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Chapter 1
Introduction to Antibacterial Surfaces

Hayden K. Webb, Russell J. Crawford, and Elena P. Ivanova

Abstract Colonisation of surfaces by bacteria occurs commonly in the environ-
ment. When this colonisation occurs on materials that are used in modern civiliza-
tion, it is most often a detrimental process. This can range from bacteria being
responsible for the infection of medical implants or tissues causing infection to
humans or animals, to biological layers being built-up on ships or in air-conditioning
systems causing increased drag and fuel costs. In each case, the result is undesir-
able, and therefore it is highly desirable to identify ways by which the growth of
bacteria on surfaces can be eliminated or controlled. This can be achieved through
preventing the initial adhesion of cells, and/or by Kkilling any cells that are able to
attach to the surface. In this chapter, a brief overview is provided regarding some of
the issues associated with the attachment of bacteria to surfaces, together with a
description of the main strategies currently being employed for controlling the ini-
tial attachment processes. These strategies will be expanded upon in the subsequent
chapters.

Keywords Antibacterial surfaces ¢ Antibiofouling * Mechanobactericidal surfaces
* Superhydrophobicity * Antibiotic resistance ¢ Biofilm formation

1.1 The Definition of Antibacterial Surfaces

As a concept, the term ‘antibacterial surface’ is generally well understood. There
are, however, one or two subtle clarifications to this term that should be addressed,
for the sake of properly defining the term for its use in the subsequent chapters. The
term ‘antibacterial surface’ applies to the surface of any material or agent that works
to prevent or limit the growth and proliferation of bacteria (Hasan et al. 2013). This
is an important distinction, as the word ‘antibacterial’ is commonly understood as
being the effective of killing bacterial cells. Bactericidal surfaces certainly fall
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under the umbrella of being ‘antibacterial’, however ‘bacteriostatic’ and ‘antibio-
fouling’ surfaces can also be regarded as ‘antibacterial in their action. Each of these
concepts will be addressed in greater detail in the following sections.

1.2 The Ancient Battle Against Bacteria

Bacteria are ubiquitous, being found in most places on the Earth and therefore it is
necessary for all other organisms to develop strategies to coexist with them. These
strategies vary greatly, from some organisms having developed self-cleaning sur-
faces that limit their need to interact with bacteria, the development of chemical
defence mechanisms such as an immune system, and developing the ability to uti-
lise bacteria as a food source. Mankind is not exempt from this requirement.
Throughout history, humans have battled against the detrimental effects associated
with bacteria, some of which have been, and are still responsible for some of the
most deadly diseases known. The Bubonic Plague, also known as ‘Black Death’,
resulted from humans being infected by Yersinia pestis, a bacterium from the
Enterobacteriaceae family. This plague is famous for killing a third of the popula-
tion of Europe (approximately 25 million people) in the fourteenth century (Haensch
et al. 2010). It was suggested that the Austrian composer Mozart died as a result of
a streptococcal infection at the age of 35 (Zegers et al. 2009). Of course, bacterial
diseases continue to be a major concern in modern times. Mycobacterium tubercu-
losis, the bacterium responsible for tuberculosis, infected 8.6 million people in
2012, leading to 1.3 million deaths (World Health Organization 2015). In addition,
post-operative infections caused by bacteria such as methicillin-resistant
Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa are a leading cause
of death from complications arising after surgery (Boles and Horswill 2011; Lowy
2003; Klevens et al. 2007).

Pathogenesis and disease, while certainly being extremely important, are not the
only undesirable bacteria-associated problems. Food spoilage by bacteria is com-
monplace, and many food preservation techniques such as salting and pasteurisation
were developed in an effort to preserve food for greater periods of time. Adhesion
of bacteria and their subsequent multiplication on the surfaces of substrate materials
can lead to a wide range of problems, usually in the form of added mass, blockage
or in the reduction of aero- or hydrodynamic properties. For example, the shipping
industry incurs significant expenses in cleaning ships where bacteria and other
organisms have attached to their hulls, causing decreased fuel efficiency (Schultz
et al. 2011). Bacterial growth in water-cooled air conditioning systems can result in
a loss of heat transfer efficiency and therefore results in an overall decreased effec-
tiveness of the device (Ager and Tickner 1983; Gilbert et al. 2010). Many bacteria
have also now been implicated in the phenomenon of biocorrosion, whereby cells
that have attached to metallic surfaces (e.g. copper water pipes) lead to the corrosion
of the material through the formation of ‘pits’ in the surface (Beech and Sunner
2004; Gu et al. 2009a, b). The problem of how to control bacterial adhesion and
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growth is one that has been posed for a long time, and has no simple solution has,
as yet, been identified for a number of reasons, discussed as follows:

1.2.1 Extreme Adaptability of Bacteria

The first and most important factor that makes bacteria difficult to control is their
high metabolic and physiological adaptability (Bos et al. 1999; Callow and Callow
2002). Bacteria have a high propensity for acquiring new genetic material. They
generally can double their population in a short time, with each generation having
the potential to develop new mutations, which may be beneficial, detrimental or
neutral to the further proliferation of the bacteria. Horizontal gene transfer is also
commonplace among bacteria, whereby genetic material is exchanged in the form
of plasmids via pili linkages (Dalton and March 1998; Kjelleberg and Molin 2002;
Daniels et al. 2004). Some bacteria are capable of taking up extracellular DNA and
incorporating it into their transcriptomes and some viruses have the ability to intro-
duce new genetic elements into a bacterial cell via transfection (Thomas and Nielsen
2005; Ochman et al. 2000). Together, these factors enable bacteria to tune their
genetic makeup, and through natural selection they can exploit changes in their
environment to establish an ecological niche. This has led to the ability of bacteria
to colonise a wide variety of environments, including the harsh conditions present
in deep sea vents, and their ability to utilise numerous sources of carbon (Baum
et al. 2002; Hay 1996).

1.2.2 Antibiotic Resistance

Antibiotic resistance is a growing public health concern, which has arisen as a direct
result of the high adaptability of bacteria. Through one of the mechanism listed in
Sect. 1.2.1, bacterial cells may acquire the necessary properties to escape the actions
of one or more antibiotics. Administration of antibiotics then eliminates the compe-
tition to the antibiotic resistant cells, which can then flourish (Fig. 1.1). Naturally,
further doses of the same antibiotic no longer have an equivalent effect (Gilbert
et al. 2010; Lowy 2003; Simdes et al. 2009).

The World Health Organization considers antimicrobial resistance to be one of
the three greatest threats to human health (World Health Organization 2014). In
addition to this increased resistance, causing a decreased ability to treat established
infections, rising antimicrobial resistance has flow-on effects to other treatments
that rely on antibiotics to prevent infections. For example, any immunosuppressive
therapies, such as chemotherapy, and implantation of biomedical devices become
considerably more dangerous without antibiotics.
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Fig. 1.1 (a) Within the natural microbiome, any given bacterium may acquire a gene resistance to
a given antibiotic. (b) On administration of the antibiotic, all of the sensitive cells are eliminated,
removing any nutritional competition for the resistant cell. (c) The resistant cell can then flourish,
and the microbial community regenerates itself, this time with widespread antibiotic resistance
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Fig. 1.2 (a) The lifecycle of a biofilm begins with the deposition of a conditioning layer composed
of organic material, often produced by the cells in the surrounding suspension. (b) The conditioning
film aids in the initial attachment of cells, even to surfaces that are otherwise unfavourable for
bacterial attachment. These cells then begin to produce and excrete extracellular polymeric sub-
stances (EPS). (¢) The attached cells proliferate and continue to produce EPS, forming a more
continuous layer and attracting further cells to the surface. (d) The mature biofilm consists of
numerous cells embedded within a matrix of EPS with a defined three dimensional structure.
(e) Finally, pieces of the biofilm or individual cells are released into the surrounding environment
and are able to colonise new areas

1.2.3 Biofilm Formation

Biofilms are three-dimensional communities of bacteria embedded within an extra-
cellular matrix that is usually composed primarily of polysaccharides. Formation of
biofilms is an old and very effective method by which bacteria grow and prolifer-
ate. The initial formation begins with the colonisation of a surface by individual
cells, which may be the same or different species. The cells that initially adhere to
the surface start to grow and divide, and once the cell density reaches a certain level,
the cells secrete extracellular polymeric substances (EPS) that form the biofilm
matrix. As the biofilm matures, it develops channels to allow the intake of nutrients
and the expulsion of wastes. At the final stage of the biofilm cycle, small pieces or
individual cells either break off or are released from the biofilm, and may travel to
and colonise new regions (Fig. 1.2). Biofilms provide exceptional mechanical and
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chemical resistance to the cells that they contain, and therefore once biofilms have
been formed, they are exceedingly difficult to remove (O’ Toole et al. 2000; Schmidt
et al. 2012).

1.3 Strategies for Coping with Bacteria

Much progress has been made in preventing or mitigating the detrimental impact of
bacterial contamination over a long period of time. The ancient Egyptians, Greeks
and Aztecs all used copper-containing compounds and alloys as methods for steril-
ising wounds and drinking water (Michels et al. 2005). Silver has also proven to be
highly effective at killing bacterial cells (Ivanova et al. 2011; Rai et al. 2009). The
discovery of penicillin, in particular, was a huge step forward in fighting bacterial
infections (Chain et al. 1940). This opened the door for the production of several
generations of antibiotic compounds, subsequently revolutionising medicine.

The production of surfaces that are specifically antibacterial in their action is a
somewhat more contemporary approach, and in recent times the field has enjoyed
increased interest from researchers, with numerous advances made in this technol-
ogy. With the recognition of the fact that once established, biofilms are extremely
difficult to eradicate came the trend of developing methods for the prevention of
bacterial attachment, rather than identifying ways to remedy surfaces that contained
attached biofilms. Inspired by the work of Bartholott and Neinhuis in 1997 on the
lotus leaf, many researchers have focussed on the investigation and production of
surfaces that are able to remain clean in a similar way to the lotus (Barthlott and
Neinhuis 1997). Such self-cleaning surfaces typically have special properties with
regard to their wettability, i.e. superhydrophobicity, which aids in the removal of
contaminants. Several other natural surfaces that possess similar properties have
since been discovered (Gao and Jiang 2004; Watson et al. 2011; Bixler et al. 2014;
Sun et al. 2009), and many more have been artificially fabricated (Zhang et al. 2006;
Lee et al. 2004; Guo et al. 2012). Surfaces such as these, that prevent the adhesion
and attachment of microbes, are termed ‘antibiofouling surfaces’, or often simply
‘antifouling surfaces’.

Prior to the research being carried out on the development of antibiofouling sur-
faces, the common approach for developing antibacterial surfaces was to evoke bac-
tericidal effects, i.e. to modify or functionalise the surface so that it had the capability
to quickly kill bacterial cells that came into contact or close proximity to the surface,
preventing them from proliferating and initiating the formation of a biofilm. Coating
or functionalising surfaces with compounds known to be bactericidal, e.g. silver or
antibiotics (Gazit 2007; Qi et al. 2004; In et al. 2007; Maness et al. 1999), was an
early effective approach, however leaching and releasing bioactive components
often occurs, which may present biosafety challenges and reduction in the longevity
of the material. Polycationic polymers have also been shown to be effective bacteri-
cidal materials that possess some degree of durability (Haldar et al. 2008; Yang et al.
2014). Bactericidal surfaces have again come into focus with the discovery of a
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class of materials that have a novel mechanism for killing cells. The wing of the
Psaltoda claripennis cicada was the first material reported to kill bacterial cells as a
result of the physical nanostructure of the surface, with no apparent influence arising
from the chemistry of the surface (Hasan et al. 2012; Ivanova et al. 2012; Pogodin
et al. 2013). This mechanism by which this bactericidal activity was achieved
was referred to as a ‘mechanobactericidal’ effect. Other insect wings have since
been determined to be bactericidal through using a similar mechanism, and a bioin-
spired silicon analogue has also been reported (Ivanova et al. 2013).

1.4 Summary

The bacterial colonisation of surfaces can lead to many detrimental effects on
human health, industry and the environment. Therefore, a technological need exists
for the development of materials whose surfaces resist the build-up of bacteria. A
range of approaches are available for the design of such surfaces, and in the follow-
ing chapters a wide variety of antibacterial surfaces will be described. The prevail-
ing mechanisms that determine their effectiveness, methods of fabrication in the
case of synthetic surfaces, and an analysis of the applications in which these types
of surfaces are likely to find use, will be discussed.
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Chapter 2
Natural Antibacterial Surfaces

Song Ha Nguyen, Hayden K. Webb, Russell J. Crawford,
and Elena P. Ivanova

Abstract The world has long experienced the impact of surfaces fouling with bio-
films, not only in economic terms, but also, importantly, the adverse effect that bio-
films can have with regard to public health. In the USA alone, billions of dollars are
spent every year cleaning equipment, decontaminating products and cleaning ship
hulls, while over 100,000 mortalities are reported annually as a result of infections
resulting from medical device implant surgeries that have been compromised by the
presence of pathogenic bacteria. Of great concern is that the heavy use of chemicals for
neutralising bacterial colonies has resulted in the production of tougher, more resistant
strains of pathogenic bacteria, which challenges the scientific community to find new
approaches for controlling the formation of biofilms. Recently, the hierarchical struc-
tures found on the surfaces of some organisms, such as plant leaves and insect cuticles,
have been shown to be superhydrophobic, self-cleaning, and possess bactericidal activ-
ity. Since the self-cleaning properties of the lotus leaf were reported in 1997, there has
been a great deal of effort put into exploring this approach as a potential method for
controlling the formation of biofilms. These discoveries may provide alternative
approaches for controlling bacterial behaviour, either before or after the bacteria have
attached to a substrate surface. This chapter provides a summary of some of the strate-
gies employed by nature for controlling the colonisation of bacteria on surfaces.

Keywords Antibiofouling ¢ Superhydrophobicity ¢ Self-cleaning * Bactericidal
activity » Wettability  Plant leaves ¢ Insect cuticule * Mechanobactericidal activity

2.1 Introduction

Biofouling has remained a complex, problematic issue for a long period of time. Its
consequences impact not only upon the economy, but also public health. For this
reason, antibacterial materials have been developed in order to design advanced
strategies for limiting the colonisation of bacteria on their surfaces (Zhang et al.
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2013). Traditionally, antibacterial surfaces were designed so that their surfaces
would leach biocides, which would kill bacterial cells in situ and in areas surround-
ing the surface. For example, peptides and chitosan have been used as chemical-
based methods for controlling the colonisation of bacteria on surfaces (Gazit 2007,
Qi et al. 2004). Antibacterial metal nanoparticles such as silver (Rai et al. 2009),
copper (Hsiao et al. 2006), and molybdenum (Yasuyuki et al. 2010) have also been
used as an additive for controlling bacterial attachment. The effects of these metals
on human health and the environment are of growing concern. In addition, ever-
increasing doses are now being required for chemical-based methods to effectively
sterilise surfaces. This increased use of chemical agents has led to another problem;
bacterial resistance to antibiotics. Therefore, the scientific community must con-
tinue to find alternative methods for effectively controlling bacterial attachment.

More recently, new approaches for preventing bacterial attachment, which use
photocatalytic metal oxides such as TiO, (Gelover et al. 2006) and ZnO (Franklin
et al. 2007; Jones et al. 2008), have been developed. These materials produce highly
reactive species such as hydroxyl radicals, hydrogen peroxide and superoxide,
which are lethal to Escherichia coli and some other types of bacterial cells (Maness
et al. 1999; Ibanez et al. 2003). These metal oxides are, however, mainly activated
by UVA light sources, which limits their potential biomedical applications (In et al.
2007; Fu et al. 2005).

Superhydrophobic/self-cleaning surfaces based on natural materials such as
plant leaves and insect cuticles are currently being developed for controlling bacte-
rial colonisation. Traditionally, only those materials that could induce bacterial cell
death were considered to be antibacterial materials (Zhang et al. 2013), however
antibiofouling materials, many of which are also superhydrophobic, can also classi-
fied in this category due to their potential application in controlling bacterial attach-
ment. Many natural surfaces have been subjected to harsh environmental conditions
in that they are constantly in contact with pollutants and changing weather condi-
tions. Over millions of years of evolution, organisms have developed strategies that
enable them to survive. Lotus leaves have been studied in detail since 1997 and have
given rise to the archetypal “lotus effect” due to their self-cleaning nature (Barthlott
and Neinhuis 1997). The properties that afford the lotus leaf these self-cleaning
properties are their high water contact angle (6> 150°) and low tilting angle (< 10°),
the angle to which the leaf needs to be tilted in order for the water droplet to roll off
the surface. These properties allow water droplets to collect dirt as they move over
the surface, hence the term ‘self-cleaning’ (Webb et al. 2011) being applied to such
surfaces. If artificial surfaces can be synthetically produced to possess similar sur-
face characteristics and therefore cause water to behave in a similar way, bacterial
cells could potentially also be cleaned from such surfaces before they have a chance
to develop a biofilm. A similar phenomenon was also observed on the surfaces of
sections of some insects, such as cicada and dragonfly wings. Interestingly, some
insect surfaces possess not only self-cleaning properties, but also act as bactericidal
surfaces (Ivanova et al. 2012; Pogodin et al. 2013).
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2.2 Basics of Biofilms

A biofilm is defined as the attachment and development of microorganism commu-
nity embedded in extracellular matrix on a surface (O’ Toole et al. 2000). The organ-
isms undergo a transition state between having the ability to be free swimming in
their native environment (planktonic cells) to being cells that form part of the
surface-attached community. The essential factors necessary for the formation of
a biofilm are microbes and a substratum (Garrett et al. 2008). There are numerous
advantages for bacteria to be part of a biofilm; these include resistance to antibiotics
(Schmidt et al. 2012) and disinfectants (Ryu and Beuchat 2005; Simdes et al. 2009)
and being part of a dynamic environment (Liu and Tay 2002; Di Iaconi et al. 2005).
Intercellular communication within the biofilm community also enhances the regu-
lation of gene expression, which enables the bacterial cells to temporally adapt to
any phenotypic variations in the surrounding environment, in addition to any defi-
ciency in the available nutrient supply (Dalton and March 1998; Kjelleberg and
Molin 2002; Daniels et al. 2004).

Biofilm formation can involve a single microbial species or multiple microbial spe-
cies adhering onto a range of surfaces. On most environmental surfaces, mixtures of
various species will dominate the biofilm. It is usually a single bacterial species, how-
ever, that is responsible for the infection of medical devices and implants (Holmes
et al. 2008; Behlau and Gilmore 2008; Seo et al. 2008; Bulgarelli et al. 2013; Wu et al.
2012). According to a public health report in 2002 (Klevens et al. 2007), approxi-
mately 64 % of hospital attending cases resulted from the viable bacterial infection of
medical devices and implants. These biofilms have been associated with 100,000 mor-
talities annually in the US alone. Researchers began studying biofilms over three
decades ago, with the discovery that under natural living conditions, microorganisms
dominantly attach themselves to surfaces (Geesey et al. 1977). The first recorded
observation was published in 1933 by Henrici (1933), however the impact of biofilm
formation had been recognised even before this time in the form of the fouling of ships
in marine environments (Angst 1923). It has been estimated that the fouling of US
Navy ships costs approximately US$ 180M—$260M per year. This represents only
0.5 % of the total number of ships world-wide (Schultz et al. 2011).

The initial development of a biofilm is described by a two stage kinetic binding
model (Fig. 2.1). The first stage involves the initial reversible interaction that takes
place between bacterial cells and the material surface, followed by the second stage
where specific and non-specific interactions take place at the molecular level
(Lichter et al. 2009; Bos et al. 1999). The interactions that occur in the second stage
involve proteins that are expressed on the bacterial surface and on molecules on the
material surfaces. The second stage occurs slowly and is irreversible once a mature
biofilm has been formed. Apart from these two main steps of biofilm maturation,
O’Toole et al. proposed that the starvation response pathway can also be considered
as part of the biofilm development (O’ Toole et al. 2000). This pathway is developed
when the source of nutrients becomes depleted, and single microbial cells detach
from the surface and return to their planktonic state, and commence infecting new
areas of the surface.
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Fig. 2.1 Schematic representation of the two stages of biofilm formation on substrate surfaces
(Reproduced with permission from American Chemical Society (Lichter et al. 2009))

For these reasons, controlling bacterial attachment on material surfaces has been
a long-standing battle for science. Several approaches have been developed to limit
the colonisation of microbes onto the surfaces, however most of these have focussed
on using chemical-based methods for bacterial control, which has led to the new and
rising problem of bacterial resistance to these agents. Preventing bacterial adhesion
from occurring by modifying the surface topography of substrates has been identi-
fied as an approach that may provide attractive alternative strategies for controlling
biofilm formation.

2.3 Antibiofouling Based on the Self-Cleaning Properties
of a Surface

2.3.1 Wettability Theory

Wettability is a measure of the ability of a liquid to wet and spread over a solid sur-
face. The contact angle, which is a function of surface energy of the solid, is formed
when the liquid/vapour interface meets that of the liquid/solid interface. The wet-
tability of solid surfaces plays an important role in daily life, industry and agricul-
ture. Surfaces with special wettability properties, exhibiting for example high
degrees of hydrophobicity or hydrophilicity, have been the subject of much research



2 Natural Antibacterial Surfaces 13

due to the potential advantages associated with these types of surfaces (Nosonovsky
and Bhushan 2005, 2007; Su et al. 2010). According to the most commonly agreed
definitions, surfaces can be classified into one of four categories:

» surfaces with a water contact angle greater than 150° and a tilting angle less than
10°. These surfaces are considered to be superhydrophobic and self-cleaning.

» surfaces with a water contact angle between 90° and 150°. These surfaces are
described as being hydrophobic.

» surfaces with a water contact angle between 10° and 90°. These surfaces are
described as being hydrophilic.

» surfaces with a water contact angle less than 10°. These surfaces are considered
to be superhydrophilic.

The measurement of water contact angle (WCA, 6) is the most common method
for determining the wettability of surfaces. Originally, the contact angles were
determined by Young’s Eq. 2.1 where the surfaces were assumed to be smooth,
rigid, chemically homogeneous, insoluble and non-reactive (Zhang et al. 2013;
Young 1805):

cos® = Lo~V @2.1)

y/v

where 0 is the contact angle; y is the surface tension which is determined as the force
per unit length; s, [, v represent solid, liquid and vapour, respectively. Surface ten-
sion is also known as surface energy, which is the energy required to break an inter-
molecular bond (Nosonovsky and Bhushan 2008). Numerically, surface tension and
surface energy are equivalent, however they are thermodynamically different (Yan
etal. 2011). Surface tension is used when dealing with liquids, whilst surface energy
is a general term used for the description of solid surfaces.

In practice, most surfaces are both rough and chemically heterogeneous, and this
complexity at the interface between the solid and liquid surfaces causes difficulties
in determining the real contact angle. Wenzel first proposed a model to explain the
relationship between surface roughness and the measured contact angle (Wenzel
1949), while Cassie and Baxter (1944) described the relationship between the sur-
face fractions of different chemical composition and the contact angle. Wenzel’s
equation is shown as:
=rcos6

smooth

080, (2.2)
where 0,qyen and O,00n are water contact angles on rough and ideal smooth surfaces,
respectively, and r is the Wenzel roughness factor. The roughness factor is calcu-
lated as the ratio between the actual surface area and the projected surface area,
which can be used to explain the change in surface hydrophobicity that arises
through roughness, not surface chemistry. According to the theory, there are two
separate cases where 6,,,,, will behave differently as the roughness factor increases,

depending on the value of 6,
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(1) if Ogpp0m <90°, as r increases, 6,,,,, will reduce to 0°
(i1) if Byp0m >90°, as r increases, 6,,,,, Will approach 180°.

According to the Cassie and Baxter model, surface heterogeneity induces air
entrapment between the topographical structures on a surface, which causes
increased surface hydrophobicity, as given in the equation:

cosO = f, cosO, + f, cosb, (2.3)

where, 6 is the composite contact angle of the heterogeneous surface, f; and f, are
the area fractions of surface components 1 and 2, and 6, and 0, are their respective
contact angles. This equation has been used widely to explain and/or predict the
hydrophobicity of the surfaces with both a micro- and nano-hierarchical structure.
When a water droplet sits on a rough surface, the two surface components that affect
surface wettability are the surface itself and the air trapped between the surface
features. Since the water contact angle on air can be taken as 180° (i.e. 6,=180°),
and f,=1 - f, then Eq. 2.3 becomes:

cos@ = f,(cos6, +1)-1 2.4)

According to Cassie-Baxter theory, superhydrophobicity arises from the combina-
tion of hierarchical surface structures that enable the entrapment of air on low surface
energy materials. The sliding angle, another parameter that is important in determin-
ing the degree of hydrophobicity, is defined as the critical angle at which the water
droplets start to slide along a tilted surface (Bhushan et al. 2009; Jung and Bhushan
2006; Yan et al. 2011). The scientific community has become aware of this principle
only in the past century, whereas nature has adapted and evolved over millions of
years to develop mechanisms that function according to this principle. Lotus leaves
have long been regarded as a symbol of purity in many Asian cultures, and this origi-
nates from their clean nature despite being often found in unclean environmental
conditions. It is now well established that the self-cleaning ability of the lotus leaf is
a direct result of surface micro- and nanostructures that maximise the quantity of
entrapped air in the surface, resulting in the condition of superhydrophobicity, in
accordance to the Cassie-Baxter wetting regime. Several other organisms have been
identified to utilise similar mechanisms, including other plant species and some
insects. Some marine organisms are also known to remain clean through the differ-
ent, but related concept of superoleophobicity. The following sections will focus on
these organisms and the mechanisms by which their surfaces exhibit antibiofouling
properties for controlling bacterial colonisation onto the surfaces.

2.3.2 Plant Leaves

Since Barthlott and Neinhuis first reported the ‘lotus effect’, the lotus has become
the archetype surface for exhibiting superhydrophobicity and self-cleaning abilities
(Barthlott and Neinhuis 1997). Lotus leaves satisfy the two factors that are reflected
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in the Cassie-Baxter theory. The surface is covered by a layer of lipids, which are
low in surface energy. The lipids appear as a layer of multiscale structures that
enable a large quantity of air to be trapped in between the surface features. This
results in a surface with very high WCA (6= 165°) and low tilting angle, hence the
surface can remain clean as the water droplets collect dirt and contaminating parti-
cles as they roll off the surface. In Fig. 2.2, a mercury droplet that is spherical in
shape can be seen to roll across the surface of a leaf. Contaminants also adhere to
the droplet rather than the surface. This demonstrates how superhydrophobic and
self-cleaning surfaces can be very useful templates for designing antibiofouling
materials.

