA, USA) was run in the continuous mode at 13.56
MHz to provide input power through a matching network. Two external parallel copper rings
were utilised as electrodes, separated by a distance of 9 cm. Substrates were placed at equal
distance from both electrodes. The distance between the substrate and the monomer inlet was 20
cm. Deposition times ranged from 30 min to 120 min, yielding films with thicknesses ranging
from ~450 nm to 1500 nm. In each experiment, the monomer vial was loaded with 0.5 g (~12
drops) of geranium oil. The monomer flow rate (F) was calculated using the relation 1, derived

from the ideal gas equation [26]:
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dp %4
F=—x16172 = 1
dt T O
where p is the pressure inside the chamber (mbar), and t is time (s), V is the volume of the chamber

(L), and T is the ambient temperature (K).

Initially, the chamber was evacuated to 0.2 mbar, then the precursor gas was released into the
chamber until the pressure reached a stable value, at which point the outlet valve was closed, and
the pressure was measured every 5 s for 1 min. It was estimated that the geranium flow rate during

the polymerisation process was 16.22 cm’/min.
II1.3. Polymer Characterisation

I11.3.1. Chemical Properties

Perkin Elmer Spectrum 100 Fourier transform infrared (FTIR) spectrometer (Perkinelmer Inc.,
Boston, MA, USA) was employed in the transmission mode to identify components and chemical
properties of fabricated films. Films were deposited on potassium bromide pellets (KBr), and the

spectra were acquired from 4000 to 500 cm™' with resolution of 4 cm ™! averaged across 32 scans.

I11.3.2. Optical Properties

Optical constants and film thickness were identified using Variable Angle Spectroscopic
Ellipsometry (JA Woollam-M2000 D, Lincoln, NE, USA). Ellipsometry measures a change in
polarisation as light is reflected from the surface of a film. The polarisation change is represented
as an amplitude ratio (%), and the phase difference (4). The ellipsometric parameters ¥ and 4
were acquired at three different angles (55°, 60° and 65°, in addition to transmission data) to
measure the refractive index (n), extinction co-efficient (k), and film thickness at wavelength
range of 200-1000 nm. The software package (WVASE32, Lincoln, NE, USA) was used for
modelling. First, to estimate film thickness, a three-layer model consisting of a previously
modelled substrate layer, a Cauchy layer (to represent the film), and a surface roughness layer
were applied to the data within the 400—1000 nm region where the film is optically transparent.
After point-by-point approximation, optical constants were obtained by converting the Cauchy
layer to GenOsc layer and applying Gaussian oscillator to obtain the best fit to the data. UV—vis
data were collected using an Avantes spectrophotometer (Avaspec-2048, Apeldoorn, The
Netherlands) fitted with an Avalight-DHc light source. Tauc equation was applied to calculate the
optical band gap.
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II1.3.3. Surface Topography and Mechanical Properties

Surface morphology was examined using a low-noise scanning and high-resolution atomic force
microscope AFM ( NT-MDT NTEGRA, Moscow, Russian) with a scanning area of 10 uym x 10
pm and 3 pm x 3 pm. AFM was operated in the tapping mode, where the cantilever oscillated
directly above the surface to acquire data. This mode was preferable, as it decreased the inelastic
deformations of the investigated surface, as well as reduced the effective forces applied to the
sample. All measurements were done under ambient conditions. Software Nova (Version 1.0.26,

Moscow, Russian) was used to analyse the data with the fitting correction value (polynomial order

of 4).

A Berkovich Triboscope indenter (Hysitron, Minneapolis, MN, USA) was interfaced with the
AFM Tribo head for the determination of mechanical properties. Berkovich indenter has the
geometry of a three-sided pyramid (70.3° equivalent semi-opening angle). To obtain accurate
data, the cantilever sensitivity was calibrated prior to measurements using fused silica, then, drift
correction was applied. Typical loads ranged from 300 to 1000 uN with a fixed loading time of 3
s, holding time of 3 s, and unloading time of 5 s. Figure III.1 shows loading (unloading) versus

indenter displacement, illustrating the elastic/plastic response of geranium oil-derived films.

Maximum force

Holding

Unloading

Loading

Load (uN)
Maximum displacement
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Figure II1.1. Schematic of the nano-indentation test for hardness and the modulus measurement.

I11.3.4. Contact Angle, Surface Tension, and Solubility

Contact angle measurements were used to determine the hydrophobicity of geranium oil-derived

thin films deposited on glass. Sessile drop contact angle was measured using goniometer (KSV
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CAM 101, Helsinki, Finland) and three liquids, namely distilled water, dilodomethane (DIM) and
glycerol. Young—Laplace fitting was performed to estimate the contact angle, as a minimum of

five measurements per sample.

The calculated values of the contact angle were used to estimate surface tension (also known as
surface energy) parameters and solubility of geranium oil-derived polymer films employing van

Oss, Chaudhury, and Good (VCG) method [27]:

(1 + cosB)y, =2 \/Yéw +yE + \/Y} vt \/qu +v7 @)

where 6 is the contact angle, v, the surface tension of the liquid in contact with the solid (mJ/m?),
yiW the apolar component of the surface tension of the liquid (mJ/m?), 5" the apolar component
of the surface energy of the solid (mJ/m?), y;f the electron-acceptor parameter of the solid (mJ/m?),
Y5 the electron-donor parameter of the solid (mJ/m?), y; the electron-acceptor parameter of the

liquid (mJ/m?), and v, the electron-donor parameter of the liquid (mJ/m?).

The VCG method requires a minimum of three liquids, an apolar liquid such as DIM (where y" =
v =0), as well as two polar liquids, like water and glycerol. The surface tension parameters of

the used liquids are commonly presented in the literature [28], and are summarised in Table III.1.

Table III.1. Surface tension parameters for water, diiodomethane (DIM), and glycerol used in
experiments.

Surface Tension Parameters, mJ/m?

Solvent
Lw AB + -

Y Y Y Y Y

Water 72.8 21.8 51.0 25.5 25.5
DIM 50.8 50.8 0.0 0.0 0.0

Glycerol  64.0 34.0 30.0 3.9 57.4

Once the surface tension values for the solid and liquid are determined, the interfacial tension
Y4, can be calculated from the individual surface tension parameters as:

2
VoL =( ysw — MW) +2 (\/vgvg +\/v[v; —JY;v; —\/v;v;) 3)

The solubility of the geranium oil-based polymer films (AG) in different solvents is then estimated
from the values of the interfacial tension as:
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II1.3.5. Bacterial Studies
I11.3.5.1. Cell Cultures

Among clinically-significant pathogenic bacteria, infections due to the Staphylococci,
particularly gram-positive S. aureus, and gram-negative P. aeruginosa and E. coli, are most
frequently associated with the use of implants [8,29]. Given their significance, in this study, S.
aureus CIP 65.8, P. aeruginosa ATCC 9025, and E. coli K12 were acquired from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and Culture Collection of the Institut
Pasteur (CIP, Paris, France). For each experiment, a fresh suspension was prepared by first
refreshing the frozen stock culture on nutrient agar (Oxoid), then growing them overnight in 100
mL of nutrient broth at 37 °C, while shaking at 100 rpm. Cells were harvested at the logarithmic
stage of growth, and their density adjusted to ODsgo = 0.3 to ensure uniform starting culture. A
haemocytometer was used to quantify cell numbers in suspension prior to seeding onto polymer

surfaces.

II1.3.5.2. Incubation

Sterile polymer-coated glass slides and uncoated glass slides (as control) were placed into 24 well
plates, and an aliquot of 100 pL of bacterial suspension was carefully placed on the sample
surface. Samples were then allowed to incubate at 37 °C and 5% CO, for 18 h. The experiment
was run in triplicate. After incubation, the media was aspirated, and the unattached cells were
removed by gently rinsing the surfaces of the samples with copious amounts of double-distilled
water. Samples were then allowed to dry at 22 °C for 30 min at 55% humidity to maintain cells

in a semi-hydrated state for microscopy.

II1.3.5.3. Visualisation

The retained bacteria were visualised by scanning electron microscopy. Prior to imaging, samples
were coated with a thin layer of gold using Sputter Coater (Leica EM-SCD005, Wetzlar,
Germany). High-resolution images of the attached cells were obtained using the Scanning

Electron Microscope (JEOL 7001F, Tokyo, Japan) at 1000, 5000, and 20,000% magnifications.

To differentiate viable cells among the attached bacteria and quantify the amount of extracellular
polysaccharides produced by the attached cells, SYTO® 17 Red (Molecular Probes™/Invitrogen,
Thermo Fisher, Carlsbad, MA, USA) and Alexa Fluor® 488 (Molecular Probes™/Invitrogen,
Thermo Fisher Scientific, Carlsbad, MA, USA) stains were used to stain the bacterial cell red and
extracellular polymeric substances (EPS) green, respectively. The dyes were applied following

the protocol outlined in [30]. The images were obtained using a confocal scanning laser
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microscope (CSLM) (Nikon A1R Confocal Microscope, New York, NY, USA). The CSLM
images were processed to construct 3D images, and to quantitatively describe the images in terms
of the overall volume of the biofilm per unit area of substrate (termed “biovolume”, and inclusive

of both cells and EPS), and the average biofilm thickness.
II1.4. Results and Discussion

I11.4.1. Polymer Synthesis

The polymer thin films were successfully fabricated on substrates, including microscope glass
slides, cover glass, and KBr disks, at input powers of 10, 25, 50, 75, and 100 W. Spectroscopic
ellipsometry was used to estimate the polymer thicknesses. The thickness of the polymer
increased linearly with time, yielding ~10.6 nm/min at 10 W. Also, the thickness of the polymer

was found to be increasing with an increase in the input power.

I11.4.2. Chemical Properties

Geranium essential oil is a complex, multi-component mixture of monoterpenic alcohols
(geraniol, citronellol, linalool, etc.), esters (citronellyl tiglate, citronellyl formate, geranyl tiglate,
etc.), monoterpenic ketones (isomenthone and menthone), monoterpenic aldehydes (geranial and
neral), sesquiterpenic hydrocarbons (guaia-6,9-diene, etc.), sesquiterpenic alcohol (10-epi-y-
eudesmol), and several aromatic and oxide components [31]. Citronellol and geraniol are
considered the key components, while linalool is present in a much smaller portion (for more

detail on oil composition see Section 2: Materials).

Principally, the organic molecules are held together via covalent bonds, which are relatively
strong, while creating a solid material via fairly weak van der Waals forces [32]. During plasma
polymerisation, plasma-generated electrons gain sufficient energy to break chains of the precursor
molecules, creating a rich assortment of highly reactive chemical species. The degree of
fragmentation is directly related to the amount of applied energy. Thus-created precursor
fragments then undergo recombination in the gas phase and on the surface of the substrate, giving
rise to a highly crosslinked polymer, with a structure that is irregular and unlike that of a

conventional polymer.

Figure I11.2 shows the FTIR spectra obtained for geranium oil (precursor) and geranium oil-based
polymer thin films. Table III.2 summarises the key bands and corresponding bond vibrations. In
the precursor spectrum, a very broad and strong peak of around 3367 cm ™' was related to the
stretch vibrations of (O—H) bonds of the alcohol. In the film spectrum, this band reduced in
intensity and appeared at 3436 cm™'. The very strong peaks formed at 2962 and 2872 cm ™' can be
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attributed to the asymmetric stretching vibration modes (CH, and CH3, respectively) of the methyl
group. In the polymer, these peaks also decreased in intensity and occurred at 2961 and 2875
cm ', respectively. A very strong stretch vibration of the CH; bond appeared at 2926 cm ™', and
related to the methylene group, shifted slightly in the polymer spectrum towards a higher wave
number at about 2933 cm™'. A very weak peak at 2728 cm ', related to C=0 bond stretching,
vanished completely, and was not observed in the polymer spectrum. Strong peaks at 1730 and
1713 cm™, possibly linked to the symmetric starching vibrations of C=0 bonds, and a medium
peak at 1671 cm™, probably related to the vibration of (C=C) were observed in the precursor
spectrum. These bands merged, decreased in strength, and appeared as a broad band in the
polymer spectrum at about 1708 cm . Sharp peaks at 1452 and 1377 cm ™' were attributed to the
asymmetric and symmetric bending vibrations of C—H bonds, respectively. These vibrations were
retained in reduced form and observed in the polymer at 1453 and 1376 cm ', respectively.
Furthermore, peaks observed in the fingerprint region of the precursor at 1267, 1174, 1058, and
1008 cm™', combined and radically reduced in the polymer spectrum, and were detected as very

weak and united broad bands.

The reduction in the peak intensities and disappearance of some peaks in the polymer can be
interpreted as the precursor molecules being partially dissociated as a result of being subjected to
the RF plasma field [33]. However, the absorption band of C=0 asymmetric stretching observed
in the 1800—1600 cm ™' region was possibly due to the post oxidation of the trapped free radicals,
confined during film formation [34]. The emergence of a strong methyl peak at 1452 cm™', and
relatively weaker methylene band at 1377 cm™', confirms that geranium oil-derived films
comprise a large quantity of short unsystematically-branched chains, rather than long linear

backbone structures, a structure typically associated with plasma polymer [26].

Table III.2. . FTIR spectra assignments for geranium essential oil and geranium oil-based
polymer.

Group Frequency, cm™!

Assignment

Precursor Polymer
Stretching (OH) 3367 3436
Asymmetric stretching, methyl (~CH>) 2962 2961
Symmetric stretching, methylene (—CH3) 2926 2933
Asymmetric Stretching methyl (~CH3) 2872 2875
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Stretching aldehyde (C=0) 2728 -

Stretching (C=0), aldehyde 1730 1708

Stretching (C=0) carbonyl 1713 -

Alkenyl (C=C) 1671 1625

Asymmetric bend methyl (C—H) 1452 1453

Symmetric bend methyl (C—H) 1377 1376

In-plane bending (O-H) 1267

Skeletal (C=C) 1174 Merged in broad

band
Stretching, alcohol (C-0O) 1058 and 1008

Comparison of the resulting films at different deposition powers (10 W and 100 W) revealed that
with increasing input power, the crosslinking of the fabricated polymers increases. This is
possibly owing to the higher fragmentation rate that occurs in higher density plasmas, due to an
increase in inelastic collisions among high energetic electrons and precursor species, which could

cause the overlapping of electronic orbitals [34].

Precursor

Transmission (a.u.)

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure II1.2. . FTIR spectra of geranium essential oil (precursor) and geranium oil-based polymer
fabricated at 10 W and 100W.

I11.4.3. Optical Properties

Determination of material optical properties, including transparency, the spectral dependence of

the refractive index and extinction coefficient, and optical band gap energy, are essential in optics-
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related industries [35,36]. Independent of applied power, geranium oil-derived polymer films

were revealed to be optically transparent within the visible wavelength range.

Refractive index (n), a measure that describes how light propagates through the medium, was
found to be not significantly dependent on the RF power, with all curves characterised by a similar
shape (Figure II1.3.). At a short wavelength of 200 nm, the variation in the refractive index
between polymers fabricated at applied powers of 10 W and 100 W was approximately ~0.0097.
At wavelengths above 900 nm, the variation in the refractive index was ~0.0069. This result
agrees with previous studies that showed a variation of less than 1% for thin films derived from
other essential oil precursors, e.g., y-terpinene and linalyl acetate [37,38]. In contrast, Cho et al.
found that the refractive index of ethyl-cyclohexane films increased when the RF power was

increased [39].

The extinction coefficient (k), a measure of how a medium absorbs light at a specified wavelength,
also showed very little dependence on the applied power, especially in the high wavelength region
(above 900 nm), as the variation was 0.0013. At a short wavelength of 200 nm, the variation in
the refractive index for polymers fabricated at applied powers of 10 W and 100 W was
~0.0268. As the films have optical constants similar to glass and good transparency in the visible
region, it is suggested they are suitable candidates for integration into protective coatings in

optical and biomedical devices, such as lenses [38,40].

Figure I11.4 shows UV-vis spectra of geranium oil-derived polymer thin films deposited on glass
with increasing RF powers, from 10 to 100 W. The maximum absorption peak was observed at
approximately 290 nm, which possibly relates to n—n* transitions [41]. The absorption peak width
increased slightly with an increase in the RF power. This could be associated with an increase in
the length of the conjugated m-system, which usually shifts the absorption maximum peak to a
longer wavelength [42]. However, no significant shift in location or variation in magnitude of the
absorbance peak was detected with respect to RF power. This was also observed in films
fabricated from linalyl acetate by plasma polymerisation [38]. The findings show that the
absorption spectra are repeatable under similar deposition conditions (RF power, pressure,
temperature, etc.). The optical absorbance results strongly suggest that geranium films can be
used as encapsulating (protective) layers for organic electronics to extend the lifetime and

preserve efficiency of oxygen- and water-sensitive organic materials [40].

49



1.70

168
166 |
164

1.62
1.60

Refractive index

1.58

1.56
1.54

1.52
200 400 600 800 1000

Wavelength (nm)

@

0.14

0.020

S A N 25W
0.12 i 0018 | . BOW

0.10 it

0.08

0.06

0.04

Extinction coefficient

0.02

0.00

200 400 600 800 1000
Wavelength (nm)

(b)

Figure III.3. Optical constants of geranium oil-derived polymer films fabricated at various
deposition powers; (a) Refractive index; (b) Extinction coefficient.

The energy gap of geranium oil-derived polymer films was determined using the optical
absorption coefficient data acquired from UV-vis spectroscopy measurements. The optical
energy gap was calculated using Tauc relation aE = A(E — E,)"", where E is the photon energy, A
is a constant, and n(1/r) is related to the density-of-states distribution in the transport gap, and

equal to 1/2, 3/2, 2, or 3 for direct or indirect transitions [43]. The MATLAB program was used
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to convert UV—vis spectroscopy data to a Tauc plot, determine the linear portion of the high
energy region, and extrapolate the line until it intersected with X-axis to estimate the optical band
gap (Figure 111.4). The best fit was observed at n = 1/2, which is related to directly allowed

transitions.

A very small decrease of optical band gap with an increase in the input power was observed in
the films. Samples fabricated at 10, 25, 50, 75, and 100 W had E; = 3.67, 3.65, 3.60, 3.61, and
3.60 eV, respectively. The optical properties of plasma polymerisation films significantly relied
on the structure of the p-conjugated chains in both the ground and the excited levels, and on the
inter-chain orientation [44]. The narrowing of E, is possibly owed to dangling bonds created in
the polymer structure during the fabrication. At low RF power, there was low concentration of
dangling bonds because of their saturation with hydrogen atoms, while higher RF power increased
the fragmentation rate in the plasma field that accelerated deposition of chains with unsaturated
bonds [45]. The unsaturated bonds were expected to be reason for the foundation of structural
defects and/or created some intermediate energy levels due to structural reorganisations

enhancing the density of localised states in the band structure that end in low values of E,.
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Figure I11.4. (a) UV—vis absorption spectrum of geranium oil-derived films; (b) The optical energy
gap of geranium oil-derived films fabricated at various radio frequency (RF) powers.