Many other plants exhibit very similar properties to that of the lotus leaf, for
example the Indian canna, taro and cabbage leaves. Plants first moved from water
onto land approximately 480-360 million years ago; this was an important event in
the history of life as it highlighted the consequences of the evolutionary changes of
terrestrial organisms and global environments (Kenrick and Crane 1997). To cope
with their new environments, plants developed a protective ‘skin’, known as the
cuticle. The plant cuticle is a thin layer of lipophilic compounds that function as a
protective barrier to perform various physiological, ecological and developmental
roles. These roles include minimising water loss, reducing the leaching of cellular
content, decreasing the adhesion of pathogenic spores and dust, protecting tissues

£10°

~
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Fig. 2.2 (a) A mercury droplet collecting dirt on the surface of a Colocasia esculenta leaf and
(b) an illustration of water droplets on superhydrophobic and self-cleaning surfaces
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from ultraviolet radiation, and mediation of their interaction with the surrounding
environment (Van Maarseveen et al. 2009). The cuticle contains a continuous extra-
cellular membrane that is made of biopolymers. These polymers cover the primary
above-ground organs such as the flowers, leaves, stems and fruit of all land plants
(Koch and Ensikat 2008). A mixture of hydrophobic compounds is integrated and
superimposed on the cuticles, which is composed of various waxes (Jetter et al.
2000; Barthlott et al. 1998).

Plant waxes that are embedded within the cutin network are called “intracuticu-
lar waxes”, whereas “epicuticular waxes” are located on the outer surface of the
cuticle (Barthlott and Neinhuis 1997; Barthlott et al. 1998; Buschhaus et al. 2007;
Buschhaus and Jetter 2011; Ensikat et al. 2011; Koch et al. 2009). Cutin is a com-
prised of a polymer of predominantly o- and mid-chain hydroxyl and epoxy C;s and
Cs fatty acids in addition to glycerol (Samuels et al. 2008). The epicuticular waxes
are organised within themselves to form three-dimensional crystals with highly
variable morphologies, e.g., nano/micro projections, platelets, rods and tubules
(Barthlott et al. 1998; Koch et al. 2006). Some examples of plants with superhydro-
phobic surfaces are presented in Fig. 2.3.

Both India canna leaves and purple Sefcreasea are covered by many wax plate-
lets, distributed randomly on a series of rod-like structures. This increases the pro-
portion of air that can be trapped within the surface, producing water contact angles
in excess of the 150° contact angle condition for superhydrophobicity (i.e. 165°). In
the case of ramee leaves (Fig. 2.3d), the rear face is covered by a randomly distrib-
uted fiber-like structure which forms the layers of a web. This also allows for large
amounts of entrapped air to be present on the surface, causing the surface to exhibit
a large WCA (164°). The front of ramee leaves are significantly different in nature.
They are composed of a web of micro-fibers, with many larger micrometer-size
spheres without any further nanoscale-structure, and the surface exhibits a WCA of
38° (Guo and Liu 2007).

There are many more leaf surfaces that possess similar properties. Up to 200
water repellent plant species have been screened to measure their WCA and the
majority were reported to possess superhydrophobic properties (Neinhuis and
Barthlott 1997). The common feature shared by these surfaces is that each of them
possessed a very dense layer of three-dimensional cuticular wax crystals arranged
randomly or uniformly on their corresponding micro-scale surface features (e.g.
papillae). This hierarchical structure enables the plant surfaces to remain clean, and
therefore resistant against a wide range of contaminants. Many attempts have been
made to understand how the lipids self-assemble into such useful and systematic
structures, and while no clear understanding has yet been obtained regarding this
process, it has been postulated that the cutin network may act as a template in con-
trolling the orientation of the wax crystals (Jeffree 2006).
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Fig. 2.3 Images of some superhydrophobic plant surfaces, and their corresponding epicuticular
wax structures: (a) Lotus leaves; (b) Indian canna leaves; (¢) Rear face of purple Setcreasea leaves;
(d) Rear face of ramee leaves (Guo and Liu 2007)

2.3.3 Insect Cuticle

Insects first evolved the ability to fly at least 400 million years ago, and were the first
organisms to develop powered flight; taking to the skies at least 90 million years
prior to the earliest winged vertebrates (Grimaldi and Engel 2005). Nowadays they
represent half of all eukaryotic species on earth. Insect wings are composed of light-
weight building materials of thicknesses ranging from 0.5 pm to about 1 mm (Wan
et al. 2008; Wootton 1992). In order to adapt to ever-changing environments, insects
have evolved to possess geometric, non-smooth structures on their wing surface
(Fig. 2.4) (Arsene et al. 2002; Boeve et al. 2011; Nelson and Charlet 2003). The
presence of a thin superficial layer of waxes in the epicuticle was first reported by
Ramsay in 1935 (Ramsay 1935).
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Fig. 2.4 Insect wings and their corresponding surface topographies. (a) Isoptera Nasutitermes sp.;
(b) Hemianax papuensis; (¢) Psaltoda claripennis; and (d) Lepidoptera papilio xuthus

As is the case with plant leaves, insect surfaces are covered by a layer of cuticle,
which is the barrier that directly interacts with the environment. Their terminology
might be different, but in principle they are very similar in construction. The insect
cuticle is secreted by a single layer of epidermal cells, forming a lipophilic structure
that consists of two major sublayers, which are the epicuticle and the intracuticle
(Lockey 1980, 1985; Nelson and Blomquist 1995; Buckner 2010; Jetter and Kunst
2008). The intracuticular layer, located beneath the epicuticle, is a mixture of chitin
(poly-N-acetylglucosamine) and protein (Lockey 1980, 1985, 1988). The epicuticle
is located in the outermost layer and is composed of a mixture of aliphatic hydrocar-
bons and their derivatives; these compounds contain one or more oxygenated func-
tional groups including esters, ketones, alcohols, aldehydes and fatty acids (Samuels
et al. 2008; Koch and Ensikat 2008). This mixture of organic components is self-
organized in the epicuticular layer of the cuticle, a highly-ordered, rough structure,
composed of numerous micro- and nanometer-scale features. For some insects, e.g.
dragonflies, the epicuticular waxes self-assemble into a three-dimensional layer of
“nanopillars”, which enable air to be trapped in the spaces between and hence
exhibit a high WCA (Ivanova et al. 2013b; Nguyen et al. 2013). Insect wing mem-
branes are composed of lightweight building materials with a thickness ranging
from 0.5 pm to approximately 1 mm (Wootton 1992). Their wings are framed by a
system of veins that aid in stabilizing the wing as a whole (Kreuz et al. 2001; Gorb
1999; Moussian 2010). The highly-ordered, rough structure of the epicuticle enables
insects to minimize their mass but still retain the ability to protect themselves from
being wet by rain and coated with pollutants (Fig. 2.4).

A systematic terminology to describe the 2D and 3D micro- and nano-scale
structures of the insect cuticle has not thus far been developed. Byun et al. used the
terms ‘layered cuticle’, ‘setae’, ‘denticles’ and ‘fractal’ to describe the morphologi-
cal features present on the surfaces of the insect wings, and this is the system that
will be adopted here. The term ‘layered cuticle’ refers to a surface that contains
scale-like structures that overlap, such as those typically found on butterfly wings.
Surfaces with ‘setae’ contain high aspect ratio nanopillars or hairs. ‘Denticle’ structures
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Table 2.1 Micro- and nano-scale wax crystal morphologies on the epidermal cells of insect wing
surfaces and their WCA

Order Species Structural morphology WCA (°)
Isoptera Schedorhinotermes sp. Setae 71
Coleoptera Amphizoa sinica Setae 109
Hymenoptera Vespa simillima xanthoptera Setae 121
Hymenoptera Vespa dybowskii Setae 126
Hemiptera Meimuna microdon Denticle 140
Orthoptera Atractomorpha lata Denticle 148
Orthoptera Acrida cinerea cinerea Denticle 151
Odonata Hemicordulia tau Fractal 157
Odonata Hemianax papuensis Fractal 161
Lepidoptera Artogeia canidia Layered cuticle 162
Lepidoptera Papilio xuthus Layered cuticle 168

This table was modified and updated from Byun et al. (2009)

refer to tooth-like projections, and these can vary greatly in their morphology, ranging
from small hemispheres to taller nanopillars. ‘Fractal’ structures are composed of an
irregular array of fine nanoscale protrusions (Byun et al. 2009). Among these struc-
tural types, the presence of layered cuticles, denticles and fractal structures result in
the production of the most hydrophobic surfaces in a majority of cases, whilst the
presence of setae alone on a surface usually produces a surface exhibiting hydro-
philic properties (Table 2.1).

The superhydrophobicity of an insect wing surface, together with its ability to
self-clean, are very important factors that contribute to an insect’s ability to sur-
vive. The nanoarray structures present on the surfaces of some insect wings such
as those of the cicada and dragonfly afford the insect antireflective properties,
which can assist in protecting them from predators (Watson et al. 2008). The super-
hydrophobic and self-cleaning properties can also assist in keeping their surfaces
clean and free from contaminants that may also adversely impact their antireflec-
tive properties. The self-cleaning properties of these insect wings can be fur-
ther enhanced due to the presence of turbulent conditions during their flight
(Nishimoto and Bhushan 2013).

2.3.4 Superoleophobicity

Superhydrophobicity is the key for terrestrial organisms to deal with contaminants,
however it is not a practical option for aquatic organisms, since their living condi-
tions require constant contact with water. In order to cope with this difference in
living conditions, nature has employed a different, but similar concept. The surfaces
of these organisms are modified so that their surfaces remain wet but unable to be
wet by oils, the main source of contaminants, particularly with modern types of
marine pollution. Several aquatic species exhibit superoleophobicity rather than
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superhydrophobicity, exhibiting oil contact angles (OCA) greater than 150° when
submerged in water. These organisms possess hierarchical surface structures that
are self-cleaning, antifouling and promote low-drag conditions when moving
through water (Bixler and Bhushan 2013).

For example, dolphin (Fish and Hui 1991), whale (Baum et al. 2002) and shark
skin is known to reduce drag and improve fouling resistance. The skin of bottlenose
dolphins Tursiops truncatus and the killer whale Orcinus orca are covered by der-
mal ridges positioned such that they are transverse to the direction of flow (Ridgway
and Carder 1993; Fish 2006). Another whale, Globicephala melas has enclosed
nanopores on their patterned ridges, which exhibit great antifouling ability (Baum
et al. 2002). Shark skin is covered by dermal denticles shaped like small ribs (or
‘riblets’). The denticles are oriented so that they align with the direction of fluid
flow as the shark swims through the water. The low drag riblet microstructure,
together with a mucous layer on the surface, allows the shark to remain flexible and
clean (Bushnell and Moore 1991; Bechert et al. 1997; Dean and Bhushan 2010).
This surface structure also provides protection from abrasion, which in turn mini-
mises the opportunities for microorganisms to adhere (Bhushan 2012). Fish scales
are another example of self-cleaning surfaces in aquatic environments (Hay 1996).
They perform in a manner that is very similar to the shark skin. Their surfaces are
covered by sector-like scales (diameter of 4-5 mm), which are covered by papillae
(100-300 pm in length and 30—40 pm in width), and exhibit a particularly high oil
contact angle in water (163°).

The surface structures of snail shells have been commercially exploited in the
construction of snail shell-inspired self-cleaning surfaces for outdoor walls
(Nishimoto and Bhushan 2013). These surfaces exhibit the ability to remain clean,
despite their dwelling environment and their appearance on rainy days. The surface
of snail shells is comprised of a regularly rough structure consisting of line grooves
(pitch of 0.5 mm), smaller grooves crossing the line groove (pitch of 0.1 mm) and
micro-grooves between the line grooves (pitch of 10 pm). The surface of snail shells
is covered by a regular hierarchical structure that ranges in size from micrometers
tomillimeters, whichmay facilitate water entrapment. Compared to superhydrophobic
surfaces, which entrap air within their hierarchical structure, superoleophobic sur-
faces trap water molecules. This water-entrapment system helps the shells remain
wet, yet remain clean under their semi-aquatic living conditions. This is a key factor
that contributes to their ability to self-clean, in the way that their usually wetted
surface is rarely able to be contaminated (Nishimoto and Bhushan 2013).

2.4 Mechanobactericidal Activity

The inspiration that can be obtained from insects appears to be almost unlimited.
Ivanova et al. recently found that the robust hexagonal arrays of ‘nanopillars’ on the
surfaces of Psaltoda claripennis cicada wings are bactericidal (Ivanova et al. 2012).
This nanopattern present on the wing surfaces penetrated attaching Pseudomonas
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(a) | —

Fig. 2.5 Bacterial cells were found to be killed by the physical action of the surface of (a, al)
cicada wings Psaltoda claripennis, and (b-b3) dragonfly wings Diplacodes bipunctata

aeruginosa cells, killing them with extreme efficiency (Fig. 2.5a, al). The surface
of the cicada wings retained its lethality against these Gram negative pathogenic
bacteria even after the surface was coated with a 10 nm-thick layer of gold, which
indicated that the bactericidal properties of the cicada wing surfaces arose from the
physical properties of the wing surfaces, rather than from their chemical composi-
tion. It was also reported that the wings consistently killed other Gram-negative
bacteria, i.e., Branhamella catarrhalis, E. coli, and Pseudomonas fluorescens, how-
ever Gram-positive cells (Bacillus subtilis, Planococcus maritimus, and
Staphylococcus aureus) were found to be resistant to the action of the wing surface
(Hasan et al. 2012). Cicada wings were the first example of a surface with bacteri-
cidal properties that arose as a result of purely physical action.

To explain this phenomenon, biophysical models were constructed to describe
the interaction taking place between the bacterial cells and the nanopatterns present
on the surface of the cicada wings (Pogodin et al. 2013). Mathematical calculations
revealed that the nanopillars did not pierce the cells but rather the cells were
stretched in the regions between the nanopillars as they adsorbed onto the wing
surface, until the point of cell rupture. It was also found that the more rigid the cell
membrane, the harder they were to break, which was consistent with the results
obtained for the Gram-positive bacteria that attached to the wing surface, but were
not killed by the action of the nanopillars; the thicker layer of peptidoglycan present
in the cell wall afforded the cells a greater dgree of rigidity, making them resistant
to the action of the wing nanopillars. This was supported experimentally by decreas-
ing the rigidity of Gram-positive cells though microwave treatment. B. subtilis, S.
aureus, and Planococcus maritimus were used as bacterial species. After microwave
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treatment, all three bacterial species showed a high level of susceptibility to the
action of the cicada wing surfaces.

In contrast to cicada wings, which only showed effectiveness against Gram nega-
tive bacteria, the surfaces of dragonfly wings were shown to have the ability to kill a
large range of bacterial species, including Gram-negative (Pseudomonas aerugi-
nosa), and Gram-positive, (Staphylococcus aureus and Bacillus subtilis) bacte-
ria and even endospores. Similar to cicada wings, dragonfly wings surfaces are
covered by a layer of nanopillar-like structures, which punctured all types of bacte-
rial cells that came into contact with the surface, as demonstrated in Fig. 2.5, b1-3.
A synthetic material known as black silicon that mimics the surface structure of
these dragonfly wings also demonstrated antibacterial properties against these dif-
ferent types of bacterial cells (Ivanova et al. 2013a). The discovery of the bacteri-
cidal properties possessed by these insect wings has brought them into focus as
promising new prospects as templates for the production of synthetic biocidal
surfaces.
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Chapter 3
Artificial Antibacterial Surfaces that are
Simple to Fabricate

Armandas Balcytis, Gediminas Seniutinas, Florian Lapierre,
and Saulius Juodkazis

Abstract Nanotexturing to produce surfaces containing hydrophobic functionality
was demonstrated with the production of plasma etched silicon (black silicon, bSi),
chemically etched copper (black copper, bCu), and nano-wrinkled metal films
formed on thermally relaxed, or shrunken plastic sheets. The features common to all of
these surfaces high surface area, a surface structure resulting from self-organization
and are surfaces that can be coated by metallic films using sputtering techniques.
Such surfaces are applicable for sensor applications. The potential for applying
these surfaces in anti-biofouling and hydrophobic applications is discussed.
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3.1 Introduction

The art of artificially imitating the mechanisms that occur in nature in order to inte-
grate them into technological domains, or ‘Biomimetics’ has attracted a large
amount of interest in the past decade. One can refer to, for example, the self-clean-
ing property of lotus leaves (Nelumbo nucifera), which allows them to stay clean, or
to the antibacterial properties of the wings of butterflies, dragonflies or cicadas
(Psaltoda claripennis) as natural systems with inspirational surfaces (Hasan et al.
2012; Tobin et al. 2013). The unique behaviour of such natural surfaces has been
linked to the mechanisms that take place between the interacting medium and the
micro-nanotextured surface of the substrate. The comprehension of these mecha-
nisms, together with the ability to replicate such surfaces using various micro-
nanotechnology platforms, has meant that these surfaces could be exploited in the
design of, for example, microfluidic devices and in other biotechnological applica-
tions. The justification for integrating such surfaces into microfluidic devices is
based on several advantages associated with such surfaces; there is a reduction of
energy needed for the motion of objects over these surfaces due to their low friction,
negligible amounts of surface pollution being present, and the presence of a high
gas exchange ratio with liquids in contact with the surface.

The fabrication of substrates with large surface areas containing micro-
nanotexturation has always been the focus of basic research. Parallel surface pro-
cessing methods such as chemical and plasma etching as well as dewetting or
thermal treatment represent preferable techniques for the mass production of such
surfaces. Nowadays, however, serial surface modification methods such as laser
ablation and the formation of ripples are gaining a great deal of interest as they pres-
ent competitive fabrication rates due to advances in fast substrate stages and laser
beam scanning technologies.

Textured surfaces can be prepared as a mould for further replication via thermal
molding directly onto a substrate surface, or via a nickel shim copying process.
Roll-to-roll processing has the potential to be a very efficient method for the mass
production of nanotextured surfaces, however, there is difficulty experienced in rep-
licating surfaces that contain surface features in the order of tens-of-nanometers,
particularly when the aspect ratio is high, meaning the feature height/width ratio is
greater than 2. Hence, the preparation of surfaces by simple and fast processing
techniques will be in high demand. The specific anti-bacterial properties of nanotex-
tured surfaces is the focus of this chapter. Surfaces can be called anti-bacterial under
certain circumstances; (i) when the attachment of bacteria is hampered due to its
physical or chemical morphology or composition, (ii) the surface is antibacterial
because of its hydrophobicity or hydrophilicity, or (iii) when bacteria are killed
when coming into contact with the nano-textured surface. All three properties can
prevent the formation of a biofilm. Such substrates are of great benefit when fabri-
cating anti-bio-fouling surfaces in food, medical, and industrial fields. Another
aspect of such surfaces can be demonstrated with their use as sensors, especially for
surface enhanced Raman scattering (SERS) spectroscopy applications and in the
detection of molecules at very low concentrations.
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Fig. 3.1 Cassie-Baxter and Wenzel wetting conditions. Geometric features on the nano-micro-
scale a, b, h, their shape, and ordering are underpinning the wettability of the surface as defined by
the contact angle 6

Here, we focus on several particular cases of surface nanotexturing that can be
reproduced over large areas, in a comparatively simple way, using parallel rather
than serial processing techniques, e.g., laser ablation. Such surfaces can adopt
both the Cassie-Baxter and Wenzel wetting regimes (Fig. 3.1). In addition to the
surface topology derived bactericidal properties, nano-textured materials (Ivanova
et al. 2013) have applications in SERS sensing. The ability to simply fabricate
SERS substrates is advantageous, since the substrates currently being used require
the use of complex serial high resolution electron or ion beam technologies
(Seniutinas et al. 2013; Nishijima et al. 2013, 2014a, b) or laser writing (Chou
et al. 2012; Gervinskas et al. 2013a; Jayawardhana et al. 2012; Buividas et al.
2012).

3.2 Wetting

3.2.1 Cassie-Baxter Versus Wenzel State

Nanotextured surfaces usually serve multiple purposes, as they do in nature. For
example, the nano-sharp parabolic silica (SiO,) nanopillars present on modified
silica surfaces can serve as an antireflective coating that has a wide angle window
function that can be used for the construction of mobile phones or monitors, and
due to their hydrophobicity, can be used for solar cell applications (Park et al.
2012). The hydrophobicity of nano-textured surfaces can occur naturally due to the
surface energy of these materials, but it can be further enhanced by chemically
treating the surface through, for example, the deposition of self-assembled molecu-
lar films. Such surfaces trap air bubbles within the surface, making it even more
hydrophobic through the surface entering the Cassie- Baxter wetting regime. Even
in cases where the nano-textured surface is hydrophilic, as is the case for the SiO,
covering black silicon (due to the native 2 nm thick Si0,) the air pockets that are
trapped below any water droplets coming in contact with the surface make it
hydrophobic.

The robustness of the nano-textured surface against the transformation from the
Cassie-Baxter state into the Wenzel wetting regime depends on the magnitude of the
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overpressure, AP, which is generated when water recedes into the crevices in the
nano-textured surface. The overpressure can be calculated according to:

AP=2T(z/H)y,, /1, (3.1)
where T (z/H) is given by the following expression (Park et al. 2012):

nl,, Mcos(@ -9)
T(z/H)=- i (3.2)

N e

where y;y is the water surface tension, 4 is the advancing contact angle of the water
front on the surface (see inset in Fig. 3.2), ¢ is the tip angle of a parabolic nanopillar

(for such nanopillars, W (z/H)=P3/(z/H)/2), P is the period (distance)
between the neighboring nanopillars, /,,, =yLV / gp is the capillary length with

p being the density of water and g being the acceleration due to gravity. It should be
noted that Eq. 3.2 is general, and that the actual shape of the nanopillars is taken into
account by the W (z/H) function. AP is positive regardless of whether the surface is
hydrophilic or hydrophobic, and hence the sign of cos(d) should be carefully con-
sidered when using Eq. 3.2.
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Fig. 3.2 Pressure of trapped air when water is placed on a hydrophobic surface resulting in a
contact angle of § = 100° on parabolic nanopillars, as calculated by Eq. 3.1 (Park et al. 2012).
Other parameters used for these calculations are: ¢p=5°, the surface tension of water (y.y) is
72 mN/m, the period between nanopillars (P) is 200 nm (1), 400 nm (2), and 800 nm (3)
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Figure 3.2 shows that the pressure builds up as water recedes into the structure
from, for example, the pressure of the incoming droplet, which is a function of the
different periods of the nanopillar-like structure. The smallest period P=200 nm,
used for preparing anti-reflective and wide- angle screens (Park et al. 2012), has
been found to be the most resistant to the surface entering into the Wenzel state
(destroying air pockets required for the Cassie-Baxter regime), which occurs when
water reaches the bottom of the structure zZH=1. The calculations for 400 nm
nanopillar separation are applicable to black silicon samples, on which a contact
angle of 100° was observed without any hydrophobicity inducing surface treatment
(the same wetting angle was used for calculations shown in Fig. 3.2).

By changing the advancing angle to that corresponding to a partial wetting con-
dition (6 <90°) there is no significant change in the AP behaviour (not shown). In
such cases, air is trapped below the surface and therefore, qualitatively speaking, the
same behaviour would occur under receding water conditions. The smaller the
period, the higher the AP pressures that would be generated, which favours the
condition of surface hydrophobicity via the surface entering the Cassie-Baxter
regime. Pyramidal nanopillars that are typically found on the surface of black sili-
con behave in a similar fashion to that of the simulated parabolic nanopillars, with
a height/width aspect ratio of 5.5 (Park et al. 2012).

The repellency of water is an important feature of nano-textured surfaces in natu-
rally occurring systems. The water hammer pressure from a droplet falling onto a
nano-textured surface, Py is approximately 0.5 pcv, where c is the speed of sound in
water and v is the velocity of the droplet. It is the highest dynamic mechanical pressure
that the nanopillars experience under natural environmental exposure conditions, for
example, in the case of cicada wings. The pressure Py, decays to the Bernoulli pres-
sure Py~ pv2. Triangular nanopillars are more mechanically robust against fracture as
well as for the generation of larger AP values (Fig. 3.2), preventing the surface from
entering the Wenzel state, which would allow water to enter into the array of nanopil-
lars on the surface of the wings of dragon flies and cicadas, considerably increasing
the weight being borne by the wing. During surface drying, the capillary forces can be
high for the wetting liquid, and sufficiently large to break the nano-structures, as was
observed for laser polymerised 3D periodic patterns with sub-micrometer feature
sizes (Kondo et al. 2005). In addition to the structural features, the wings of cicadas
are coated with epicuticular waxes that makes them more hydrophobic, and therefore
more resistant to water entering the surface structure (Tobin et al. 2013).

3.2.2 Surface Treatment to Impart Hydrophobicity

In order to impart hydrophobic properties to the surfaces of black silicon and black
copper, these substrates were subjected to treatment with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (PFTS) under desiccator or nitrogen glovebox conditions,
with evaporation taking place for several hours in a low (10~®) bar vacuum condi-
tions. This process deposits randomly oriented and self-assembled molecular mono-
layers (SAM) of PFTS onto the surface (Lapierre et al. 2011a).
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3.3 Fabrication of Nanotextured Surfaces

3.3.1 Black Silicon

Large area plasma etching techniques can be used for the nanotexturing of surfaces.
Despite requiring a vacuum, this technique is simple, efficient and practical, because
by combining reactive ion and inductively coupled plasma etching (RIE and ICP),
rapid surface processing can take place at etch rates of tens-of-nm per minute over
wafer-sized substrate areas. The etched patterns can be dened lithographically or by
using self-organized etching masks. A known example of the latter case is in the
formation of black silicon, where the initial steps of native oxide removal in the
plasma creates a random surface mask that eventually results in the formation of the
characteristic sharp nanopillars found on black silicon. Using RIE and ICP, aspect
ratios exceeding 10 can be reached for the nano-features on the surface of dielectric
materials and semiconductors.

The plasma etching and fabrication of black silicon was the first step in the study
reported here. Subsequent methods employed electrochemical anodisation to
change the morphology and pattern of the black silicon. In this case, back side illu-
mination was employed to define the region for anodization.

As fabricated, black silicon is hydrophobic, exhibiting a water contact angle of
100°, provided the surface is covered by very high aspect ratio nanopillars. The
highest aspect ratio that was fabricated was approximately 10. Modification of the
black silicon surface to modify its hydrophobicity can be done by evaporation of
PFTS onto the surface under controlled conditions.

Photo-electrochemical etching of the surface was controlled using back-side illu-
mination. In this case, a projection of the illuminated area was etched at the inter-
face between the silicon and an aqueous HF solution. Etching relies on the supply
of holes () to the liquid—solid interface while the presence of electrons (e) inhibits
the etching process. Any holes present will diffuse and drift along the potential lines
between the electrodes, away from the absorption region on the back-side face
where (e—h) pairs are generated (see, Fig. 3.3). n-type silicon is required for the
efficient delivery of photo-generated holes to the etching surface (Juodkazis et al.
2013). In this case, 0.4-mm-thick Si wafers were used to prepare black silicon that
was covered by nanopillars with aspect ratios of approximately 2, using procedures
reported elsewhere (Zukauskas et al. 2013). When black silicon is immersed into a
HF solution, both the dissolution of silica and oxidation of the silicon takes place,
however, it is possible to control the rate at which these processes take place using
an applied bias voltage. A 0.5 V bias relative to the standard hydrogen electrode
(RHE) scale was used. A slight variation in the aspect ratio occurs in different black
silicon wafers, however, several minutes of etching under exposure to light gives
rise to a surface topology that significantly differs from that obtained under the
same conditions in the absence of light (Fig. 3.4). Measurement of the anodic cur-
rent in the absence of light resulted in 0.2 pA erratic jumps, which is related to the
oxidation and corrosion of the nanopillars, producing a smoother black silicon sur-



3 Artificial Antibacterial Surfaces that are Simple to Fabricate 33

I
Anode (+) © Cathode (-)

Energy, eV —y
electron =
==
)
— Pt
; -
— O
—
a - o
j——y 2-.
— U%
= 4%HF

Fig. 3.3 Photo-electrochemical etching of black silicon in 4 % HF solution. The black silicon
nanopillars have an aspect ratio of ~10, up to 2 pm long with a tip apex of 20 nm in diameter; the
actual SEM image is incorporated into the schematics of experiments on back-side illumination for
controlled wet etching

Fig. 3.4 Photo-electrochemical etching of black silicon (Fig. 3.3): after etching with back-side
illumination and without it shown in insets of (a) and (b), respectively. The main panels in (a) and
(b) are black silicon surfaces before electrochemical etching has taken place
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face. Conversely, under back-side illumination conditions, etching can be further
enhanced (via a larger current being present) which increases the aspect ratio of
nanopillars covering the surface (Figs. 3.4 and 3.5).