I11.4.4. Surface Topography

Topological and biochemical characteristics of a surface in part determine the rate of microbial
adhesion. Bacterial growth and proliferation are highly associated with the size of the micro/nano-
features of the surface. There is an ongoing debate among scientists regarding preferential
attachment of bacteria to rougher surfaces. Proponents of the theory attribute increased cell
adhesion to three main factors, namely higher surface area available for attachment, protection

from shear forces, and chemical changes in cells that cause preferential physicochemical
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interactions [46]. At the microscale, where the cell is much smaller than surface features, the
roughness would indeed provide “hiding places”. While at nanoscale, where the features are
smaller than the size of the cell, rougher surfaces would provide less points of attachment than
smooth surfaces. Also, the distribution of the features on the surface is important. It has been
reported that Pseudomonas aeruginosa and S. aureus cells preferentially attached to surfaces
constructed of regularly spaced pits of 1 um and 2 pum in size, but not those constructed of

irregularly spaced pits of 0.2 pm and 0.5 pm [47].

In this study, AFM images were obtained to determine information regarding the surface
properties. Several parameters were used to describe the surfaces, including maximum height
(Smax), average roughness (S,), root mean square (Sq), skewness (S), and kurtosis (Ska). Smax, Sa,
and Sq were used to estimate the topographical characteristics of geranium oil-derived polymer
films, while Sg and Sy, were referred to when describing the surface regularity. Representative
images of the surfaces of geranium oil-derived films are shown in Figure III.5. and roughness

parameters for the films are summarised in table IIL.3.

The maximum peak height of 8.30 nm was observed on the surface of the sample fabricated at
the highest deposition power (100 W) with a scanning area of 3 um X 3 um. S, and S, increased
slightly as a result of an increase in the input RF power. At powers of 10, 25, and 50 W, S, values
were 0.18, 0.21, and 0.29 nm, respectively, with higher S, values reported for the samples
deposited at 75 and 100 W, at 0.63 and 0.69 nm, respectively. The increase in the roughness may
be related to more energetic ions at higher RF power causing more surface bombardment and
etching [48]. Irrespective of fabrication power, the average roughness values remained below 0.7

nm, confirming the smooth and uniform nature of plasma polymers from geranium oil.

Surface skewness measures the symmetry of the deviations of a surface profile about the mean
line. Its value can be positive or negative, and it is sensitive to the irregularity of deep valleys or
high peaks [49]. The skewness parameter can be employed to distinguish between surfaces with
similar root mean square roughness or arithmetic average height values, but different shapes [50].
The maximum value of skewness for geranium oil-derived plasma polymer films was found to be
0.75 nm on the sample deposited at 75 W (10 pm % 10 um). Another parameter frequently used
to describe surfaces, surface kurtosis (Ska), describes the distribution of the protrusions with
respect to the mean line. For a mesokurtic distribution that is similar to or identical to normal
distribution, the kurtosis is zero. Distributions with positive kurtosis are leptokurtic, and are
characterised by high peaks, whereas platykurtic distributions have negative kurtosis, and are
characterised by flat-topped curves [51]. All investigated samples exhibited Sg and Sya values

falling fairly close to 0 and 3, respectively, suggesting surfaces with a symmetrical distribution
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of peaks and valleys [29]. It has been observed that skewness and kurtosis parameters of geranium

oil-derived films are independent of the RF deposition power.

Independent of deposition power, the topographical features appeared to be uniform, smooth, and
pinhole free. The uniformity indicates that polymerisation reactions occurred essentially on the
surface of the substrate, instead of in the gas phase. The variances in the sample profiles, and both
scanning areas, were not statistically significant. Besides possessing considerable smooth
surfaces, films fabricated by the plasma polymerisation process reveal high spatial uniformity and
good adhesion to the substrate [52]. AFM results also revealed that the films’ entropy, or the level
of disorder or randomness in a system, increased as a result of fabrication power. The entropy

increases are possibly related to the surface flatness decreases [53].

b
0s - 95 0s b

75 W 100 W

Figure I1L.5. Typical three-dimensional atomic force microscope images of 3 pm x 3 pm scanning
area of geranium oil-derived film surfaces fabricated at various RF power.

Table II1.3. Surface profiles of 3 pm X 3 uym and 10 um x 10 um of geranium oil-derived film
surfaces fabricated at various RF power.

Sample 10 W 25 W 50 W 7SW 100 W

Scanning area (um) 3x3 10x10 3x3 10x10 3x3 10x10 3x3 10x10 3x3 10x10
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Max, Smax (nm) 1.93 3.75 239 421 3.07 3.52 6.59 6.02 8.07 8.30
Average roughness, S. 0.18 0.23 0.21 0.23 0.29 0.30 0.63 0.58 0.69 0.60
(nm)

Root mean square, Sq 0.23 0.30 0.27 0.30 036 0.38 0.81 0.74 089 0.77
(nm)

Surface skewness, Ssk 0.02 0.08 0.17 0.03 0.04 0.04 0.56 0.75 0.59  0.67
Coefficient of kurtosis, 0.06 0.55 0.05 0.81 0.01 0.03 054 137 0.69 1.07
Ska

Entropy 3.09 345 3.28 344 372 3.80 4.84 470 498 4.75

II1.4.5. Mechanical Properties

In order to determine the mechanical properties of geranium oil-derived thin films, a nano-
indentation test was performed. The AFM was activated in the force mode that brought the tip
into contact with the tested film, pushed to a maximum load, held for a period of time, and then
withdrawn. While the indenter was being pushed into the polymer, the load and displacement
were identified continuously, drawing a load versus displacement curve, as presented in Figure
II1.6. A. For very thin polymer films, the quality of the data is limited by a number of factors. It
has been discussed that creep effects on elastic modulus at higher loads are significant, even
though this influence could be a result of higher unloading stiffness [54]. Thermal drift, caused
by inconsistency in ambient temperature, complicates nano-indentation measurements. Peaks and
valleys can affect how the indenter contacts the sample. Furthermore, the pile up and sink in
phenomena are related to plastic deformation in the films, as seen in Figure II1.6. B. During the
holding time, it is possible that the tip would continue to move into the surface of the sample as a
result of the viscous creep. Therefore, six indents were randomly located on the films to reduce
the inaccuracy due to creep or roughness effects. The loading forces of 300, 400, 500, 600, 700,
and 1000 pN were applied, with indentations separated by at least 5 um, as presented in Figure
III.6 C, D. In order to minimise the effect of the substrate on the measurement, films with
thickness of >1500 nm were tested to keep indentation depths within 10% of the film thickness,

thus collecting data within the plastic response of the film only.

The hardness of geranium oil-derived thin films increased with the increase of power deposition,
as shown in Table I11.4. This could be associated with the increase in crosslinking in the polymers

deposited at higher RF power, which potentially results in an increase in resistance against
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deformation [55,56]. Similarly, an increase in elastic modulus and a decrease of contact depth
with increasing RF power, have been observed. This may be attributed to the transition from
spherical contact to conical contact that occurs for the Berkovich indenter used in the investigation
at he = indenter radius/4 [37]. Liu et al. argued that the Berkovich indenter (complex shape) has
higher hardness and lower elastic modulus compared to the conical indenter [57]. It is not
uncommon to observe the stress relaxation at the maximum load when unloading just takes place,
since the strain beneath the indenter is relatively large, and the strain rate is also very large at this
point [58]. Besides, the sudden withdrawal of the indenter leads to oscillations, which may affect

the measurements.

The elastic modulus and the hardness were calculated using the Oliver—Pharr nonlinear curve,
which is based on the equation P = A(h — hy)", where A and m are power law fitting parameters,
h is the depth variable, and h is the final depth. In light of what has been written on measurement
limitations, the hardness and elastic modules values presented in Table I11.4 may quantitatively

differ from the actual properties of geranium oil-derived thin polymer films.
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Figure I11.6. (A) Load displacement versus time curve of geranium oil-derived film fabricated at
10 W and 100 W. (B) Pile up and sink in phenomena in the film. (C) AFM image of plastic
impressions left behind in geranium oil-derived thin polymer fabricated at 50 W after
indentations. (D) Profile plane of the investigated surface.
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Table III.4. Mechanical properties of geranium oil-derived thin polymer films fabricated at
various power.

Power Hardness Elastic Contact Contact Final Contact
Deposition (GPa) Modulus  Depth Stiffness Depth Area

(W) (GPa) (nm) (uN/nm)  (nm) (nm?)x 10°
10 0.63 9.39 141.88 10.44 179.87 8.24

25 0.74 11.55 123.72 12.18 156.81 8.02

50 0.74 12.51 127.03 12.79 154.28 7.29

75 0.81 16.78 105.25 16.21 127.74 6.21

100 0.85 20.61 103.78 18.28 124.08 6.16

I11.4.6. Contact Angle and Wettability

The wettability of plasma polymerised films was assessed using the sessile liquid drops system.
A liquid drop was gently placed on a horizontal solid substrate, where the drop formed the shape
of a sphere section due to its interaction with the surface. The angle at the triple-phase contact
line between the sphere and the surface was measured to determine the wettability of the surface.
Theoretically, the adhesive forces between a liquid drop and a substrate are a local reaction, which
is influenced by the interactions of the actual drop and the surrounding vapour with the substrate,
thereby necessitating independence of the drop volume [59]. However, it has been argued that
larger drops are more subject to errors as a result of gravity effects, causing sagging near the
contact line, and deformations to the drop [60]. In contrast, smaller drops can cause errors due to
evaporation and the interference of contact line tension, triggering deviations in measurements
[61]. Further, the atmospheric conditions play a substantial role in the control of contact angles,
where the partial pressure of oxygen influences the equilibrium and uniformity of the formed drop
[62]. Besides, the homogeneity of the chemical composition of the surface may affect droplet
symmetry [63,64]. The topography is a parameter that has to be considered, as in some cases,
contact angles can be increased owing to the roughness [65]. However, contact angle

measurements provide details about the character of a top surface in the range of 0.5-1.0 nm [66].

For the above reasons, the size of the droplet was carefully chosen to minimise inaccuracies in
the acquired data for the test liquids. In the case of the water, a droplet volume (V) of
approximately 3 pL was used, yielding dimensions of area (A) ~ 9 mm?, height (H) =~ 0.90 mm,
and base diameter (2a) = 3 mm upon contact with polymer surface. For DIM (CHazl»), a smaller

droplet of V = 1.3 pL was used, producing dimensions of A = 6.9 mm?, H = 0.39 mm, and 2a =
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2.8 mm upon contact with polymer surfaces. For glycerol (C3H3O3), an average droplet volume
of V = 1.6 uL was used, resulting in contact droplet dimensions of A = 5.7 mm* H =~ 0.66 mm,

and 2a = 2.33 mm. For these dimensions, the relative error was ~1%.

In each experiment, the drop profile was recorded by video camera and solved numerically. Static
contact angle data were acquired for each sample on a minimum of five points. Table III.5 presents
average contact angles of geranium oil-derived polymer films fabricated at various RF power
levels. At the higher power of 100 W, water contact angle was 65.6°, while at the lower power of
10 W, the contact angle value was notably lower, at 55.5°. An increase in the contact angle with
an increase in the fabrication power may be attributed to a decrease in the oxygen content in the
resultant polymer films. This conclusion is supported by FTIR data, which show the hydroxyl
group peak reduced in intensity as RF power increased, which in turn led to a decrease in the

polarity of the surfaces of films fabricated at higher RF power [67,68].

Examination of the evolution of contact angle with time (Figure I11.7) provides further evidence
for the dependence of contact angle on the degree of crosslinking, with a relatively high rate of
change in the case of polymers fabricated at lower RF power. This behaviour is indicative of the
reorientation of functionalities at the solid—liquid interface in the films fabricated at low power,
which is difficult in more crosslinked films synthesised under high RF power conditions [27].
The formation of highly crosslinked structures in films is probably owing to more fragmentation
of precursor molecules as the applied power increases [27]. The resultant films become more rigid
because of an increase in the bonding interconnection and dense packing. An increase in the water
contact angle, with respect to input power of polyterpenol coatings deposited by plasma

polymerisation, has also been reported [69].

Table II1.5. Contact angles 0 for geranium oil-derived thin polymer films deposited at varied RF
powers.

Solvent Contact Angle

IOW 25W 50W 75W 100 W

Water 540 598 61.7 641 656

DIM 38.0 346 342 33.0 324

Glycerol 35.6 54.1 572 5677 572

Geranium oil-derived polymer films revealed contact angles ranging from ~50° to 60°.

Moderately hydrophilic surfaces are generally considered well-suited for biological applications,
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as they facilitate and promote adhesion of multiple cell lines, and hence can be used as coatings

to enhance biocompatibility of implantable and extracorporeal biomaterials [68,70]. Once the

equilibrium contact angle was reached, the contact angle remained stable, indicating chemical

stability of geranium oil-derived films while in contact with water. The contact angle for

diiodomethane decreased with increasing RF power, whereas contact angle for glycerol showed

similar behaviour with increasing RF power, to that of water.
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Figure II1.7. Evolution of contact angle with contact time: (A) water, (B) DIM, and (C) glycerol.

II1.4.7. Surface Tension Parameters and Solubility

There are several approaches to estimate the surface tension through contact angle, such as the
methods by Berthelot, by Fowkes, and by van Oss, Chaudhury, and Good (VCG) [27,71,72]. It
should be noted that there are unique limitations for using each of these methods. Nevertheless,
the VCG three-liquid approach has been widely studied and successfully employed for
determining surface tension parameters [ 73], and thus, was selected to estimate the surface tension
values in this study. The VCG method considers the total surface tension y of a solid surface is a

summation of interfacial Lifshitz—van der Waals forces y-" (dispersive and polar) and acid-base

interactions Y*® (electron donor—acceptor), where y48 = 2 \/y*y~ [67].

The acquired contact angle data were used to determine the surface tension parameters
summarised in Table II1.6. The results indicate that an increase in RF power had a slight influence
on the total surface tension of the geranium oil-derived polymer films. In particular, samples
fabricated at 10 W revealed relatively high surface tension compared to samples fabricated at
other RF powers. The dispersive parameter - showed a consistent decrease with increasing RF
power. This may be because the higher power samples contained less polar moieties, such as —
OH group [28]. The surface tension parameters calculated from polar liquid data, i.e., water and
glycerol contact angles, decreased for increasing RF deposition power, due to an increase in the
polarity of these surfaces, while the surface tension parameters estimated from contact angles for

apolar liquid (DIM) displayed the opposite trend.

The highest value of y* for geranium oil-derived polymer films was 5.88 mJ/m?, calculated for 10
W samples, and the lowest value was 0.87 mJ/m? for 50 W samples. The maximum value of ¥,
29.82 mJ/m?, was obtained for films deposited at 10 W, and the lowest value was 15.85 mJ/m?,
calculated for samples fabricated at 100 W. All samples displayed y~ > v, indicating that the
tested films have monopolar surfaces, of which most are water soluble [67]. To evaluate the
minimum value for y~ parameter at which the polymer becomes soluble in the water, the van Oss
formula (Equation. 2) was solved for y-"= 42.26 mJ/m’. It was found that geranium oil-derived
plasma polymer films become water-soluble at y~ > 28.96 mJ/m*. Thus, samples fabricated at 10
W are expected to be soluble in water, while samples fabricated at higher RF power (25, 50, 75,
and 100 W) are expected to resist solubility, since their y~ < 28.96 mJ/m?.

The determination of polymer solubility (AGi2i) is vital for biomaterial applications, since the
material deals mainly with aqueous media, as well as for solution processing in electronics.

Physically, AGi2; represents the free energy change, so when AGjz >> 0, the material is
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solvophilic in the used liquid; while for AGi2; << 0, the material is solvophobic in the used liquid;
for AGi21 = 0, the material is partially dissolved in the given solvent. Solubility of geranium oil-
derived films in different solvents are reported in Table II1.6. The polymer films were found to
be solvophobic for all solvents, except for 10 W sample. The solvophobicity behaviour of
geranium oil-derived films increased with input power for water and glycerol (polar solvents),
while they decreased slightly for DIM (apolar solvent). This is possibly related to the increase in
the polarity of the polymer surfaces, as discussed previously. The solubility results showed that
the stability of fabricated polymers is influenced by both fabrication conditions, namely RF
power, and the choice of the solvents. However, it is important to note that the solubility values
may be quantitatively different when using another approach in the calculations of surface

tension.

Table II1.6. Surface tension parameters and corresponding solubility for geranium oil-derived
thin polymer films deposited at varied RF powers.

Interfacial Surface

Surface Parameters Tension Between Szlrlfz;ei?;iqmd

Sampl Solute and Solvent

e oo , X:;r ?ISL(DIM ySL,Gycero rAGwate AGOM ﬁGGlycer
10W  40.6 >8 298 670 075 27.05 -1.61 -1.5 541 3.22

8 2 8 0

25 W 4112.2 }.2 .22.0 22.5 2.13 1072 548 ;12.2 ;21.4 10.96
50 W ‘9‘2'3 (7)'8 ‘;‘0'3 (5)0'8 784 879 685 ;5'6 ;7'5 ~13.70
75 W 4312.9 ;.0 ;7.3 31.5 ;0.6 .94 6.94 ;21.3 g17.8 13.88
100 W 4913.1 ;.0 ;5.8 31.2 ‘1‘2.2 238 7 45 ;24.4 ;16.7 14.90

I11.4.8. Cell Attachment

The attachment and biofilm formation of S. aureus, P. aeruginosa, and E. coli on the surfaces of
geranium oil-derived polymer films after 18 h of incubation were visualised by SEM and CSLM

imaging (Figure II1.8), and quantified (Table III.7). Comparison of attachment patterns revealed
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notable differences for samples fabricated at different RF powers, regardless of the pathogen
tested. Films fabricated at 10 W RF power displayed significant antifouling activity, preventing
the attachment of bacterial cells, as well as limiting the formation of biofilm. Bacterial cells
produced significantly more EPS when attached to glass control or polymer film fabricated at 50
W RF power, forming double-layer morphology, indicative of the biofilm formation. The
morphologies of the cells were also different between the surfaces, with smaller cells being
present on the surface of the 10 W sample compared to that of cells attached to 50 W sample or
glass control. There was no significant difference between the number of cells, biovolume, or

biofilm thickness obtained for the 50 W sample and control.
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Figure IIL8. Representative P. aeruginosa, S. aureus, and E. coli attachment patterns on the
surfaces of the control glass, and geranium oil-derived polymer film samples fabricated at 10 W
and 50 W after 18 h incubation. SEM images represent an overview of the attachment pattern.
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These results are very similar to that reported for polyterpenol thin films, which were synthesised
using plasma polymerisation from terpinene-4-ol, a broad-spectrum antimicrobial plant secondary
metabolite and a major constituent of Melaleuca alternifolia essential oil [69]. There, low input
power conditions (i.e., 7-10 W) were also found to favour the partial preservation of biochemical
activity of the original monomer unit, and resulted in a substantial antimicrobial and
antibiofouling activity of polyterpenol thin films. Similarly to this study, those S. aureus cells that
managed to attach to the surface of polyterpenol were of smaller size than those attached to control
or polyterpenol films fabricated at high input power. At 0.6 pm, they were also smaller than those
cells attached to the surfaces of geranium oil films fabricated at the same input power conditions
(at 0.8 um). The biofilm formation was also reduced on polyterpenol samples deposited at 10 W,
at an average thickness of 0.30 = 0.04 pm, and biovolume of 0.09 £ 0.002 um?*/um? which is
similar to the respective values of 0.35 +0.03 um and 0.28 + 0.03 pm?/um? observed on geranium
thin films. With a similar level of activity, geranium oil presents a more attractive alternative,
considering that it contains multiple constituents, and thus, may potentially target different
cellular components and processes within the bacterium, thus contributing to the efficacy of the

coating and potentially reducing the likelihood of bacterial resistance.

Table IIL.7. Comparative evaluation of bacterial attachment and retention on geranium oil-based
polymer film surfaces fabricated at different RF powers.

Quantification S. aureus P. aeruginosa E. coli

Initial cell density x 10°, cfu mm™ 19.6+2.1 15.0+£09 92+1.7

Zeta potential, mV —33.1+£2.0 -15.1+1.1 -39.5+0.6
Cell dimensions, pm

Control 09%x05%x03 22x12x04 27x12x0.3
10w 08x04x02 1.7x1.1x03 23x1.1x0.2
50 W 09x0.6x04 21x1.1x04 26x14x0.2
Percentage of attached cells, %

Control 0.39+0.15 0.42+0.11 0.49+0.19
10w 0.040 + 0.002 0.070 £ 0.003 0.030 £ 0.001
50 W 0.33 +0.09 041 +£0.15 0.35+0.18

Retained cells 10°, number of cells per mm?

62



Control 7.64 +1.32 6.3+1.62 451+1.29

10 W 0.78 £ 0.02 1.05 +0.03 0.28 £ 0.02

50 W 6.45+1.45 6.15+1.38 322+1.15

Biovolume, pm®/pm?

Control 8.92+0.79 7.39 £ 0.62 8.01+0.97
10 W 0.28 £0.03 0.23 +0.03 0.27 £ 0.01
50 W 7.63£1.13 7.08 £ 1.02 6.03 £ 0.95

Average biofilm thickness, um

Control 17.19 £ 2.05 13.2+1.62 11.5+1.62
10 W 0.35+0.03 0.42 +0.01 0.28 £ 0.02
50 W 15.32+1.05 6.15+ 1.38 9.22 +1.08

The nature of cell-surface interactions is dependent on the properties of both the pathogen cell
and the surface the pathogen is trying to colonise [74]. It is well-established that the mechanism
of bacterial attachment is multi-stage, involving reversible and irreversible components. When
bacterial cells are separated from the surface by the distance of more than 50 nm, the interactions
between the cells and the surface are nonspecific, and are determined by both the separation
distance and the free energy of both entities, in particular, their respective dispersive components.
Attractive forces promote cell attachment, whereas repulsive forces impede the ability of the cell
to approach the surface and engage in more specific molecular or cellular interactions. Those cells
that manage to successfully approach the surface (where the distance is below 5 nm) have the
ability to engage in hydrogen bonding, ionic and dipole interactions, and hydrophobic
interactions. These interactions are more difficult to break. To assist attachment, bacterial cells
can actively express a wide range of surface-bound and free-floating polymeric structures, such
as capsules, fimbriae, pili, and slime, which may facilitate cell movement toward the surface and

the establishment of specific, irreversible molecular bonds with the colonised surfaces.

S. aureus cells are moderately hydrophobic, with a typical water contact angle of ~70°, whereas
P. aeruginosa and E. coli cells are moderately hydrophilic, with a water contact angle of ~45°
and

~35°, respectively. The surfaces of the three pathogens are negatively charged, with E. coli

exhibiting the largest negative zeta potential { of —39.5 mV, followed by S. aureus ({ = —33.1
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mV), with P. aeruginosa cells characterised by the least negative zeta potential of —15.1 mV.
Given that geranium oil-derived polymer films tend to donate electrons rather than accept them,
some electrostatic repulsion would be expected to take place between the bacterial cells and the
negatively charged polymer surface, with the strongest repulsion, and hence, weakest cell
attachment, expected for E. coli cells. Interestingly, independent of the pathogen species,
geranium oil-derived polymer surfaces were susceptible to bacterial colonisation and some
biofilm formation. Conversely, polymer samples fabricated at 10 W actively repelled cell
attachment irrespective of bacterial species, suggesting a more complex mechanism of

antibacterial activity.

Exposure of the precursor to the highly reactive plasma environment initiates a wide range of
reactions that include fragmentation, rearrangement, oligomerisation, and polymerisation. The
extent of precursor fragmentation is highly dependent on the amount of energy delivered into the
plasma chamber, which is in turn, directly related to the applied RF power. The dissociation is
initiated by highly energetic electrons, rather than by means of thermal excitation or chemical
reaction, giving rise to a unique assortment of chemically reactive species that may not be
obtainable under other processing conditions. These reactive species can undergo recombination
inside and outside of the plasma region, e.g., at the surface of the substrate, enabling the formation
of the polymer thin film on its surface. Given the abundance of chemically-diverse species, and
the presence of functional groups typically associated with conventional polymerisation, the
polymerisation process follows multiple pathways, including conventional polymerisation, as
well as fragment-recombination triggered by the plasma-generated and surface-attached reactive
ions, and free radicals. This gives rise to a more complex polymer structure, potentially rich in
free radicals trapped in a three dimensional network. The surface topography of the thus-formed
polymer is influenced by the intensity of plasma-generated ion bombardment, which is again

linked to the applied RF energy.

Considering the intimate link between biological activity of the surface and its surface chemistry
and nanoscale topography, it is possible that the combination of these properties in polymer films
fabricated at 10 W prevent bacterial fouling. Chemical characterisation showed that these surfaces
bared a larger proportion of hydroxyl functional groups compared to the samples fabricated at 50
W. It has previously been shown that S. aureus cells preferentially attached to surfaces bearing
carboxylic and methyl functional groups than those containing —OH functionality [75]. This is
also supported by the thermodynamically predicted preference of hydrophobic cells for
hydrophobic substrates.
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II1.5. Conclusions

We have synthesised and investigated the properties of geranium extract-derived polymer thin
films at various fabrication powers. With increasing input power, the crosslinking of the
fabricated polymers increased. The refractive index, extinction coefficient, and optical band gap
were found to be not significantly dependent on the RF power. AFM images indicated that the
topographical features appeared to be uniform, smooth, and pinhole free for all samples, and the
surface roughness increased with an increase in the input power. The nano-indentation test
revealed that the hardness and elastic modulus of the films increased with RF power deposition.
The wettability of the polymer improved with input power and the polymer became more resistant

to solubility in water.

Geranium extract-derived bioactive coatings have the potential to reduce and eradicate the
bacterial adhesion and biofilm formation of important human pathogens. Noteworthy is that RF,
in particular, played a significant role in changing the surface chemical functionality, and
substantially improved the biological activity of the resulted polymer. Sample fabricated at 10 W
demonstrated a remarkable reduction in the number of cells, biovolume, or biofilm thickness,
while there was no significant difference in the bacterial growth between samples fabricated at

50 W and control.

Geranium plasma polymer thin films showed several advantages, including cost-effectiveness,
low density, good adhesion, uniform coverage, and considerable physical stability, besides
significant antibacterial properties. This data recommends that the resultant polymer coatings
could be efficiently integrated as antibacterial material into medical relevant devices, to mainly

minimise bacterial adhesion, and consequently, substantially reduce hospital-acquired infections.
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Chapter IV

Nanocomposite Films Derived From Geranium Qil and Zinc Oxide

This chapter reports the fabrication and characterizations of nanocomposite films manufactured
from geranium essential oil and the thermal decomposition of Zn(acac), in one step hybrid-plasma
system. The chemical composition, surfaces characteristics, antimicrobial performance and metal

release of the fabricated nanocomposite are systematically investigated.
This chapter was published as:

Al-Jumaili, A.; Mulvey, P.; Kumar, A.; Prasad, K.; Bazaka, K.; Warner, J.; Jacob, M.V. Eco-
friendly nanocomposites derived from geranium oil and zinc oxide in one step approach. Scientific

Reports 2019, 9, 5973.

Abstract

Nanocomposites offer attractive and cost-effective thin layers with superior properties for
antimicrobial, drug delivery and microelectronics applications. This work reports single-step
plasma-enabled synthesis of polymer/zinc nanocomposite thin films via co-deposition of
renewable geranium essential oil-derived polymer and zinc nanoparticles produced by thermal
decomposition of zinc acetylacetonate. The chemical composition, surfaces characteristics and
antimicrobial performance of the designed nanocomposite were systematically investigated. XPS
survey proved the presence of ZnO in the matrix of formed polymers at 10 W and 50 W. SEM
images demonstrated that the average size of ZnO nanoparticle slightly increased with an increase
in the power of deposition from approximately 60 nm at 10 W to approximately 80 nm at 50 W.
Confocal scanning laser microscopy images showed that viability of S. aureus and E.coli cells
significantly reduced on surfaces of ZnO/composites compare to pristine polymers. The release
of ZnO nanoparticle from the composite thin films was confirmed using ICP measurements, and
can be further controlled by coating the film with thin polymeric layer. These eco-friendly
nanocomposite films could be employed as encapsulation coatings to protect relevant medical

devices surfaces from microbial adhesion and colonization.

IV.1. Introduction

There has been an increased interest in the functionalizing of sustainable resources-derived
polymers via incorporation of metallic nanoparticles, where the intrinsic properties of the
nanoparticles are contributed into that polymer[1]. The resultant ‘eco-friendly composites’
combine the advantages of low-dimensional organic layers with an enormous specific surface
area of nanoparticles, creating a wide range of promising applications in science and

manufacturing[2]. These composites are versatile, potentially biodegradable, and their polymer
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can be derived from a wide variety of possible renewable precursors such as oxygen-rich
monomers, and hydrocarbon-rich monomers|3, 4]. Intelligent use of eco-friendly nanocomposites
have the potential to reduce the growing impact of modern day technology on ecosystems (e.g.

pollution and waste disposal) while sustaining the development of nanotech-driven applications.

The potential to modify chemical, physical and/or bio-responsive properties of solid surfaces (e.g.
medical devices and implants) without affecting their bulk properties is the key utilization of
composite thin films in electronics, biomaterials, and other relevant industries [5, 6]. In particular,
nanocomposites could be effectively employed as antibacterial coatings, where the metal
nanoparticles are incorporated into a thin layer of polymer, providing a high platform for active
particles to interact with microorganisms. The main benefit of these composites is the extremely
low quantity of selected nanoparticles required to achieve desired outcomes due to powerful

antimicrobial properties of metal nanoparticles [7].

Plasma polymerization is one of the rapidly advancing techniques for deposition of smooth,
uniform, organic thin films from naturally-available alternatives (e.g. essential oils and herb
extracts) on different substrates [8]. Essential oil-based coatings prepared by plasma
polymerization display a wide range of desired properties, such as impart biocompatibility, optical
transparency, moderate hydrophilicity and low post-annealing retention [9]. These films have
found a host of applications in biomaterials (e.g. biocompatible and antimicrobial surfaces) and
electronics (e.g. superior organic and hybrid devices)[10, 11]. However, plasma systems can be
adapted to introduce inorganic particles in the structure of the polymer matrix as the latter is
formed [12, 13], where the chemical reaction in the gas-phase and the nucleation/growth of
nanoparticles take place simultaneously. Consequently, plasma-formed composite materials
comprise inorganic particles and their clusters trapped within a highly cross-linked polymer
matrix consisting of short polymeric chains that are randomly branched and terminated.
Nevertheless, it is interesting to note that there is no systematic study, in the literature, investigates

nanocomposite plasma films derived from essential oils and inorganic nanoparticles.

Among various metals, zinc oxide nanoparticles have an attractive set of properties that include
a powerful antibacterial performance against a variety of pathogenic microorganisms, high
luminous transmittance chemical/physical stability and excellent catalytic activity [14-16].
Furthermore, zinc oxide is relatively low cost, available in commercial quantities and can take
several morphological forms (e.g. spherical particles, nano-rode, etc). While there are various
physical/chemical methods to produce nano-sized zinc oxide, thermal decomposition of zinc
acetylacetonate (Zn(acac),) is known to generate zinc oxide nanoparticles of different size and
morphology [17-20]. This process can be integrated with a plasma polymerization system to

enable in situ functionalization of the polymer (during chains formation) in the absence of
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catalyst. Also, it allows for a wide variety of metals and organic precursors to be combined, and

guarantees a minimum contamination rate.

This paper reports the fabrication and characterizations of nanocomposite films produced using a
single-step approach that combines simultaneous plasma polymerization of renewable geranium
essential oil with thermal decomposition of Zn(acac),. To best of our knowledge, this is first study
on the functionalization of geranium plasma thin polymers with inorganic nanoparticles toward

producing eco-friendly materials.

IV.2. Materials and methods

IV.2.1. Precursors
Geranium essential oil was nominated because it is highly volatile at room temperature, where no

external heating system nor carrier gases are required to transport the precursor molecules to the
spot of fabrication. Moreover, geranium oil possesses strong antibacterial activity toward gram-
negative and gram-positive bacteria, which under certain polymerization conditions can be

retained in the fabricated films.

Geranium essential oil was obtained from Australian Botanical Products (ABP, Victoria,
Australia). As mentioned by the manufacturer, this geranium oil is extracted through steam
distillation process from leaves of Pelargonium graveolens. The oil contains citronellol (32%),
geraniol (15%), linalool (6%), isomenthone (6%), geranyl formate (2.5%), tiglate (2%),
citronellyl formate (6%), guaia-6,9-diene, and 10-epi-y eudesmol (5%), as well as trace amounts
of other secondary plant metabolites. Geranium oil was used without further modification in all

experiments.

Zinc acetylacetonate hydrate powder obtained from Sigma-Aldrich (Germany) was used (without
further purification) as zinc precursor. Zn(acac), was selected due to its relatively low
decomposition temperature, which made it possible to integrate gas-phase catalyst-free
nanoparticle nucleation and synthesis with plasma polymerisation. By comparing with other
procedures, for example, Ao et al heated ZnCl, and Na,COs from 400 to 800 °C to create ZnO
NPs varying from 18 m to 36 nm, respectively [21]. Yao et al used thermal evaporation process
of ZnO powder to produces several ZnO-nanostructures at 500 to 800 °C [22]. Paéz et al operated
thermal treatment of zinc acetate dihydrate precipitates at 320°C, creating ZnO NPs ranging

around [150 nm of [23].

IV.2.2. Thin films synthesis
Microscope glass slides (76 mm x 26 mm) and round cover-glass sheets (d = 19 mm) were

sonicated in a solution of water and commercial decon for 20 min, then washed with distilled
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water and rinsed in acetone and propan-2-ol, and finally dried using an air gun. Plasma
polymerization was carried out in a cylindrical glass tube (I: 80 cm, d: 5 c¢cm) fitted with two
external parallel copper rings, which were used as electrodes connected to a generator through a
matching network. A radio frequency generator model ACG-3B (MKS Instruments, Andover,
MA, USA) was operated in a continuous wave mode (13.56 MHz) to create a glow discharge.
The distance between electrodes and the distance between monomer and the electrodes were
optimized to achieve the optimum plasma stability. Prior to each fabrication, the reactor tube was
evacuated to pressure of 0.2 mbar utilizing a double stage rotary pump (JVAC-DD150, Victoria,
Australia). Furthermore, the monomer flow rate (F) was estimated using the relation 1, derived

from the ideal gas formula [24]:

F=%2yx16172%......... (1)
dt T

where p is the pressure inside the plasma tube (mbar), t is time (s), V is the volume of the plasma
tube (L), and T is the ambient temperature (K). In the beginning, the tube was evacuated to 0.2
mbar, then the monomer gas was released into the tube until the pressure reached a stable value,
at which point the outlet valve was locked, and the pressure was measured every 5 s for 1 min. It
was calculated the geranium flow rate to be 16.22 cm*/min. The input radio frequency power used
for the deposition of pristine polymers were 10 W and 50 W for 20 minutes, with the resulting

films abbreviated as Ge 10 W and Ge 50 W, respectively.

In the case of composite fabrication, the plasma polymerization tube was supplemented with an
external ceramic fiber heater, where Zn(acac), powder (0.05 g) was placed in a ceramic boat
inside the plasma tube and heated up to 200°C, as seen in fig IV.1. The Zn(acac), vapor was
carried into the fabrication zone (i.e. where substrates were located) by the flow of geranium
vapors in the direction from the flask to the pump outlet. ZnO nanoparticles were formed in the
gas phase and imbedded into the polymer matrix during the growth of the latter. The input power
used for the deposition of all composites were 10 W and 50 W for 20 minutes, and the resulting

composite structures were abbreviated as Zn/Ge 10 W and Zn/Ge 50 W, respectively.

The coating thickness of pristine and composites films were around 500 nm, yet the thickness of

composites my slightly varied due to presence of nanoparticles on the surface.
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In order to investigate the release of zinc from the composites, ultra-layers of 25 nm and 50 nm
were coated on the surface of Zn/Ge 10 W and Zn/Ge 50 W. The films were fabricated substrates,
and coatings thickness were identified using Variable Angle Spectroscopic Ellipsometry (JA
Woollam-M2000 D, Lincoln, NE, USA). The thickness was controlled by optimizing the time of
deposition, where 60 sec and 100 sec yield approximately 25 nm and 50 nm. The flow rate of

geranium oil was kept 16.22 cm’/min during the ultra-layers coating.

External heater Zinc powder Electrodes substrate

¥ f P "a
n- P feeuam

Geranium oil T matching RF
P network =~ generator

Figure IV.1. Plasma polymerization system equipped with an external heater for thermal
decomposition of metallic powders.

IV.3. Material Characterization

IV.3.1. Chemical composition
X-ray photoelectron spectroscopy (XPS) spectrum was obtained by Specs SAGE 150

spectroscope supplemented with a monochromatic Al Ka X-ray source (ho =1486.6 eV). The
measurements were collected at a take-off angle 90° from a circular area of a diameter of ~ 5 mm.
With the intention to reduce X-ray-induced polymer degradation, the exposure time was adjusted
to the minimum required to achieve a sufficient signal-to-noise ratio. Surface charging effects of
the samples were addressed by a reference value of 285.0 eV, which is the binding energy of Cls
peak originating from neutral hydrocarbon (CHy). The elements concentrations were estimated

using Casa XPS software.

IV.3.2. Surface characteristics
Scanning Electron Microscopy (SEM) (SU5000, Hitachi, Canada) with Energy Dispersive X-ray

Spectroscopy (EDS) were used to study surface properties of the fabricated films. Films were
fabricated on nickel foil, a conductive substrate, to avoid the scattering from glass substrates. Data

were acquired at Vacc = 3.0kV, EC= 115K nA, WD=6.1mm, and high vacuum atmosphere.
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Surface characteristics were also investigated by employing a low-noise scanning/high-resolution
atomic force microscope AFM (NT-MDT NTEGRA, Moscow, Russian Federation) in the tapping
mode, with a scanning area of 10 um x 10 pm. For all samples, data were acquired under ambient
conditions. Then, the data were analyzed using Nova software (Version 1.0.26, Moscow, Russia),

with the fitting correction value (polynomial order of 4).

Static contact angle measurements were recorded to determine the wettability of resultant films.
A drop of double distilled water was gently dispensed onto the surface of samples with a micro-
syringe. Water drop contact angles were calculated using data collected by means of a goniometer
(KSV CAM 101, Helsinki, Finland), where a minimum of five measurements per sample were
collected. In order to reduce inaccuracies in the obtained data, the size of the droplet was carefully
selected in the range of: volume (V) = 2.5 uL, area (A) = 9.0 mm?, height (H) = 0.85 mm, and

diameter (2a) = 3.0 mm.