For the p-type black silicon, no photo-induced etching effect was observed under
back-side illumination conditions. After HF treatment, nanopillars covering the sur-
face became thinner, however, negligible changes were observed with regard to
their aspect ratio, possibly due to the etching rates (corrosion current) being similar
under both dark and light exposure conditions. Changing the HF concentration,
illumination intensity and spectrum and bias, it is theoretically possible to control
the aspect ratio of the nanopillars. This is especially important, since the black sili-
con surface has bactericidal properties that are strongly dependent on the surface
morphology and sharpness of the nanopillars. As previously discussed, larger pres-
sures AP (Fig. 3.2) exist for denser arrays of nanopillars; the surface modification
technique described above allows the aspect ratio of the nanopillar pattern to be
modified without changing the distance between the nanopillars. The back-side
illumination-assisted photo-induced etching technique can be used for the directed
modification of black silicon patterns.

Fig. 3.5 SEM images of CuO nano-flakes (black copper) sputter coated with Al at different thick-
nesses (the thickness is indicated for the flat substrate). Black copper was prepared using chemical
etching
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3.3.2 Black Copper

Plasma etching is significantly less practical for the nano-texturing of metals, which
usually make a good mask. Direct chemical or electrochemical etching of metals
can be used for the variable scale chemical or/and anodic oxidation of metals.
Various nano-textures can be generated using this process. In the case of electro-
chemical etching, the morphology of the surface pattern, usually with respect to the
diameter of the pores, can be adjusted and surfaces with very high aspect ratios can
be produced, which are limited by the obtainable rates for delivering the etchant to
the surface, and the diffusional removal of the reaction products.

Initially, the as-etched CuO surface does not possess any hydrophobic properties,
exhibiting a water contact angle of 3° with extremely high contact angle hysteresis.
In order to impart hydrophobic properties to the surface, the CuO substrates were
exposed to PFTS (Lapierre et al. 201 1a), which substantially increased the contact
angle to 160+2° (Fig. 3.6). The surfaces, however, exhibited a reduced contact
angle hysteresis of 5+ 1° which indicated that the liquid/surface interface was not
entirely in the Cassie-Baxter state, but instead approaching the Wenzel regime
(Lapierre et al. 2010). Water coming into contact with the surface is most likely
pinned into the nanotexturation of the CuO flakes; nevertheless, these results showed
that CuO surfaces can be made to possess superhydrophobic behaviour, with self-
cleaning and hydrophobic properties, both of which are important in solar cell
applications. Moreover, high concentrations of an analyte at localized spots, which
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Fig. 3.6 Contact angle hysteresis measurement conducted by drop release onto a 1H,1H,2H,2H-
perfluorodecyltrichlorosilane treated CuO-on-Cu substrate. The background shows a photograph
depicting the hydrophobic nature of the CuO-on-Cu after surface treatment. Photo scale bar is
5 mm
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form as the solvent drop dries and recedes on a hydrophobic surface, can strongly
enhance SERS signal from a diluted solution. The use of superhydrophobic surfaces
in microfluidic systems shows great potential, combining fast and precise biomole-
cule transportation and manipulation (Lapierre et al. 2011b, 2013), allowing high
sensitivity detection (Lapierre et al. 201 1c). Integrating such CuO surfaces into bio-
micro-electromechanical systems for SERS detection could show great potential.

Higher aspect ratio structures can be created using electrochemical etching pro-
cesses (Juodkazyté et al. 2013, 2014) with an increase of surface area being moni-
tored by voltammetry (Buividas et al. 2013). CuO flakes with a surface area up to
280 times larger than that of a flat Cu surface were prepared using wet chemical
etching techniques (Juodkazyté et al. 2013, 2014). The application of black copper
in sensing applications is possible (Song et al. 2010), with the edge of nano-flakes
having apex diameters of 10-20 nm, which makes them comparable to those found
on the surface of black silicon. The nano-granular pattern resulting from gold and
aluminium sputtering on black copper surfaces means that such surfaces would be
suitable for SERS applications.

3.3.3 Thermal Shrinkage of Polymer Sheets

The thermal shrinkage of pre-stretched plastic, which arises though a volume phase
transition, can be utilised to change the morphology of the patterns formed on both
the surface and in the bulk of the polymer (Juodkazis et al. 2004). A nano-thin layer
of chromium sputtered on to the surface of polymer sheets was able to be used to
form buckled and wrinkled metallic structures. A simple and novel technique for
creating nano-structured metallic surfaces involves the physical vapor deposition of
thin metal layers onto sheets of commodity polystyrene, or other pre-stretched plas-
tics. When the coated plastic is subsequently heated over its glass transition tem-
perature, it shrinks into an equilibrium state, which gives rise to an approximately
twofold decrease of its broad surface dimensions. Under these conditions the thin
and stiffer metal films buckle and crack, to create wrinkled or flake-like structures,
the structure of which is dependent on the hardness of the metal (Fig. 3.7). The
resulting structures can be characterized in a predictive way by wavelength
(Efimenko et al. 2005):

A, =2mh 3E I E,, (3.3)

where A; is the thickness of the metal skin layer, Es is Young’s modulus of the metal
skin, and Ej is the Young’s modulus of the substrate (Efimenko et al. 2005). Such
wrinkled structures were shown to perform well as surface enhanced fluorescence
substrates (Freschauf et al. 2012), and were also reported, under certain conditions,
to be bactericidal, hydrophobic and self-cleaning (Sharma et al. 2014).
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Fig. 3.7 SEM micrographs of a buckled 15 nm chromium layers on thermally shrunk plastic.
Gratings of 400 nm in period were milled into chromium films before thermal rescaling. Ions
implanted during milling locally altered the mechanical properties which govern buckling (Eq. 3.3)

3.4 Discussion and Conclusions

The common thread within all of the fabrication approaches discussed above is their
parallel processing feature, which makes fabrication of antibacterial surfaces both
simple and efficient. In the case of chemical etching, a wet bath process does not
require the vacuum conditions necessary for the fabrication of black silicon. In this
chapter, the possibility of using such nano-textured surfaces for sensing via SERS
(Gervinskas et al. 2013b), for bactericidal applications (Ivanova et al. 2013), and for
incorporation into micro-fluidic platforms, was discussed.

The photo-electrochemical etching of black silicon was demonstrated for the
n-type silicon substrate. This step allowed the modification of the aspect ratio of the
nanopillar on the surface of black silicon to be altered without changing the separa-
tion distance between the nanopillar. Usually, taller nanopillar with a higher aspect
ratio are fabricated at the expense of larger inter-nanopillar separation (thus requir-
ing a longer etching time). The aspect ratio, height, and inner-nanopillar separation
are the key parameters for the recently observed bactericidal properties of black
silicon (Ivanova et al. 2013). Hence, effective control methods for the independent
adjustment of those parameters that are critical for the antibacterial behavior of the
surface are highly desirable, with photo — electrochemical cell methods providing
one of the possibilities for being able to do so.

The nano-textured surfaces of black silicon and black copper represent promis-
ing substrates for SERS detection processes after they have been coated with plas-
monic metals, whereas buckled metal films on thermally shrunk plastic are efficient
surface enhanced fluorescence substrates. SERS intensity is almost linearly propor-
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tional with the thickness of the deposited metal Im. For purposes of future stream-
lined SERS applications, incorporation of nano-textured electrodes inside
microfluidic chips will allow the realization of new electrochemical or dielectro-
phoretic functionalities.
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Chapter 4
Electroactive Anti-microbial Surfaces

Paul J. Molino, Binbin Zhang, and Michael J. Higgins

Abstract Electroactive materials are becoming an increasingly important compo-
nent of many electronic devices designed to interface with biological systems.
While much of this work has been driven towards developing electrical stimulation
protocols and novel electroactive materials to enhance interfacing with mammalian
cells and tissues for therapeutic biomedical applications, electrically driven pro-
cesses have been shown to be highly tailorable and effective at preventing microbial
fouling of the electrode surface. In this chapter we review the range of electrical
stimulation paradigms that have been investigated to deactivate and/or repel micro-
bial organisms from electrode surfaces. The mechanisms through which electrical
stimulation acts to kill bacterial cells will be discussed, and the application of new
polymeric electroactive materials that offer great scope to modulate materials chem-
istry and fabrication processes to further enhance antimicrobial activity will be
reviewed. Finally we look forward towards the innovations that will bring forth the
next generation of electroactive antimicrobial materials that promise to provide
solutions for a range of diverse applications.
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4.1 Introduction

Conductive electroactive materials designed to interface with their environment are
being developed to provide a suite of cutting edge technologies that promise to revo-
lutionise numerous industries. For example, electrodes and electroactive materials
are already finding uses in biomedical applications. Metallic electrodes, composed
generally of platinum, iridium or titanium nitride, are being used to deliver electri-
cal stimuli directly to the cochlea in the inner ear to provide a sense of sound for the
profoundly deaf, for vagus nerve stimulation to control epilepsy or Parkinson’s dis-
ease, and in pacemakers to regulate cardiac rhythm (Clark and Hallworth 1976;
Norlin et al. 2005; Rose and Robblee 1990). Electrochemical sensors are highly
effective tools for monitoring chemical composition and process control in both
liquids and gas for a range of industries (e.g. food preparation, environmental and
biomedical), providing real-time remote monitoring without the need for sampling.
Electrodes are also being continually developed for a suite of industries in the
energy sector, including water splitting, energy storage and conversion. For all of
the above applications, charge must be transmitted between the electrode and the
interfacial environment where a range of electrochemical processes take place.
These may be in the form of sensing an analyte or microbial organism through the
measurement of electrochemical processes at the electrode surface (Ronkainen
et al. 2010), transferring charge from the electrode to excitable tissues such as
nerves to evoke nerve action potentials and/or cellular developmental and behav-
ioural responses (Balint et al. 2012; Merrill et al. 2005), or converting liquid water
into its constituent components (hydrogen and oxygen) through electrochemically
driven water splitting processes (Doyle et al. 2013).

It has been known since the late 1700s that electrical stimuli can be used to inter-
face and communicate with biological systems thanks to the seminal studies of
Luigi Galvani. He demonstrated the capacity to generate movement in the legs of
deceased frogs using an electrical stimuli (Galvani and Aldini 1792; Piccolino
1998). While this early work would spawn what would become the field of electro-
physiology, it also highlighted our ability to interact directly with biological sys-
tems using electrical stimulation. It is thus no surprise that researchers eventually
turned to probing the ability to use electrochemically driven control processes to
prevent the development of biological fouling layers on surfaces, and as a method
for microbial sterilisation.

Exploiting electrochemical processes for the inactivation, or killing, of microbial
organisms has been investigated for several decades. Early work in this area focused
on the efficacy of pulsed electric fields (PEFs) to kill a range of microbial organisms
in an electrolyte suspension (Sale and Hamilton 1967; Hiilsheger et al. 1981, 1983).
PEF treatment involves the insertion of two electrodes in an electrolyte solution
containing the relevant microbial organism, with a high potential (kV range) pulsed
across the two electrodes. Electrical stimulation conditions of up to 20 kV/cm? and
pulse durations in the ps range have demonstrated greater than 99 % lethal action
against bacteria and yeast cells suspended in solution (Hiilsheger et al. 1981, 1983;



4 Electroactive Anti-microbial Surfaces 43

Sale and Hamilton 1967; Grahl and Markl 1996). Electric field strength and the
pulse duration both significantly impacted the lethal efficiency of the treatment,
with cell mortality determined to result from electroporation of the microbial cell
wall, leading to increased permeability, cell inactivation and death (Hiilsheger et al.
1983). PEF treatment has been shown to be effective against a range of microbial
organisms, including bacteria (Hiilsheger et al. 1981, 1983; Grahl and Mérkl 1996;
Beveridge et al. 2005; Pervez et al. 2013), yeasts (Hiilsheger et al. 1983; Grahl and
Mirkl 1996) and algae (Satirapipathkul et al. 2008; Zhou et al. 2013), making this
a potentially viable technique for a diverse range of industries and applications. In
recent years it has been touted as a promising method to pasteurize foods at room
temperature without modifying the food quality and taste (Barbosa-Canovas et al.
2001), and has been investigated for use in industries including fruit juice produc-
tion (Saldafia et al. 2011) and wine making (Puértolas et al. 2009, 2010).

PEF treatment is a particularly mild-treatment for the inactivation of microbial
organisms in suspension, compared to other treatments such as heat treatment or the
use of toxic compounds such as chlorine, that is realising new opportunities in a
number of niche industries. However the high potentials required make this tech-
nique are only applicable for use under highly controlled conditions, and therefore
preclude its safe application to a number of biologically sensitive systems, including
most biomedical (in vitro and in vivo) and environmental applications. As such, the
ability to use alternative electrical stimuli protocols and processes delivered from
conductive substrates and materials to inhibit the development of microbial fouling
layers specifically on surfaces has attracted considerable interest in the literature.
These technologies have the potential to replace, or enhance, existing technologies,
or in some cases provide solutions to microbial fouling of surfaces and structures
that cannot be addressed efficiently using currently available methodologies.

This chapter aims to provide an insight into the work that has been performed in
developing low-fouling conductive surfaces, and their potential development and
application in a variety of industries. We will probe the observed effect of different
modes of electrical stimulation, including constant current/potential, as well as an
alternating current/potential, on adhered microbes on the electrode surface. The use
of different conductive materials, including metals, electroactive composites, and
organic conductors such as conducting polymers and graphene, will be discussed,
along with ways by which these materials are being adapted to provide specific
functionality for desired applications. Finally, we glance into the future to forecast
where research in electroactive anti-microbial surfaces is likely to be heading, pro-
viding insights into the next wave of promising technologies that may emanate from
this research field.
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4.2 Electrical Stimulation Paradigms to Prevent Biofouling
on Electroactive Substrates

4.2.1 Constant Electrical Stimulation

Polarising an electroactive surface with either a positive or negative charge repre-
sents the earliest approach to employing electrical stimuli to prevent microbial foul-
ing directly on electroactive surfaces. Initial work in this area focused on the
application of a constant electrical charge, either by controlling the potential or the
current, supplied to the electrode. These studies identified that both current density
and the choice of electrode material play an important role in guiding the inhibition
of microbial adhesion to the electrode surface and the subsequent cell mortality. In
some of the earliest work, silver, platinum, gold, stainless steel and copper elec-
trodes were tested against Escherichia coli and Staphylococcus aureus cultured in
agar medium (Spadaro et al. 1974). Constant currents in the range of 0.02-20 pA/
mm? were used, with currents in the higher range resulting either in severe corrosion
of the metal and/or the generation of deleterious electrolytic products. At lower
potentials (0.4—4 pA/mm?), where no changes in pH, gas production or corrosion
were observed, the silver electrode demonstrated the best antimicrobial perfor-
mance, not only preventing bacterial adhesion, but also generating a zone of inhibi-
tion around the electrode. The primary mechanism of action was determined to be
iontophoresis, with a positive current generating the release of silver ions from the
electrode surface at a concentration that was sufficiently lethal to bacterial cells resi-
dent near the electrode interface to render them inactive. This mechanism has been
shown to be operative with other metal types, such as gold and platinum (Davis
et al. 1991), however the ability for non-metallic electrodes, such as carbon (Davis
etal. 1991), to also present antimicrobial activity under the same electrically stimu-
lated conditions revealed the likelihood that other mechanisms were also at play.
The application of constant negative currents has also been shown to exhibit a
significant repulsive effect on bacterial cells on or near the electrode surface. This
perhaps is not surprising given that most bacteria present an overall negative charge
at their physiological pH (Jucker et al. 1996), and thus this would result in electro-
static repulsion between the bacterial cell wall and the electrode surface. Several
studies have investigated the use of negative currents to prevent bacterial colonisa-
tion of the inner surface of cannulae used in a range of medical procedures, with
cannula-related infections making up a significant proportion of all hospital related
infections (Spelman 2002). Carbon impregnated polyurethane (15 % loading) was
employed to provide a conductive inner surface on a cannula, which when charged
with a constant negative electric current, to repel bacteria from the electrode surface
(Crocker et al. 1992; Liu et al. 1993). A constant negative current of —10 pA was
sufficient to cause the migration of bacterial cells away from the cannulae surface
when immersed in an agar plate supporting a lawn of bacterial cells within minutes,
with all bacteria (Staphylococcus epidermidis, S. aureus, Enterococcus faecalis,
Proteus mirabilis, Pseudomonas aeruginosa and Candida albicans) migrating at
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Fig. 4.1 Light micrograph of a nutrient agar plate seeded with Staphylococcus epidermidis show-
ing a well-defined zone of inhibition around the site of a current carrying cannula. The cannula has
been removed to facilitate demonstration of the zone (10x magnification) (Reproduced with per-
mission from (Crocker et al. 1992))

least 100 pm from the cannulae surface within 15 min of the current being applied
(Crocker et al. 1992) (Fig. 4.1). Varying the current strength directly influenced the
size of the zone of inhibition, with =2, —10 and =50 pA generating zones of 4.0+1.2
mm, 10£2.4 mm and 14+2.8 mm for C. albicans, respectively. The well-defined
regions of inhibition surrounding the negative current carrying cannulae were deter-
mined to result from electrophoretic action against the microbial cells, protecting
the cannulae from colonisation by the bacteria. In a following study, a —10 pA cur-
rent applied to the carbon impregnated cannulae generated a zone of inhibition
when the negatively charged end was placed into agar supporting a bacterial lawn
(Liu et al. 1993), however this effect was not demonstrated for cannulae charged
with a positive current. They found that bacteria were more resilient to the effects of
the applied negative current if allowed to incubate around the cannulae prior to the
application of the electrical stimuli. Furthermore, with currents of =10 pA having
shown no obvious side effects when delivered directly into the human heart (Liu
et al. 1993), these electrical stimulation paradigms were deemed suitable for in vivo
applications.

Although a majority of the work on applying constant electrical charge to pre-
vent microbial fouling has used electrical current, constant potential has similarly
been demonstrated to be effective at deactivating and/or repelling bacteria from the
electrode surface. A modest imposed surface potential of —66 mV (versus a satu-
rated colomel electrode (SCE)) on an indium tin oxide (ITO) electrode resulted in
an 88 % reduction in bacterial fouling on the electrode from a heterogeneous marine
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bacterial population in seawater (Kerr et al. 1998). The negatively charged electrode
was found to both repel bacteria, and kill cells that remained within the vicinity of
the electrode surface. In another study, 10 day old biofilms of P. aeruginosa showed
partial removal of the biofilm on stainless steel on the application of —1.5 V versus
AglAgCl (Dargahi et al. 2014). The partial removal of the biofilm, during a 1 min
application of the imposed potential, was driven by electrostatic repulsion between
the biofilm and the electrode. At potentials negative of —1.5 V, biofilms were
removed from the electrode surface within seconds, however this was attributed to
the vigorous evolution of hydrogen gas at the electrode surface under these stimula-
tion conditions, resulting in the violent mechanical removal of the biofilm from the
substrate.

The strength of the applied negative potential has been correlated with the
removal of cells adhered at the electrode surface (Poortinga et al. 2001). Therein it
was shown that while initial cell adhesion to an ITO electrode was independent of
the potential applied during cell adhesion to the electrode (—0.2, 0.1, and 0.5 V
versus AglAgCl), applying a more negative potential post-adhesion resulted in an
increase in desorption of cells from the electrode surface. One bacterial strain devi-
ated from this trend, which was attributed to the presence of long cellular append-
ages on the cell surface that were able to penetrate the repulsive energy barrier
towards adhesion at the electrode-solution interface, allowing it to adhere while the
other cells were more easily removed.

4.2.2 Alternating Electrical Stimulation

Alternating the polarity of charge delivered to an electrode surface between positive
and negative has been developed as a method for killing and releasing microbial
fouling organisms on an electroactive substrate. Employing alternating potentials as
a method to kill and release microbial organisms from the electrode surface has
been tested as a method to reduce micro- and macro-fouling in the marine environ-
ment (Nakayama et al. 1998a, b; Matsunaga et al. 1998; Okochi et al. 1998). The
marine bacterium Vibrio alginolyticus was allowed to adhere to an ITO electrode,
and was first subjected to a positive potential for 30 min, followed by exposure to a
negative potential for 10 min (Okochi et al. 1998). A positive potential of 1.1 V
versus SCE was shown to kill 70 % of cells adhered to the electrode surface, without
producing changes in pH or generation of chlorine. Subsequent application of a
negative potential of —0.43 V resulted in 73 % desorption of cells resident on the
electrode. In a separate study, a nylon plate and polyethylene terephthalate (PET)
film were coated with a conductive paint composed of graphite and carbon black
mixed with urethane, and tested in the laboratory against fouling by V. alginolyticus
(Matsunaga et al. 1998). Applying a potential of 1.2V versus SCE for 30 min killed
all cells adhered to the electrode surface, with a subsequent negative potential (—0.6
V) found to promote the subsequent removal of cells from the electrode interface.
As observed in the previous study, the potentials investigated (0.6 to 1.2 V) did not
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result in changes in pH or chlorine production. Field studies were conducted on the
nylon netting coated in the conductive paint, with an alternating potential electrical
stimulation protocol of 1.2 V versus AglAgCl for 60 min, followed by —0.6 V versus
AglAgCl for 10 min, applied each day. After 158 days, the wet weight on the control
nets were 65.5 g, while the netting with the applied potentials resulted in only 3.5 g
of fouling, demonstrating the efficacy of the electroactive system at preventing
marine fouling.

The nature of the electrode material has also been proposed to be critical in influ-
encing the efficacy of electrical stimulation to act upon adhered microbial fouling
organisms. Titanium Nitride (TiN) electrodes were shown to electrochemically
inactivate V. alginolyticus cells at a lower potential than that demonstrated on con-
ductive urethane coatings, illustrating that 98.7 % of cells were deactivated, or
killed, on the electrode surface at a potential of 0.8 V versus AglAgCl for 30 min
(Nakayama et al. 1998a). The efficacy of using TiN as a substrate to prevent bio-
fouling was demonstrated by using a radio-frequency arc spraying technique
(RFAS) to deposit the metal electrode on a PET plate, with the application of 0.8 V
for 30 min killing 95.5 % of adhered V. alginolyticus cells in sterile seawater
(Nakayama et al. 1998b). Field tests over 209 days demonstrated an alternating
potential (1.0 V versus AglAgCl for 60 min, followed by —0.6 V AglAgCl for 10 min
per day) to reduce biofouling by 96.3 % on the TiN electrode exposed to the alter-
nating potential (5.1 g) versus the untreated electrode (134.7 g) (Fig. 4.2).

Alternating the current, as opposed to potential, has similarly been demonstrated
to an effective means to deactivate and remove cells from an electrode surface. One
study compared the effectiveness of applying negative, positive, and alternating cur-
rents to inhibit the adhesion of the bacteria P. aeruginosa to an ITO electrode (Shim
etal. 2011). Therein P. aeruginosa cells exposed to a negative current of 15 pA/cm?
exhibited a reduction of ~81 %, while positive currents illustrated comparable cell
numbers to that on the unstimulated controls. Alternating the current between +15
pA/cm? with 1 min intervals for each stimulation condition resulted in a similar
reduction in adhered bacteria to the negative current treatment, however addition-
ally resulted in a bactericidal effect on the adhered bacteria, making it the most
suitable of the three electrical stimulation conditions (Fig. 4.3).

An alternating current electrical stimulation protocol, versus a constant current
paradigm, was tested against biofilms of S. epidermis adhered onto surgical stain-
less steel electrodes for 200 min (van der Borden et al. 2004). S. epidermis is a com-
mon biofilm-forming bacteria that is a major cause of infection for orthopaedic
implants. Four currents were investigated, —60 and —100 pA of constant current,
and —60 and —100 pA of alternating current (50 % duty cycle, 1 Hz), applied for
360 min. Constant currents were found to be the most effective for removing
adhered bacterial cells from the electrode surface at both current levels, with alter-
nating currents demonstrating 24 % and 31 %, and constant currents 37 % and
78 %, for —60 pA and —100 pA, respectively. In addition, bacteria remaining on the
electrode surface after the electrical stimulation were found to be less viable than
prior to the treatment (97 % viability without treatment, 3 % and 2 % after —100 pA
constant current and —100 pA alternating current treatments, respectively).
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Fig. 4.2 Polyethylene terephthalate plates coated in a TiN electrode after 209 days with (a) and
without (b) application of an alternating potential of 1.0 V against AglAgCl for 60 min and —0.6 V
against AglAgCl for 10 min. The experimental period was 9th July 1997 to 3rd February 1998
(Reproduced with permission from (Nakayama et al. 1998b))

While most studies employ currents in the pA range, there have been investiga-
tions that apply even smaller currents, in the nA scale, in order to gauge their ability
to act on biological fouling at the electrode interface. Microcurrents have been
tested to inhibit the development of a conditioning film from urinary deposits, which
aid in bacterial adhesion (Gabi et al. 2011). The development of the conditioning
film and bacterial adhesion on platinum, proposed as a possible surface coating for
urological stents, was studied using atomic force microscopy and quartz crystal
microbalance. Alternating currents of +75, +320, and +750 nA/cm? (4 s stimulation
cycle) resulted in either minimal or transient adsorption of compounds from the
artificial urine. While a constant positive current resulted in relatively high adsorp-
tion of compounds from the artificial urine, only marginal film formation was
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Fig. 4.3 (a) The numbers of adhered bacteria depending on the type of electric current (90 min,
15 pA.cm?, [KH,PO,],=20 mM as base electrolyte, shear rate: 1.11 s7'). Adhered bacteria were
measured after switching off electric currents. n=3; standard deviation shown; control: 100
% + 1.7, negative current: 19.2 % +13.1, positive current: 80.4 % +18.9, alternating current: 27.0
% +2.9. (b, ¢) Bacterial adhesion during the application of the negative current depending on the
electric current density and the time ([KH,PO,],=20 mM as base electrolyte, shear rate: 1.11 s7").
(b) The numbers of adhered bacteria compared with non-polarization (at 90 min). n=3; standard
deviation shown; zero current: 100.0 % +7.5, 7.5 pA.cm?: 81.8 %+5.0, 9.0 pA.cm? 41.1 % +6.5,
11 pA.cm? 29.5 %+7.6, 15 pA.cm* 19.2 %=+3.1. (c) Images of adhered bacterial cells (scale
bar=10 pm) (Reproduced with permission from (Shim et al. 2011))

observed upon the application of negative currents, even up to comparatively high
current densities (=750 nA/cm?). The application of mild alternating currents (75
and 320 nA/cm?) was determined to reduce the bacterial colonisation of the plati-
num electrode surface by mediating the conditioning film formation, and alternating
the microenvironment at the electrode interface (Fig. 4.4).
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Fig. 4.4 Fluorescence microscopy images of four different study groups are shown after staining
with fluorescein diacetate and propidium iodide to distinguish between viable (green) and dead
(red) bacteria. Different current densities were applied to the platinum electrodes exposed for 6
days to artificial urine containing Proteus mirabilis. (a) No current /=0 applied. (b) alternating
current /=320 nA/mm?. (¢) anodic current /=75 nA/mm?. (d) anodic current /=750 nA/mm?
(Reproduced with permission from (Gabi et al. 2011))

4.3 Redox Mediators

Several researchers have probed the principal mechanism of action through which
electrical stimulation, either via current or potential, is able to deactivate or kill
bacteria and other microbial organisms adhered to an electrode surface. Detection
of bacterial cells using a cyclic voltammetry technique (CV) illustrated the ability
to measure direct current transfer between cells from the bacteria Saccharomyces
cerevisiae and a graphite electrode (Matsunaga and Namba 1984). The electron
transfer peak at 0.74 V versus SCE was determined to be mediated by coenzyme A
(CoA) which is associated with the bacterium cell wall. Subsequent work by this
group found that the respiratory activity of S. cerevisiae decreased by up to 25 %
when the electrode potential was held at 0.74 V (Matsunaga et al. 1984). The loss of
respiratory activity was linked to the electrochemical oxidation of CoA in the bac-
terium cell wall, forming the dimeric CoA, resulting in the inhibition of respiratory
activity leading to cell death.