IV.3.3. Bacterial Studies
The antibacterial activity of the pristine and composite films was determined by Live/Dead

staining method using gram-negative Escherichia coli and gram-positive Staphylococcus aureus.

These pathogens are a well-known source of infections in hospitals and implantable devices.

For each experiment, a fresh suspension was prepared by first refreshing the frozen stock culture
(1 mL) in Oxoid nutrient broth (10 mL) at 37 °C and shaking at 120 rpm. A spectrometer (The
SPECTROstar Nano, BMG labtech, Germany) was employed to calculate cell numbers in a
bacterial suspension prior to placing them onto polymer surfaces. The cell density was adjusted

to (ODsoo = 0.1) to ensure uniform starting culture (2 x10° CFU/mL).

The experiment was run in triplicate. Polymer-coated glass slides (d = 19 mm) and controls
(uncoated glass slides) were placed into 12-well plates, and an aliquot of 2 ml of bacterial
suspension at concentration of 2 x10° CFU/mL was placed onto the sample surface. All samples

were incubated at 37 °C and 5% CO; for 24 h.

After the incubation time, a staining kit (SYTO™ Invitrogen, Thermo Fisher, USA) was used to
study live/dead bacterial cells. The dyes were applied following the protocol outlined in[25]. Prior
to imaging, bacterial suspensions were removed from the samples. Then, 90 pl of the stain were
placed on top of each sample and kept in the dark. After 20 min, samples were gently washed
with 2 ml of distilled water to remove unattached cells. From that moment, fluorescent images
were obtained with a confocal scanning laser microscope (LSM 800, ZEISS, Germany), where
green and red colors were indicative of live and non-viable cells, respectively. Viability was
calculated as the percentage of viable, adhering bacteria relative to the total number of attached

bacteria to the surface.
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All data were acquired with a minimum of three replicates each. The standard error of the mean
was calculated to define variance about the mean. Statistical analysis of numerical data was
determined using a paired t-test. Statistical significance (*) was considered at p < 0.05.
Furthermore, a confidence interval (95%) was given at each time point, and was used as an

additional pathway to ensure statistical differences between experimental and control data.

IV.3.4 Zinc release in aquatic medium
In order to adjust the zinc release, Zn/Ge composite films were coated by an extra thin layer (25

+ 5 and 50 + 5 nm) of geranium film, as seen in fig IV.2. The releasing rate was measured using
inductively coupled plasma-mass spectrometer (ICP-MS 820, Varian, USA). Films were
fabricated on glass cover slips and immersed into water. In order to stay well below saturation,
the volume of water added to all samples was set to be 5 ml, and incubation took place at 22 °C
in a dark condition. After coatings with the extra layer, samples were incubated with water for 1,
4, 8, 16, 20, 24, 28, 32, 36, and 40 h, and afterwards analyzed by ICP. The calibration was

performed using double distilled water as a reference, and zinc concentration <=5 pg /L.
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Figure 1V.2. Schematic of the cross-section of the ZnO/geranium plasma polymer composite
films.

IV.4. Results and discussion

IV.4.1. Compositional studies
Full scan XPS spectra of pristine and composite thin films are presented in fig IV.3. The binding

energies were calibrated within an accuracy of 0.1 eV using Cls (284.6 eV). The obtained peaks
were resolved using the CasaXPS software. The spectrum for pristine polymer shown in fig IV.3
(a) displays the presence of carbon and oxygen at strong peaks at 282 and 531 eV, respectively.
The C 1s peaks for geranium polymers were fitted with four peaks, which can be ascribed to major

hydrocarbon C-C/C-H (BE=284.9 ¢V), and other functional groups, such as ether C-O
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(BE =286.2 V), carbonyl C=0 (BE =287.5 eV), and ester O—C=0 (BE =288.9 eV), as seen in
fig IV.3 (¢).

The spectrum in fig IV.3 (b) demonstrates the presence zinc in the composite structure, along with
carbon, oxygen, and nitrogen. No major chemical shifts or asymmetry in the C 1s and O 1s peaks
could be observed for the composite when compared to pristine polymers. Nevertheless, the
presence of 2p (2p32 and 2pi2) symmetrical zinc oxide binding energies (at 1021.32 and 1044.60
eV) is apparent. Zinc oxide had significantly split spin-orbit components Ame=23 €V, as seen in
fig IV.3 (d). Furthermore, a minor peak was also observed at 400.08 eV, attributed to nitrogen.
This peak most likely originates from impurities within the Zn(acac), precursor, as noted in

previous studies[26].

Atomic fractions were also calculated and presented in table [V.1, where carbon was identified to
be the main element which contributed up to 85 % of the total atomic concertation for samples.
Oxygen was identified as a second most abundant element in the films. No impurities were

identified for any of the pristine polymers.
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Figure IV.3. Full scan XPS spectrum of pristine polymer (a) and composite (b) thin films. The
carbon C 1s binding energy of the pristine polymer is given in (c). The 2p symmetrical zinc oxide
binding energies are shown in (d). O 1s binding energy for the composite is presented in (e).

On the other hand, the atomic concentrations for the composites were slightly varied. Carbon was
identified to be around 80 %, while oxygen was above 13.00 %. Zinc was shown 0.79 % and
1.57% for samples fabricated at 10 W and 50 W, respectively. It is evident that carbon percentage
in the composites decreased with an increase in the power of deposition, which was in contrast to
the trend observed in the pristine counterparts. The most rational elucidation for this observation

is that the higher input power resulted in a higher fragmentation/dissociation of the zinc
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acetylacetonate, accompanied by the loss of hydrocarbon groups owing to increased ion

bombardment, causing a relative increase in oxygen, nitrogen and zinc quantities.

As geranium oil vapor has various chemical components, it is possible that the resulting plasma
polymer structures will contain a trace amount of un-fragmented geranium molecules and/or
radicals. Those un-fragmented molecules, especially occur at low plasma power, trapped within
the polymer may elute over time with the potential to retard microbial attachment on the
surface[27]. In addition, un-fragmented geranium molecules (involving aromatic acyclic
monoterpene alcohols) different reactions with adjacent zinc nanoparticles could be occurred. For
example, formation of zinc oxidants during polymerization can result in oxidation of alcohol
moieties to ketones. The presence of long chains of alcohols may marginally increase the size of

formed ZnOJ[28].

Zinc could also exist in the form of zinc ions complexed with acetylacetonate moieties[29]. It is
known that the presence of metallic particles with large surface areas would change the local
stress state of the surrounding matrix. Thus, the polymer chain dynamics in the vicinity of
particles could be significantly altered compared to the pristine counterparts owing to specific

nanoparticle—polymer interactions[30].

Table IV.1. Atomic percentages of pristine and zinc-polymer composite materials fabricated at
10 W and 50 W.

Sample Atomic percentages (%)

Cls Ols NIs Zn2p

Ge 10 W 8546 14.45 - -
Ge 50 W 87.80 12.20 - -
Zn/Ge 10 W 83.35 13.00 2.87 0.79
Zn/Ge 50 W 7833 16.86 3.29 1.57

IV.4.2. Surface characteristics

IV.4.2.1. Scanning electron microscopy
Typical scanning electron microscope (SEM) images were obtained in order to determine the size

and morphology of the formed nanoparticles in the polymer matrix, as seen in the fig IV.4. It is
known that at relatively high temperatures typical of solid—vapor deposition methods, the growth
conditions play a crucial role in the properties of resultant nanoparticles, where the morphology,
shape and size could be significantly varied by altering parameters of the process[31, 32]. The
growth conditions of this study created ball-like nanoparticles that are clearly seen in all

composites. ZnO particles were evenly distributed in the polymer medium. No significant
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morphological differences were observed between composites fabricated at 10 W and 50 W.
However, the size of ZnO particles slightly increased with an increasing power of deposition. The
average particle size increased with the input power from approximately 60 nm at 10 W to
approximately 80 nm at 50 W. The increase in particle size is in agreement with other studies on
plasma polymers and metallic nanoparticles[33, 34]. This indicates that a greater quantity of zinc
can be incorporated into the polymer films at higher power of deposition, agreeing well with the

XPS data.

It is known that the cohesive energy of metals is typically higher (by two orders of magnitude)
than the cohesive energy of polymers, which promote a tendency for physical aggregations of
metal atoms present within polymers[35]. These aggregations further increase by the very weak
interaction between metals and polymers compared to strong metal-metal binding forces[1].
When active metal atoms insert attach to the polymer, they go through various events, such as
diffusion into the bulk, random rolling on the surface, or desorption. In the process of their
diffusion across the polymer surface, metal atoms could be captured by surface cracks or
encounter other metal atoms or particles, thereby forming aggregations and stable metal clusters.
These accumulations are presented in the polymer structure during formation of the
nanocomposite film. Here, we observed some of these unavoidable particle aggregations,
representing less than 10 % of the total number of nanoparticles. The EDX data in fig IV.4 (e)
further confirmed the presence of zinc in all composites, at peaks of 1.01, 8.63, and 9.57 keV.
Peaks attributed to carbon and oxygen appeared at 0.27 and 0.52 keV, respectively. Nickel peaks
were detected at 0.84 and 7.48 keV, representing the underlying substrate.

It is worth to mention that thermal decomposition of zinc acetylacetonate hydrate (Zn
(CsH70,), -xH,0O) was also reported to form metallic zinc[26], and zinc oxide[36, 37]. The
quantity, chemical state, particle size, and morphology of the formed zinc nanoparticles could
vary considerably depending on the fabrication conditions[38]. However, this decomposition
approach has a complex mechanism, with the bulk of transformations taking place when the
material is heated above 130 °C. Indeed, the presence of HO molecules in Zn(acac), structure,
makes the breakdown process more complicated[39]. Water probably enhances the thermal
decomposition by attacking oxygen of the carbonyl groups in acetylacetonate, and/or starting a
direct reaction with zinc[39]. Arii et al. suggested that the thermal process is initiated with a
single-step dehydration at ~110°C, followed by complex sequential and parallel reactions,
including phase transition, fusion, evaporation, and breakdown of anhydrous zinc acetylacetonate.

The following formula describes thermal decomposition of acetylacetonate hydrate [40]:
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x300 SE(L)

Figure 1V 4. Typical SEM images of Zn/Ge 10 W composites at different magnifications, (a) is
x300; and (b) is x30K. SEM images of (c) and (d) represent Zn/Ge 50 W and Zn/Ge 10 W,
respectively; (e) shows EDX spectrum of the composite fabricated on Nickle substrates. SEM
images were acquired at conditions of: Vacc = 3.0kV, EC= 115K nA, and WD=6.1mm.

IV.4.2.2 Atomic force microscopy
The surface morphology of the pristine and composite films was inspected by atomic force

microscopy (AFM) using tapping mode atomic force microscopy (due to soft geranium polymer
surface) and the results are summarized in table IV.2. As can be clearly observed in fig IV.5 (a),
the surface of the pristine polymer was smooth and uniform, with an average particle roughness
of around 0.25nm. As might be expected, the average roughness parameter significantly
increased upon incorporation of zinc material, measuring at 33.7 = 2.1 and 37.2 £ 2.4 nm for 10
W and 50 W respectively. The rather high surface roughness in fig IV.5 (b) in comparison with
the pristine film indicates that the composite exposes porous surface with random distribution of
ZnO particles. The symmetry of the deviations of a surface profile can be well-defined by using

surface skewness parameter, since it is sensitive to the irregularity of high peaks or deep grooves.

82



A clear increase in the values of the surface skewness can be observed in composite films
comparing to pristine films. This probably relates to the presence of zinc nanoparticles on the
surfaces of the films in the form of protrusions. In order to describe the distribution of these
protrusions with respect to the mean line, surface kurtosis value can be employed. For an identical
protrusion distribution, the kurtosis is zero. The positive values of kurtosis indicates a high peak-
type distribution (leptokurtic), while negative kurtosis refers to a flat-topped distribution
(platykurtic). All composites showed high positive kurtosis values (coefficient of kurtosis ~ 2)

indicating that the surfaces were dominated by high peaks.

0 00
Figure IV.5. Three-dimensional AFM image of (a) pristine geranium polymer films, and (b)
zinc/composites films. The scanning area of both images is 10 um % 10 pm.

Table IV.2. Surface profiles of 10 pum x 10 pum of pristine geranium film surfaces and
zinc/composite films fabricated at various 10 W and 50 W power.

Sample Gel0 W GeS50W  Zn/Ge 10 Zn/Ge 50
W W

Max, (nm) 3.75 3.52 363.3 385.1
Average Roughness, (nm) 0.23 0.30 33.7 37.2

Root Mean Square, (nm) 0.30 0.38 45.5 44.7
Surface skewness, 0.08 0.04 1.00 0.94
Coefficient of kurtosis 0.55 0.03 2.12 2.04
Entropy 3.45 3.80 1.54 2.70
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IV.4.2.3. Water contact angle
Wettability of the polymeric surface is an essential property that is mainly determined by the

chemical composition and morphological structure of the surface. The static water contact angles
of pristine and composite geranium films are shown in fig IV.6. An increase in the main contact
angle from 54.0 ° to 61.2 ° can be observed for pristine samples fabricated in 10 W and 50 W

respectively.

In the case of pristine polymers, plasma fabrication at higher input power conditions produces
polymers with highly crosslinked structures due to more fragmentation/dissociation of precursor
molecules. This results in the formation of relatively more-rigid polymers as a result of an increase
in the bonding interconnection and dense packing of polymer chains within the matrix,
minimizing the absorption of water on the surface. This may lead to an increase in the contact
angle value, verifying the dependence of contact angle on the degree of crosslinking. Moreover,
the increase in the input power affects surface chemistry of the polymers, specifically a decrease
in the oxygen content, resulting in a decrease in the polarity of the polymers surfaces. XPS data
showed a reduction in oxygen quantity in the films produced at a higher RF power. Studies in the
literature reported an increase in the contact angle values when the input power was increased

[41, 42].

In the case of composite Zn/Ge films, samples fabricated at 50 W revealed higher contact angle
values, at approximately 73.4 °, compared to that of samples fabricated at 10 W, at approximately
66.4 °. This probably is related to the difference in the size of formed nanoparticles at a different
power of deposition. It had been previously reported that contact angles of ZnO nanoparticles are
higher for larger particle sizes and lower as the particle size is reduced[43]. This agreed well with
our findings, where composites fabricated at 50 W comprise larger nanoparticles, while
composites fabricated at 10 W showed nanoparticles of smaller sizes. Furthermore, an increase in
the contact angle can be understood in terms of a difference in the surface roughness parameters.
As known, nanoparticles deposited in vacuum consist of a number of small crystallites, which
contain a number of nano- and micro-scale air pockets. The impact of these air pockets can be
cumulative once they interface with the droplet of liquid, efficiently supporting the weight of the
droplet and effectively increasing the macroscopic contact angle. According to the Cassie-Baxter
theory, the higher the section of the area of air that is under the droplet, the higher is the value of
the contact angle[44]. Our results are in agreement with other studies that reported an increase in

the contact angle when ZnO nanoparticles were incorporated into polymers [45-47].
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Figure IV.6. Water contact angle values for pristine and zinc/composite films fabricated at 10 W
and 50 W. The data represent means of five replicates, with standard deviations are + 4°.

IV.4.3. In vitro antimicrobial performance
Figure IV.7 shows the bacterial viability of gram-positive S. aureus on surfaces of control, Ge 10

W, Ge 50 W, Zn/Ge 10 W and Zn/Ge 50 W. The Confocal scanning laser microscopy (CLSM)
imaging evidently showed a much higher average number of cells adhered to the control surface
compared to all polymers and composites samples. Figure IV.8 indicates that approximately, 80%
of S. aureus were alive on the control, while the viability of cells were 53%, 50%, 31% and 42%
on Ge 10 W, Ge 50 W, Zn/Ge 10 W and Zn/Ge 50 W, respectively. Similarly, figure IV.9 display
the bacterial viability of gram-negative E. coli cells on the control, pristine and composite films.
On the control, 81% of E. coli were viable on the surface, while the viability of cells were
approximately 60%, 76%, 33% and 44% on Ge 10 W, Ge 50 W, Zn/Ge 10 W and Zn/Ge 50 W,

respectively, as seen in figure IV.10.

The bio-activity of essential oils is often linked to their chemical structure, mainly to
functionalities that govern solubility in water and lipophilicity, as these characteristics allow the
oils to approach, disturb and pass through bacterial membrane[48]. These disruptions then initiate
membrane expansion, increase of membrane permeability, disorder of membrane embedded
proteins, inhibition of respiration, and impact ion transport processes in microbial cell. Carvacrol
oil, for example, was found to make the cell membrane permeable to K+ and H+, dissipating the
proton motive force and reducing ATP production[49]. Despite the fact the relation between
chemical structure and bio-activity is not fully understood, it is generally accepted that oils with
—OH group are more biologically effective than their similarly-structured OH-lacking

counterparts[27, 50]. However, introducing essential molecules oil in to plasma environment
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created oxygen species, light and heat leads to their isomerization, oxidation, polymerization,
dehydrogenation and thermal re-arrangements[4]. This results in the formation of a wide variety
of biologically-active derivative monomers, dimers and polymers, reactive oxygen species and a
wide range of oxidation ions. The degree of molecules dissociation is highly reliant on the
processing parameters of the applied plasma. Thus-created oil-fragments then undergo
recombination in the gas phase and on the surface of the given substrate, resulting in a highly
crosslinked polymer, with a structure that is irregular. Perhaps, plasma would weaken/deteriorate
the antimicrobial activity of the original oil, as a lot of molecules cross-linked and as such unable

to interact with cellular membranes[48].

The antibacterial performance of pristine polymers derived from essential oils is largely
associated with the surface chemistry and nanoscale topography of the films[51]. The cellular and
enzymatic activities of the adhered bacteria could be inhibited by the presence of bio-active
functional groups (e.g. hydroxyl, carboxylic, methyl) disturbing the microbial growth and/or

preventing a proper attachment of microbial cells[42].

Although pristine polymers showed weak or moderate antibacterial activity against both gram-
positive and gram-negative microorganisms, composites revealed enhanced bactericidal
performance. It is obvious that zinc nanoparticles were directly involved in the inhibition of the
pathogens. As shown in fig IV.7 and fig IV.9, the antibacterial performance of Zn/Ge 10W were
greater compared to Zn/Ge 50 W. This observation can be linked to the influence of RF power on
the size of the formed nanoparticles, where lower power created smaller particles. It is known
that, in many cases, smaller nanoparticles reveal much higher antibacterial action in compare to

larger nanoparticles under the same conditions [52, 53].

However, the antimicrobial mechanisms of metallic nanoparticles are principally different from
pristine polymers, providing further strategies for targeting various microorganisms, as well as to
decrease the possible microbial resistance. For example, physicochemical changes often take
place in cell membranes when nanoparticles anchor to the outer surface of the bacterial body
causing large variation in the permeability of cell walls[54]. Nanoparticles are also capable to
enter, in a distinct way, inside the cell due to the ultra-small size of these particles. The
precipitation of NPs may gather in the cytoplasm, or in the periplasm space, disrupting the cellular
activities causing membranes disturbance and disorder. Brayner et al. reported that the interaction
between E. coli and ZnO-NPs led to a significant damage to the bacteria (e.g. disorganized cell
walls) and penetration of NPs into the cell, followed by intracellular content leakage[55].
Furthermore, upon interaction with bacterial cells, ZnO may generate reactive oxygen species
(ROS), such as hydrogen peroxide (H20.), hydroxyl radicals (OH"), superoxide radicals (O ),

and singlet oxygen (O ). At high rate, these chemically-reactive species can be ruthlessly
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damaging to a bacterial cell owing to deterioration of proteins, peptidoglycan, ribosomes, DNA,
as well as inhibition of enzymatic activities and amino acid production, ultimately leading to cell
lysis [56, 57]. So, we believe that Zn/Ge 10 W samples have shown higher performance as a result

of a combination of different bactericidal mechanisms.

Many reports showed that gram-positive bacteria appear to be more resistant against ZnO NPs
[58, 59]. This linked to the specific thick and negatively charged peptidoglycan layer in the
bacterial cell wall that can resist ZnO penetration. In contrast, other findings have found that
gram-negative bacteria are more resistant to NPs activities [60-62]. In addition, more experiments
showed that ZnO had almost similar effect on both bacterial strains [63]. It can be understood
that contradictory results in which bacteria are more resistant. Indeed, ZnO NPs are currently
manufactured with different dimensions, morphologies, concentrations, modifications, surface
defects, surface charges, crystallographic orientation etc. The antibacterial mechanisms vary
based on the physicochemical properties of nanoparticles and their microenvironment conditions.
For example, in different media, the dissolving profile of Zn may varies according to the medium
components, and accordingly have potential influence upon the follow-on toxicity
mechanism[64]. However, in our experimental conditions, attached bacterial cells on the Zn/Ge
composites did not expose to only ZnO nanoparticles, but rather they were affected by both
released-ZnO and geranium polymer surfaces at the same time. Geranium polymers contains
chemical groups (e.g. hydroxyl and carboxyl), which proved in a previous study to reveal
moderate antibacterial and anti-biofouling activities. The inhibitory effects of Zn/Ge composite
films were observed to be very similar on S. aureus and E. coli. Furthermore, we expect that
interactions between the geranium oil vapors (contain alcohols) and ZnO NPs occurred during
composites fabrication. Here, more desired functional groups are presented on ZnO surface,
which is modify. Surface modifications of the ZnO NPs in oxidizing environments had been
demonstrated to cause an impotent change in the antibacterial activity[65], which can be utilized
in biomaterials. For example, Galindo et al. modified the surface of ZnO NPs by chemical
components including di-functional alcohol, where these metallic particles can be used in

antimicrobial medical devices [66].

The antimicrobial performance of Zn/Ge composites is governed by a wide range of intrinsic
factors. Given the close interconnection between fundamental polymer characteristics (e.g.
surface chemistry, wettability, degree of cross-linking and topography) and NPs properties (e.g.
shape, size, particle charge, concentration and crystallinity), it is possible that the synergistic
outcomes of these factors inhibited bacterial viability. For example, Potara et al syntheses bio-
nanocomposites from silver nanoparticles and chitosan, which act synergistically against[67].
Similarly, Prasad et al found that nanocomposites (made from graphene and silver nanoparticles)

are significantly more effective against pathogens than either individual components[68].
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Furthermore, other factors, such as temperature, UV/light, pH, species of the microorganism

could influence the antibacterial performance of these composites [69, 70].

Live Dead Combine

Figure 1V.7. Confocal scanning laser microscopy images of S. aureus on control, Ge 10 W, Ge
50 W, Zn/Ge 10 W and Zn/Ge 50 W visualize viable cells stained green and dead cells stained
red with Invitrogen Dead/Live Kit, with their combined images.
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Figure IV.8. The bar chart (left) shows S. aureus viability on the samples. The statistical analysis
chart (right) displays the antibacterial performance of all samples. Data shown represent means +
SD (n = 3). The statistical significance is given in terms of * (P < 0.05).
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Live Dead Combine
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Figure IV.9. Confocal scanning laser microscopy images of E.coli on control, Ge 10 W, Ge 50
W, Zn/Ge 10 W and Zn/Ge 50 W visualize viable cells stained green and dead cells stained red
with Invitrogen Dead/Live Kit.
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Figure IV.10. The bar chart (left) shows the bacterial viability on the samples. The statistical
analysis chart (right) displays the antibacterial performance of all samples. Data shown represent
means = SD (n = 3). The statistical significance is given in terms of * (P < 0.05).

IV.4.4. Zinc release profile
The release of zinc from Zn/Ge 10 W was confirmed using ICP measurements showing a

relatively quick and sharp release profile of ZnO NPs within less than 24 h, as seen in fig [V.11.
A high rate of nanoparticle release could be preferred in various medical applications. For
example, a rapid release offers powerful antibacterial activity during the early post-operation
period that inhibit the possible development of microbial resistance[71]. Nevertheless, for other
applications, such as implanted synthetic devices, surfaces should preserve their antibacterial
performance until integration with the surrounding tissues, with sustained prevention of microbial
colonization and subsequent biofilms formation[72]. Thus, it is vital to adjust the releasing rate
to match a specific application. In this regard, a recent approach to control the release of zinc
oxide nanoparticles from coatings is to use a bi-layer polymeric system. Zn/Ge 10 W and Zn/Ge
50 W composites were coated by an extra thin layer (25 + 5 and 50 £ 5 nm) of geranium film to
reduce the releasing rate of zinc, which consequently increases the performance time. The
measurements showed that the rate of release decreased, extending the time up to 40 and 60 h for
Zn/Ge 10 W and Zn/Ge 50 W composites, respectively. The slowest release rate was observed

for composites coated with a 50 nm-think top layer.

It had been shown in previous report that metallic nanoparticles (size of 15 nm and 70 nm) can
pass through a thin upper layer of plasma polymer (thickness of 30 nm) upon immersion in

aqueous solvents[73]. A one more study demonstrated that increasing in the thickness of the upper
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polymeric layer achieves a reduction of the rate of release of metal ions compared to composites
without such an upper plasma film [74]. Same study proved that the upper layer coatings
(thicknesses of 6, 12, and 18 nm) did not affect the antibacterial activities of the nanoparticles
[74]. In our Zn/Ge composites, we observed similar trend as a thicker geranium upper layer would
provide more robust polymers that further reduce the releasing rate of nanoparticles, without
major variations in the biological performance for samples fabricated at 10 W. This indicates that
the rate of release can be adjusted via the thickness of the thin barrier plasma polymer. The upper
layer polymeric layer may function as both a 3-D matrix for protection the nanoparticles from the
medium, and to delay the release of zinc, giving the potential to yield a variety of release profiles.
Obviously, the thickness of the upper layer should be selected carefully to ensure the maximum
release of the nanoparticles, where bulk of nanoparticles could be trapped inside the upper layer,

which will be comprehensively investigated in an upcoming study.

ICP results in figure IV.11 shows that composites fabricated at higher input power (50 W) possess
a considerable lower releasing rate compare to composites fabricated at 10 W. This can be linked
to the cross-linking degree of the material. It is well known that fabricating geranium plasma
polymers at higher power leads to increase in cross-linking degree, and potentially rise resistance
against deformation[41]. The resultant polymers become harder and more rigid owing to the
increase in the bonding interconnection and chains dense packing[75]. Here, we assume that the
increase in the bonding interconnection degree would curb/restrain the freeing of nanoparticles
from the films fabricated at 50 W. ICP data suggested that a higher concentration of ZnO was
released from surfaces of ZnO/Ge 10 W, making it significantly more antibacterial effective than

ZnO/Ge 50 W that showed low releasing degree; and hence much less antibacterial activities.
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Figure IV.11. The release profile of zinc nanoparticles from Zn/Ge 10 W and Zn/Ge 50 W
nanocomposite and its bi-layer system. The data were acquired in 5 ml of double distillated water
in dark conditions using inductive coupled plasma measurements.

IV.5. Conclusion

We successfully developed a nanocomposite material from geranium essential oil and the thermal
decomposition of zinc acetylacetonate in one step plasma system. XPS survey confirmed the
presence of ZnO in the fabricated polymers at 10 W and 50 W. SEM images showed that the
average size of ZnO nanoparticle increased with an increase in the power of deposition from
approximately 60 nm at 10 W to approximately 80 nm at 50 W. AFM data showed a significant
increase in surface roughness of the composites compared to pristine samples. The antibacterial
activity of ZnO-NPs incorporated into geranium films toward both gram-positive (S. aureus) and
gram-negative (E. coli) bacteria were demonstrated. The release of nanoparticles was confirmed
using ICP measurements, and can be further controlled through a bi-layer system. These coatings
were confirmed to be a promising candidate for protecting material surface from bacterial

attachment and colonization for relevant medical devices and implants.
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Chapter V

Part 1

The Electrical Properties of Geranium Plasma polymer Thin Films

The primary focus of Chapter V is to study the electrical properties of geranium plasma polymer
thin films (part 1) and Zinc incorporated geranium plasma polymer thin films (part 2). Chapter
V-part 1 reports the outcomes of electrical characterization of geranium films as a potential
insulating layer in organic electronic devices. The influence of power deposition on the dielectric
constant and electrical conductivity of pristine geranium polymers was studied. In addition, the

mechanisms of charge transport of the polymers were explored.
Chapter V-part 1 was published as:

Al-Jumaili, A.; Alancherry, S.; Bazaka, K.; Jacob, M.V. The Electrical Properties of Plasma-

Deposited Thin Films Derived from Pelargonium graveolens. Electronics 2017, 6, 86.

Abstract

Inherently volatile at atmospheric pressure and room temperature, plant-derived precursors
present an interesting human-health-friendly precursor for the chemical vapour deposition of thin
films. The electrical properties of films derived from Pelargonium graveolens (geranium) were
investigated in metal—insulator—metal (MIM) structures. Thin polymer-like films were deposited
using plasma-enhanced synthesis under various plasma input power. The J-V characteristics of
thus-fabricated MIM were then studied in order to determine the direct current (DC) conduction
mechanism of the plasma polymer layers. It was found that the capacitance of the plasma-
deposited films decreases at low frequencies (C = 10™'") and remains at a relatively constant value
(C = 107" at high frequencies. These films also have a low dielectric constant across a wide
range of frequencies that decreases as the input RF power increases. The conductivity was
determined to be around 107'°-107"7 Q™' m™', which is typical for insulating materials. The
Richardson—Schottky mechanism might dominate charge transport in the higher field region for

geranium thin films.

V.1.1. Introduction
Polymer thin films gained broad research interest in paving the way for low-cost engineering of

large-area flexible electronic devices. Among different polymers investigated for organic
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electronics, conducting polymers are used as electrodes and contacts for charge transporting [1],
semiconducting polymers are employed as active layers in organic thin film transistors (OTFTs)
[2] and organic photovoltaics (OPVs) [3], and insulating polymers are used as dielectric layers in
OTFTs [4]. Over the years, much attention has been paid to the development of insulating
polymers to replace the conventional gate dielectric materials, mostly silicon dioxide (k ~ 4), to
realise flexible thin film transistors (TFTs) with a low operating voltage and high mobility [5,6].
To this end, a number of low dielectric constant polymers, such as polystyrene (k ~ 2.6) and
polymethyl methacrylate (k ~ 3.5), and high dielectric constant polymers, such as poly (vinyl
phenol) (k ~ 4.2) and poly (vinyl alcohol) (k ~ 7.8), have been synthetized and tested [5]. The
majority of these polymers exhibit a low dielectric constant; a thicker layer (=300 nm) is hence
required to suppress the leakage current. On the other hand, low dielectric thickness is an essential
requirement for the gate dielectric to increase the capacitance per unit area and to achieve low
operating voltage [7,8]. Unfortunately, reducing the thickness of polymer thin films below 50 nm
is extremely challenging because of the formation of pinholes, non-uniformity, and the
degradation of the dielectric strength that necessitates higher dielectric constant polymers [5,8—
10]. Additionally, the present methods for the integration of polymer thin films into devices are
mostly solution-assisted and thus present additional challenges, such as the incomplete removal
of solvent residues, the degradation of existing layers while in contact with solvents, and a
difficulty in achieving local patterning [11]. Therefore, development of polymeric materials with
moderate k and stable dielectric performances within a lower thickness range via low-cost
techniques compatible with modern microelectronics processing has become important.

Plasma polymerisation is one of the swiftly advancing techniques for fabricating highly uniform,
ultra-thin pinhole-free polymer thin films from virtually any monomer on a wide variety of
substrates. Where previously it was mostly used to fabricate highly crosslinked polymer-like
materials that lacked a regularly repeating structure of conventional polymers [12], recent
advances, such as the development of pulsed plasma deposition, have enabled the use of the
plasma environment as an initiator and catalyst of chemical polymerisation reactions, producing
polymers with a lower degree of cross-linking and a well-defined chemical structure [13,14]. In
general, plasma polymers that are used as insulating layers are highly cross-linked, are well-
adhered to the substrate, and can be made very thin, with a thickness of few tens of nanometres
and with excellent conformity [15]. One of the properties that plasma polymers are recognised
for is their high dielectric constant, which enables their application as flexible insulating layers in
thin film device structures [16,17]. TFTs that are incorporated with dielectric layers formed by
plasma polymerising styrene and vinyl acetate [18], acetylene [19], hexamethyldisiloxane [20],
methyl methacrylate (pp-MMA) [21], dichlorotetra-methyldisiloxane (pp-DCTMDS) [17], and

allyl amine/vinyl acetic acid [22] have shown good device characteristics. Plasma polymers are
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also noticed for their excellent surface characteristics, so they are frequently uses as buffer layers
to improve the interfacial characteristics in TFTs and organic light-emitting diode (OLED)
devices [23,24].

Foreseeing the significant demand, along with the development of novel polymeric materials,
much attention has also been paid to sustainable production of these materials from natural
precursors. The green synthesis of polymers can markedly reduce the growing environmental
concerns raised by the e-wastes (plastics, silicon etc.) and minimizes the dependence of organic
electronic industry to petrochemical resources [25]. Furthermore, bio-degradability and
biocompatibility of these classes of polymers open up new possibilities, such as the integration of
electronics into living tissues [26,27]. Cellulose, hemicellulose, lignin, natural silk, gelatin,
shellac, egg albumin, etc. are typical examples of naturally derived compounds that have been
proven to be promising for bio-electronics applications [25,26]. Yet the major challenge is to
identify a cheap and abundant material and an appropriate method to transform them into
polymers, ensuring a low cost, complementary properties, and a better life-cycle assessment [28].
In this regard, plasma-assisted deposition gained considerable interest as plasma provides a highly
reactive environment that enables the simple and efficient conversion of bio-renewable resources
into diverse structures from simple polymers to advanced carbon nanostructures [29-32]. Our
previous studies showed that essential oils (mixtures of volatile organic molecules extracted from
different parts of plants) are promising precursor candidate for plasma polymerisation [29,33,34].
Plasma polymers derived from essential oils such as terpenol, linalyl acetate, and y-terpinene have
been demonstrated to be suitable for different applications such as insulating layers, encapsulation

layers in organic electronics, and biocompatible coatings for implants [23,35-37].

Hence, plasma polymers fabricated from individual components of essential oils have the
potential to meet the various material demands put forward by the organic electronics industry.
Material costs, processing complexity, and environmental impact can be further reduced by
fabricating polymers directly from multicomponent essential oil instead of pure, individual
components (e.g., terpinene-4-ol). However, the properties of essential-oil-derived plasma
polymers are correlated with the chemical composition of the precursor oil [38]. For instance,
plasma polymer synthesised from terpenol has exhibited electron-blocking hole-transporting
behaviour, whereas plasma-polymerised linalyl acetate has not [39]. It is therefore important to
further investigate the extent to which the multi-component nature of the oil, in this study the
Pelargonium graveolens (geranium essential oil), affects the electrical properties, such as the
dielectric constant and conductivity, of the polymer thin films synthesized under varied input RF

power.

V.1.2. Experimental
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Microscope glass slides (76 mm % 26 mm) were sonicated in a solution of distilled water and
commercial decon for 20 min before being rinsed in acetone and dried using compressed air.
Aluminium electrodes were deposited onto the glass slides using thermal evaporation system
model HIND 12A4D (HINDHIVAC, Bangalore, KA, India) under a pressure of (7 x 107 torr).
Organic thin layers were fabricated on the aluminium utilizing custom-built plasma-enhanced
chemical vapor deposition (PECVD) system (MKS Instruments, Andover, MA, USA). A
generator provided radio frequency (RF) power at 13.56 MHz to a glass tube via capacitively
coupled copper electrodes. The pelargonium essential oil was obtained from Australian Botanical
Products, and was used without further modification. The main compounds include citronellol
(32%), geraniol (15%), linalool (6%), isomenthone (6%), geranyl formate (2.5%), tiglate (2%),
citronellyl formate (6%), guaia-6,9-diene, and 10-epi-y eudesmol (5%). The chemical structure of

some components of pelargonium is presented in Figure V.1.1.

H3 H3
H,C
CH,  CH,
OH HC . G
—_— H
HC” CH, H,C
Citronellol Geraniol Linalool
Formula: CygH0 Formula: CyoH;s0 Formula: C;oH,s0

Figure V.1.1. The chemical structure of main components of pelargonium essential oil.

In each experiment, 0.5 g of the monomer was used, producing an average flow rate of ~16
cm’/min and a film thickness in a range ~500—700 nm. Power levels of 10 W, 25 W, 50 W, 75
W, and 100 W were applied to fabricate the organic films. Finally, aluminium electrodes were
fabricated on top of the organic layers using a custom made shadow mask, which created a device

with metal—insulator—metal (MIM) structures as seen in Figure V.1.2.

Then, dielectric properties were investigated between frequencies of 10 Hz and 100 KHz utilizing
a Hioki 3522 LCR meter (Hioki, Ueda, NA, Japan). From the known thickness and the area of
the device, and measured C values, dielectric constant was determined. Additionally, |-V
measurements were performed on the MIM structures using a Keithley 2636A source meter
(Keithley, Cleveland, OH, United States.Data were acquired between 0 and 20 V, with steps of

0.2 V for each point at room temperature.
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Figure V.1.2. Metal-insulator-metal (MIM) structure used to study the electrical properties of
geranium plasma polymer thin films.