Several research groups have investigated the use of redox mediators to improve
the efficiency of electron transfer between the electrode and the microbial cell,
allowing for a reduction in the potentials required to kill organisms, and therefore
also reducing the likelihood of generating toxic substances such as hydrogen perox-
ide and chlorine (Okochi and Matsunaga 1997). Ferrocene is a fast and reversible
redox mediator that is used in a number of industries, including those producing
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biosensors and organic solar cells (Yang et al. 2007; Daeneke et al. 2011). A graph-
ite electrode modified via physisorption of ferrocene was found to deactivate and
kill a greater percentage of adhered V. alginolyticus cells (0 % survival) at a far
lower potential (0.2 V) compared to that of an unmodified electrode (5 % survival at
1.0 V) when treated for 30 min (Okochi and Matsunaga 1997). The presence of the
ferrocene improved the electrochemical reaction efficiency, with cells adhered to
the electrode surface during CV analysis generating an increase in the anodic peak
current, indicating the ferrocene was mediating electron transfer between the elec-
trode and the cells — a process that resulted in the efficient sterilization of the marine
bacteria. Further work by this group determined that the lethal activity of the electri-
cal potential did not result from an increase in the permeability of the cell mem-
brane, but rather the electrocatalytic oxidation of intracellular substances (Okochi
et al. 2000).

4.4 Innovative Electroactive Materials

Inherently conducting polymers (ICPs) are an exciting class of materials that pos-
sess a highly tuneable chemistry through which a range of polymer properties,
including chemistry, conductivity, porosity, morphology, and surface energy, may
be modulated and tailored for specific applications. ICPs such as pyrrole, aniline,
and thiophene have been a particular focus for researchers due to their high conduc-
tivity, and their ability to engage a range of polymer synthesis methods (Wallace
et al. 2002). ICP synthesis can be performed either electrochemically directly on an
electrode surface, or chemically, forming a polymer nano-dispersion that can be
used to fabricate ICP coatings, or composite coatings by employing them as an
additive to a primary polymer system. ICP synthesis is facilitated by the oxidation
of the monomer unit, forming a positively charged conjugated polymer backbone.
This positive charge is counter balanced by the inclusion of an anionic species,
termed the dopant (Wallace et al. 2002). A range of variables may be tailored to
alter the fundamental material physicochemical and electrochemical properties,
including the choice of dopant, synthesis method (chemical, electrochemical or
vapour phase), and specific synthesis conditions (constant current, constant poten-
tial, CV, polymerisation time, charge density), making ICPs a highly flexible and
tuneable polymer platform material.

Over the past decade, ICPs have attracted enormous interest in the areas of bio-
materials and biological interfacing due to their good biocompatibility, as well as
their ability to perform a range of biologically relevant functions, including delivery
of electrical stimuli to excitable cells, controlled drug delivery, and guided cell
growth. In addition to their ability to deliver faradaic charge at the electrode surface
as per standard metallic electrodes, ICPs can undergo changes in polymer redox
state, which, given the appropriate ICP chemistry, can result in a dramatic modula-
tion of the polymer physicochemical properties (Halldorsson et al. 2009, 2011; Teh
etal. 2009). Given this exciting array of adaptable polymer properties, it is surprising
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that researchers have only in recent years investigated the potential of employing
electroactive ICPs in antimicrobial technologies and coatings.

The ICP polyaniline (PANI) is an excellent candidate material for many antimi-
crobial applications given its demonstrated high environmental stability and excel-
lent anticorrosive properties (Kulkarni et al. 1989; Ansari and Keivani 2006;
Biallozor and Kupniewska 2005). PANI used either as a dispersion, or as an additive
in a range of traditional and novel composite marine coating systems, has demon-
strated strong antimicrobial activity. Chemically polymerised polyaniline disper-
sions and nanoparticles have displayed strong inherent antibacterial properties
against a range of bacterial strains (Gizdavic-Nikolaidis et al. 2011, 2012; Prasad
et al. 2012; Jotiram et al. 2012). In one study, the antibacterial properties of PANI
nanofibers were tested by analysing their effect on bacteria cultured in agar contain-
ing different concentrations of the nanofibers (5, 10, 15, 20 and 30 pg/mL) (Jotiram
etal. 2012) (Fig. 4.5). The neat nanofibers were compared with fibers containing the
antibiotic drug mupirocin (0.05 pg in 1 pg PANI nanofibers). PANI nanofibers alone
demonstrated good antibacterial properties, generating zones of inhibition of 5 mm
(5 pg/mL), 5.67 mm (10 pg/mL), 6 mm (15 pg/mL), 6.3 mm (20 pg/mL) and 7.3 mm
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Fig. 4.5 Photographic image of zones of inhibition at various concentrations of PANI and PANI-
mupirocin on Staphylococcus epidermidis. The antibacterial activity of PANI on Staphylococcus
epidermidis: (a) Control dimethyl sulfoxide (DMSO) and PANI at 30 and 20 pg mL~". (b) PANI at
15, 10 and 5 pg mL" (¢) Control DMSO, PANI-mupirocin at 30 and 20 pg mL~". (d) PANI-
mupirocin at 15, 10 and 5 pg mL~! (Reproduced with permission from (Jotiram et al. 2012)).
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(30 pg/mL) (Fig. 4.5). The antibacterial properties of the neat PANI were enhanced
with the addition of mupirocin, increasing the zone of inhibition by between 6 and
21 %. A study into the mechanism/s behind the antimicrobial activity of PANI has
determined that the polymer triggered oxidative stress in the bacterial cells, sup-
pressing the formation of the bacterial cell wall (Gizdavic-Nikolaidis et al. 2011),
providing an insight into the source of their potent antimicrobial properties.

Recently there has been growing interest in the application of PANI in marine
surface coatings due to its ability to present both antimicrobial and anticorrosive
properties (Wang et al. 1999; Mostafaei and Nasirpouri 2013; Yang et al. 2009).
PANTI and sulphonated PANI (sPANI) added to polyurethane (PU) and epoxy resin
(EP)-based coatings were found to possess significant antifouling properties when
the PANI comprised greater than 20 wt% of the coating (Wang et al. 1999).
Additionally, the antifouling properties of the PANI were found to be closely related
to its conductivity, with coatings possessing the doped conductive forms of the
emeraldine salt demonstrating enhanced antifouling properties compared to the
non-conductive dedoped forms. Both PANI and sPANI also demonstrated a syner-
gistic behaviour when combined with toxic compounds, with an overall enhance-
ment of the efficacy of coatings when containing either cuprous oxide or
dichlorodiphenyltrichloroethane (DDT). While cuprous oxide — EP based coatings
were effective for 2—3 months, the addition of doped PANI increased the effective
life span of the coating for up to 9—12 months. The mechanism of enhancement of
the antimicrobial effect of the copper oxide with the addition of the PANI was
unclear, however was suggested to result from the PANI additive providing a local
environment in the coating of ~pH 4-5, presenting a weak acidic microenvironment
that enhanced the redox process of cuprous (I) — cupric (II) ion, improving its anti-
fouling behaviour.

Films composed of nanocomposite blends of PANI with and without zinc oxide
(Zn0O) nanorods were demonstrated to present excellent antifouling properties when
tested against marine fouling in the field over a period of 9 months, with EP coatings
containing 4.5 wt% of PANI resulting in a significant decrease in marine biofouling
from algae and barnacles compared to surfaces containing a lower wt% PANI and
control EP coatings (Mostafaei and Nasirpouri 2013). Coatings containing 4.5 wt%
PANI along with ZnO nanorods (up to 2 wt%) provided additional antifouling activ-
ity, likely due to the photocatalytic properties of the ZnO generating antibacterial
agents such as superoxide ions, hydro-peroxide radical and OH; compounds that
oxidatively stress the bacterial cells. The antimicrobial properties of both the PANI
based EP coatings were supported by laboratory studies with the bacteria E. coli and
S. epidermis, with the PANI-EP coating significantly inhibiting the growth of both
bacterial strains compared to the EP control.

While ICPs such as PANI have been demonstrated to possess inherent antifoul-
ing qualities, such properties can be easily complemented by the incorporation of
additional surface chemical functionalization via the use of thiol chemistry (Molino
et al. 2012, 2013; Bergman and Hanks 2000). Such surface modification may have
significant applications in preventing the fouling of ICP based electrochemical sen-
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Fig. 4.6 (a) Colonisation of polyethylene glycol thiol (PEG-SH) modified polypyrrole-dodecyl
sulfate (PPy-DS by primary mouse skeletal muscle cells (unmodified (leff) and modified (right)
polymer regions). (Scale bar represents 400 pm). (b) Mass of protein adsorption to PPy-DS poly-
mer films with/without modification with PEG. PEG-SH modification undertaken with 40 k MW
PEG at 1 mM concentration at pH 9 and 45 °C. Protein adsorption studied using Fibronectin (FN)
(50 pg/mL in PBS) or full medium (HAMS F10 with 20 % foetal bovine serum). Error bars rep-
resent 95 % confidence intervals around the mean (Reproduced with permission from (Molino
et al. 2013))

sors, preventing the fouling of stimulation and recording electrodes for biomedical
applications, and providing enhanced antimicrobial properties to ICP materials
engineered towards bestowing both anticorrosive and antimicrobial qualities to
polymeric coatings. PANI and polypyrrole (PPy) have been shown to react readily
with hydrophobic thiols to generate surfaces of dramatically decreased surface
energy (Bergman and Hanks 2000; Molino et al. 2012). More recently, thiolated
polymer brushes such as poly(ethylene glycol) have been employed to render the
polymer surface resistant from protein and cellular interactions, providing a low
fouling ICP electrode surface (Molino et al. 2013). PPy doped with the biological
dopant dextran sulphate, an electroactive and biocompatible ICP that has exhibited
excellent properties for bio-interfacing with cells and tissues, was functionalised to
present a highly fouling resistant surface interface through the tethering of thiolated
PEG (PEG-SH). Under optimal surface modification conditions, tethering of
40,000 Da PEG-SH reduced the nonspecific protein adsorption from HAMS F10
cell culture media containing 20 % foetal bovine serum (FBS) by 88 %, completely
inhibiting the adhesion of mammalian skeletal muscle cells (Fig. 4.6). This approach
is amenable to both the surface modification of ICP dispersions, as well as pre-
formed films on a substrate, with the latter allowing the prospect of highly tuneable
surface modification and patterning techniques such as inkjet printing of surface
reactive chemistries such as PEG-SH, allowing control over the spatial distribution
of low fouling chemistries on the ICP surface.
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4.5 Conclusions and Future Directions

Electroactive materials have attracted significant interest in the field of antimicro-
bial coatings, where both electrical stimulation paradigms and electroactive materi-
als chemistry are being explored to provide surfaces and devices that can be used to
develop potent antimicrobial surfaces. While our ability to dissuade and impact
microbial colonisation on metallic electrodes remains critical for many applications
(particularly in the biomedical sector where choice of electrode is often restricted
due to several factors), our ability to employ more flexible and tuneable conductors
presents an enormous opportunity for their application in numerous industries.
Organic conductors, such as carbon nanotubes and graphene, are being actively
investigated as electrode materials for biological interfacing, and have already been
shown to present inherent antifouling properties even without application of electri-
cal stimuli (Hu et al. 2010; Kang et al. 2007). Further work on employing various
electrical stimulation paradigms using these materials will be of great interest. As
discussed, ICPs are an exciting class of materials that are highly processable and
tuneable, and for which both electrically driven faradaic charge transfer, and modu-
lation of polymer redox state to drive dynamic changes in polymer physicochemical
and mechanical surface properties, may be exploited to act against the development
of biofouling layers. Additionally, other electrochemically driven process may be
utilised. For example, ICPs have been widely investigated for use in controlled drug
delivery systems, where electrochemically controlled processes may be used to
actively release drug compounds incorporated into the polymer. Such a process may
be utilized to provide the controlled release of antimicrobial compounds from ICPs,
which could be used individually or in concert with other mechanisms, to challenge
microbial fouling organisms attempting to adhere to the electrode surface. Work by
Esrafilzadeh and co-workers (Esrafilzadeh et al. 2013) have demonstrated the elec-
trochemical release of the antibiotic drug ciprofloxacin from a PPy film in which the
drug had been incorporated as the dopant species during electrochemical polymeri-
sation. Application of a reducing potential to the polymer resulted in an excess
negative charge on the polymer backbone, prompting the expulsion of the nega-
tively charged ciprofloxacin from the polymer film and into the surrounding media.
Ciprofloxacin release was shown to be effective against E. coli and Streptococcus
pyogenes, generating a significant zone of inhibition around the stimulated ICP
electrodes.

The specific development of electrically switchable surface chemistries may also
provide promising opportunities for the generation of dynamic, electrically control-
lable antimicrobial surfaces and coatings. Switchable surface chemistries have been
developed for use in biological systems, having been engineered to employ chemi-
cal, thermal, optical and electrochemical stimuli to transform the interfacial mate-
rial properties (for review, see (Mendes 2008; Liu et al. 2005; Cole et al. 2009)). In
particular, several studies have engineered surfaces that employ environmental
stimuli, such as hydration, to trigger the reorganisation of surface chemistries to
release microbial organisms such as bacteria from the material surface (Jiang and
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Fig. 4.7 Schematic representation of an electrically switchable two-component SAM that is able
to reversibly and rapidly switch its molecular conformation in response to an applied potential. The
change in molecular conformation induces either bacterial adhesion (anionic head group exposed)
or repellence (anionic head group concealed) (Reproduced with permission from (Pranzetti et al.
2013))

Cao 2010). Surprisingly few studies have tested electrically switchable surfaces
against microbial fouling organisms. Pranzetti et al. (2013) studied the early stages
of bacterial cell adhesion to a switchable SAM surface that could modulate between
attractive and repellent states. Their system was based on electrochemically switch-
ing the negatively charged 11-mercaptoundecanoic-acid (MUA), which was teth-
ered to a gold surface along with a second thiol (mercaptoethanol (MET)) that acted
as a spacer, by changing the polarity of the applied potential. Application of a
negative potential exposed the anionic head group of the MUA, presenting an inter-
face attractive to bacterial adhesion, while a positive potential resulted in the con-
cealment of this head group towards the electrode surface, providing a bacterial
repelling surface (Fig. 4.7). When in the bacterial repellent conformation, adhesion
of the marine bacterium Marinobacter hydrocarbonoclasticus was reduced by ~83
% compared to surfaces switched to the attractive state. This study demonstrated the
ability to exert fine electrical control over polymeric surface chemistries with anti-
microbial activity, with the further development of surface chemistries that, rather
than provide attractive — repulsive switchability, provide different or changeable
antimicrobial properties (i.e. microbial killing (cationic ammonium quaternary sys-
tem) and release (i.e. PEG, zwitterion functionality)) could provide promising intel-
ligent surfaces for both the deactivation and release of microbes from the electrode
coating surface. This approach forecasts the development of electrically switchable
surface chemistries that provide fast and on-demand modulation of surface proper-
ties for effective release and/or killing of microbial organisms.

The testing and development of new electrical stimulation paradigms, coupled
with the ongoing development of ‘smart’ and ‘switchable’ conductive electroactive
materials and coatings may pave the way for the future development of electroactive
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materials that, in concert with the myriad of fabrication techniques that are under
active investigation for these materials (i.e. wet spinning, electro-spinning, printing,
knitting and braiding), provide flexible and highly tuneable materials that present
innovative solutions applicable for a range of industries.

References

Ansari R, Keivani M (2006) Polyaniline conducting electroactive polymers thermal and environ-
mental stability studies. J Chem 3(4):202-217

Balint R, Cassidy NJ, Cartmell SH (2012) Electrical stimulation: a novel tool for tissue engineer-
ing. Tissue Eng Part B Rev 19(1):48-57

Barbosa-Canovas GV, Fernandez-Molina JJ, Swanson BG (2001) Pulsed electric fields: a novel
technology for food preservation. Agron Food Ind Hi-Tech 12(2):9-14

Bergman B, Hanks TW (2000) Spectroscopic, microscopic, and surface analysis of alkanethiol-
and fluoroalkanethiol-modified conducting polymer thin films. Macromolecules 33(21):8035—
8042. doi:10.1021/ma000659p

Beveridge JR, MacGregor SJ, Anderson JG, Fouracre RA (2005) The influence of pulse duration
on the inactivation of bacteria using monopolar and bipolar profile pulsed electric fields. [IEEE
Trans Plasma Sci 33(4):1287-1293. doi:10.1109/TPS.2005.852345

Biallozor S, Kupniewska A (2005) Conducting polymers electrodeposited on active metals. Synth
Met 155(3):443-449. http://dx.doi.org/10.1016/j.synthmet.2005.09.002

Clark GM, Hallworth RJ (1976) A multiple-electrode array for a cochlear implant. J Laryngol Otol
90(07):623-627. doi:10.1017/S0022215100082529

Cole MA, Voelcker NH, Thissen H, Griesser HJ (2009) Stimuli-responsive interfaces and systems
for the control of protein—surface and cell-surface interactions. Biomaterials 30(9):1827-1850.
http://dx.doi.org/10.1016/j.biomaterials.2008.12.026

Crocker IC, Liu WK, Byrne PO, Elliott TSJ (1992) A novel electrical method for the prevention of
microbial colonization of intravascular cannulae. J Hosp Infect 22(1):7-17. http://dx.doi.
org/10.1016/0195-6701(92)90126-7

Daeneke T, Kwon T-H, Holmes AB, Duffy NW, Bach U, Spiccia L (2011) High-efficiency dye-
sensitized solar cells with ferrocene-based electrolytes. Nat Chem 3(3):211-215. http://www.
nature.com/nchem/journal/v3/n3/abs/nchem.966.html#supplementary-information

Dargahi M, Hosseinidoust Z, Tufenkji N, Omanovic S (2014) Investigating electrochemical
removal of bacterial biofilms from stainless steel substrates. Colloids Surf B Biointerfaces
117(0):152-157. http://dx.doi.org/10.1016/j.colsurfb.2014.02.021

Davis CP, Wagle N, Anderson MD, Warren MM (1991) Bacterial and fungal killing by iontopho-
resis with long-lived electrodes. Antimicrob Agents Chemother 35(10):2131-2134.
doi:10.1128/aac.35.10.2131

Doyle RL, Godwin 1J, Brandon MP, Lyons MEG (2013) Redox and electrochemical water splitting
catalytic properties of hydrated metal oxide modified electrodes. Phys Chem Chem Phys
15(33):13737-13783. doi:10.1039/C3CP51213D

Esrafilzadeh D, Razal JM, Moulton SE, Stewart EM, Wallace GG (2013) Multifunctional conduct-
ing fibres with electrically controlled release of ciprofloxacin. J Control Release 169(3):313—
320. http://dx.doi.org/10.1016/j.jconrel.2013.01.022

Gabi M, Hefermehl L, Lukic D, Zahn R, V6r6s J, Eberli D (2011) Electrical microcurrent to pre-
vent conditioning film and bacterial adhesion to urological stents. Urol Res 39(2):81-88.
doi:10.1007/s00240-010-0284-3

Galvani L, Aldini G (1792) De Viribus Electricitatis In Motu Musculari Comentarius Cum Joannis
Aldini Dissertatione Et Notis; Accesserunt Epistolae ad animalis electricitatis theoriam perti-
nentes. Apud Societatem Typographicam


http://dx.doi.org/10.1021/ma000659p
http://dx.doi.org/10.1109/TPS.2005.852345
http://dx.doi.org/10.1016/j.synthmet.2005.09.002
http://dx.doi.org/10.1017/S0022215100082529
http://dx.doi.org/10.1016/j.biomaterials.2008.12.026
http://dx.doi.org/10.1016/0195-6701(92)90126-7
http://dx.doi.org/10.1016/0195-6701(92)90126-7
http://www.nature.com/nchem/journal/v3/n3/abs/nchem.966.html#supplementary-information
http://www.nature.com/nchem/journal/v3/n3/abs/nchem.966.html#supplementary-information
http://dx.doi.org/10.1016/j.colsurfb.2014.02.021
http://dx.doi.org/10.1128/aac.35.10.2131
http://dx.doi.org/10.1039/C3CP51213D
http://dx.doi.org/10.1016/j.jconrel.2013.01.022
http://dx.doi.org/10.1007/s00240-010-0284-3

58 P.J. Molino et al.

Gizdavic-Nikolaidis MR, Bennett JR, Swift S, Easteal AJ, Ambrose M (2011) Broad spectrum
antimicrobial activity of functionalized polyanilines. Acta Biomater 7(12):4204—4209. http://
dx.doi.org/10.1016/j.actbio.2011.07.018

Gizdavic-Nikolaidis MR, Bennett J, Zujovic Z, Swift S, Bowmaker GA (2012) Characterization
and antimicrobial efficacy of acetone extracted aniline oligomers. Synth Met 162(13-14):1114—
1119. http://dx.doi.org/10.1016/j.synthmet.2012.04.031

Grahl T, Mirkl H (1996) Killing of microorganisms by pulsed electric fields. Appl Microbiol
Biotechnol 45(1-2):148-157. doi:10.1007/s002530050663

Halldorsson JA, Little SJ, Diamond D, Spinks G, Wallace G (2009) Controlled transport of drop-
lets using conducting polymers. Langmuir 25(18):11137-11141. doi:10.1021/1a900835w

Halldorsson JA, Wu Y, Brown HR, Spinks GM, Wallace GG (2011) Surfactant-controlled shape
change of organic droplets using polypyrrole. Thin Solid Films 519(19):6486—-6491

Hu W, Peng C, Luo W, Lv M, Li X, Li D, Huang Q, Fan C (2010) Graphene-based antibacterial
paper. ACS Nano 4(7):4317-4323. doi:10.1021/nn101097v

Hiilsheger H, Potel J, Niemann EG (1981) Killing of bacteria with electric pulses of high field
strength. Radiat Environ Biophys 20(1):53-65. doi:10.1007/BF01323926

Hiilsheger H, Potel J, Niemann EG (1983) Electric field effects on bacteria and yeast cells. Radiat
Environ Biophys 22(2):149-162. doi:10.1007/BF01338893

Jiang S, Cao Z (2010) Ultralow-fouling, functionalizable, and hydrolyzable zwitterionic materials
and their derivatives for biological applications. Adv Mater 22(9):920-932. doi:10.1002/
adma.200901407

Jotiram KP, Prasad RGSV, Jakka VS, Aparna RSL, Phani AR (2012) Antibacterial activity of nano-
structured polyaniline combined with mupirocin. Nano Biomed Eng 4(3): 144-149

Jucker BA, Harms H, Zehnder AJ (1996) Adhesion of the positively charged bacterium
Stenotrophomonas (Xanthomonas) maltophilia 70401 to glass and Teflon. J Bacteriol
178(18):5472-5479

Kang S, Pinault M, Pfefferle LD, Elimelech M (2007) Single-walled carbon nanotubes exhibit
strong antimicrobial activity. Langmuir 23(17):8670-8673. doi:10.1021/1a701067r

Kerr A, Hodgkiess T, Cowling MJ, Beveridge CM, Smith MJ, Parr ACS (1998) A novel technique
to prevent bacterial fouling, using imposed surface potential. J Appl Microbiol 85(6):1067—
1072. doi:10.1111/j.1365-2672.1998.tb05272.x

Kulkarni VG, Campbell LD, Mathew WR (1989) Thermal stability of polyaniline. Synth Met
30(3):321-325. http://dx.doi.org/10.1016/0379-6779(89)90654-1

Liu W-K, Tebbs SE, Byrne PO, Elliott TSJ (1993) The effects of electric current on bacteria colo-
nising intravenous catheters. J Infect 27(3):261-269. http://dx.doi.org/10.1016/0163-
4453(93)92068-8

LiuY, Mu L, Liu B, Kong J (2005) Controlled switchable surface. Chem A Eur J 11(9):2622-2631.
doi:10.1002/chem.200400931

Matsunaga T, Namba Y (1984) Detection of microbial cells by cyclic voltammetry. Anal Chem
56(4):798-801. doi:10.1021/ac00268a047

Matsunaga T, Namba Y, Nakajima T (1984) 751—electrochemical sterilization of microbial cells.
Bioelectrochem Bioenerg 13(4-6):393—400. http://dx.doi.org/10.1016/0302-4598(84)87040-3

Matsunaga T, Nakayama T, Wake H, Takahashi M, Okochi M, Nakamura N (1998) Prevention of
marine biofouling using a conductive paint electrode. Biotechnol Bioeng 59(3):374-378.
doi:10.1002/(SICI)1097-0290(19980805)59:3<374::AID-BIT14>3.0.CO;2-E

Mendes PM (2008) Stimuli-responsive surfaces for bio-applications. Chem Soc Rev 37(11):2512—
2529. doi:10.1039/B714635N

Merrill DR, Bikson M, Jefferys JGR (2005) Electrical stimulation of excitable tissue: design of
efficacious and safe protocols. J Neurosci Methods 141(2):171-198. http://dx.doi.org/10.1016/].
jneumeth.2004.10.020