V.1.3. Results and Discussion

As seen in the atomic force microscopy (AFM) images in Figure 3A, the pelargonium graveolens
plasma polymer films seemed to be smooth, defect-free, and homogeneous on the nano-scale,
indicating that polymerisation reactions took place basically on the surface of the substrate instead
of in the gas phase. The films were also shown to be optically transparent within the visible
wavelength range, based on the absorbance and transmission data in Figure 3B,C, similar to films
from y-terpinene [40] and terpinene-4-ol [38]. Furthermore, the energy gap (Eg) of the
pelargonium films was calculated by applying the Tauc relation to the optical absorption
coefficient data recorded from UV-Vis spectroscopy measurements. Polymers fabricated at 10
and 100 W had E, = 3.67 and 3.60 eV, respectively. The reduction in E,; as a result of power
deposition was attributed to dangling bonds that formed in the polymer structure during the
fabrication process. At low input power density, a low concentration of dangling bonds are created
due to their saturation with hydrogen atoms, whereas higher input power enhances the
fragmentation rate in the plasma field [41], which highly accelerates the formation of chains with
unsaturated bonds [42]. The relatively high energy gap for geranium plasma polymer films is in
good agreement with the low conductivity values acquired in this study. Further details regarding
the effect of deposition power on morphological, optical, mechanical, and chemical properties of

pelargonium plasma polymer films can be found in [43].
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Figure V.1.3. (A) Atomic force microscope images of pelargonium plasma polymer films
fabricated at 10 W and 100 W. (B) Ultraviolet—visible spectroscopy (UV-VIS) measurements of
pelargonium plasma polymer films deposited at various input power. (C) Optical transmission of
pelargonium plasma polymer films deposited at 10 W and 100 W.

In order to determine the electric behavior of pelargonium plasma polymer films, capacitance
data, shown in Figure V.1.4, were acquired using LCR records across frequencies from 10 Hz to
100 KHz. It is clear that the capacitance initially decreases at low frequencies (C ~ 107'"),
approaching a constant value (C = 107'°) at high frequencies for all measured samples.
Independent of frequency, deposition power had a slight influence on the capacitance of
pelargonium plasma polymer films. Then, based on capacitance values, the dielectric properties
(¢) of the polymers were attained and are given in Table 1 as a function of frequency. The
dielectric constant value of pelargonium plasma polymer thin films ostensibly decreased as input
deposition power increased. This decrease can be associated with the increase in carbon and
reduction in oxygen content in the films’ structure with RF power [36]. In addition, it was
documented that higher input powers increase the degree of cross-linking that render the polymer

more dense, reducing the dielectric property and leakage current density [44].
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Figure V.1.4. Capacitance of plasma-polymerised pelargonium thin films fabricated at different
deposition power as a function of frequency in the range of 10-100 kHz.

Table V.1.1. Variation of the corresponding dielectric constants with frequency for pelargonium
plasma polymer thin films in the range of 10-100 kHz.

Dielectric Constant

Frequency (H2) 1I0W 25W S50W 75W 100 W
10 575 492 474 462 429
100 473 410 338 297 256
500 448 388 3.03 262 220
1000 440 380 293 252 210
10,000 417 359 266 226 1.85
50,000 369 324 237 198 1.59
100,000 305 278 2.04 1.68 1.32

Independent of deposition power, all of the samples have approximately the same frequency
dependence of the dielectric constant, which noticeably decreases at initial low frequencies. In
dielectric materials, there are some trapped charges that can typically move for a short distance
through the material once an external electric field is applied [45]. These carriers can cause space
charges and macroscopic field distortions when they are impeded in their motion. It is known that
when charge carriers migrate under the impact of an electric field, they most likely become
blocked at the electrode—dielectric interface, which causes interfacial polarisation [45,46]. The
interfacial polarisation phenomena are characteristically observed in sandwich-type
configurations, where they lead to an increase in capacitance of the polymer at low frequencies
[47]. This may be one of the explanations for the high value of the dielectric constants

experimentally observed in the pelargonium films within the low frequency region. On the other
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hand, at higher frequencies, interfacial polarisation effects are significantly less dominant and do
not have an important influence on dielectric constant values [44]. The dielectric constant for all
polymers gradually decreases at higher frequencies, showing behavioural characteristics of a

polymer insulating material.

The charge transport mechanism in pelargonium plasma polymer films was investigated through
standard current—voltage characterisation in the voltage range of 0.1-20 V. The three main
transport mechanisms typically observed in organic films are Richardson—Schottky (RS)
conduction, Poole-Frenkel (PF) conduction, and space-charge-limited conduction (SCLC). The
PF mechanism refers to a bulk-limited conduction route in which the trap barrier of the material
is dropped by the application of an adequately high electric field [35]. The RS conduction
designates a barrier-limited conduction route, in which there is an interaction of an electric field
at a metal-insulator edge that prompts a dropping of the potential barrier [48]. SCLC is a
mechanism where the current conducted through the solid material is limited by a distribution of
traps in the bulk material [36]. Theoretically, a linear dependence of In J-InV indicates a
possibility of a SCLC mechanism, while a linear dependence of In J-V'? points toward a
predominance of RS or PF conduction [49]. In the low field region, various mechanisms most
likely govern the conduction process of the polymer, whereas, at higher fields, one mechanism

starts to dominate [35].

The physical relationship between the current density (J) in an insulator and the applied voltage

(V) at a temperature T is given by the following mathematical formula [36,50]:

0.5

BV
1= EXP(W)

where Jo is the low field current density, V is the voltage, T is the absolute temperature, Kg is
Boltzmann’s constant, and d is the film thickness. The parameter § is the field dropping coefficient
and for PF and RS conduction mechanisms is given by fer and frs, respectively [51], expressed

as follows:

1
3 \2
zﬁRs:ﬁPF:< 1 )

MEYE,

where g is the electronic charge, & is the free space permittivity, and & is the dielectric constant.

The relation between the current density of pelargonium plasma polymer films with an applied
voltage of 0-20 V is given in figure V.1.5. The J-V characteristic can be expressed by a power
law relation J [1 V", where n is a power law index. In the low field region (0-3 V), the value of n
for all pelargonium films is found to be within the range of 0.4 < n < 0.6. Further, the plots of InJ

vs. V"2 with an applied voltage in figure V.1.6 show that the current density J displays an almost
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ohmic dependence on the applied voltage in the low region. Whereas in the higher field region
(3-20 V), the value of n is considerably increased, ranging within 2.1 <n < 3.3, and In J is straight
to V', indicating a non-ohmic charge transport process. In addition, the fitting of In J vs. InV for
all pelargonium plasma polymer films in figure V.1.7 demonstrate similar behaviour as those in
figure V.1.6. According to power law index values and the linear fitting of the J-V plots, RS or

PF conduction mechanisms are expected for geranium thin films.
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Figure V.1.5. Current density (J) of pelargonium plasma polymer thin films with an applied
voltage (V) between 0 and 20 V.
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Figure V.1.6. Variation of In J with square root of applied voltage for pelargonium plasma
polymer thin films fabricated at different deposition powers.
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Figure V.1.7. Variation of In J with In V for pelargonium plasma polymer thin films fabricated
at different deposition powers.

In order to distinguish between PF and RS mechanisms, theoretical parameters (fs and fSpr) and

experimental Sexp should be determined. The following relation was used to estimate Sexp [35]:

1

Bexp = SKTd2. (1)
Using the dielectric value acquired at high frequencies, both fs and fpr were calculated as ~2.2 x
107° eV-m"-V " and 4.4 x 107° eV-m">V "% respectively, and summarised in Table 2.
Likewise, the coefficient fex were determined to be around 2.5 x 107 eV-m"?-V "2 Hence, by
comparing fs and fpr with the Sexp coefficient, the Schottky mechanism might dominate the charge

transport of pelargonium plasma polymer films in the higher field region.

Table V.1.2. Experimental fexp and theoretical Spr and fSrs values of pelargonium plasma polymer
films.

Power of Deposition (W) Bexp Ber Brs

10 2.53 %107 432x10° 216x10°
25 2,55 %107 4.40x10° 220x107°
50 2.58x107° 442 %107 221x107°
75 2,59 x107° 445x107° 222x107°
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100 2.61x107° 446 x107° 223x107°

The current—voltage characterisation was then used to estimate the dc conductivity (o) of the
polymerised films through the following relation:

L1
%
where d is the thickness of the material, J is the measured current density, and V is the applied
voltage. Independent of the power of deposition, the maximum conductivity for all samples was
found to be in the range of 107'°-10""7 Q™' m™', which is a typical value for insulators. The
deposition power slightly reduced the conductivity value, which can be ascribed to the more
amorphous nature of the films deposited at higher power densities [35]. It is important to mention
that the difference in the conductivity could not be solely related to structural changes induced by
the plasma power. If the SCLC mechanism is responsible for the observed behaviour of the
polymer, thickness dependent conductivity may appear as well. However, the conductivity of the
plasma-polymer-derived films was significantly lower than that of other known amorphous
polymers fabricated using plasma. Generally, plasma polymers derived from essential oil such as

cis-f-ocimene, y-terpinene, and linalyl acetate have conductivities in the range of 10 '>~107"!

Q'm[35,52,53].

V.1.4. Conclusions

The electrical properties of thin films derived from plasma-polymerised Pelargonium graveolens
(geranium) were studied across frequencies of 10 Hz to 100 KHz in metal—insulator—metal (MIM)
structures for several plasma input powers. The dielectric constant was observed to decrease with
increasing deposition power, which can be attributed to the increase in carbon rate and the
reduction in oxygen content in the formed films. Regardless of the input power, all investigated
samples have approximately the same frequency dependence on the dielectric constant, where it
rapidly decreases within a low frequency region. Furthermore, the charge transport mechanism
was investigated through a standard current—voltage characterisation, showing that the Schottky
mechanism might be the dominant mechanism in the higher field region. These polymers revealed
a relatively low conductivity value (107'°~107"7 Q' m™), demonstrating characteristics of a
typical insulator material. The aforementioned properties, in addition to other advantageous
characteristics of geranium plasma polymer thin films (e.g., low density, high adhesion to
substrates, relatively high optical band gap, and uniform coverage), render them a suitable

candidate for various dielectric applications in advanced microelectronics.
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Chapter V

Part 2

The Electrical Properties of ZnO Incorporated into Geranium Polymer Films

The electrical properties of ZnO incorporated into geranium polymer films were studied with the
intention to produce nanocomposite thin coatings that are electrically insulated and biologically
active material for encapsulation of microelectronics and implantable devices. The electrical
properties of pristine polymers and Zn/polymers composites films deposited at 10 and 50 W input
RF powers were investigated using metal-insulator—metal structures and reported in this session

(chapter V-part 2).

Abstract

Metal/polymer coatings that have distinct tailored electrical properties in addition to chemical,
physical and/or bio-response characteristics is important to develop various applications. In this
report, the electrical properties of ZnO Nanoparticles (NPs) functionalized plasma polymer films
were investigated in order to fulfil the potential applications of the resultant-composites in
biomaterials and microelectronics fields. The electrical properties of pristine polymers and
Zn/composites films fabricated at 10 and 50 W input RF power levels were studied in metal—
insulator—metal structures. At a quantity of ZnO around ~1%, it was found that ZnO had small
influence on the capacitance and dielectric constants of the fabricated films. The dielectric
constant of smaller-sized nanoparticles exhibited the higher value, whereas, with the increase of
particle size, the dielectric constant is decrease. The conductivity for the composites were
calculated in the in the range of 107'*-10"° Q' m™', compared to conductivity of 107'-107"7 Q"'

m"! for pristine polymer.

V.2.1. Introduction

Recent progresses in material technologies have encouraged the development of various
preparation approaches and applications of novel polymer—nanoparticles composites films. These
composites are preferred as promising innovative materials owing to their superior characteristics,
such as strength, high elastic modulus, great large surface areas, enhanced density, and controlled
optoelectronic properties [1, 2]. Metal/plasma polymer composite films have exhibited interesting
optical, electrical and biological properties [3]. Nanocomposites remarkably merge advantages of

low-dimensional organic films with a great surface area of embedded nanoparticles, offering a
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wide range of possible applications such as photoactive layers on the surface of the solar panels,
transparent conductive coatings, and antibacterial surfaces for medical implants [4, 5]. A specific
application highly depends on broad polymer properties and unique surface electronic structure

of embedded nanoparticles.

Manufacturing of matrix-polymers and their resultant-composites from natural resources is highly
recommended from environmental point of view [6]. The material can be derived from a wide
range of renewable precursors such as planet essential oils. Essential oils are relatively low-cost,
available in commercial amounts, and offer minimal toxicity compared to various typically-used
precursors [7, 8]. Current progress in plasma enhanced chemical vapor deposition convert
essential oils into cost-effective ultra-thin layers with the possibility to incorporate metallic
nanoparticles in the plasma polymer thin films [9, 10]. It allows good control over film thickness,
physical-chemical characteristics, and biological functionality [11-13]. Nevertheless, donating
nanoparticles into plasma polymers give the potential for providing a variety of properties to the
resultant polymer-matrix composites. In particular, electrical characteristics of composite films
critically rely on both the metal volume fraction and the polymer configuration. The doping level
of composite films is typically determined by the filling factor [14, 15]. The variation in electrical
properties of such composites as a function of the filling factor has been explained in the literature

through percolation theories [16].

In our previous study, a novel nanocomposite film was fabricated from ZnO NPs and renewable
geranium oil using a single-step plasma approach [17]. We demonstrated that a significant
antibacterial activities can be achieved by incorporating 1% zinc oxide nanoparticles in geranium
thin films. In this manuscript we investigated the electrical properties of ZnO/geranium polymer
(Zn/Ge) films with the intention to design composite coatings that are electrically insulated and
biologically active material for encapsulation of microelectronics and implantable devices.
Amongst various fillers nanoparticles, zinc oxide (ZnO) was selected in our research due to its
desired antibacterial properties. The optical transparency, good stability at high temperature and
inherent ability to absorb UV, beside bio-safety and powerful antimicrobial activity, ZnO
nanoparticles are considered to be one of the most potential substance in the manufacturing of

microelectronic and coatings for advanced biomedical applications [18, 19].

V.2.2. Experimental:

V.2.2.1 Precursor materials
Geranium essential oil (secondary plant metabolites) was purchased from Australian Botanical

Products (ABP, Victoria, Australia). As documented by the manufacturer, geranium oil had

various components including citronellol (32%), geraniol (15%), linalool (6%), and
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isomenthone (6%). Geranium essential oil was selected as precursor due to its high volatile
property at room temperature, which ensure no external heating nor carrier gases to curry the
precursor gas to the fabrication chamber. It was used if the fabrication without further

modification.

Zinc nanoparticles were formed from commercially available zinc acetylacetonate Zn(acac),
(Sigma-Aldrich, Germany) and was used without further modification/purification.
Zn(acac), compound was nominated owing to its relatively low decomposition temperature
and ability to integrate in gas-phase catalyst-free nanoparticle formation in plasma polymer

system.

V.2.2.2 Material fabrication
Prior to samples fabrication, microscope glass substrates (76 mm x 26 mm) were cleaned and

sonicated in a solution of water and commercial decon for 20 min. Then, substrates rinsed in
acetone and dried using compressed air. Aluminum electrodes were fabricated onto the glass
slides using thermal evaporation system (HINDHIVAC 12A4D) at a pressure of 7 x 107 torr.
Pristine polymers and ZnO/polymer thin films were fabricated on the aluminum layer
employing modified-plasma-enhanced chemical vapor deposition (M-PECVD) system (MKS
Instruments, Andover, MA, USA). A RF generator is used to deliver radio frequency power at
13.56 MHz to a glass tube via external coupled copper electrodes. In the case of composite
fabrication, the plasma system was supplemented with an external heater to achieve thermal
decomposition of Zn(acac), powder (0.05 g), which was placed inside the plasma system. ZnO
nanoparticles were generated in the gas phase and inserted into the polymer medium during
the growing of the polymer chains. However, a quantity of 0.5 g of geranium oil was used in
each deposition that yield a flow rate of ~16 cm’/min and a film thickness in a range ~500—
700 nm. Finally, another aluminum electrode was made on top of the organic layers using a
home-made shadow mask that manufactured a device with metal-insulator-metal (MIM)

structures as presented in figure V.2.1.

All thin films were derived from geranium essential oil at input powers 10 W and 50 W, and
the resulting pristine polymers were abbreviated as Ge 10 W and Ge 50 W, while the
counterpart ZnO-polymers were abbreviated as Zn/Ge 10 W and Zn/Ge 50 W, respectively.

V.2.2.3 Electrical measurements
Dielectric properties of the resultant MIM device were investigated between frequencies of 10

Hz and 100 KHz using a Hioki 3522 LCR meter (Hioki, Ueda, Japan). As we identified the
thickness and area of the device, and measured C values, dielectric constant was calculated.

Besides, current—voltage (l-V) measurements were obtained on the MIM structures
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employing a Keithley 2636A source meter (Keithley, Cleveland, OH, USA). Data were

recorded between 0 and 20 V, with steps of 0.2 V for each point at room temperature.

y Yy, Compostte S Vv
e ' 2n0/polymer composite
Electrode
MM
devie Glass substrate

Figure V.2.1. Metal-insulator-metal (MIM) device that designed to investigate the electrical
properties of ZnO/geranium plasma polymer composite films.

V.2.3. Results and discussion

The ZnO/geranium plasma polymer composite films were fabricated using the modified PECVD
system. Figure V.2.2 (a) clearly shows that ZnO NPs were formed in ball-like-structure. The
average nano-particle size is 60 nm and 80 nm for samples fabricated at 10 W and 50 W,
respectively. Furthermore, we observed some of unavoidable clusters of nanoparticles within
polymers due to high cohesive energy of metals, as seen figure V.2.2 (b). These aggregations
statistically represented less than 10 % of the over-all number of nanoparticles. Full scan XPS
spectra of ZnO/polymer composite films given in figure V.2.2 (¢) evidently showed the
incorporation of ZnO in the geranium polymer structure. It shows the presence of symmetrical
zinc oxide at binding energies of 1021.32 and 1044.60 eV, where zinc oxide had significantly
split spin-orbit components (Amew=23 €V). Also, carbon, oxygen, and nitrogen were observed in
the chemical structure of the composites. XPS indicated that carbon is dominated the films with
atomic concentrations of 83 %, and oxygen and nitrogen are around 13 % and 3 %, respectively.
Zinc was revealed to be 1 %. The element atomic concentrations in the composites were found to
slightly vary as a function of the deposition power. AFM image in figure V.2.2 (d) shows the
porous surface with random distribution of ZnO NPs, as the average roughness was at 33.7 £ 2.1
for input power of 10 W. Figure V.2.2 (e) shows the bacterial viability of gram-negative E. coli
cells on the control, pristine and composite films. It was found that 81% of E. coli cells were
viable on the control surface, while the viability of cells were decreased on other samples showing

approximately 60%, 76%, 33% and 44% on Ge 10 W, Ge 50 W, Zn/Ge 10 W and Zn/Ge 50 W,
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respectively. This outcome indicates a significant antibacterial perform of Zn/Ge 10 W sample
owing to presents ZnO-NPs in the polymer. However, further details regarding the release of ZnO
NPs and morphological, surface, chemical and antimicrobial properties of Zn/Ge composites

films can be found in our previous study [17].

- (c) OKLL
= &
= o5 0
g &
S -
= . E:
|| o E
S Ni1s
=3 - = A -5
1200 900 600 300 0
Binding Energy (eV)
1 .
(e) ™ E.coli
80 [
=
= |
= s0
o
=
=
& 40
=]
oo
o
) '
0
Control Ge 10W Ge S50 W Zn/Ge 10 W  Zn/GeSOW |

Figure V.2.2. Display a number of properties recorded for ZnO/geranium plasma polymer films.
(a) SEM images of ZnO-NPS acquired at magnification of x80K. (b) SEM images of aggregation
of some ZnO-NPs. (c¢) Full scan XPS spectrum of ZnO/geranium plasma polymer films. (d)
Three-dimensional AFM image of the composite surface measured at scanning area of 10 pm x
10 um. (e) Bar chart of the bacterial viability of E.coli cells (cultured for 24 h at 37 °C) on surfaces
of pristine polymers and ZnO/polymers composites. The control is sterilized cover glass
substrates.

The electrical properties of the composite film is studied understand the feasibility of

manufacturing of encapsulation coatings for microelectronics and medical implantable devices.
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The electric characteristics of pristine and composite polymer films were measured using
capacitance measurements of the M-I-M structure. The data were acquired utilizing LCR device
in the frequency range 10 Hz and 100 KHz. In figure V.2.3, it can be seen that the capacitance
values for pristine and composites films were approximately 10 and 107'° F, which sharply
decreases at low frequencies, approaching a constant value around 10™'° F at high frequencies for
all measured films. Independent of frequency, ZnO nanoparticles and deposition power had minor

effect on the capacitance of the pristine and composites films.
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Figure V.2.3. Capacitance of pristine and composites plasma- geranium thin films fabricated at
10 W and 50 W as a function of frequency in the range of 10—100 kHz.

Table V.2.1. Variation of the dielectric constants of pristine and composites plasma geranium
thin films fabricated at 10 W and 50 W with applied frequency in the range of 10-100 kHz.

Frequency (Hz) Dielectric Constant
10 W 50 W Zn/Ge 10 W Zn/Ge 50 W

10 5.75 4.74 4.12 4.04

100 4.73 3.38 3.57 3.87

500 4.48 3.03 3.42 3.72

1000 4.4 2.93 3.37 2.64
10,000 4.17 2.66 2.06 2.35
50,000 3.69 2.37 2.98 2.73
100,000 3.05 2.04 2.78 242
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The subsequent dielectric constant of the pristine and composite was calculated in table V.2.1 as
a function of frequency. The dielectric constant decreases with the increase of frequency for all
samples for different power of deposition. At the high frequency range (10* Hz), the decreasing
trend is not too sharp as compared with the lower frequency region. The decrease in trend is more
noticeable in ZnO/Ge composite films, since the inherent dielectric constant tendency of ZnO
nanoparticles also decreases with increasing frequencies of the applied voltage. However, no
percolation behavior was observed for the permittivity, which was observed in other studies for

ZnO nanoparticles integrated with polymers [20].

SEM images showed that the ZnO nanoparticles are not uniformally distributed, but rather
touching other particles creating interfaces between ZnO nanoparticles. It had been hypothesized
that the interface dipole moments originate from the electrons that are trapped at the ZnO/ZnO
interface electronic states [20]. The energy levels of ZnO/ZnO are different from those of
ZnO/polymer interface states, where the electrons in those states respond to different frequencies.
Hence, the interface dipoles related to ZnO/ZnO interfaces are possibly responsible for the

variation in the dielectric constant values especially at low frequencies.

In order to theoretically estimate the dielectric constant of pure ZnO nanoparticles (apart from
polymer), we used the modified Rother—Lichtenecker equation. The measured dielectric constant

is given by the relation [21]:

Emeasured — €XP [ln gt fZ(l - k) In (82/81)]
where emeasured, €1, and &; represent the dielectric constant of the ZnO/Ge composite, the polymer
medium, and the ZnO nanoparticle, respectively, f, represents the volume fraction of the

Zn0O nanoparticle, and Kk is the shape dependent factor (k= 0.5).

Considering the differences in the particles size as ~ 60 nm formed at 10 W and ~ 80 nm formed
at 50 W, the dielectric constant for ZnO NPs was evaluated at room temperature to be e= 6.7 and
€=6.1, respectively. It can be understood that dielectric constant of smaller-sized nanoparticles
exhibited higher value, whereas, with increase of particle size, the dielectric constant decreased.
This is in agreement with previous findings [21]. In contrast, other studies reported that dielectric
constant increase with increase in the size of nanoparticles [22]. The dielectric constant of pure
ZnO NPs can be varied depending on the experimental conditions, for example it was measured
to be around ~10 at high frequency region (for particles size of 20 to 35 nm at 30 °C) [23]. The
calculated dielectric constant in the current study could be slightly different from the real value.
This phenomenon is not strange. It is known that ZnO is a typical metal excess, where oxygen is
easily to be adsorbed on the surface of ZnO, resulting in the formation of high resistivity layers
(as Schottky barriers) on the surface of the ZnO grains [24]. Larger the ZnO particle, the smaller

the ratio of surface area to the particle volume. Accordingly, it retain larger dielectric constant. In
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addition, it is worth to mention that Rother-Lichtenecker equation is valid for ideal well-dispersed
particles. The non-ideal distribution of nanoparticles through geranium polymers and the

dissimilarities, the particles dimension/shape could affect the accuracy of the results.
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Figure V.2.4. Current density (J) of pristine and composites plasma geranium thin films
fabricated at 10 W and 50 W as a function of applied voltage (V).

Figure V.2.4 displays the variation of current density (J) of pristine and ZnO-geranium plasma
polymer composite as a function of the applied voltage (V) for samples fabricated at 10 W and 50
W. The current density (J) of the films is calculated through the following equation [25, 26]:

ﬁvo.S
J =Joexp ( K,TdoS )
where Jy is the low field current density, V is voltage, T is absolute temperature, kg is Boltzmann's
constant in and dis film thickness. The parameter Sis the field dropping coefficient for

Richardson—Schottky (RS) conduction or Poole—Frenkel (PF) conduction mechanisms, which is

given the following equation [27]:

3 \1/2
ZﬁRs=ﬁPF=< 1 >

TEYE,

where q is the electronic charge, € is the free space permittivity, & is the dielectric constant, and
Ber and PBrs, are field dropping coefficient for Poole—Frenkel and Richardson—Schottky

conduction respectively.
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Dc conductivity (o) of the pristine and composited films was estimated using the current—voltage
data through the relation: ¢ = Jd/V, where d is the thickness of the material, J is the measured
current density, and V is the applied voltage. The conductivity for the composites were calculated
in the in the range of 10'*~107° Q™' m™!, compared to pristine polymer that revealed 10 '°~10"""

QO'm?!

In nanoparticles/polymer composites, there is a critical volume/weight concentration of fillers
called percolation threshold. According to the percolation theory, when the content of conductive
filler is near the percolation threshold, the fillers connect with each other to build a continuous
conducting pathway, providing the potential for electrons/carriers to transport among the fillers
[16]. Thus, the composite always reveal a rapid increase in electrical properties [28]. The
percolation threshold is determined by the filler shape, size distribution, interlayer thickness,
temperature, physicochemical properties, and applied external field [29]. Yet, the relationship

between the filler concentration and conductivity of the composite is not fully understood [30].

The conductivity (o) near the percolation threshold (¢.) can be given by the power law:
O, = O'f((bf - (Z)c)t

where o is electrical conductivity of the composites, or is the conductivity of the filler, ¢ is the
volume portion of the filler, ¢. is the percolation concentration, t is the critical exponent, which
is a parameter determining the power of the conductivity based on ¢.. The critical exponent t
depends on the system dimension, and is set between 1.6 and 2 for three-dimensional structure.
The value of  was adjusted until the best linear fit was obtained inlogovs.logs (  — ).
The range of critical exponent values fitted from experimental measurements obtained by

different studies indicate that the t is not universal, as it varied in the range of 0.9 to 2 [15, 31,

32].

Based on the percolation threshold equation, we estimated the percolation threshold of Zn/Ge
composites to be “2.67 %. It is clear that the Zn/Ge composites did not show percolation threshold
since the conductivity was kept at relatively low values (10'* Q' m™), rather than increases
rapidly. The relative increase in conductivity after introducing ZnO NPs could be related to the
increase in the number of dipoles, where the reformation of trap structure induced by ZnO
nanoparticles. This specifies that the formed composites do not follow the behaviors of systems
incorporating 2D or 3D conducting particles, but more complex charge tunneling transport
mechanisms are obviously involved in their conductivity [33]. The electrical conduction could
also be increased due to the electronic and impurity contributions arising from the zinc precursor

during the thermal decomposition of zinc acetylacetonate (Zn(acac),).
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Some studies showed that the percolation threshold for conductivity of ZnO/polymer system to
be 15 wt.% of the volume fraction polymer [34]. Different researchers found that the percolation
concentration is 2.8 vol%.( ZnO =200 nm) [35], and 0.05 percentage for ZnO nano-rods (d=400
nm and L=2 pm) [36].
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Figure V.2.5. Variation of In J with square root of applied voltage for pristine and composites
plasma geranium thin films fabricated at 10 W and 50 W.
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Figure V.2.6 Variation of In J with InV for for pristine and composites plasma geranium thin
films fabricated at 10 W and 50 W.
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As shown in figure V.2.5 and V.2.6, the fitting result of In (J)~(V*?) and In (J)-In (V) indicates
that the conduction mechanism in the high voltage range could be related to the Richardson—
Schottky (RS) or Poole—Frenkel (PF) conduction. Furthermore, the fitting of In J vs. InV for all
plasma polymer and composites demonstrates similar behavior as those in In J vs. V2. According
to power law index values and the linear fitting of the J-V plots for pristine polymer that
previously reported in [37], the Schottky mechanism might dominate the charge transport of
geranium plasma polymer films in the higher field region. This suggests the ZnO NPs do not
affect the transport at high field, but may indirectly change the carrier transport properties at lower
fields. It is expected since the NP loads used were at low concentration (below the percolation

threshold).

V.2.4. Conclusion:

The electrical properties of pristine and ZnO incorporated plasma polymerised geranium oil thin
films were studied in the frequency range of 10 Hz to 100 KHz using metal-insulator—-metal
structures. The dielectric constant was observed to decrease with increasing deposition power for
all samples. Regardless of the input power, all investigated samples have approximately the same
frequency dependence on the dielectric constant, where it rapidly decreases at the low frequency
region. Furthermore, the charge transport mechanism was investigated through a standard
current—voltage characterisation, showing Schottky mechanism as a possible dominant
mechanism in the higher field region. The material revealed a relatively low conductivity value
(~ 107°Q " m™), demonstrating characteristics of a typical insulator. Incorporation of ZnO
nanoparticles into the geranium polymer thin films did not change the nature of charge transport,
as the nanocomposite films still behave as an insulator. The aforementioned properties, in addition
to the antibacterial activities and other advantageous characteristics of Zn/Ge thin films (e.g. low
density, high adhesion to substrates, relatively high optical band gap, and uniform coverage)
render them as a suitable candidate for various dielectric applications in advanced

microelectronics.
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Chapter VI

Antimicrobial Behaviour of Vertical Graphene Synthesized Using PECVD

The formation of high quality vertical graphene by PECVD technique is described in chapter VI.
Surface characterization, optical transparency, Raman spectroscopy, and the antibacterial

performance of the formed graphene are systematically presented in this chapter.

Abstract

Graphene exhibited a wide range of remarkable properties suitable for many applications including
biomedical applications. Plasma-enhanced chemical vapour deposition (PECVD) had been utilized for
the fabrication of high-quality vertical graphene from sustainable geranium essential oil on silicon and
quartz substrates without use any catalyst. Raman spectra of the samples substantiated the graphene
growth. SEM of the sample exhibited vertical growth of graphene and in addition, AFM confirmed the
very sharp edges of the produced graphene. The material revealed relatively high water contact angle
value ranging around 123°. Antibacterial performance of graphene nano-walls was studied against
gram-positive and gram-negative microorganisms. Confocal scanning laser microscopy images
demonstrated that 32% and 38% of E.coli and S. aureus cells were alive on graphene compare to

controls that showed 80% and 82%, respectively.

VL.1. Introduction

Graphene is one-atom-thick planar layer of sp>-bonded carbon that densely constructed in a honeycomb
crystal lattice [1]. Graphene-related materials have received great attention due to its extraordinary
features such as high electrical and thermal conductivity, extraordinary hardness and chemical
inertness. Furthermore, graphene is well-known for the extra ordinarily high surface area (2630 m%/g),
super hydrophobicity (~150%) and high optical transmittance of around 97% over the entire wavelength
region [2, 3].

The characteristics of graphene-based materials are highly relevant for their biological activities since
numerous reports have been published on contributing of graphene into biosensors, tissue scaffolds,
drug/gene delivery, antibacterial agents, and bioimaging probes [4-8]. More importantly, graphene
offers a promising potential to engage with microorganisms. Graphene also demonstrated wide-
spectrum antimicrobial activity toward important human pathogens [9, 10]. The antimicrobial

performance of graphene is believed to be instigated by physical and/or chemical interactions upon
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direct contact with microbial cells. Although bactericidal mechanisms of graphene-based materials
have theoretically and experimentally investigated in many studies, their antibacterial mechanisms still

controversial.

Plasma enhanced chemical vapor deposition (PECVD) has advantages to yield uniform vertically
grown graphene (VG) without using any catalyst. Reactive species generated in the plasma field are
effective in breaking the bonds of carbon-based precursors decreasing the required temperature for
graphene fabrication. PECVD is a bottom-up technique that highly-versatile and feasible for large-area
production of graphene structures at reasonable growth rates [11, 12]. Furthermore, it allows for
preservation of original minerals existing in the precursor, resulting in varying morphologies and
chemistries of the fabricated materials [13]. The properties of the designed graphene are strongly

dependent on precursor, plasma power, temperature, growth time and substrate coating.

Synthesis of graphene from inexpensive natural precursors is of great interest from both ecological and
industrial point of view [14]. Essential oils, in particular, represent a promising renewable precursor for
producing graphene through PECVD, since they are volatile oily liquid that can evaporate at room
temperature without any carrier gas [15] . A previous study reported successfully synthesis vertically-
oriented graphene walls from tea tree essential oil (Melaleuca alternifolia) utilizing a green catalyst-
free low temperature PECVD. The resultant graphene material demonstrated enhanced surface area

with ultra-long edges, high surface roughness, and low level of defects [16].

In this study, geranium essential oil (Pelargonium Graveolens) was selected as precursor. It is a
hydrocarbon-rich mixture containing around 85 components [17]. The main compounds include 32%
citronellol (C1oH200), 15% geraniol (CioHis0), 6%linalool (CioHis0), 6% isomenthone (CioH150), 6%
citronellyl formate (CiiH202), 5% guaia-6,9-diene (CisHx), 5% 10-epi-y eudesmol
(Ci5H260), 2.5%geranyl formate (C11HisOz ), and 2% tiglate (CsHsOz). The precursor was introduced

to a single-step PECVD for fabrication high quality and large surface area vertically oriented graphene.

VI1.2. Experimental

VI.2.1. Graphene fabrication
Silicon (with 100 nm oxide layer) and quartz substrates (1x1 cm?) were washed with acetone propanol,

and dried by air gun. The graphene was fabricated using single step PECVD technique. The plasma
system, shown in figure VI.1, consists of a quartz tube reactor with external heater. An adjustable
voltage regulator was utilized to obtain the required temperature of 800 °C. The initial pressure was
kept around 0.05 mbar. Then, the pressure of the system was kept at 0.20 mbar when H, gas flown at
the rate of 10 sccm. The input power of 500 W supplied from the Navio RF Generator operating at
13.56 MHz frequency through the Navio Matching Network. Prior to growth, substrates were

pretreated with plasma for 1 min for surface preparation. The vaporized precursor was then introduced
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into the reactor using a flow controller. The precursor (geranium oil) was obtained from Australian

Botanical Products (ABP, Victoria, Australia) that used without further modification.

Flow meter Substrate Electrodes  External heater

[ 2

acuum

- Precursor

RF

Processing parameters

RF power | Temperature | H2flow | Vacuum | Depositiontime
500 W 800 °C 10sccm | 0.2 mbar 4 minutes

Figure VI.1. Plasma enhanced chemical vapor deposition system for graphene fabrication.

VI.2.2. Graphene characterization
The Raman spectra were acquired using a WITec's Raman spectrometer (WITec, Ulm, Germany) with

laser excitations of 532 nm.

Static water contact angle measurements were preformed to determine the wettability of VG. Contact
angle was recorded using goniometer (KSV CAM 101, Helsinki, Finland). Young—Laplace fitting was

used to evaluate the contact angle and a minimum of three measurements per sample is performed.

Surface morphology was inspected using a high-resolution and low-noise scanning atomic force
microscope AFM (NT-MDT NTEGRA, Moscow, Russian) with a scanning area of 4 pm x 4 um. AFM
was activated in the tapping mode, where the cantilever oscillated directly above the surface to obtain
records. The data then analyzed using Nova Software (Version 1.0.26, Moscow, Russian) with the

fitting correction value (polynomial order of 4).

Optical transparency was identified using Variable Angle Spectroscopic Ellipsometry (JA Woollam-
M2000 D, Lincoln, NE, USA) with a software package (WVASE32, Lincoln, NE, USA).

Scanning Electron Microscopy (SEM) (SU5000, Hitachi, Canada) was employed to image VG
samples fabricated on silicon. Data were gained at Vacc = 3.0kV, EC= 124K nA, WD=9.0 mm.

The antibacterial performance of VG was evaluated by Live/Dead staining method toward Escherichia

coli (gram-negative) and Staphylococcus aureus (gram-positive). The experiment was run in triplicate.
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For each experiment, a fresh bacterial suspension was prepared by first refreshing the frozen stock
culture (1 mL) in Oxoid nutrient broth (10 mL) at 37 °C in shaking mode at 120 rpm. A spectrometer
(The SPECTROstar Nano, BMG labtech, Germany) was used to estimate cell numbers in a bacterial
suspension prior to placing them onto graphene surfaces. The cell density was kept at (ODsoo = 0.1) to
make sure uniform starting culture (2 x10° cell/ CFU).

Controls (quartz substrates) and VG samples were placed into 12-well plates, then irradiated by UV-
light for 20 min to sterilize the samples. An aliquot of 2 ml of bacterial suspension was placed onto the
sample surface. All tested samples were incubated at 37 °C and 5% CO, for 24 h. After the incubation
time, a staining kit (SYTO™ Invitrogen, Thermo Fisher, USA) was performed to study live/dead
microbial cells. The dyes were used following the protocol outlined in [18]. Prior to imaging, bacterial
suspensions were removed from the samples. A 90 pl of the stain were kept on top of each sample and
retained in the dark. After 20 min, samples were lightly washed with 0.5 ml of distilled water to remove
unattached bacteria. Fluorescent images were acquired with a confocal laser scanning microscope
(LSM 800, ZEISS, Germany), as green and red cells were refer of live and non-viable cells,
respectively. Viability was assessed as the percentage of viable, adhering bacteria relative to the total

number of attached bacteria to the surface.

VI1.3. Results and discussion

VI1.3.1 The Raman spectroscopy
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Figure VIL.2. Raman spectra of vertically grown graphene deposited from geranium oil on silicon
substrates.

The Raman spectrum of graphene synthesized from geranium oil is presented in Figure V1.2. The D
peak at around 1331 cm™' is initiated by the disordered structure of the graphene nano-wall such as

random orientation of the crystalline, fullerene-like structure, and local defects [19-21]. The G peak at
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1571 cm™ represents sp” variations in the graphic planes [22]. The shape and position of the 2D peak
reflects the number of the graphene layers. Here, Raman spectra of the graphene samples displayed a
2D peak at 2659 cm ™, demonstrating the graphene formation. The 2D peak showed a full width at half-
maximum (fwhm) of approximately 70 cm ™ at 2659 cm™, indicating five layer of graphene [23]. The
ratio of I2D/IG bands indicates the number of layers of the formed graphene, where the increased ratio
point toward the formation of thinner graphene matrix [24]. The 12D/IG ratio of the graphene was
estimated to be 0.62. Furthermore, the ratio of ID/IG was equal to 1.26, indicating that graphene had

defect densities and are mostly consisted of sp? hybridized carbon [16].