Molino PJ, Wallace GG, Hanks TW (2012) Hydrophobic conducting polymer films from post
deposition thiol exposure. Synth Met 162(15-16):1464—1470. http://dx.doi.org/10.1016/].
synthmet.2012.06.013


http://dx.doi.org/10.1016/j.actbio.2011.07.018
http://dx.doi.org/10.1016/j.actbio.2011.07.018
http://dx.doi.org/10.1016/j.synthmet.2012.04.031
http://dx.doi.org/10.1007/s002530050663
http://dx.doi.org/10.1021/la900835w
http://dx.doi.org/10.1021/nn101097v
http://dx.doi.org/10.1007/BF01323926
http://dx.doi.org/10.1007/BF01338893
http://dx.doi.org/10.1002/adma.200901407
http://dx.doi.org/10.1002/adma.200901407
http://dx.doi.org/10.1021/la701067r
http://dx.doi.org/10.1111/j.1365-2672.1998.tb05272.x
http://dx.doi.org/10.1016/0379-6779(89)90654-1
http://dx.doi.org/10.1016/0163-4453(93)92068-8
http://dx.doi.org/10.1016/0163-4453(93)92068-8
http://dx.doi.org/10.1002/chem.200400931
http://dx.doi.org/10.1021/ac00268a047
http://dx.doi.org/10.1016/0302-4598(84)87040-3
http://dx.doi.org/10.1002/(SICI)1097-0290(19980805)59:3<374::AID-BIT14>3.0.CO;2-E
http://dx.doi.org/10.1039/B714635N
http://dx.doi.org/10.1016/j.jneumeth.2004.10.020
http://dx.doi.org/10.1016/j.jneumeth.2004.10.020
http://dx.doi.org/10.1016/j.synthmet.2012.06.013
http://dx.doi.org/10.1016/j.synthmet.2012.06.013

4 Electroactive Anti-microbial Surfaces 59

Molino PJ, Zhang B, Wallace GG, Hanks TW (2013) Surface modification of polypyrrole/biopoly-
mer composites for controlled protein and cellular adhesion. Biofouling 29(10):1155-1167.
doi:10.1080/08927014.2013.830110

Mostafaei A, Nasirpouri F (2013) Preparation and characterization of a novel conducting nano-
composite blended with epoxy coating for antifouling and antibacterial applications. J Coat
Technol Res 10(5):679-694. doi:10.1007/s11998-013-9487-1

Nakayama T, Wake H, Ozawa K, Kodama H, Nakamura N, Matsunaga T (1998a) Use of a titanium
nitride for electrochemical inactivation of marine bacteria. Environ Sci Technol 32(6):798—
801. doi:10.1021/es970578h

Nakayama T, Wake H, Ozawa K, Nakamura N, Matsunaga T (1998b) Electrochemical prevention
of marine biofouling on a novel titanium-nitride-coated plate formed by radio-frequency arc
spraying. Appl Microbiol Biotechnol 50(4):502-508. doi:10.1007/s002530051327

Norlin A, Pan J, Leygraf C (2005) Investigation of electrochemical behavior of stimulation/sensing
materials for pacemaker electrode applications: 1. Pt, Ti, and TiN coated electrodes.
J Electrochem Soc 152(2):J7-J15. doi:10.1149/1.1842092

Okochi M, Matsunaga T (1997) Electrochemical sterilization of bacteria using a graphite electrode
modified with adsorbed ferrocene. Electrochim Acta 42(20-22):3247-3250. http://dx.doi.
org/10.1016/S0013-4686(97)00174-6

Okochi M, Nakamura N, Matsunaga T (1998) Electrochemical control of bacterial cell accumula-
tion on submerged glass surfaces. Clean Prod Process 1(1):53-59. doi:10.1007/s100980050008

Okochi M, Nakamura N, Matsunaga T (2000) Electrochemical killing of vibrio alginolyticus using
ferrocene-modified electrode. Electrochim Acta 45(18):2917-2921. http://dx.doi.org/10.1016/
S0013-4686(00)00368-6

Pervez N, Rasheed A, Pervez A, Rashid A, Mahmood Q (2013) Microbial inactivation utilizing
impulse waveform. Desalination Water Treat 52(13-15):2662-2667. doi:10.1080/19443994.2
013.794708

Piccolino M (1998) Animal electricity and the birth of electrophysiology: the legacy of Luigi
Galvani. Brain Res Bull 46(5):381-407. http://dx.doi.org/10.1016/S0361-9230(98)00026-4

Poortinga AT, Bos R, Busscher HJ (2001) Reversibility of bacterial adhesion at an electrode sur-
face. Langmuir 17(9):2851-2856. doi:10.1021/1a001673y

Pranzetti A, Mieszkin S, Igbal P, Rawson FJ, Callow ME, Callow JA, Koelsch P, Preece JA,
Mendes PM (2013) An electrically reversible switchable surface to control and study early
bacterial adhesion dynamics in real-time. Adv Mater 25(15):2181-2185. doi:10.1002/
adma.201204880

Prasad RGSV, Chaitanya KSV, Tejoram M, Basavaraju D, Rao KN, Kumar RR, Sreenivasan S,
Phani AR (2012) Antibacterial properties of nanofiber structured conducting polyaniline syn-
thesized by cost effective wet chemical process. J Pharmacol Res 5(1):370-373

Puértolas E, Lépez N, Condén S, Raso J, Alvarez 1 (2009) Pulsed electric fields inactivation of
wine spoilage yeast and bacteria. Int J Food Microbiol 130(1):49-55. http://dx.doi.
org/10.1016/j.ijfoodmicro.2008.12.035

Puértolas E, Lépez N, Condén S, Alvarez 1, Raso J (2010) Potential applications of PEF to improve
red wine quality. Trends Food Sci Technol 21(5):247-255. http://dx.doi.org/10.1016/j.
tifs.2010.02.002

Ronkainen NJ, Halsall HB, Heineman WR (2010) Electrochemical biosensors. Chem Soc Rev
39(5):1747-1763. doi:10.1039/B714449K

Rose TL, Robblee LS (1990) Electrical stimulation with Pt electrodes. VIII. Electrochemically
safe charge injection limits with 0.2 ms pulses (neuronal application). IEEE Trans Biomed Eng
37(11):1118-1120. doi:10.1109/10.61038

Saldafia G, Puértolas E, Monfort S, Raso J, Alvarez 1 (2011) Defining treatment conditions for
pulsed electric field pasteurization of apple juice. Int J Food Microbiol 151(1):29-35. http://
dx.doi.org/10.1016/j.ijfoodmicro.2011.07.033


http://dx.doi.org/10.1080/08927014.2013.830110
http://dx.doi.org/10.1007/s11998-013-9487-1
http://dx.doi.org/10.1021/es970578h
http://dx.doi.org/10.1007/s002530051327
http://dx.doi.org/10.1149/1.1842092
http://dx.doi.org/10.1016/S0013-4686(97)00174-6
http://dx.doi.org/10.1016/S0013-4686(97)00174-6
http://dx.doi.org/10.1007/s100980050008
http://dx.doi.org/10.1016/S0013-4686(00)00368-6
http://dx.doi.org/10.1016/S0013-4686(00)00368-6
http://dx.doi.org/10.1080/19443994.2013.794708
http://dx.doi.org/10.1080/19443994.2013.794708
http://dx.doi.org/10.1016/S0361-9230(98)00026-4
http://dx.doi.org/10.1021/la001673y
http://dx.doi.org/10.1002/adma.201204880
http://dx.doi.org/10.1002/adma.201204880
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.12.035
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.12.035
http://dx.doi.org/10.1016/j.tifs.2010.02.002
http://dx.doi.org/10.1016/j.tifs.2010.02.002
http://dx.doi.org/10.1039/B714449K
http://dx.doi.org/10.1109/10.61038
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.07.033
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.07.033

60 P.J. Molino et al.

Sale AJH, Hamilton WA (1967) Effects of high electric fields on microorganisms: I. Killing of
bacteria and yeasts. Biochim Biophys Acta (BBA) Gen Subj 148(3):781-788. http://dx.doi.
org/10.1016/0304-4165(67)90052-9

Satirapipathkul C, Iwakabe K, Habaki H, Kawasaki J (2008) Inactivation of harmful dinoflagellate
(Alexandrium catenella) in ballast water by electric treatment. Ann Microbiol 58(2):297-301.
doi:10.1007/BF03175333

Shim S, Hong SH, Tak Y, Yoon J (2011) Prevention of Pseudomonas aeruginosa adhesion by elec-
tric currents. Biofouling 27(2):217-224. doi:10.1080/08927014.2011.554831

Spadaro JA, Berger TJ, Barranco SD, Chapin SE, Becker RO (1974) Antibacterial effects of silver
electrodes with weak direct current. Antimicrob Agents Chemother 6(5):637-642. doi:10.1128/
aac.6.5.637

Spelman DW (2002) 2: hospital-acquired infections. Med J Aust 176(6):286-295

Teh KS, Takahashi Y, Yao Z, Lu Y-W (2009) Influence of redox-induced restructuring of polypyr-
role on its surface morphology and wettability. Sensors Actuators A: Phys 155(1):113-119.
http://dx.doi.org/10.1016/j.sna.2009.07.006

van der Borden AJ, van der Werf H, van der Mei HC, Busscher HJ (2004) Electric current-induced
detachment of Staphylococcus epidermidis biofilms from surgical stainless steel. Appl Environ
Microbiol 70(11):6871-6874. doi:10.1128/aem.70.11.6871-6874.2004

Wallace GG, Teasdale PR, Spinks GM, Kane-Maguire LAP (2002) Conductive electroactive poly-
mers: intelligent materials systems. CRC Press, Boca Raton

Wang XH, LiJ, Zhang JY, Sun ZC, Yu L, Jing XB, Wang FS, Sun ZX, Ye ZJ (1999) Polyaniline as
marine antifouling and corrosion-prevention agent. Synth Met 102(1-3):1377-1380. http://
dx.doi.org/10.1016/S0379-6779(98)00384-1

Yang X, LuY,MaY, LiuZ, DuF, ChenY (2007) DNA electrochemical sensor based on an adduct
of single-walled carbon nanotubes and ferrocene. Biotechnol Lett 29(11):1775-1779

Yang SC, Brown R, Ramotowski T, Tucker W, Maranda L, Chena R, Shen M (2009) New anti
fouling coatings based on conductive polymers. No. URITC Project No. 0001032

Zhou JF, Xu LP, Feng DL, Hu AB, Xie TF (2013) Study on inactivation of microalgae in ship bal-
last water by pulsed electric field and heat treatment. Adv Mater Res 610:3163-3166


http://dx.doi.org/10.1016/0304-4165(67)90052-9
http://dx.doi.org/10.1016/0304-4165(67)90052-9
http://dx.doi.org/10.1007/BF03175333
http://dx.doi.org/10.1080/08927014.2011.554831
http://dx.doi.org/10.1128/aac.6.5.637
http://dx.doi.org/10.1128/aac.6.5.637
http://dx.doi.org/10.1016/j.sna.2009.07.006
http://dx.doi.org/10.1128/aem.70.11.6871-6874.2004
http://dx.doi.org/10.1016/S0379-6779(98)00384-1
http://dx.doi.org/10.1016/S0379-6779(98)00384-1

Chapter 5
Manufacture of Chemically Modified
Antibacterial Surfaces

Hitesh Pingle, Peng-Yuan Wang, Sally McArthur, and Peter Kingshott

Abstract It is well-known that the prevention of biofilm formation on medical
implants is a highly desirable outcome for world-wide patient care. The lack of new
antibiotic discoveries and the build-up of resistance towards existing antibiotics,
particularly in biofilms, are proving a major global challenge to infection control
and causing high mortality rates, which is exacerbated by the contamination of
implant surfaces. The chemical modification of implants has proved to be very
promising in preventing bacterial attachment over the past few decades, but despite
the huge consequential reduction in bacterial attachment rates, no solution yet exists
for preventing the attachment of bacteria and the subsequent formation of biofilms;
it is generally recognised in the field of biomaterials surface science that it is pos-
sible to change the rate but not the fate of biofilm formation. This chapter provides
an overview of the state of the art in the field of manufacture of chemically modified
surfaces that are produced in an effort to minimise the formation of biofilms. A sum-
mary of the role of adsorbed biomolecules present in the environment surrounding
implants is provided. This is an additional complicating factor, since we hypothesise
that preventing biomolecular adsorption onto the surface of implants is needed to
resolve the issue of implant-centred infection. Such an outcome therefore requires
the development of novel surface modification strategies and perhaps more than one
concept to improve the effectiveness of a coating. In this respect we summarise
techniques such as the use of hydrophilic polymer layers and plasma polymers, self-
cleaning surfaces, and combinations of controlled release of bactericidal molecules.
In addition, we propose other novel antibacterial surface modification strategies. We
also highlight that preventing the initial attachment of bacteria is a fundamental
requirement in preventing biofilm formation, since a biofilm can form once a single
bacterium has attached to a substrate surface.
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5.1 Introduction

The use of biomedical devices and implants such as intravascular and urinary cath-
eters, artificial hips and ventilators, has been rapidly rising with a view to improving
the health of many patients. Unfortunately, at the same time, infection from bio-
medical implants during and after surgery is also rising; this has resulted in a major
global problem. Whenever bacteria attach to surfaces they produce exopolysaccha-
rides (EPS), which facilitate bacterial aggregation that subsequently rapidly starts
the development of a sophisticated biofilm (defined as a group of microorganisms
that stick to each other on a surface) (Sutherland 2001), that shows extreme resis-
tance to antibiotics and biocides (Stoodley et al. 2002; Stewart and William
Costerton 2001; Fey 2010; Percival et al. 2011; Majik and Parvatkar 2014; Vasilev
et al. 2011; Ma et al. 2012). Researchers have shown that to eradicate bacteria in
biofilms, a dose that is around 1,000 times more concentrated than that of conven-
tional antibiotics used to kill planktonic bacteria is required (Smith 2005; Hetrick
and Schoenfisch 2006). Once a biofilm forms, the implant needs to be replaced or
treated via repeated surgery that can have serious consequences, financial burdens
and even the death of the patient (Bazaka et al. 2012). It is estimated that in the USA
alone the annual cost of antibacterialresistance is around 20 billion US dollars;
more than 54,000 patients have been infected by catheter-related urinary tract infec-
tions in hospital settings (Frieden 2013; Smith 2005). In addition, in intensive care
units, almost 16,000 patients are infected each year by catheter-related blood stream
infections (Lyte et al. 2003). These are responsible for 87 % of the total blood
stream infections (Richards et al. 2000). More than 13,000 deaths have been associ-
ated with urinary tract infections, and more than 30,000 deaths have been attributed
to bloodstream infections, with more than 8,000 deaths related to surgical site infec-
tions even with the use of conventional antibiotics every year (Klevens et al. 2007).
Health-care-associated infections are also a huge problem in developing countries
(Allegranzi et al. 2011), where it is estimated that infection rates are two to three
times higher than those of developed countries (Rosenthal 2011).

To overcome the problem of bacterial biofilm formation, it is necessary to pre-
vent the initial attachment of bacteria to a substrate, thereby preventing the forma-
tion of the biofilm. A considerable amount of research has been published that has
attempted to address this problem using surface modification strategies aimed at
preventing bacterial attachment; this work is promising, but in many cases conflict-
ing results are reported. These contradicting results are attributable to: (1) different
testing procedures for bacterial attachment in different laboratories; (2) different
strains of bacteria being used for the studies; (3) a lack of comprehensive surface
analysis leading to incorrect assumptions being made about the effectiveness of the
chemical modification of the surface; and (4) different animal models being used
that lead to conflicting in vitro results.

The type of surface modification strategy that is employed is usually determined
by the desired mode of action against the potentially adhering bacteria, the proposed
physical-chemical mechanisms for preventing bacteria attachment, and/or the
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influence of the biomolecules that create the so-called “conditioning films” that
facilitate bacterial attachment.

The most promising strategies to prevent bacterial attachment have employed
different types of natural and synthetic polymers as surface modifying agents, aimed
at reducing the attachment of common pathogenic bacteria such as Staphylococcus
epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia
coli. These strategies include the fabrication of surfaces using non-ionic, hydro-
philic and synthetic polymers such as poly (ethylene glycol) (PEG) (Chapman et al.
2001), poly(oxazolone) (Waschinski et al. 2005), and poly(acrylamide) (Fundeanu
et al. 2008). The proposed antimicrobial mechanisms for such systems are based on
the notion that end-attached polymer brushes provide a steric barrier against bio-
molecule adsorption and therefore the subsequent bacterial attachment to the under-
lying substrate. In this case, the polymer chain graft density and chain length or
molecular weight are critical parameters that need to be optimised (Szleifer 1997,
Kingshott and Griesser 1999) Poly(carboxybetaine) (Grigoras et al. 2012) and other
zwitterionic polymers (Li et al. 2008a; Sin et al. 2014) have also displayed the abil-
ity to create substrates that possess enhanced anti-fouling properties, with a recent
study of zwitterionic poly(sulfobetaine methacrylate) (pSBMA) grafted stainless
steel showing effective reductions in bacterial attachment up to 6 h after initial
exposure to the bacteria (Fig. 5.1) (Sin et al. 2014). The physical principle involved
is that the modified surface mimics cell membrane surfaces that are naturally repel-
lent to bacteria, with the water structure at such interfaces providing an energeti-
cally unfavourable surface for bacterial interactions.

359 m E. coli

30 4 m S. epidermidis

25 4

20 -
15 4
5 4
0 -

?* \ad
NN o%’% @‘ &
%,0 &
v 2N

Relative bacterial adhesion
area (%)

Fig. 5.1 The occupied area of E. coli and S. epidermidis on various surfaces after 6 h incubation.
SUS: 316L type stainless steel coupons (SUS 316L). SUS-D and SUS-Si: dopamine- and silane-
immobilized SUS surfaces, respectively. pSBMA poly(sulfobetaine methacrylate) (This chart was
extracted from Sin et al. (2014) by permission from ACS Applied Materials and Interfaces)
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Naturally derived polymers such as hyaluronic acid (Chua et al. 2008), alginic
acid (Morra and Cassineli 1999) and surfactant type polymers (Vacheethasanee and
Marchant 2000) have also shown promise at minimising biofilm formation, with the
mechanism responsible being similar to that previously discussed. Bonilla et al.
published a detailed review on polymers with antimicrobial properties (Mufioz-
Bonilla and Ferndndez-Garcia 2012). The building blocks of these polymers (e.g.
ethylene glycol, carboxybetaine etc.) have also been used as the head groups of
molecules that can self-assemble on surfaces. The classical alkane thiols on gold are
one of the best examples, where the sulthydryl group is attached to the gold sub-
strate and the head group is exposed to the aqueous environment, the latter provid-
ing the antibacterial surface properties (Wiencek and Fletcher 1995; Hou et al.
2007). In light of all these promising attempts to prevent the attachment of bacteria,
no surface yet exists that can achieve zero bacterial attachment. It is likely that the
inability to identify an antibacterial surface derived from a molecular attachment
process arises from the fact that it is difficult to obtain stable surfaces that are free
of surface defects, together with the fact that there is still a lack of understanding
regarding the function of these adsorbed molecules in the bacterial repellency pro-
cess. It has been shown, however, that the covalent attachment of polymers onto
substrate surfaces increases the stability of the film, which subsequently minimises
the extent of bacterial attachment (Kingshott et al. 2003a).

Another promising approach for the prevention of bacterial attachment is through
the use of naturally occurring bactericidal compounds such as essential oils
(Kalemba and Kunicka 2003), plant products (Cowan 1999), and ions released from
metallic nanoparticles embedded in the material. The effects of antibacterial fura-
nones (Al-Bataineh et al. 2008) that potentially inhibit quorum sensing, or antimi-
crobial peptides (Costa et al. 2011) that penetrate cell walls to kill bacteria, are
examples of molecules that are being used for the manufacture of antimicrobial
coatings. The mode of function of such systems remains the subject of much
research, but the ability to kill the bacteria on contact, or interfering with the bacte-
rial adhesion processes are proposed as being the principal mode of action. Chen
et al., for example, developed a surface using the cationic polymer poly(N,N-
dimethyl-N-(ethoxycarbonylmethyl)-N-[2'-(methacryloyloxy)ethyl] =~ ammonium
bromide) that killed bacteria on initial contact (Cheng et al. 2008).

The role of adsorbed biomolecules on medical implant surfaces in restricting
biofilm formation has been the subject of much research, with conflicting
results being obtained. For example, extracellular DNA (eDNA) has been shown to
both inhibit bacterial aggregation in biofilms (Berne et al. 2010) and facilitate adhe-
sion (Tetz and Tetz 2010). Some proteins, such as those extracted from fish muscle
and other food protein extracts, when adsorbed onto substrates have been shown to
substantially reduce the number of bacteria adhering to the surface (Bernbom et al.
2006, 2009). Quite often, the methods needed to manufacture bacterial resistant
coatings require multiple steps. For example, the attachment of polymer chains to
medical polymers requires the use of a pre-treatment step where reactive groups are
introduced onto the surface, which is followed by a chemical grafting or polymeri-
sation step. One approach that has been exploited to create low fouling surfaces is



5 Manufacture of Chemically Modified Antibacterial Surfaces 65

Electrode

[

Vacuum pump ) «—— Cold trap

Samples
Plasma chamber

Fig. 5.2 Schematic illustration of a plasma reactor. Samples were placed in a vacuum chamber.
By controlling flow rate or pressure of monomer in the chamber and radiofrequency (RF) power,
the surface of biomaterials can be modified with a desired surface chemistry

plasma polymerisation (Fig. 5.2) (Triandafillu et al. 2003; Trentin et al. 2014; Ma
et al. 2012). In this process, highly activated gas phase species react with inert sur-
faces generating thin films, where the chemical functionality of the film is deter-
mined by the choice of monomer used for the plasma polymerisation process. This
has been used to either create low-fouling coatings in a single step using, for exam-
ple, ethylene glycol type monomers, or to generate reactive species on surfaces for
subsequent chemical attachment of non-fouling molecules (Jacobs et al. 2012).

Plasma polymer films have also been used for developing technologies that pro-
duce products that release antimicrobial agents in a controlled fashion, including the
release of silver ions (Ag*) (Vasilev et al. 2009). In this case, Ag nanoparticles are
either loaded into or beneath a plasma polymer layer and the ion release kinetics are
controlled by the concentration of particles in the film and/or the thickness of the
film, which acts as a diffusion barrier. This concept is also applicable to other coat-
ings, such as those generated by dip or spray coating or by impregnation of antimi-
crobial agents into the bulk of a material (Guo et al. 2013).

This chapter focuses on the strategies currently being used to control bacteria-
surface interactions and the design of artificial, chemical-based antibacterial/anti-
fouling surfaces that are relevant to medical implants. These include processes by
which the chemistry of the surfaces is manipulated via polymer coatings or plasma
polymer surfaces. The bacterial strains targeted and the role of biomolecules in the
initial attachment of bacteria are also discussed. A summary of the different chemi-
cal modification strategies is provided in Table 5.1. Figure 5.3 depicts the typical
chemical structures of poly(ethylene) glycol (PEG), poly (ethyleneimine) (PEI)
(which is composed of repeating units of primary, secondary and tertiary amine
groups), zwitterionic poly(sulfobetaine) methacrylate (pSBMA) (which contains
both positively and negatively charged groups), the natural antibacterial polymer
chitosan and the monomers allylamine and acrylic acid, both of which are used for
plasma polymerisation.
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Fig. 5.3 Chemical structure of some common monomers (acrylic acid, allylamine, and sulfobeta-
ine methacrylate (SBMA)) and polymers (PEI, PEO/PEG, and chitosan) used for surface
treatment

5.2 Influence of Adsorbed Biomolecules on Biofilm
Formation

Biomolecules such as polysaccharides, proteins, peptides, and lipids play an essen-
tial role in the initial attachment of bacteria to a substrate, which is usually followed
by biofilm formation. Unless surface modification strategies are employed to pre-
vent the adsorption of these biomolecules, they will spontaneously form so-called
“conditioning films” that have been proposed to influence the extent of bacterial
attachment and growth. Depending on the biological fluid (e.g. blood, urine, tears,
interstitial fluid and bacterial growth media) to which the surfaces are exposed, the
composition of the surface adsorbed bimolecular layer may change over time. This
adds an additional level of complexity to the bacteria-surface interactions involved
in the initial bacterial attachment. An open question in this area is whether the pre-
vention of bacterial adsorption onto surfaces containing biomolecules is influenced
by the surface alone, or whether other mechanisms also play a role (Poortinga et al.
2002). The precise way by which bacteria recognises eDNA (Whitchurch et al.
2002), protein (Heilmann et al. 1997) and/or carbohydrate (Kingshott et al. 2003b)
components in conditioning films, however, remains elusive, however evidence is
starting to emerge on this topic. Most pathogenic bacteria display cell surface
adhesins, which have the tendency to recognise specific constituents present on the
surface of mammalian cells. These adhesins also play a role in the initial bacterial
attachment to the surface and initiate bacterial infection. There is a growing amount
of evidence available that these adhesins may be associated with the recognition of
biological constituents adsorbed onto surfaces of implanted devices, even though
the specific mechanisms by which this occurs remain unexplained. For example,
studies using P. aeruginosa have highlighted the role played by flagella and type IV
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pili in biofilm formation. Flagella motility is essential in allowing bacteria to make
initial contact with abiotic surfaces and is also responsible for bringing the cells in
close proximity to the surface, overcoming the repulsive forces that exist between
the bacterium and the surfaces. Type IV pili also play a crucial role in stabilising the
interaction between an abiotic surface and a bacterium, and mediating the twitching
motility that is responsible for the migration of bacteria on surfaces (O’Toole and
Kolter 1998). Waar et al. showed that surface proteins present on E. faecalis play an
important role in controlling their adhesion to abiotic surfaces (Waar et al. 2002). S.
aureus membrane surfaces also consist of proteins that are responsible for biofilm
formation on abiotic surfaces (Cucarella et al. 2001). In addition, studies using E.
coli have demonstrated that flagellar mediated motility is a key factor influencing
biofilm formation under a range of conditions, including rich or poor media concen-
trations. Furthermore, surface associated proteins have been shown to be required
for cell-cell interactions to occur during biofilm formation (Danese et al. 2000).
Recent research has shown that eDNA is a major component of biofilms and is
also responsible for the maintenance and development of bacterial biofilms (Fey
2010; Gloag et al. 2013; Petersen et al. 2005). Many infectious bacterial species,
including P. aeruginosa (Whitchurch et al. 2002; Gloag et al. 2013; Spoering and
Gilmore 2006), L. monocytogenes (Harmsen et al. 2010), B. cereus (Vilain et al.
2009), S. aureus and S. epidermidis (Izano et al. 2008) have been implicated in the
recognition of eDNA to enable attachment to a substrate and the consequent biofilm
development on non-biological surfaces. A study using Bordetella biofilms showed
that eDNA is one of the main components responsible for both the initial attachment
of bacteria and the subsequent biofilm development. And the critical importance of
DNase I to degrade biofilms formed inside an animal model of bacterial virulence
(Fig. 5.4) (Conover et al. 2011). A study using S. mutans by Petersen et al. demon-
strated the involvement of a synthetic competence-simulating peptide (SCAP) in the
formation of a biofilm that involved the release of eDNA (Petersen et al. 2005),
where the eDNA and a DNA binding uptake system played an important role in the
mechanisms of biofilm formation. Another study by Conover et al. supported the
postulation that eDNA plays an important role in maintaining Bordetella bronchi-
septica (B. brochiseptica) biofilms in mice respiratory tracts, where the use of
DNase I helped to degrade the biofilms (Conover et al. 2011). Such an approach
may provide an insight in the treatment of bacterial infections in humans or in the
development of bacterial resistant implant coatings. Despite these studies, the pre-
cise mechanisms by which eDNA promotes bacterial attachment and biofilm devel-
opment is still unknown. Many of the cell surface components of P. aeruginosa that
are involved in biofilm development have been identified. These include cup fim-
briae (Vallet et al. 2004), type IV pili for irreversible attachment to surfaces (Barken
et al. 2008), flagella to mediate initial reversible attachment (Yamamoto et al. 2012;
O’Toole and Kolter 1998) and type IV pili to mediate surface migration (Klausen
et al. 2003), micro-colony development and the formation of sophisticated biofilms
(van Schaik et al. 2005). Type IV pili have also been identified as being able to bind
to DNA (Barken et al. 2008), hence it is possible that these structures have been
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RBS0

No treatment DNasel (30 min) DNasel (90 min)

RB50

Fig. 5.4 The effect of eDNA on Bordetella biofilm. Three day old biofilms of B. bronchiseptica
strain RB50 (upper images) stained with 7-hydroxy-9H-(1,3-dichloro-9,9-dimethylacridin-2-one)
(DDAO). Confocal laser scanning microscopy (CLSM) images of live GFP expressing cells
(green) and DDAO stained eDNA (diffuse red) or dead cells (punctuate red) are shown. Yellow
appearance indicates the presence of both live cells and eDNA. DNase I lead to the disruption of
established Bordetella biofilms grown on glass coverslips under static conditions (lower images).
Biofilms were grown on glass coverslips for 48 h for RB50. The coverslips were gently rinsed fol-
lowed by treatment with DNase I for either 30 or 90 min. For each micrograph, the middle panel
represents the x-y plane, and the adjacent fop and side panels represent the x—z and y—z planes,
respectively. The image of a biofilm not treated with DNase I also depicted (The images were
extracted from Conover et al. (2011) by permission from PLOS ONE)

involved in mediating bacterial attachment to surfaces through interaction with sur-
face attached eDNA.

5.3 Biofilm Formation on Medical Implants

Percival et al. (2000) defined a biofilm as “microbial cells immobilised in a matrix
of extracellular polymers acting as an independent functioning ecosystem, homeo-
statically regulated” (Percival et al. 2011; Percival et al. 2000). A biofilm is a con-
vergence of microbial organisms that are irreversibly adhered onto surfaces,
enclosed in a matrix of extracellular polymeric substances (Donlan and Costerton
2002). In terms of medical implants, infection via biofilm formation is caused by
opportunistic pathogens such as S. aureus (Di Poto et al. 2009; Toté et al. 2009;
Nablo et al. 2005), S. epidermis (Popat et al. 2007; Nablo et al. 2005), P. aeruginosa
(Nablo et al. 2005; Toté et al. 2009) and E. coli (Carmen et al. 2005), on
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non-surgical medical devices such as intravenous and urinary catheters (Chenoweth
and Saint 2013) and surgical medical devices such as prosthetic heart valves (Manne
et al. 2012), cardiac pacemakers (Heimberger and Duma 1989), vascular prostheses
(Moore et al. 1981), orthopaedic implants (Darouiche 2004), contact lenses (Dutta
et al. 2012), intrauterine contraceptive devices (Castellsagué et al. 2011), artificial
hearts (Griffith et al. 1988), voice prostheses (Post et al. 2004) and ocular prostheses
(Zegans et al. 2002). There is a likelihood that non-surgical devices can become
infected from pathogens from the skin at the time of insertion or after implantation
via migration of pathogens onto the surfaces of these devices. Some other factors
that may be responsible for surgical device infection are clot formation and tissue
destruction at the implant site. In addition, adsorbed biological material tends to
attract planktonic bacterial attachment and these factors increase the likelihood of
biofilm development. It has been suggested that after successful implantation of a
medical device, there is a link between the conditioning media present in the sur-
rounding tissue and the extent of bacterial attachment onto implants (Rodrigues
2011). The first 6 h after implantation is the most critical, as has been showed by
Poelstra et al. during which time, suppression of the activity of the pathogen is man-
datory for the long term stability of implants (Poelstra et al. 2002; Hetrick and
Schoenfisch 2006).

Once the implant surface has been conditioned via bio-fluids such as plasma
proteins, lipids, extracellular matrix molecules, and inorganic salts, bacteria com-
mence the reversible attachment with the surface. At a later stage, irreversible
attachment to the surface occurs. This results in the secretion of insoluble gelatinous
exopolymers, which allows the formation of a biofilm, which protects the bacteria
from certain environmental threats such as biocides, antibodies, antibiotics, bacte-
riophage, surfactants and also from white blood cells and free flowing amoebae
(Dunne 2002). Most recent research has shown that bacteria have a very high resis-
tance generation capability against almost all antimicrobial agents when present in
biofilms. Therefore, the best possible solution to overcome the protective nature of
biofilms is to develop surfaces that can resist or reduce the initial attachment of
microbes, preventing the subsequent formation of a biofilm.

5.4 Artificial Antibacterial Surfaces Based on the Chemical
Modification of the Surface

In an effort to reduce the number of infections arising from implant devices, there
has been a focus on understanding the surface chemistry of biomedical implant
materials with a view to developing effective and long lasting antibacterial surfaces
using traditional and highly advanced surface modification techniques (Hasan et al.
2013; Timofeeva and Kleshcheva 2011). These types of surfaces are made of differ-
ent types of materials including anti-adhesive/antibacterial polymers and bioactive
antibacterial molecules. Polymers, ceramics and bioactive ingredients have also
been combined to generate the controlled release of antibacterial agents.
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Nanostructured materials such as nanoparticles of Ag, Au, Cu, Zn and Ti have also
been extensively used in the development of antimicrobial surfaces (Campoccia
et al. 2013). The chemical surface treatments that have been used include surface
functionalization and derivatisation/polymerisation techniques (Tiller et al. 2001;
Hasan et al. 2013).

5.4.1 Polymerisation as a Way to Modify Surfaces

Conventional polymerisation is a highly versatile technique that can be exploited to
modify the surface of a material so that it displays antimicrobial properties.
Antimicrobial surfaces need to be stable, easy to synthesise, insoluble in aqueous
medium, able to be regenerated and exhibit biocidal activity towards a broad spec-
trum of bacteria (Iarikov et al. 2013). Factors that influence the effectiveness of
antimicrobial coatings include the surface charge density, polymer molecular
weight, degree of alkylation and the hydrophilic/hydrophobic balance. Synthetic
medical polymers such as nylon, poly(ethylene terephthalate), poly(fluoroethylene),
polyethylene, and polypropylene have been surface modified by the covalent attach-
ment of antimicrobial agents (Tiller et al. 2001; Lin et al. 2003; Hasan et al. 2013).
Tiller et al. demonstrated (Tiller et al. 2001) that attached polymer chains could be
polycationic, hydrophobic and should be sufficiently long to exhibit antimicrobial
characteristics. One widely used surface polymerisation technique is covalent
attachment and atom transfer radical polymerisation (ATRP) (Hasan et al. 2013;
Lee et al. 2004; He et al. 2011). Polycation based hydrogels showed antibacterial
properties by disrupting the bacterial cell wall, displaying potency against both
Gram positive and negative bacteria (Li et al. 2011). Other types of cationic poly-
mers that have been used for this purpose used include chitosan (Goy et al. 2009)
and polyamine films (Kwon and Lu 2007). One such surface was generated by the
layer-by-layer (LbL) self-assembly of the polyelectrolyte (Jiang et al. 2009) quater-
nary ammonium hydrophobic cation poly (vinyl-N-hexylpyridinium). These sur-
faces displayed strong antibacterial properties, killing 90-99 % of bacteria that
came into contact with the surface (Lin et al. 2002). Lin et al. covalently immobil-
ised N-alkylated poly(ethylenimines) (PEIs) onto textile materials, including cot-
ton, wool, nylon and polyesters, to introduce antimicrobial properties to these
fabrics (Lin et al. 2003). Their results showed that high molecular weight PEI chains
exhibited higher degrees of antibacterial activity in comparison to low molecular
weight PEIs, which showed around 98 % bactericidal activity. Some uncertainties
were identified regarding the properties that were responsible for the antimicrobial
activity; these included the proper control over monomer distribution, molecular
weight, polydispersity and density of functional groups. To overcome this problem,
atom transfer radical polymerisation (ATRP) was applied to quaternary ammonium
groups by Lee et al. who showed greater control over the polydispersity and molec-
ular weight of the resultant antimicrobial layer (Lee et al. 2004). The main advan-
tages of these types of surfaces are the longer lasting antibacterial behaviour and the



5 Manufacture of Chemically Modified Antibacterial Surfaces 73

ease of synthesis of these films on common substrate materials, such as glass and
paper. These types of surfaces can be used in food packaging, everyday household
items and in military applications. Research is on-going on for wider scale applica-
tions (He et al. 2011), however, the possibility of application of such films to medi-
cal implants is doubtful due to their potential cytotoxicity.

Another approach towards surface modification includes the non-covalent phys-
iochemical adsorption of antimicrobial agents such as antibacterial polymers, pep-
tides, and enzymes (Hasan et al. 2013; Izadpanah and Gallo 2005; Timofeeva and
Kleshcheva 2011). In 1965, Cornell and Dunraruma formed polymers and copoly-
mers of 2-methacryloxytroponones, which were able to kill bacteria (Cornell and
Donaruma 1965). Since that time, a large number of new antibacterial polymeric
materials have been synthesized and research is still underway to understand the
actual mechanisms responsible for the antimicrobial activity. Sidenbidel et al. cat-
egorised antimicrobial polymers into three types according to their function i.e.
polymeric biocides, biocidal polymers and biocide releasing polymers (Siedenbiedel
and Tiller 2012). Dizman et al. synthesized a norfloxacin-containing methacrylate
monomer and PEG methyl ether methacrylate, which showed comparable antimi-
crobial activities against both S. aureus and E. coli (Dizman et al. 2004). In terms of
biocidal activity, however, these polymers do not contain any repeating units of
antimicrobial agents. The intact macromolecule behaves as an antibiotic agent.
Some examples of these types of antimicrobial polymers include polycations with
phosphonium (Kanazawa et al. 1993a, b), quaternary ammonium (Timofeeva and
Kleshcheva 2011; Kawabata and Nishiguchi 1988) and tertiary sulphonium groups
(Chen et al. 2000). The development of polymers that containing antimicrobial
agents that can be released in the presence of microbes is a valid approach; Kenawy
et al. provided a detailed review describing the applications and chemistry of such
antimicrobial polymers (Kenawy et al. 2007).

Another class of antibacterial agents are the antimicrobial peptides (AMPs),
which are fragments of cationic amphiphilic peptides present in the immune defence
systems of every living organism. AMPs exhibit broad spectrum antimicrobial
activity against bacteria, fungi, and have the ability to encapsulate viruses and para-
sites. In comparison to antibiotics that attack specific proteins present in bacteria,
AMPs act on the bacterial membranes, and hence this is less likelihood resistance
being developed through gene mutation. These qualities suggest that AMP is a via-
ble alternative to antibiotics (Nguyen et al. 201 1; Hancock and Sahl 2006). Magainin
is an a-helical AMP derived from the African clawed frog, and is, to date, the most
studied AMP, and Hancock (Hancock and Sahl 2006) and Nguyen (Nguyen et al.
2011) have provided a detailed review in this area.

Another class of effective biomolecules are antimicrobial enzymes that are able
to control or restrict biofilm growth (Hasan et al. 2013; Thallinger et al. 2013).
Antimicrobial enzymes are omnipresent in nature and play significant roles in the
defence mechanisms of living organisms. They have the capability to kill the micro-
organism through interference with biofilm formation or growth and though cataly-
sis reactions are able to produce antimicrobial compounds. Antibacterial enzymes
that have been studied include proteolytic enzymes (subtilins, lysostaphin and
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bacteriophages lysin), polysaccharide degrading enzymes (lysozyme, amylases,
dispersin B and alginate lyase), and oxidative enzymes (myeloperoxidase, cellobi-
ose dehydrogenase, lactoperoxidase, glucose oxidase, horseradish peroxidase)
(Fuglsang et al. 1995; Thallinger et al. 2013). Liquid formulations of antibiofilm
and antimicrobial agents containing these enzymes are generally associated with
surface cleaning products. One or more enzymes can be combined with other types
of antibacterial agents and can also be incorporated or attached to the surface of
substrates for the generation of antibacterial surfaces (Augustin et al. 2004). For
example, subtilisins are the most extensively applied enzymes used by industry to
control the formation of biofilms. It is a hydrolytic enzyme, which hydrolyses the
bacterial adhesin proteins, i.e. those responsible for bacterial attachment onto the
surface, hence preventing attachment (Leroy et al. 2008). Polysaccharide degrading
enzymes such as lysozyme are frequently used by the healthcare and food industries
to kill both Gram positive and negative bacteria. Oxidative enzymes, which are
produced by the human body for defence against microbes, produce superoxide
anions that further form hydrogen peroxide (H,0,) to kill bacteria (Thallinger et al.
2013). Incorporation of all these types of antimicrobial agents and strategies in the
formation of an effective and long term stable surface is a possible solution for the
prevention of biofilm formation, however further research is required.

5.4.2 Plasma Polymer Coatings

Many different surface modification strategies have been developed in an attempt to
overcome biofilm formation on medical implants, however, it is important that the
surface modification strategy does not affect the functional properties of the implant
material, such as the visual transparency of contact lenses or the flexibility of vas-
cular grafts (Vasilev et al. 2011). One method that is able to generate chemical
groups on traditionally inert materials such as biomedical polymers, but have mini-
mal influence upon the integrity of the material, is plasma polymerisation (Fig. 5.2).
The method employs a power source (direct current, alternating current, radiofre-
quency or microwave) to excite gas phase molecules. The resultant plasma glow
discharge of ions and radiation is able to introduce chemical groups onto a substrate
surface, the resulting groups being dependent on the type of monomer gas being
used. Typically, monomers such as allylamine, acrylic acid, methanol, acetalde-
hyde, acid chlorides, to name a few, are used to create reactive surfaces by the
plasma polymerisation of thin films onto surfaces. It is also possible to plasma treat
surfaces with monomers such as ammonia, where functional groups are introduced
into the backbone of a polymer or to physically etch surfaces, for example, with a
water plasma (Bilek and McKenzie 2010; Bazaka et al. 2011). The main advantages
of plasma polymerised surface modification include: (1) the ability to change the
surface chemistry of polymers without affecting the bulk properties; (2) the ability
to control the chemical functionality and topography of the surface; and (3) the abil-
ity to synthesize physically stable surfaces. Each of these advantages makes the
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technique very suitable for the formation of biocompatible, antibacterial surfaces.
For example, a polyterpenol thin film generated from terpinen-4-ol using plasma
polymer coating has been shown to inhibit bacteria adhesion and decreasing the
biofilm formation (Fig. 5.5) (Bazaka et al. 2010). Plasma polymer interlayers have
been found to be useful in the generation of non-fouling fouling coatings by cova-
lently grafting fouling-resistant polymers such as PEG (Kingshott et al. 2002),
poly(lysine)-PEG copolymers (Harris et al. 2004), and poly(acrylamide) onto the
surface (Fundeanu et al. 2008). Antibacterialmetallic nanoparticles such as Ag
(Chen et al. 2008), Cu (Daniel et al. 2009) and ZnO (Applerot et al. 2010) have been
incorporated into plasma polymer layers to enable the controlled release of ions that
are capable of killing the bacteria (Garcia-Fernandez et al. 2012; Hasan et al. 2013).
Plasma polymer layers also have been used as sinks for the deposition of antibiotics,
also for controlled-release purposes. Kwok et al. used a n-butyl methacrylate plasma
polymer as a diffusion barrier for ciprofloxacin loaded polyurethane, again for con-
trolled release applications (Kwok et al. 1999). Overall, plasma coated surfaces
show huge potential in the development of antibacterial and drug release systems,
with the choice of monomers that can be applied being almost limitless.
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Fig. 5.5 P. aeruginosa on different surfaces after 18 h incubation. Scanning electron microscopy
(SEM) images of P. aeruginosa on the glass (top left) and polyterpenol thin films fabricated at
10 W (top right) and 25 W (bottom left) radiofrequency (RF) deposition power represent an over-
view of the attachment patterns taken at 500x magnification (bars = 20 pm); insets are zoomed in
areas taken at a 5000x magnification (bars = 1 pm). For (bottom right) each sample, at least four
random locations of approximately 126.7x 126.7 pm areas were scanned. Quantification of the P.
aeruginosa biovolume and average biofilm thickness on the same surfaces indicated considerable
inhibition of bacterial growth on the polyterpenol thin films fabricated at 10 W RF deposition
power (These images were extracted from Bazaka et al. (2010) by permission from ACS
Biomacromolecules)



76 H. Pingle et al.
5.4.3 PEG/PEO Based Approaches

Immobilising poly(ethylene glycol) (PEG; M.W. < 100,000) or poly(ethylene
oxide) (PEO; M.W. >100,000) on surfaces for the prevention of bacterial/protein
attachment is a most commonly used approach for the production of antimicrobial
surfaces (Banerjee et al. 2011). Otsuka et al. provided a detailed review of PEG-
based block copolymers and their applications (Otsuka et al. 2001). One study using
the PEG-graft-poly(acrylic acid) (PEG-g-PAA) copolymer showed that inhibition
of non-specific protein and bacterial adhesion on surfaces could be achieved. These
authors further modified these copolymers with peptides and fragments of antibod-
ies specific to macrophage cell-surface proteins to investigate the antifouling capa-
bility of such surfaces against three different proteins; human serum albumin (HSA),
human fibrinogen (FGN), and human immunoglobulin (IgG). Modification studies
showed that peptides linked with star PEO and star-like PEO tethers reduced the
extent of non-specific protein adsorption by 40-92 % compared to the controls. In
addition, these authors used *C-labeled S. epidermis and P. aeruginosa pathogens
to quantify the degree of adhesion, with some contrasting results being shown. For
example, both bacterial species showed lower attachment on both peptide-modified
and unmodified surfaces. There was no such effect on adhesion using directly bound
or PEO bound peptides on P. aeruginosa, while S. epidermis adhesion increased a
little on surfaces where peptides were directly attached to the co-polymer, com-
pared with peptides bound with PEO tethers (Wagner et al. 2004). Another study
demonstrated the compression of solvated PEG brushes on coated surfaces during
the initial attachment of S. aureus. A ~10 nm range cationic polymer patch was
placed at the base of PEG brushes, which was electrostatically attractive towards
protein and the negatively charged bacterium S. aureus. The key finding was that the
mass or chain length of the PEG molecules was the main factor responsible for the
repulsion of bacteria, with the prevention of protein adsorption requiring a greater
number of cationic patches compared to that required by the bacteria. Protein
adsorption was also dependent on the structure of the PEG because small protein
molecules could easily penetrate into the gaps present in the chain structure. These
results indicated that polymer brush based protein resistant surfaces have nanoscale
defects that can induce bacterial fouling even before proteins adsorb (Gon et al.
2012). Campoccia et al. published a detailed review of different polymer coatings
that resist bacterial adhesion (Campoccia et al. 2013).

5.4.4 Bactericidal Release Systems from Implants Surfaces

The starting point of pathogenesis is the initial attachment of bacteria on the surface
of implants. A great deal of research has focussed on the development of biocom-
patible polymer coatings on implants that can prevent this process; this is made
possible due to the physiochemical modification or incorporation of antibacterial
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agents into the biocompatible polymers. Combination strategies show a great deal
of promise, because they can reduce the initial bacterial attachment via the active
release of antibacterial compounds from implant surfaces. These types of active
surfaces are able to release a strong initial concentration of antibacterial agents
within the crucial initial short term period post-implantation to inhibit the initial
attachment of bacteria (Hetrick and Schoenfisch 2006). Hendricks et al. used
poly(etherurethane) (PEU) as a base material mixed with powdered PEO and the
antibiotic ciprofloxacin™ to form an antimicrobial surface. This surface was further
modified by the plasma polymerisation of poly(butyl methacrylate) (pBMA) onto
the surface to serve as a porous barrier layer for controlling the release of the anti-
bacterial compound. Twenty four hour incubation with a P. aeruginosa suspension
showed that a significantly lower amount of biofilm development occurred com-
pared to the control surface (Hendricks et al. 2000). Also, Gutierrez et al. used low
density polypropylene meshes coated with a biocompatible and resorbable polymer
(non-cross-linked copolymer of 2-hydroxyethyl methacrylate and 2-acrylamido-2-
methylpropanesulfonic acid) (HEMA-AMPS) for the controlled release of antibiot-
ics. The coating was resorbed in the media due to slow dissolution and able to retain
its activity for a minimum of 30 days post-implantation in rabbits. In addition, sig-
nificantly lower concentrations of the antibiotic (vancomycin) were detected in the
blood stream, which proved the drug was mainly released locally (Fernandez-
Gutierrez et al. 2013). The main advantage of resorbable polymers it that during
resorption, the antibacterial compounds are released and the activity of the coatings
can be tuned by the degradation rates of the polymer and thickness of the coatings.
Shukla et al. (2010) took advantage of LbL assembly of polymer thin films to incor-
porate AMPs (Izadpanah and Gallo 2005; Hancock and Diamond 2000), with the
main focus being the natural form of AMP, i.e. ponericin G1. The results showed
promising inhibition of S. aureus attachment with control of the drug loading,
release kinetics and also the biocompatibility of polymers when used with wound
healing cells such as NIH 3T3 embryonic murine fibroblasts and human umbilical
vein endothelial cells (HUVECS). In another study, these authors incorporated gen-
tamicin during the LbL assembly of hydrolytically degradable polyelectrolyte poly-
mers such as poly (B-amino ester) and PAA, which gets released in contact with the
aqueous medium through both film erosion and diffusion. The resultant bactericidal
affects showed an average of 5 orders of magnitude reduction in S. aureus adhesion.
No toxicity was shown towards the MC3T3-E1 murine preosteoblasts cells com-
pared to previous studies (Isefuku et al. 2003), which showed that a high concentra-
tion of gentamicin affects the extent of osteoblast cell proliferation. From this
comparison, it may be concluded that this LbL coating is releasing low concentra-
tions of gentamicin. A subsequent in vivo study of polyelectrolyte coated titanium
in New Zealand white rabbits resulted in a significant decrease in the viable bacteria
count compared to that of the non-coated implants (Moskowitz et al. 2010). LbLL
polymer coatings have been shown to deliver multiple drugs, including antibiotic
and non-steroidal anti-inflammatory drugs, for controlling infection and inflamma-
tion (Shukla et al. 2011). Gentamicin is an effective antibiotic against P. aeruginosa
but its uses are tempered due to its short half-life, lower bioavailability
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and cytotoxicity (Tange et al. 1995; Abdelghany et al. 2012). To overcome this
problem, Abdelghany et al. developed a control release system for gentamicin using
nanoparticles made up of poly(lactide-co-glycolide) (PLGA). Their work resulted
in the development of PLGA formulations of gentamicin that exhibited longer last-
ing antimicrobial effects against P. aeruginosa compared to that obtained using free
gentamicin in vivo (Abdelghany et al. 2012).

5.4.5 Self-Cleaning Surfaces

In the last few years, bio-inspired superhydrophobic surfaces such as those found on
lotus leaves, cicada wings, shark and fish skin, and Nelumbo nucifera have drawn
attention as potential methods by which biofilm formation can be eradicated.
Mimicking of the surface structure of these natural organisms represent a novel
method for the design of antifouling surfaces. Khalil-bad et al. produced superhy-
drophobic antibacterial cotton via the incorporation of Ag nanoparticles into the
cotton surface, followed by dip-coating in octyltriethoxysilane (OTES) solution
(Shateri Khalil-Abad and Yazdanshenas 2010). Their results showed that the cotton
increased its water contact angle to 151°, displaying antibacterial activity against
both Gram negative (E. coli) and Gram positive bacteria (S. aureus). In another
study, superhydrophobic surfaces could be converted to the Cassie-Baxter state (a
surface state in which air is trapped in the interstices on the surface, forming a
hydrophobic (solid/air) interface, which resulted in a higher contact angle compared
to that of a flat surface of the same material), which resulted in reduced contact tak-
ing place between bacteria and the surfaces. The surface was very rough and syn-
thesized from a silicone elastomer with the help of an aerosol assisted chemical
vapour deposition (AACVD) process. The behaviour of this surface resembled that
of the lotus leaf, with water contact angles of approximately 165° being obtained. E.
coli and methicillin-resistant S. aureus attachment were tested and it was shown that
79 % less attachment took place on these surfaces compared to the control surface
of planar glass (Crick et al. 2011). Loo et al. demonstrated a delay in P. aeruginosa
attachment to incubation tubes and medical plastic comprised of superhydrophobic
poly(vinyl chloride) (PVC) surfaces (Loo et al. 2012). These authors modified the
PVC surface with a combination of the solvent tetrahydrofuran and non-solvents
such as ethanol and methanol. Ethanol treated surfaces showed more hydrophobic-
ity compared to that of the methanol treated surfaces. As the concentration of etha-
nol was increased from 15 to 35 %, the water contact angle increased from 73° to
150° due to changes in the surface architecture. The colonization study using P.
aeruginosa showed that 18-24 h delays in attachment could be achieved compared
to that of the control, unmodified PVC. The concept of superhydrophobic surfaces
being an effective tool in delaying the initial bacterial attachment to surfaces is thus
plausible. It has been shown that superhydrophobic surfaces effectively reduce
bacterial attachment on surfaces; however a detailed investigation of the
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characteristics responsible for inhibition of bacterial attachment is yet to be
performed. To understand this phenomenon, Yoon et al. compared the amount of
bacteria adhering to superhydrophobic and superhydrophilic surfaces under differ-
ent fluid flow conditions (Yoon et al. 2014). They separately synthesized both super-
hydrophobic and superhydrophilic surfaces by annealing stainless steel plates with
carbon nanotubes-poly (tetrafluoroethylene) (CNT-PTFE) and titanium dioxide
(TiO,). E. coli K-12 (3x10? cells/mL) suspended in PBS buffer were pumped
through the chamber at flow rates of both zero (0) and at 200 mL/min, hence study-
ing the effect of surface shear on the attachment process. Their result highlighted
that microbial adhesion rates on substrata surfaces could be influenced by the shear
or flow conditions, and surface morphologies. The super-hydrophobic CNT-PTFE
(water contact angle of 154.6°) coating showed much lower levels of adherent bac-
teria to the highly sheared surface because of its lotus leaf effect. In contrast, super-
hydrophilic surfaces showed comparable an anti-adhesive property in a stagnant
environment due the presence of a chemically bound hydration layer. These results
suggested that surfaces that exhibit anti-adhesion properties in both stagnant and
continue flow conditions are needed.