V1.3.2 Surface characteristics
The morphologies of VG were observed by SEM at different magnifications (figures V1.3 a & b) proved

that the geranium vapor was transformed to uniform interconnected nano-walls. The graphene is
completely covered the substrate and appeared vertically with thickness of 7 to 25 nm. In PECVD,
growth mechanism take places through three stages [25], firstly growth of carbon buffer layers around
~ 20 nm thick parallel to the substrate surface. Then, nucleation of vertical graphene stemmed
preferentially from the defects. Finally, vertical growth of graphene [25]. According to Yang et al, the
high electric field aligned perpendicular to the surface delivered by the active plasma is key to
conducing C sp*-hybridized atoms as nucleation centers for vertical growth of the graphene. On the

other hand, the processing temperature mainly influence the size of the formed graphene [26].

Static water contact angle data were recorded for VG surfaces on a minimum of three points. In each
test, the drop profile was acquired for 60 seconds by video camera and solved numerically. The wetting
behaviour of graphene generally depends on interconnected effect of several extrinsic and intrinsic
elements including chemical structure, morphology, topography, oxygen functionality, crystallinity and
defects [27]. Furthermore, the stable electronic structure of graphene results in a relatively low surface
energy. The attraction from the non-polar lattice to water molecules is weaker than the binding energy
among water molecules [26]. Consequently, the roughness and the surface chemistry of the graphene
walls reveal highly hydrophobic outcomes. In this study, the mean water contact angle for VG surfaces
was measured to be 123 ° as shown in figure VI.3 c. The high value of contact angle indicates that a
high ratio of sp?-hybridized bonding and electrons coupling effect enhanced the repellent of polar liquid
like water. Besides, contact angle could be improved by quantities of cavities formed by interweaved

graphene walls causing the hydrophobic surface performance [28].

AFM image in figure 3 d revealed that VG had a smooth planar structure with surface roughness value
ranging around 2.5 nm. The morphology seems to be same as presented in the SEM images. The line
scan of the AFM image, as shown in figure V1.3 e, of the surface provides further details about the
width of the graphene walls. The thickness of individual nano-wall tip/edge was estimated to be 10 to
20 nm (as explained by red arrows in figure 3 e). This indicates ultra-thin and very sharp edges of the
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formed graphene. Compared to 2D graphene, the vertically oriented graphene has definite specific
features such as high surface area and very long edges giving exclusive functionalities. Such a property

would probably facilitate its integration in low-cost, eco-friendly, self-cleaning surfaces.
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Figure V1.3: (a) & (b) are SEM images of graphene materials acquired at magnifications of 25,000 X
and 90,000 X, respectively. (c) is an image of static water contact angle on graphene surface. (d) is
AFM image of graphene material. () is line spectra from the AFM image and its corresponding surface
parameters presented in the given table.

In order to measure the transparency of VG, the optical transmittance was acquired across wavelength
of 200 to 1000 nm, as exhibited in figure V1.4. Few layer Graphene revealed high transparency in the
visible region. At the wavelength of 550 nm, VG possessed an optical transmittance measured as
82.1%, which is comparable to some previous reports [29, 30]. The obtained transparency of the
films can be attributed to graphene's unique electronic structure. Although the transmittance of
one atom thick is 97.7%, the absorption of graphene multi-layers system is found to be proportional to
the number of layers, where each layer absorb a significant fraction equal to 2.3% of incident light [31].
This unique optical property at a wide range of wavelengths will make the VG useful as coatings

for optoelectronics applications.
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Figure V1.4. Optical transmittance spectra of the graphene films fabricated on quartz substrates.

V1.3.3 The antibacterial performance
The antibacterial performance of VG materials was evaluated against rod-shaped E. coli (gram-negative

cell) and S. aureus (gram-positive cell) in terms of bacteria viability using Live/Dead cell confocal
imaging procedure. The ratio of live bacterial cell against the total number of bacteria (both live and
dead cells) was determined to calculate the antibacterial performance of the graphene. All data were
recorded with a minimum of three replicates. Statistical analysis of numerical data was calculated
employing a paired t-test. Statistical significance (*) was measured at p < 0.05. Additionally, a
confidence interval (95%) was given at each time point, which was considered as an additional

pathway to guarantee statistical differences between experimental and control data.

Bactericidal activity of VG against E. coli bacteria is presented in figure VI.5. CLSM images clearly
show a much higher average number of dead bacterial cells on the graphene samples compare to
the control surface. It was estimated that around 80% of E.coli were alive on the control, while
cells viability on the VG was estimated to be 32%. This indicate a significant reduction in the
number of viable cells as shown by statistical analysis bar chart in figure VL.5. Similarly, figure V1.6
showed the bactericidal performance of graphene nanowalls against S. aureus pathogen was also
significant, where 38% of bacterial cells were viable. Graphene walls revealed much higher
antibacterial efficacy against E. coli than S.aureus. This observation can be attributed to the inherent-
differences in the cell wall configuration in gram-negative and gram-positive microorganisms. A gram

positive cell has a thick peptidoglycan layer that consists of teichoic and lipoteichoic acids. While a
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gram negative cell has a thin peptidoglycan layer and a superficial-membrane that consists of

lipopolysaccharide, phospholipids, and proteins.

The dissimilar fundamental properties of graphene materials such as size, layers number, shapes,
presence of oxygen, hydrophilicity, quality of the individual graphene wall, defect density, etc. make it
challenging to predict their precise antimicrobial mechanisms/models [32]. However, they were
categorized into two main categories: physical distraction and chemical oxidation. Physically, the very
sharp edges of graphene nanowalls can damage/cut microbial cell membrane, resulting in bacteria cell
inactivation [33]. Furthermore, the graphene sheet may extremely extracts phospholipid molecules
from the lipid layers of the membranes triggering distortion and irreversible damage of the cell
membrane [34]. It had also found that a graphene sheet with a higher oxidization degree can affect a
larger scale of irregular membrane perturbation damaging the integrity of the membrane [35]. A recent
report observed that vertically oriented graphene oxide nano-sheets revealed a substantially higher
degree of antibacterial performance against bacterial cell, compared to randomly oriented and

horizontally covered graphene oxide [36].

The chemical oxidation due to graphene materials has also been reported as an additional bactericidal
mechanism in the literature. Oxidative stress can be induced via ROS-dependent or ROS-independent
pathways. ROS such as hydrogen peroxide, hydroxyl radicals, singlet molecular oxygen and superoxide
anions are known to harm biological molecules. The over-production of ROS by graphene causes cells
to enter a state of oxidative stress, causing extra destruction to microbial cellular components such as
DNA, lipids, proteins and gradual degeneration of cell membrane [37, 38]. Oxidative stress can also be
triggered without ROS-formation, where graphene materials act as an electron pump removing charges
from microbial cellular membrane [38]. However, some studies observed that the bactericidal effect of

vertical PECVD graphene is not related to the generation of oxidative stress [39].
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Figure VL5, The antimicrobial performance of VG toward E.coli bacteria, (a) are confocal scanning
laser microscopy images of visualize viable cells stained green and dead cells stained red with
Invitrogen Dead/Live Kit for live/dead cells at different magnifications (10 X and 63 X). The
statistical analysis chart (b) shows the antibacterial performance of graphene and controls (quartz
substrates). Data shown represent means + SD (n = 3). The statistical significance is given in terms
of * (P < 0.05). The bar chart (c) displays the bacterial viability on the samples.
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Figure V1.6. The antimicrobial performance of VG toward S.aureus bacteria, (a) are confocal scanning
laser microscopy images of visualize viable cells stained green and dead cells stained red with
Invitrogen Dead/Live Kit for live/dead cells at different magnifications (10 X and 63 X). The
statistical analysis chart (b) shows the antibacterial performance of graphene and controls (quartz
substrates). Data shown represent means + SD (n = 3). The statistical significance is given in terms
of * (P < 0.05). The bar chart (c) displays the bacterial viability on the samples.

VI1.4. Conclusion

This work successfully demonstrated the synthesis of uniform vertical graphene from geranium
essential oil using single-step PECVD. The fundamental characteristics showed that the graphene is of
good quality and is of vertically aligned. The VG graphene showed hydrophobic surface characteristics
with water contact angle value of 123°. The material possessed an optical transmittance measured as
82.1% that appropriate for different optoelectronics applications. The antibacterial performance of

the material was demonstrated toward gram positive and gram negative pathogens. The viability of
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E.coli and S. aureus cells were found to be 32% and 38% on graphene surfaces. The graphene is derived
from a cheap and sustainable precursor, easy to re-produce, well-controlled processing parameters. The
developed graphene has showed impressive potential in tackling various aspects of microbial

infections in many biomedical applications.
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Chapter VII

Conclusions and Recommendations for Future Work

The interest in the development of effective antibacterial coatings has recently been progressively
increasing due to substantial concerns about the microbial-resistance toward synthetics
antibiotics. Antimicrobial surfaces particularly that derived from natural essential oils are
showing a great potential as active biomaterials in hospital, clinics and implants. In additional to
their antimicrobial properties, these materials offer promising features, such as biocompatibility,
biodegradable, have good physical stability, costly effective, essential mechanical characteristics,
besides reduces the environmental pollution affected by the manufacture of other preservatives.
Therefore, research on new naturally-derived, biologically-active coatings and their approaches

should yield various possible applications.

Geranium thin films were successfully fabricated using plasma polymerisation at different input
power to produce thin films with desired physical, chemical, optical, electrical, biological material
characteristics. These properties were discussed and attributed based upon the most recently and
commonly reported in literature. Among all processing parameter, the input RF power was

founded to be significant to determine material properties.

VII.1. Optical properties

Independent of applied power, geranium oil-derived polymer films were revealed to be optically
transparent within the visible wavelength range. Refractive index (n) was found to be not
significantly dependent on the RF power. At a short wavelength of 200 nm, the variation in the
refractive index between polymers fabricated at applied powers of 10 W and 100 W was
approximately ~0.0097. At wavelengths above 900 nm, the variation in the refractive index was
~0.0069. The extinction coefficient (k) also showed very little dependence on the applied power,
especially in the high wavelength region (above 900 nm), as the variation was 0.0013. At a short
wavelength of 200 nm, the variation in the refractive index for polymers fabricated at applied
powers of 10 W and 100 W was ~0.0268. Furthermore, the maximum UV absorption peak was
observed at approximately 290 nm, which possibly relates to m—n* transitions. The energy gap of
geranium oil-derived polymer films was calculated around E; ~ 3.67 eV. A very small decrease
of E; with an increase in the input power was observed, where samples fabricated at 10, 25, 50,
75, and 100 W had E, = 3.67, 3.65, 3.60, 3.61, and 3.60 eV, respectively. The optical properties
strongly suggest that geranium films can be used as encapsulating (protective) layers for organic
electronics to extend the lifetime and preserve efficiency of oxygen- and water-sensitive organic

materials.
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VII.2. Surface Topography

Independent of deposition power, the topographical features of the polymers appeared to be
uniform, smooth, and pinhole free. The uniformity indicates that polymerisation reactions
occurred essentially on the surface of the substrate, instead of in the gas phase. The average
roughness parameter was remained below 0.7 nm, which increased slightly as a result of an
increase in the input RF power. Moreover, films revealed high spatial uniformity and good
adhesion to the substrate. AFM results revealed that the films’ entropy also increased as a result

of applied power. The entropy increases are possibly related to the surface flatness decreases.

When the ZnO nanoparticles were introduced in the polymers structure, the average roughness
parameter significantly increased measuring around 33.7 = 2.1 and 37.2 £ 2.4 nm for composites
fabricated at 10 W and 50 W respectively. The higher surface roughness in comparison with the
pristine film indicates that the composite comprised of porous surface with random distribution

of ZnO particles.

VIL.3. Wettability

In the case of pristine polymers, the water contact angle was 65.6° at deposition power of 100
W, while at the lower power of 10 W, the contact angle value was notably lower, at 55.5°. This
was explained by the higher input power conditions produced polymers with highly crosslinked
structures due to more fragmentation/dissociation of precursor molecules. Consequently, it caused
in the formation of relatively more-rigid polymers as a result of an increase in the bonding
interconnection and dense packing of polymer chains within the matrix, minimizing the
absorption of water on the surface. This may lead to an increase in the contact angle value,
verifying the dependence of contact angle on the degree of crosslinking. Moreover, the increase
in the input power affects surface chemistry of the polymers, specifically a decrease in the oxygen

content, resulting in a decrease in the polarity of the polymers surfaces.

In the case of composite Zn/Ge films, samples fabricated at 50 W revealed higher contact angle
values ranging around 73.4°, while samples fabricated at 10 W revealed approximately 66.4°.
This probably is related to the difference in the size of formed nanoparticles at different power of

deposition.

VIIL.4. Chemical Properties

Pristine geranium polymers were founded to be hydrocarbon materials. Carbon was identified to
be the main element which contributed up to 87 % and 85 % of the total atomic concentration for
samples fabricated at 10 W and 50 W, respectively. Oxygen was identified as a second most
abundant element in the films, representing 12 % and 14.45 % of the entire films for geranium

films fabricated at 10 W and 50 W. No impurities were identified for any of the pristine polymers.
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In composite films, carbon was identified to be around 83 % and 78 % for samples fabricated at
10 W and 50 W, respectively. Likewise, oxygen was estimated to be around 13 % and 16 % for
samples fabricated at 10 W and 50 W, respectively. Nitrogen was calculated 2 % and 3 %, and
zinc was shown 0.7 % and 1.5 % for samples fabricated at 10 W and 50 W, respectively. It is
evident that carbon percentage in the composites decreased with an increase in the power of
deposition, which was in contrast to the trend observed in the pristine counterparts. The most
rational elucidation for this observation is that the higher input power resulted in a higher
fragmentation/dissociation of the zinc acetylacetonate causing a relative increase in oxygen,

nitrogen and zinc quantities.

VIL.S. Antimicrobial performance

Pristine geranium oil-derived coatings were found to have the potential to reduce the microbial
adhesion and biofilm formation of select human pathogens, such as S. aureus, P. aeruginosa and
E. coli. The input RF power, in particular, played a substantial role in controlling the surface bio-
chemistry and extensively enhanced the biocidal activity of the fabricated coatings. Films
deposited at 10 W proved a significant decrease in the number of cells, biovolume, and biofilm
thickness. In contrast, there was no significant change in the bacterial colonisation between films

fabricated at 50 W and an unmodified glass control.

The antibacterial activity of ZnO-NPs incorporated into geranium films toward both gram-
positive (S. aureus) and gram-negative (E. coli) bacteria were demonstrated. The CLSM imaging
evidently showed a much higher average number of cells adhered to the control surface compared
to all polymers and composites samples. Although pristine polymers showed weak or moderate
antibacterial activity against both gram-positive and gram-negative microorganisms, composites
revealed enhanced bactericidal performance. Indeed, zinc nanoparticles were directly involved in
the inhibition of the pathogens. In addition, the antibacterial performance of Zn/Ge 10W were
greater compared to Zn/Ge 50 W. This observation was linked to the influence of RF power on
the size of the formed nanoparticles, where lower power created smaller particles, which revealed

much higher antibacterial action in compare to larger nanoparticles.

VII.6. Electrical properties

The electrical properties of pristine and ZnO/composites thin films were systematically studied
in metal-insulator—metal structures. The dielectric constant was observed to decrease with
increasing deposition power for all samples. Irrespective of power of deposition, all examined
polymers almost had the same frequency dependence on the dielectric constant as it sharply
decreased in the low frequency region. Additionally, Schottky mechanism was founded to

dominant the charge transport mechanisms in the higher field region. Pristine polymers revealed
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a relatively low conductivity value (107'°~107"7 Q™' m™), indicating features of a typical insulator

material.

Incorporating ZnO nanoparticles in geranium plasma films did not significantly change the
electrical properties nor the charge transport, as the nanocomposite films showed behave as an
insulator. It is clear that the composites did not reach the percolation threshold, since the
conductivity was kept at relatively low values (10"* Q' m™"), rather than increases rapidly. The
relative increase in conductivity after introducing ZnO NPs was explained by the increase in the
number of dipoles. The high isolation properties, in addition to the antibacterial activities and
other desired characteristics of Zn/Ge thin films render them as a suitable candidate for various

dielectric applications in advanced microelectronics.

VIL.7. Graphene

Vertical graphene from geranium oil is developed using single-step PECVD. The graphene was
fabricated at relatively short time (only 4 minutes) directly on silicon and quartz substrates
without any catalyst. SEM and AFM confirmed the very sharp edges of graphene walls having a
length of few hundreds nanometers with thickness of 7 to 25 nm. The graphene demonstrated
high water contact angle value ranging around 123°. The antibacterial performance of the material
was confirmed toward gram positive and gram negative pathogens. Confocal scanning laser
microscopy images verified that the viability of E.coli and S. aureus cells were 32% and 38%

were alive on graphene compare to controls, respectively.

Independent of fabrication conditions, several differences can be observed for all fabricated
materials in this thesis. Firstly, the topographical features of pristine polymers appeared to be
more uniform, and smooth, compared to composites and graphene. Secondly, pristine polymers
showed lower contact angle value (* 55.5°) compared to composite (66.4°) and graphene (123°).
Thirdly, pristine geranium coatings showed strong anti-biofouling activities, while composites

and graphene demonstrated powerful anti-bacterial performance.

In summary, this research contributed to the knowledge of developing plasma polymer thin films
from geranium essential oil, incorporating Zinc nano-particles into the fabricated plasma polymer
matrix and develop graphene from the geranium essential oil using PECVD. Each of the 3 types

of materials were successfully tested to understand the antibacterial nature of the material.

VIL.8. Recommendations for future wok
While this study demonstrated geranium plasma polymer thin films as a promising candidate for
biomedical and microelectronics applications, it uncovered several questions for further

investigation:
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 Additional work is required to focus on the degradation and solubility of geranium oil-derived
coatings in long-term usage under different environmental conditions. An understanding of
the relationship between the processing parameters and the dynamics at the polymer/liquid

interface is essential.

Evaluating the biocompatibility of geranium materials (both pristine and composite films) is
very important. Further investigations on eukaryotic cells (human cells) should be achieved in
vitro to assess the interaction between of geranium films and human cells for a long period of
time. This will enhances opportunities of geranium films to be commercially successful

antibacterial coatings for implantable devices.

As SEM images showed, ZnO particles covered fully/partially with a plasma polymer layer;
thus by applying an appropriate energetic plasma on these particles, the polymer layer can be
degraded/removed revealing more active-surface area of the ZnO nanoparticle to interact with
microorganisms. Further work will assist to explore the influence of different plasma gases,
where the optimization of the desired functionality will mainly rely on the input power of the
used plasma. Moreover, the influence of Zn nanoparticles can be increased through several
ways such reducing the size on the particles, minimizing the aggregation of particles, and

increase the number of particles in the polymer.
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