5.4.6 Novel Strategies to Control Biofilm Formation

There are a number of emerging strategies to combat microbial derived infection
other than those involving surface modification. Hazan et al. used low energy sur-
face acoustic waves (SAW) to prevent medical device infection, with the example
being that urinary catheters could be rendered sterile for up to 9 days compared to
the control samples that were not subjected to the acoustic waves (Hazan et al.
2006). They speculated that the chaotic microstreaming generated in fluids by the
vibrations arising from the application of the acoustic waves disrupted the quorum
sensing mechanisms of the bacteria. Continuous low energy SAW was transmitted
directly to the extracorporeal portion of implanted device. Disruption of the SAW
was found to promote renewed adhesion of bacteria. To explain the biofilm preven-
tion properties of the application of SAWs, these authors proposed the following
explanation: Attraction or repulsion of bacteria in the 10 nm range near the surface
is an outcome of the van der Waals and hydrophobic attraction forces was counter-
acted by electrostatic repulsion. Thus, the application of SAWs was effective in
delaying the onset of biofilm formation. In can be envisaged that controlling the
interaction forces at surfaces by the application of an external stimuli, in combina-
tion with other surface modification strategies, could be used to delay the onset of
biofilm formation. From a clinical perspective, slowing the implant derived infec-
tion has significant benefits particularly when short-term implants such as catheters
are being used.
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5.5 Conclusions and Future Perspectives

The control of infection from medical implants remains a major global healthcare
problem despite tremendous efforts to solve the problem through the surface modi-
fication of implant materials. One challenge in biomaterials science is being able to
prevent biofilm formation as bacteria become more resistant to antibiotics. In this
chapter, we have attempted to discuss the current state-of-the-art in terms of chemi-
cal surface modification approaches for the generation of antibacterial or low adhe-
sion surfaces, but clearly many challenges remain.

Antimicrobial polymers, such cationic polymers, have shown effectiveness
against bacterial infection but their long term use introduces toxicity as a concern.
PEG/PEO based coatings have shown impressive antifouling behaviour but their
long effectiveness remains unknown. Quaternary ammonium/phosphonium-based
polymers have shown improved performance in antibacterial behaviour over PEG
based polymers, especially in vivo, but clearly consolidation of performance is
required with support from advances in surface analysis techniques in order to fully
understand the effectiveness of the range of different surface modification
approaches. Plasma-based surface modification strategies continue to show poten-
tial for the generation of antibacterial materials, with the prospect of direct modifi-
cation using antibacterial agents, or being using as coatings to control their release.
Self-cleaning, superhydrophobic surfaces are an additional approach being used for
repelling bacteria but the long term performance requires long-term study. Any
approach employed to delay biofilm formation and infection will have substantial
clinical benefits. A multi-strategy surface modification approach is most likely the
way forward for the generation of optimal antimicrobial surfaces in areas where
biofilms are a problem, where antifouling/antibacterial surfaces could be a possible
solution.
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Chapter 6
Designing Antibacterial Surfaces
for Biomedical Implants
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and Elena P. Ivanova

Abstract The infection of biomaterials, particularly medical implants, represents a
significant challenge during surgical implantation processes and the subsequent
recovery period for the recipient of the implant.

Infections arising from such surgical procedures not only adversely affect the
well-being of the patient; they also place a significant burden on the healthcare sys-
tems of many countries around the world. A great deal of effort has been made in
attempts to minimise or prevent pathogenic bacteria from contaminating these bio-
materials. These efforts have included the development of techniques for rendering
the surfaces anti-fouling through chemical modification or functionalization of the
surface. Recent focus, however, has been placed on the production of antibacterial
surfaces. Developments in the area of nanofabrication have allowed the chemical
and physical characteristics of the surface of implant materials to be modified such
that the molecular to micro-scale topological features can now be accurately
controlled.

This chapter will provide an overview of the current approaches and techniques
being used or are being developed in the design of antibacterial metallic implant
surfaces. Such surfaces can be subjected to a number of chemical and physical
modification techniques to achieve this aim, with the resulting surfaces being found
to not only exhibit antibacterial behaviour, but also biocompatibility.
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6.1 Introduction

Bacterial infection of biomaterials has long been a significant problem, both during
implant surgery and after the implantation process (Lavernia et al. 2006; Bozic and
Ries 2005; Montanaro et al. 2011; Arciola et al. 2012; Campoccia et al. 2013a, b;
Busscher et al. 2012; Whitehouse et al. 2002). Infection that results from receiving
a contaminated biomedical implant substantially affects the quality of life for the
patient and represents a large burden to society by increasing the number of clini-
cal procedures having to be undertaken in the healthcare system, thus increasing
the costs of health care. For example, it has been estimated that antibiotic treatment
and revisionary surgery for replacement of an infected total hip causes the primary
procedure costs to triple to an average of $75,000 in the US (Lavernia et al. 20006;
Bozic and Ries 2005). It has been found that infections that have arisen from ortho-
paedic surgery prolonged the hospital stay for patients by a median of 2 weeks
each, approximately doubled the re-hospitalisation rates, and increased healthcare
costs by more than 300 % (Whitehouse et al. 2002). Complications arise as a result
of the the pathogenic bacteria developing resistance to the natural host defense
mechanisms and antibiotics. This means that treatment of the infection whilst the
implant is still resident in the patient is usually unsuccesful, leading to the neces-
sity for surgical intervention (Olson et al. 2002; Davies 2003; Vasilev et al. 2009;
Hgiby et al. 2010). It appears that only a low dose of inoculum is required to result
in the infection of an implant; in an animal model study, it was found that 100
colony-forming units (cfu) of S. aureus were sufficient to infect 95 % of the subcu-
taneous implants used in the study (Arciola et al. 2012; Campoccia et al. 2013b;
Song et al. 2013). Most of the microorganisms that cause implant infections are
present in the host flora, of which the most frequent are Staphylococci, Streptococci,
Pseudomonas species and coliform bacteria (Campoccia et al. 2013a, b; Olson
et al. 2002; Davies 2003).

In an effort to combat implant-associated bacterial infection, recent focus has
been placed on the development of antibacterial surfaces (Campoccia et al. 2013a,
b; McLean et al. 1993; Yoshinari et al. 2001; Wan et al. 2007a, b; Zhao et al. 2009;
Vasilev et al. 2009; Rautray et al. 2010; Glinel et al. 2012; Hajipour et al. 2012;
Hasan et al. 2013). With the current growth in the development of novel nanofabri-
cation tools, modifying the chemical and physical characteristics of implant sur-
faces has been shown to control the molecular to micro-scale topological features of
many substrate surfaces. This chapter will provide an insight into the current meth-
ods being used for the design of antibacterial surfaces on implant materials and a
rationale for the applicability of the unique surfaces being produced.
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6.2 Strategies Being Used for the Design of Antibacterial
Implant Surfaces

6.2.1 Overview

Implantable biomaterials have long been used for restoring joint function, reduce
pain or stabilise fractured bones (Pourbaix 1984; Cui and Luo 1999; Wan et al.
2007a, b; Zhao et al. 2009; Rautray et al. 2010; Minagar et al. 2012; Andani et al.
2014). Antibacterial implant materials need to be both antibacterial and biocompat-
ible (Anselme et al. 2010; Zhao et al. 2009, 2014; Vasilev et al. 2009; Busscher et al.
2012; Campoccia et al. 2013a, b). In 1987, Anthony Gristina first introduced the
concept of a “race for the surfaces” to describe the competition that exists between
the integration of tissue cells onto the surface of an implant material and the adhe-
sion of pathogenic bacteria (Gristina 1987; Gristina et al. 1988). Clearly, it is desir-
able for the host tissue to have the opportunity to establish itself over the surface of
a biomedical implant in order that the implant surface is connected to the body,
allowing further tissue generation to take place without the invasion of pathogenic
bacteria. It is therefore not surprising that a variety of alternative approaches have
been developed for the construction of biomaterials that exhibit antibacterial prop-
erties that can simultaneously support the host tissue integration and effectively deal
with any bacteria coming into contact with the surface.

Here, the different approaches currently being used to reduce the vulnerability of
medical devices to bacterial attachment will be discussed. The current designs for
antibacterial biomaterials can be classified into two major groups, classified accord-
ing to their mode of action. The first is antifouling surfaces, which have the ability
to repel or prevent bacteria from adhering to their surface. The second is bactericidal
surfaces, which have the ability to damage or kill any pathogenic bacteria coming
into contact with the surface (Fig. 6.1).

6.2.2 Antifouling Surfaces

Bacterial adhesion to an implant surface occurs when bacteria are able to make
contact with a surface that provides them with a favourable environment for chang-
ing from their planktonic state to that of being sessile; this is most often accompa-
nied by the production of a bacterial biofilm (Olson et al. 2002; Anselme et al. 2010;
Arciola et al. 2012; Foster et al. 2014). It is clear that an infection arising from the
presence of pathogenic bacteria would not occur if the bacteria involved were
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Fig. 6.1 Schematic representation of the different strategies currently being used in the design of
antibacterial surfaces (Adapted from Campoccia et al. 2013a)

unable to initially colonise the medical device. The complex mechanisms associated
with bacterial attachment have long been studied in order to gain an understanding
into the methods by which metallic antibacterial surfaces can be designed such that
this event can be prevented. A wide range of chemico-physical properties and func-
tional groups on both the substrate and pathogen have been modified in order to
modulate the attachment of these bacteria (Fusetani 2004, 2011; Hasan et al. 2013;
Bazaka et al. 2011a, 2012; Webb et al. 2011; Crawford et al. 2012). More recently,
surface architectures that contain specific surface porosity, roughness and geometry
have been used to produce metallic biomaterial surfaces that are resistant to micro-
bial colonisation (Meng et al. 2014; Anselme et al. 2010; Webb et al. 2011; Crawford
et al. 2012; Bazaka et al. 2012).

Metallic biomaterial devices are often exposed to body fluids and a rich protein
environment at the site of surgical implantation (Arciola et al. 2003; Campoccia
et al. 2013a, b). It is known that a variety of host proteins promote bacterial attach-
ment and the formation of biofilms. These are called microbial surface components
recognizing adhesive matrix molecules, or MSCRAMMs, and these include colla-
gen, fibrinogen, fibronectin, laminin, vitronectin, clumping factor A and B, bone-
sialoprotein, elastin, IgG and other possible components (Lv et al. 2013; Montanaro
et al. 2011; Patti et al. 1994; Arciola et al. 2012; Foster et al. 2014; Foster and Hook
1998; Hauck et al. 2006; Lambris et al. 2008). The biomaterial surfaces are there-
fore required to support the adsorption of host adhesins onto their surface to ensure
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the successful subsequent integration of tissue, whilst at the same time being able to
repel the bacteria or be anti-adhesive towards them.

Chemical methods can be used to construct microbe-repellent surfaces by attach-
ing antifouling molecules to the surfaces of implant materials (Neoh et al. 2012;
Campoccia et al. 2013a, b). Common chemical modification approaches include
rendering the surfaces superhydrophobic/superhydrophilic or highly hydrated or
non-charged, each of these being unfavourable for bacterial adhesion under certain
circumstances (Fig. 6.1) (Campoccia et al. 2013a, b). One of the most common coat-
ings to render the surface hydrophilic is poly(ethylene glycol) (PEG). The inhibition
mechanism of such surfaces is based on the dynamic motion and steric repulsion of
hydrated polymer chains, which prevents bacterial attachment (Harris et al. 2004;
Maddikeri et al. 2008). In addition, polycationic polymers exhibit antifouling effects
have been used by directly coating or grafting them onto biomedical devices (Chua
et al. 2008; Subbiahdoss et al. 2010; Shi et al. 2008; Hu et al. 2010; Siedenbiedel
and Tiller 2012). Heparin coatings have also been shown to exhibit a high anti-
adhesive effect for bacteria by increasing the hydrophilicity of the surfaces. The
heparin forms a highly hydrated layer between the pathogens and the substrate
(Ruggieri et al. 1987; Arciola et al. 1993). It was reported that heparin can inhibit the
extent of S. epidermidis binding to fibronectin, thus preventing the subsequent colo-
nisation of the surface (Arciola et al. 2003; Bustanji et al. 2003). Another approach,
where quorum-sensing inhibitors (e.g. furanones and their derivatives) are incorpo-
rated onto biomedical device surfaces, was used to disrupt the processes responsible
for the formation of a biofilm (Fig. 6.1) (Fusetani 2004, 2011). This approach, how-
ever, has significant drawbacks in terms of the long-term stability of the coating and
the possible cytotoxicity of these additives in biomedical applications. Current
approaches use surface topography as the factor by which the degree of bacterial
adhesion and subsequent biofilm formation can be controlled or prevented.
Techniques such as this represent a more robust method for creating surfaces that
repel or control the extent of microbe attachment (Webb et al. 2011, 2014; Hasan
et al. 2013; Grinthal and Aizenberg 2014; Bazaka et al. 2012; Crawford et al. 2012).
For example, superhydrophobic surfaces have been shown to exhibit antifouling
characteristics and can be obtained by physically modifying the micro- and nano-
structures of biomaterial surfaces by mimicking natural surface structures such as
that of the lotus leaf (Truong et al. 2012; Fadeeva et al. 2011; Crick et al. 2011). By
tailoring the precise and specific surface topographical parameters, these surfaces
have shown promising results in their ability to limit the initial adhesion of patho-
genic bacteria (Webb et al. 2011, 2014; Hasan et al. 2013).

6.2.3 Bactericidal Surfaces

Another common approach in the prevention of biofilms on biomedical devices is
the utilization of bioactive antibacterial agents that act by contact killing the bacte-
ria. These techniques involve coating the substrate with various immobilized
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antimicrobial substances such as antibacterial peptides (Brouwer et al. 2011;
McCloskey et al. 2014; Salwiczek et al. 2014), quaternary amines (Mei et al. 2012;
Schaer et al. 2012), nitric oxide (Fox et al. 2010; Nablo et al. 2005) or antibacterial
metals (silver, zinc, cobalt, aluminium and copper) (Kawashita et al. 2000; McLean
et al. 1993; Heidenau et al. 2005; Lemire et al. 2013; Stafford et al. 2013; Prantl
et al. 2010; Wan et al. 2007a). These substances are not released from the substrate,
and as such they directly interact with any pathogenic bacteria coming in contact
with the surface (Williams and Worley 2000). Bioactive antibacterial coatings have
been used extensively in applications that require the surface to be self-sterilizing
over extended periods (Williams and Worley 2000; Campoccia et al. 2013a).

Silver and its derivatives are some of the earliest bactericidal agents that have
been largely applied in a wide range of applications (Zhao et al. 2009; Kawashita
et al. 2000; McLean et al. 1993; Nomiya et al. 1997; Dueland et al. 1982; Richards
1981; Bayston et al. 2010). Other metals that have also been reported to exhibit
bactericidal effects, mostly in their composite form, include zinc, cobalt, aluminium
and copper (Heidenau et al. 2005; Lemire et al. 2013; Samanovic et al. 2012;
Stafford et al. 2013; Hoene et al. 2013; Prantl et al. 2010; Shirai et al. 2009; Wan
et al. 2007a, b). The use of antimicrobial metals is, however, often associated with
certain degree of cytotoxicity. This can have an impact on the host cell response,
leading to the loss of cell viability and the failure of tissue integration (Heidenau
et al. 2005; Hoene et al. 2013; Paasche et al. 2011; Vasilev et al. 2009). This occurs
mainly as a result of corrosion of the metal in the physiological environment, which
causes the release of metal ions at relatively high concentrations, leading to local
toxicity and occasionally metal accumulation in the target organs (Campoccia et al.
2013b; Lemire et al. 2013; Vasilev et al. 2009). The mechanisms responsible for the
antibacterial activity of metals and metal ions is not fully understood. Gordon et al.
suggested that silver interacts with thiol groups, causing the inactivation of critical
enzymes in the respiratory chain and the induction of hydroxyl radicals (Gordon
etal. 2010).

Another emerging strategy for the manufacture of antimicrobial surfaces is the
incorporation of biocide-releasing surfaces such as those containing nanoparticles.
The extent of the bactericidal effect of these surfaces depends on the size, shape,
concentration and chemical composition of the nanoparticles (Cui et al. 2012b;
Zhang et al. 2013; Hajipour et al. 2012). While the exact mechanisms of the anti-
microbial activity are also not fully understood, most nanoparticles are seen to
generate reactive oxygen species and damage the cell membranes (Cui et al. 2012b;
Zhang et al. 2013; Hajipour et al. 2012). For example, gold nanoparticles exhibit
bactericidal effects against E. coli by inhibiting ATP synthase activity, followed by
the inhibition of the ribosome sub-unit in tRNA binding (Cui et al. 2012b). There
is still a lack of knowledge on the toxicology of nanoparticles, with most of the
available data being inconsistent and largely non-reproducible (Campoccia et al.
2013a; Yildirimer et al. 2011). The negative impact of nanoparticles in biomedical
applications includes the induction of apoptosis, introduction of toxic effects to the
genome and the possible translocation of nanoparticles to distant tissues and
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organs, with an associated risk of systemic effects (Yildirimer et al. 2011;
Campoccia et al. 2013a).

The major problem, however, is that biofilms display an increased tolerance
towards antimicrobial agents, which substantially restricts our ability to treat
biofilm-related infections in clinical settings. While the increased resilience of bio-
films towards antibiotics is multifactorial, this resistance can be attributed to the
presence of persistent bacteria, those that can enter into a specific phenotype state
that allows them to survive in the presence of 1000 times the minimum inhibitory
concentration of bactericidal antibiotics (Olson et al. 2002; Davies 2003). Persistent
cells have recently been the subject of increased investigation with a view to limit-
ing their biofilm-associated antibiotic tolerance. The current strategy for preventing
the formation of biofilms has been to develop ways by which the initial bacterial
adhesion step can be inhibited, which will subsequently limit the growth of the bio-
film (Hasan et al. 2013; Fusetani 2004).

Recently, the effects of surface topography on the attachment responses of bac-
terial and mammalian cells has been under investigation in an effort to obtain an
insight into the competition that takes place when bacteria and host tissue compete
for attachment on a substrate surface (Hasan et al. 2013). When trying to prevent
biofilms from forming on medical implant surfaces, a common approach is to
develop a surface structure that can both physically inhibit the growth of bacteria,
but at the same time promote tissue integration. Nano-structured surfaces have
shown numerous promising results. Interesting reports have demonstrated that sur-
faces containing nanopillar arrays that mimic the structure of dragonfly wings can
exhibit a bactericidal effect to not only Gram positive and Gram negative bacteria,
but also their spores (Hasan et al. 2013; Ivanova et al. 2013; Bazaka et al. 2012).
Recent research has also shown that mammalian cells are biocompatible with these
high aspect ratio structured surfaces that contain complex geometries, in which the
cells appeared to be able to maintain their viability, adhesion to the surface and
their subsequent cellular activities (Kim et al. 2007; Robinson et al. 2012; Elnathan
et al. 2014; Jahed et al. 2014). For the reasons previously described, the ability to
design surfaces that possess antimicrobial properties without the need for the sur-
face to contain antibiotics or chemical additives represents a significant step for-
ward in developing implant materials that are less likely to be the cause of post-
operative infections.

6.3 Fabrication Techniques

Since the advent of micro- and nano-technology, a number of fabrication techniques
have been developed that can be used to modify the surface properties of metallic
implants on a molecular-, nano- and micro-scale. Antibacterial metallic surfaces
can be fabricated via two principal methods: chemical and physical modification
(Jeon et al. 2014; Lv and Feng 2006; Yoshinari et al. 2001; Vasilev et al. 2009;
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Fig. 6.2 Representative antibacterialmetallic surfaces fabricated via various chemical fabrication
techniques. (A) (a) SEM images of the top-view of TiO, nanotube surfaces; the nanotubes are
approximately 40-97 nm in diameter and 300 nm in length. () (inset) the changed morphologies
of the surface after the adhesion patterns of Streptococcus mutans, cultured for 48 h (Adapted with
permission from Cui et al. 2012a, b). (B) FE-SEM images of (a) pure ZnO, (b) TiO»/ZnO, (c) Ag/
TiO,/ZnO particles, and (d) high magnification of (¢). (e) and (f) represent the zones of inhibition
tests for (fop) TiO,/ZnO and (bottom) Ag/TiO,/ZnO composite surfaces towards E. coli (Adapted
with permission from Pant et al. 2013). (C) Colony-forming units relative to control against P.
gingivalis on 1 cm? plates for 48 h against different ion-implanted Ti surfaces (Adapted with per-
mission from Yoshinari et al. 2001)

Hasan et al. 2013; Salwiczek et al. 2014). Techniques such as surface chemical
functionalization, chemical vapour deposition, anodic oxidation, hydrothermal
treatment and ion implantation involve chemical reactions occurring at the surface
to modify the surface properties. Techniques such as physical vapour deposition,
layer-by-layer coating, and sol-gel coating utilise physical adsorption on implant
surfaces without altering the surface chemistry.

6.3.1 Chemical Modification

This section highlights the techniques that employ processes such as wet chemistry
and high energy sources to alter the surface characteristics of metal surfaces. Here,
we present a general overview of the chemical modification techniques that can be
used to produce antibacterial metallic surfaces in Figs. 6.2 and 6.3.
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Fig. 6.3 (A) Confocal microscopic images of (@) a control Ti rod and () Ti rods covalently linked
with vancomycin (vanc); (c) The antibacterial efficiency of the control and Ti-vanc rods towards S.
aureus incubated at a time period from O to 30 h. The Ti-Vanc rods showed fewer adherent colonies
at all times than control rods. (d) Represents the fluorescent stains for the viable cells on the control
Ti surface (Adapted with permission from Antoci et al. 2007). (B) SEM images of (a) Ag-TiO, and
(b, ¢) Cu-TiO, films. (d) TEM cross section micrograph of Ag-TiO, and (e) planar view of Cu-TiO,
coatings show the metal nanoparticle distribution in the TiO, matrix through chemical vapour
deposition (CVD). (f) The influence of Ag (left) and Cu (right) content of M-TiO, nanocomposite
coatings on the antibacterial behaviour against S. aureus. The coloured zone corresponds to inac-
tive surfaces according to the JIZ test (Adapted with permission from Maury et al. 2014)

6.3.1.1 Chemical Functionalisation

Chemical functionalization of various metallic surfaces has been one of the most
commonly used techniques for preparing antibacterial surfaces (Zobrist et al. 2011;
Ogaki et al. 2010; Gerberich and Bhatia 2013). This fabrication technique is suitable
for designing antifouling and bactericidal surfaces that can kill bacteria on contact.
The functionalisation of inert metallic surfaces is, however, a challenge. To over-
come this problem, there are two strategies used for functionalising surfaces such
that they contain antifouling or bactericidal agents (Yuan et al. 2011; Gadenne et al.
2013; Antoci et al. 2007; Godoy-Gallardo et al. 2014; Holmberg et al. 2013; Chen
et al. 2013): These are: (1) developing adhesion coatings, such as self-assembled
monolayers (SAM); or (2) functionalising metallic surfaces with active groups, such
as thiol (-SH), hydroxyl (-OH), amine (-NH,) or carboxylic groups (-COOH).

The first strategy is to coat the surface with self-assembled monolayers (SAM) to
act as an adhesion layer for the immobilisation of antibacterial agents (Yuan et al.
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2011; Gadenne et al. 2013). For example, self-assembled monolayers of
aminoundecyltrimethoxysilane were used as an adhesion layer on Ti substrates to
covalently bond polysaccharides extracted from Ulva rotundata and Ulva com-
pressa seaweed (Gadenne et al. 2013). Adhesion of Pseudomonas aeruginosa cells
was shown to be reduced by 90 % on these surfaces compared to the control surface.
Conjugation of poly(ethylene glycol) (PEG) brushes on stainless steel was used to
couple with hydrolytic enzymes such as lysozyme (Yuan et al. 2011), creating a
surface that exhibited a high degree of antifouling and bactericidal behaviour
towards E. coli and S. aureus cells. The dual coupling of the PEG derivative along
with lysozyme served a dual function; displaying antifouling properties towards
bovine serum albumin protein and antibacterial behaviour towards the specific bac-
terial strains (Yuan et al. 2011).

A second approach is to functionalise surface with reactive groups, then cova-
lently bind antibiotics or antimicrobial peptides (AMP) to the surface (Antoci et al.
2007; Godoy-Gallardo et al. 2014; Holmberg et al. 2013; Chen et al. 2013). A num-
ber of studies have been reported for the successful tethering of antibiotics to metal-
lic implant surfaces. For example, non-reactive Ti surfaces were chemically
modified to carry amine groups that reacted with vancomycin (Antoci et al. 2007).
This method was shown to be able to preserve the antibacterial properties of the
modified Ti surfaces, while preventing the release of antibiotics into the surround-
ing body fluid. In other studies, AMP were conjugated onto metallic surfaces. For
example, Ti surfaces were chemically modified to contain hydroxyl groups, onto
which hydrophilic poly (ethylene glycol) was conjugated as a spacer between the
AMP and the Ti surface (Gabriel et al. 2006).

6.3.1.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is yet another chemical process that has been
used to fabricate an antibacterial layer over substrate surfaces on a large scale
(Wilkinson et al. 2013; Bazaka et al. 2010, 2011a, b, 2012; Dastjerdi and Montazer
2010; Maury et al. 2014; Varghese et al. 2013). In a deposition process, the substrate
is exposed to antibacterial monomer precursors, which react with the substratum
under plasma condition to synthesise antibacterial surfaces. These processes have
been used to fabricate both inorganic and organic antibacterial coatings.

Inorganic coatings on metallic implant surfaces such as silver, TiO, and other
photocatalytic metal oxides was performed using CVD (Dastjerdi and Montazer
2010; Maury et al. 2014; Varghese et al. 2013). Composite TiO, films, coupled with
other metallic ions such as Ag* or Cu*', have also been synthesized using CVD
(Maury et al. 2014). TiO, nano-composite films coupled with Ag have been shown
to exhibit strong bactericidal efficiency against S. aureus, where a minimum film
thickness of 100 nm has been found to be essential for rendering the film antibacte-
rial in nature (Maury et al. 2014). Flame-assisted chemical vapour deposition has
also been recently employed to fabricate silver-silica coatings on glass surfaces, the
antibacterial efficiencies of which have been tested using E. coli, S. aureus and P.
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aeruginosa (Varghese et al. 2013). A plasma deposition method has also been used
to deposit Cu ions on titaniumalloy surfaces. This combination of Cu ions embed-
ded onto TisAl,V surfaces has proven to be an effective method for preparing
an antibacterial surface, since the amount of copper ions released from the surface
resulted in killing ~99 % of the bacterial cells (Hempel et al. 2014).

For organic coatings to be prepared using CVD, monomers of antibacterial
agents need to be used as precursors for the formation of antibacterial polymer films
on a substrate (Bazaka et al. 2010, 2011a, b; Pegalajar-Jurado et al. 2014). For
example, substrata have been encapsulated with polyterpenol thin films prepared
from antibacterial terpinen-4-ol monomers using radio frequency plasma enhanced
chemical vapour deposition (Bazaka et al. 2010, 2011b). These polyterpenol films
were found to be effective against P. aeruginosa and S. aureus cells due to the pres-
ervation of original terpinen-4-ol molecules in the resulting film structure (Bazaka
et al. 2010, 2011b). In another study, plasma polymerised thin films produced from
antibacterial 1,8-cineole monomers were shown to inhibit the proliferation of E.
coli and S. aureus (Pegalajar-Jurado et al. 2014).

6.3.1.3 Anodic Oxidation

Electrochemical anodic oxidation techniques have been used to fabricate highly
ordered nanoporous nanotubes on metal surfaces (Cui et al. 2012a; Li et al. 2013;
Yue et al. 2014; Minagar et al. 2012; Visai et al. 2011). In particular, TiO, nano-
tubes have been recognized as promising biomaterials, with proven biocompatibil-
ity, thermal stability and corrosion resistance. Enhancement of the antibacterial
properties of TiO, nanotubes can be achieved through the use of UV illumination
or the incorporation of antibiotic loadings (Cipriano et al. 2014; Cui et al. 2012a;
Caligkan et al. 2014; Chennell et al. 2013). For example, TiO, nanotube layers have
been designed to become photocatalytic, which can disrupt the viability of
Streptococcus mutans (Cui et al. 2012a), whereas the incorporation of gentamycin
inside the nanotube patterns was found to improve their antibacterial properties
(Caligkan et al. 2014).

6.3.1.4 Hydrothermal Treatment

Hydrothermal synthesis is an environmental friendly process for synthesising anti-
bacterial surfaces because the synthesis reaction is completely contained in aqueous
solutions inside a closed system, making use of acidic or basic solutions as the reac-
tion medium (Huo et al. 2013; Pant et al. 2013; Hebeish et al. 2013; Li et al. 2014,
Wong et al. 2011). In such processes, the operating temperature is held above the
boiling point of water to autogenously produce a saturated vapour pressure. As with
the anodic oxidation technique, this technique is only suitable for the preparation of
antibacterial inorganic coatings, such as silver, TiO,, and other photocalytic
materials (Huo et al. 2013; Pant et al. 2013; Hebeish et al. 2013; Li et al. 2014).



100 V.T.H. Pham et al.

For example, a one-step hydrothermal synthesis has been used to fabricate ZnO and
silver nanoparticles coupled with a passive TiO, layer to improve the antibacterial
efficiency of photocatalytic TiO, layers (Pant et al. 2013). In addition, it has been
reported that Ti nanowires doped with silver exhibited commendable antimicrobial
efficiency towards various Pseudomonas species (Hebeish et al. 2013; Li et al.
2014).

6.3.1.5 Ion Implantation

Ton implantation has been used as a method for doping antibacterial inorganic ions
onto the surface of biomedical implants under the immersion of plasma (Cui and
Luo 1999; Rautray et al. 2010; Lu et al. 2012; Yoshinari et al. 2001; Zhao et al.
2009). Ti and Ti alloys modified with ion implantation (F*) were shown to inhibit
the growth of both Porphyromonas gingivalis and Actinobacillus actinomycetem-
comitan (Yoshinari et al. 2001; Rautray et al. 2010). In addition, it was shown that
F+implanted surfaces did not inhibit the proliferation of fibroblast 1.929-cells
(Yoshinari et al. 2001). Silver and copper ion-doped Ti surfaces prepared using ion
implantation processes were shown to reduce the viability of S. aureus cells coming
into contact with the surface (Wan et al. 2007a).

6.3.2 Physical Modification

Physical modification techniques coat metallic substrates through physical adsorp-
tion without altering the surface chemistry. Here, we present a general overview of
the physical modification techniques that can be used for the preparation of antibac-
terial metallic surfaces (Fig. 6.4).

6.3.2.1 Physical Vapour Deposition (PVD)

Physical vapour deposition (PVD), due to its environmentally friendly characteris-
tics, convenience and precision in deposition, has become one of the commonly used
techniques in preparing uniform surface coatings (Zaborowska et al. 2014; Percival
etal. 2005; Ip et al. 2006; Ivanova et al. 2011; Chang et al. 2013; Trivedi et al. 2014).
A number of reports have shown that physical vapour deposition has also been used
to deposit uniform coatings on titanium and its alloys. This technique fabricates an
antibacterial surface by employing a twin-gun magnetron sputtering system to syn-
thesize uniform coatings of silver and zirconium oxide (Zaborowska et al. 2014;
Percival et al. 2005; Ip et al. 2006; Ivanova et al. 2011; Chang et al. 2013). This
process is also commonly used to deposit silver coatings on titanium surfaces, since
the silver coating provides a biocompatible surface and also helps to reduce the
attachment and viability of bacteria (Zaborowska et al. 2014; Percival et al. 2005; Ip
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Fig. 6.4 Representative antibacterial metallic surface fabricated via various physical fabrication
techniques. (A) FE-SEM images of the (a) TiAgN and (b) ZrAgN coatings fabricated through
physical vapour deposition (PVD). Scale bars indicate 5 pm. Inset image (c) represents the clear
zone of inhibitions of the coated samples against S. mutans after 18 h incubation (Adapted with
kind permission from Kang and Lim 2014). (B) A schematic illustration of the antimicrobial prop-
erty of the layer-by-layer assembly of single wall carbon nanotubes along with the polyelectrolytes
poly(L-lysine) and poly(L-glutamic acid) (Adapted from Aslan et al. 2012). (C) Reaction scheme
for producing quaternary ammonium silanes (QAMS) using tetra-alkoxysilane as attaching unit.
Macromonomers with monofunctional (QAMS-1), bifunctional (QAMS-2) or trifunctional meth-
acryloxy functionalities (QAMS-3) have been fabricated based on the molar ratio of the two trialk-
oxysilanes through the process of sol-gel coating. Inset image represents the antimicrobial activity
of the polymerized resin through the confocal laser scattering microscopy images of 48 h microbial
biofilms of S. mutans (top), A. naeslundii (middle) and C. albicans (bottom) respectively (Adapted
with permission from Gong et al. 2012)

et al. 2006; Ivanova et al. 2011; Chang et al. 2013). Additionally, this system offers
almost no cytotoxicity issues towards mammalian cells.

Another slight variation of this technique, arc-ion plating (AIP), has also been
used to fabricate TiIAgN and ZrAgN alloys coatings (Kang and Lim 2014). These
coatings serve as efficient antibacterial coatings by reducing the adhesion and via-
bility of S. mutans (Kang and Lim 2014). AIP is a widely used technique in the
biomedical industry due to its advantages, including its ability to produce a dense
metal vapour, high ionization efficiency and high deposition rate (Joo et al. 2009).
Plasma nitriding of stainless steel surfaces with Ag* ions has also resulted in the
synthesis of highly efficient antimicrobial surfaces, which have been reported to
eliminate almost all (~97 %) of the inoculating bacterial cells of E. coli and S. epi-
dermidis in a 6 h time span by the method of contact killing (Dong et al. 2011).
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6.3.2.2 Layer-by-Layer Coatings

Layer-by-layer self-assembly (LbL) is the technique that has been used to encapsu-
late antibiotics, antimicrobial peptides and nanomaterials onto metallic surfaces (De
Villiers et al. 2011; Hammond 1999, 2004; Decher 1997; Linford et al. 1998). The
technique has some essential steps, as follows: (1) A charged substrate is submerged
in a solution of an oppositely-charged colloid, designed to assist the adsorbtion
of the first monolayer, (2) this is followed by a washing cycle to remove unbound
material and impede the contamination of the surface with the oppositely-charged
colloid, (3) the coated substrate is re-submerged to finally adsorb the second layer
and thus a series of multi-layered deposits is formed in this manner (De Villiers
etal. 2011). There also have been instances where no washing step is required in the
sample preparation, as in the case of strong electrolytes, where the polymer is
strongly bound to the surface by electrostatic interactions (Linford et al. 1998).

Feature sizes lesser than 1 pm can be easily obtained, since the limitations of
this technique are only restricted by the fairly large dimensions of the bound mac-
romolecules in the solution (De Villiers et al. 2011). A recent use of this technique
has been in the fabrication of antibacterial surfaces. Here, the antimicrobial effi-
ciency of single-walled carbon nanotubes (SWNT) that were layer-by-layer assem-
bled with poly (L-lysine) and poly (L-glutamic acid) were well studied for their
resistance to the attachment of the bacterial strains of E. coli and S. epidermidis
(Aslanet al. 2012, 2013). This assembly of multilayer films has the ability of reduc-
ing the proliferation rates of the bacterial cells by up to 90 % (Aslan et al. 2012,
2013). With LbL technology, multi-faceted surfaces with altered shapes can be con-
veniently coated with conformal ultra-thin films (Hammond 2004; Decher 1997).
Layer by layer assembly has also been used to fabricate a cross-linked polymeric
thin film using a polycation, N, N-dodecyl, methyl-polyethylenimine and a polyan-
ion, poly (acrylic acid). Surfaces containing this combination have been reported to
be highly effective against the commonly found infecting strains of E. coli and
S. aureus (Wong et al. 2010). This film exhibited considerable antibacterial
effectiveness by causing cell lysis when the cells came in contact with the surface
of the polymeric film.

6.3.2.3 Sol-Gel Coating

Sol-gel coating processes involve the conversion of monomers into antibacterial
colloidal solutions (sols) that acts as precursors for an integrated network (gel) of
the coatings (Chun et al. 2007; Rivero et al. 2011; Talebian et al. 2014; Visai et al.
2011). Sol-gel TiO, coatings on stainless steel orthodontic wires have been shown
to reduce the viability of Streptococcus mutans and Porphyromonas gingivalis
(Chun et al. 2007). A novel antibacterial coating composed of an organic-inorganic
hybrid matrix of tetraorthosilicate and a polyelectrolyte was successfully doped
with Ag nanoparticles through sol-gel processes (Rivero et al. 2011). This specific
coating has ability to eliminate the growth of Lactobacillus plantarum. Nickel oxide
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nanoparticles that were immobilised in a sol-gel coating were also found to exhibit
a high degree of antibacterial activity against S. aureus and E. coli cells (Talebian
et al. 2014).

6.4 Future Perspectives

In general, this chapter provided an overview of the current approaches and tech-
niques that have been developed in the design of antibacterialmetallic implant sur-
faces. Metallic implant surfaces can be modified to become either antifouling or
bactericidal in nature. To achieve this, there are a number of chemical or physical
modification techniques that have been developed for the fabrication of antibacterial
metallic implant surfaces. In the last few decades, the surface chemical characteris-
tics of a surface have been modified such that the resulting surface is not only anti-
bacterial, but also biocompatible. Investigation of the cytotoxicity and
biocompatibility of such modified materials requires significant resources. One of
the currently emerging approaches for determining the cytotoxicity and biocompat-
ibility of a surface is to develop surface micro- and nano-architectures that generate
repulsive forces towards bacteria (Ivanova et al. 2012, 2013; Hasan et al. 2013).
These techniques have proven to be a good starting point for the innovative design
of metallic biomaterials, and represent an alternative approach to the methods that
have traditionally been adopted. To date, only a limited number of studies have been
performed to address these issues (Ivanova et al. 2012, 2013; Fadeeva et al. 2011).
These recently developed methods for modifying the nanotopography of surfaces
may prove to be very useful techniques for the fabrication of a new generation of
antifouling or bactericidal biomaterials.
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Chapter 7
Cytotoxic Effects and Biocompatibility
of Antimicrobial Materials

Olha Bazaka and Kateryna Bazaka

Abstract The rising demand for medical implants for ageing populations and
ongoing advancements in medical technology continue to drive the use of implant-
able devices. Higher implant usage has a consequent increased incidence of implant-
related infections, and associated prolonged patient care, pain and loss of limb and
other organ function. Numerous antibacterial surfaces have been designed that pre-
vent the onset of biofilm formation, thus reducing or preventing implant-associated
infections through inhibiting bacterial adhesion or by killing the organisms that
successfully attach to the surface of the implant. Other surfaces have been designed
to stimulate a local immune response, promoting the natural clearing of the invading
pathogen. The desired antibacterial effects are typically achieved by modulating the
surface chemistry and morphology of the implant material, by means of the con-
trolled release of pharmacological agents and bioactive compounds from the surface
of the material, or by a combination of both processes. An important issue for any
type of antibacterial surface modification lies in balancing the non-fouling, bacte-
riostatic or bactericidal effects against local and systemic biocompatibility. In this
chapter, we will first describe the concept of biocompatibility and its evolution,
from devices that do not evoke a negative host response to those that actively drive
host regeneration. We will then review the challenges associated with merging the
need for an implant material to withstand a bacterial load with those associated with
supporting function restoration and tissue healing.

Keywords Bacteriostatic ® Bactericidal  Systemic biocompatibility * Cytotoxicity
* Inflammation ¢ Host regeneration ¢ Tissue healing
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7.1 Introduction

Any surgical intervention carries a risk of infection. Whenever the skin, a natural
barrier to infection, is perforated or incised, a significant opportunity is created for
infective agents to enter the body. The likelihood of developing an infection is
dependent on a multitude of procedure- and patient-related factors (Phillips et al.
2014). These include the type, invasiveness, duration and complexity of the surgery
(Olsen et al. 2008; Neumayer et al. 2007). Minimally invasive surgery techniques
have been found to notably reduce post-operative wound infections by as much as
tenfold in the case of minimally invasive versus open spinal surgery (O’ Toole et al.
2009).

The skill of the operating team, the cleanness of the surgical environment and the
use of pre- and post-surgery antibiotics have also shown to vastly reduce, if not fully
eliminate the patient’s risk of being infected (Ridgeway et al. 2005; Sharaf et al.
2011). Indeed, it is very difficult to create a perfectly bacteria-free operating theatre
and thus avoid at least low-cell-load bacterial contamination of the wound space.
Whilst strategies can be used to lower the incidence of surgical wound infections
that may occur though one process, this same strategy may inadvertently increase
the risk of infection through another pathway. For example, intraoperative warming
has been shown to reduce postoperative infections in patients undergoing major
orthopedic, general, or urologic surgery by maintaining a cutaneous blood flow,
increasing tissue viability and reducing the incidence of pressure sores. When intra-
operative warming has been performed using forced-air devices, however, the mov-
ing air may act as a vector for the transfer of infectious agents, causing unwanted
airflow disturbances (Weissman and Murray 2013; Augustine 2014).

Interestingly, in a large proportion of surgical site infections, the pathogens
responsible are not exogenous, but emerge from the normal endogenous flora of the
patient. Staphylococcus aureus, coagulase-negative staphylococci, Pseudomonas
aeruginosa, Enterococcus spp. and Escherichia coli are among most commonly
implicated pathogens (Owens and Stoessel 2008). The act of surgery facilitates the
transport of these microorganisms from their habitat, e.g. skin or gastrointestinal
tract, to the sterile sites of the body, such as spinal cord or muscle tissue (Thakkar
etal. 2014). An infection elsewhere in the body, whether being a pre-existing condi-
tion or having been acquired post-surgery, can also serve as an internal source of
infection (Claridge et al. 2014).

An individual’s risk of developing an infection depends greatly on the patient’s
state of health, and particularly their ability to resist infection. Immunocompromised
patients, such as the elderly, pregnant women, those suffering from chronic ill-
nesses, those undergoing cancer treatment, recovering from a recent illness or inva-
sive intervention, or having certain genetic disorders, may succumb to significantly
lower bacterial loads or develop infections caused by opportunistic bacteria
(Neumayer et al. 2007; Ridgeway et al. 2005). For example, patients suffering from
hypoalbuminemia prior to gastrointestinal surgery are more likely to develop deeper
surgical site infections and recover more slowly compared to patients whose
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pre-operative albumin levels were higher (Hennessey et al. 2010). According to a
review study published by Pittet et al., patients being treated for breast cancer and
undergoing a mastectomy experienced an increased risk of surgical site infection
from an average rate of 2.5 % up to 53 %. This increase can be attributed to postop-
erative tissue ischemia and delayed wound healing (Pittet et al. 2005).

7.1.1 Biomaterial-Associated Infections and Inflammation

The introduction of an implant into the body further predisposes the host to infec-
tion and inflammation. For one, tissue that has already been injured by the surgical
intervention is subjected to further physical damage from implant insertion and
positioning. Subsequent to the insertion, the implant may continue to inflict physi-
cal damage to the adjacent tissues, putting excessive pressure on the surrounding
tissues, rubbing against the tissues or by breaching epithelial or mucosal barriers.
This breach may provide a means for bacteria to enter host tissues, whereas the
subsequent physical trauma may impair the ability of the tissue to recover and to
resist bacterial invasion (Chandorkar et al. 2015).

A persistent sterile inflammatory response, in itself, presents a significant issue
for all medical implants, irrespective of their type and method of implantation. For
example, a chronic foreign body response to devices implanted into brain tissue
affects the electrophysiological and neurobiological activity of nearby neurons and
the neural circuitry by a variety of neuro-inflammatory mechanisms, including dis-
ruption of the blood brain barrier, demyelination and reduction in density of local
nerve fibers and neuronal cell bodies, and changes in the local ionic milieu (Skousen
et al. 2015). Continuing physical damage and chronic infection can lead to tissue
necrosis and permanent changes in the tissue surrounding the implant.

The surface of the implant may serve as a vector for the introduction of the
microorganisms into the body. Although in developed countries, this issue is rarely
observed due to highly controlled sterilization practices, the sterilization compli-
ance remains an issue in countries with limited-resources (Rosenthal 2008). It is
important to note that implant sterilization does not automatically render it free
from agents that can induce a pro-inflammatory response, namely the endotoxins
and micro- and nano-sized particles. Endotoxins are the lipopolysaccharides in the
cell membrane of Gram-negative bacteria (Vetten et al. 2014). Residual endotoxin
contaminations can vary significantly, depending on the method used for sterilizing
the biomaterial.

For example, microelectrodes sterilized by autoclave, dry heat, or ethylene oxide
gas, retained residual endotoxins of 0.55 EU per mL, 0.22 EU per mL, and 0.11 EU
per mL, respectively (Ravikumar et al. 2014). At early stages of implantation into
neural tissue, the extent of microglia/macrophage activation is directly related to the
level of endotoxins present on the implant surface, whereas the degree of astroglio-
sis, neuronal loss, and blood-brain barrier dysfunction exhibit a threshold-dependent
response. The effect of endotoxin levels diminishes with longer implantation
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periods, suggesting that the endotoxin contributes to the initial, but not chronic
neuro-inflammation.

Just as initially sterile implant surfaces can induce a foreign body response, the
abiotic surface of the implant provides excellent grounds for secondary colonization
of the implant surface via the hematogenous dissemination from a remote focus of
the infection. Indeed, conventional (non-antibacterial) biomaterials are not able to
prevent bacteria from permanently attaching to their surfaces and forming a biofilm,
nor activating a host immune response. Once colonized, the implant surface can not
only lead to peri-implant infection but also serve as a reservoir from which bacteria
can spread to other parts of the body (Claridge et al. 2014).

Implant-associated infections are difficult to treat with antibiotics alone and
often necessitate the removal of the implant. The protective nature of a biofilm sig-
nificantly reduces the efficacy of both pharmacological therapies and host defense
mechanisms (Lisanti et al. 2015; Khan et al. 2014). In addition, as most biomaterials
do not react to being colonized, the infection is often detected only after the biofilm
has been formed and the pathogen activity begins to impact on the surrounding tis-
sues. Although some progress has been made in the development of strategies for
dissolution of biofilms that have already been established, targeting of the biofilm
matrix for degradation, interference with the biofilm regulation (Hogan et al. 2015)
and removal of biofilm-residing bacteria remains a challenge.

7.1.2  Resistance and Persistence of Pathogenic Bacteria

When resident in a biofilm, certain species of bacteria, such as staphylococci,
exhibit increased mutation ability and enhanced ability to acquire/disseminate
plasmid-borne antibiotic resistance determinants by horizontal gene transfer
(Savage et al. 2013; Ryder et al. 2012). Compared to planktonic cultures, the muta-
tion ability of S. aureus and S. epidermidis biofilm cultures increased up to 60-fold
and 4-fold, respectively. Such enhanced spontaneous mutation accelerates the emer-
gence of heritable antibiotic resistance and horizontal gene transfer ensures that this
resistance spreads throughout the biofilm community. Mixed-species biofilms can
also be more resilient to the action of antibiotics due to phenomenon known as indi-
rect pathogenicity, where an antibiotic-resistant microorganism of low intrinsic
virulence shields an antibiotic-sensitive pathogen from eradication (O’Connell et al.
2006). For example, antibiotics such as penicillins and cephalosporins can be inac-
tivated via hydrolysis of the cyclic amide bond by beta-lactamase-producing bacte-
ria, thereby preventing these antimicrobials from acting upon susceptible
microorganisms. With an increasing prevalence of multidrug resistant bacteria,
identifying antibiotic agents that would be able to overcome multidrug resistance in
biofilm-dwelling bacteria is very challenging.

In addition to enzymes, antibiotic-sensitive strains can also benefit from the
action of multifunctional extracellular polymers produced by other bacteria within
the community. For example, P. aeruginosa produces Psl polysaccharide, which
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acts as molecular glue to enable bacterial attachment, self-organization of the
attached cells into micro-colonies, and communal biofilm organization (Zhao et al.
2013a). As such, Psl provides a generic first line of defense against antibiotics with
diverse biochemical properties during the initial stages of biofilm development. In
mixed-species biofilms, Psl mediated matrix protection is extended to non-Psl-
producing antibiotic-sensitive E. coli and S. aureus cells (Billings et al. 2013).
Reducing surface adhesion and the production of bacterial adhesins are often a strat-
egy of choice to prevent biofilm formation and implant-related infections.

Even in a population of genetically identical antibiotic-sensitive bacterial cells,
not all cells will die as a result of an antibiotic treatment, even at a sufficiently high
antimicrobial dose; the killing efficacy of penicillin depends on the physiological
state of the cell, with rapidly growing bacteria being killed most efficiently, fol-
lowed by slowly growing cells, whereas dormant (non-growing) bacteria are gener-
ally not affected by the drug (Tuomanen et al. 1986; Gerdes and Maisonneuve
2012). Even in an actively growing population, however, not all cells will succumb
to penicillin treatment. While most of the population will be killed, a fraction of this
genetically homogeneous microbial population may persist. In contrast to resistant
mutants, persistent microorganisms do not acquire resistance to the said antibiotic
(Balaban et al. 2004), which confirms that persistence is a phenotypic and not geno-
typic effect.

Persistence stems from inherent phenotypic heterogeneity within a microbial
population, where distinct subpopulations with different growth rates co-exist: nor-
mal cells and persister (slow-growing) cells. Normal cells ensure population sur-
vival under normal conditions, whereas persisters provide fitness benefit under
stressed conditions, e.g. antibiotic load (Patra and Klumpp 2013). The phenotype
switching is reversible, with the population regrown from the persister cells pos-
sessing both normal and persister cells. Peptidoglycan plasticity is a key factor in
drug sensing and signaling to mitigate antibiotic exposure, where peptidoglycan
remodeling enzymes are intimately involved in dormancy and resuscitation phe-
nomena (Cava and de Pedro 2014; Amoroso et al. 2012; Courvalin 2006). In a dor-
mant organism, the presence of specific peptidoglycan fragments can trigger the
resuscitation pathway directly; peptidoglycan can also function as a substrate for
the endogenous resuscitation-promoting factors, whereby it is hydrolyzed to liber-
ate stimulatory fragments of different size (Nikitushkin et al. 2013). In addition to
diversifying the growth rate to ensure population survival, bacteria can gain survival
advantages from differentiation into different shapes (i.e. from bacillary to coccoid
morphology) and into a filamentous morphology (Justice et al. 2014; Friedlander
et al. 2013).

At present, the molecular mechanisms underlying bacterial persistence remain
undiscovered (Maisonneuve et al. 2011), however it is believed that gene pairs
encoding cognate toxin-antitoxins present in virtually all bacteria control reversible
bacterial growth arrest (Holden 2015; Germain et al.). Equally, little is understood
about the relationship between the recurring use of antibiotics, persistence and
development of antibiotic resistance. In the future, the persistence-enabling toxin-
antitoxin and associated signaling mechanisms may be targeted to either prevent
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persisters from arising or to transition them into a normal and thus antibiotic-
susceptible state (Holden 2015).

7.1.3 Preventing Implant-Associated Infections via Implant
Modification

It is evident that antibiotic prophylaxis and tightly controlled operating environment
does not prevent an implant-associated infection from occurring. Furthermore, once
established on the surface of the implant, a biofilm is difficult to eradicate with sys-
temic antibiotics alone. The efficacy of these antibiotics is also diminishing, with
antibiotic resistance spreading faster than the rate at which new antimicrobial com-
pounds, such as teixobactin, can be discovered, evaluated and clinically introduced
(Ling et al. 2015). Besides, persistent cells may remain on the surface of the implant,
giving rise to chronic infections, and therefore the most logical step would be to
localize the antibacterial activity to the surface of the implantable material itself.

Over the years, numerous strategies have been devised to prevent implant-
associated infections by targeting different stages of biofilm formation and molecu-
lar and cellular mechanisms of bacterial pathogenesis (Grainger et al. 2013). These
include various specific and non-specific anti-adhesive surfaces, and controlled sys-
temic or localized drug delivery to interrupt cell-cell communication, inhibit bacte-
rial aggregation and biofilm formation, or eliminate bacteria directly.

There are several important aspects that need to be considered when imparting
antibacterial properties, whether they are physical or chemical features, onto the
surface of the implant. An obvious factor is that the bacteria-repelling, bacteriostatic
or bactericidal property should be maintained for the intended period of time under
in vivo conditions, considering that in vivo environment may vary significantly over
time and between patients. For example, if the anti-infective effect is due to the
specific surface topographical features of the implants, these features should remain
available and not be masked by protein fouling or cell debris.

The selected processing methodology should be compatible with the type of the
implant material/s and not undermine the physico-chemical and mechanical integ-
rity of the modified device. Neither should this modification destabilize the interac-
tions between the individual components and/or different materials that may
constitute a device or be a part of the fixative system, e.g. the adhesion of cement to
the metallic component of the bone implant should be maintained. The modification
itself should be mechanically robust to withstand normal pre-, intra-, and post-
operative handling and operation. For example, an antibacterial coating on a load-
bearing implant will experience a wide range of mechanical stresses and strains.

Critically, the modified implant should remain biocompatible and retain its abil-
ity to perform its intended function with an appropriate host response. Host response
is triggered by the trauma of the surgical and implantation process, and then main-
tained by the physical, chemical, biological and mechanical interactions between
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the resident implant and the surrounding tissues. Depending on the nature of the
implant and the stage of implantation, host response will include inflammatory and
wound healing responses, foreign body reactions, or fibrous encapsulation
(Anderson 2001).

7.1.4 Host Response and Implant Biocompatibility

Initiated by the action of implantation of a foreign body into a host, the tissue
response continuum comprises a diverse ensemble of biological responses, includ-
ing early events, such as injury, blood-implant interactions, provisional matrix for-
mation, and acute inflammation, and later events, e.g. chronic inflammation, tissue
granulation, foreign body reaction and fibrosis (Anderson 2001; Karlsson et al.
2014).

The extent of implantation injury is associated with the placement of the implant,
its dimensions, weight and configuration, as well as its mechanical (e.g. flexible vs
rigid) and surface (e.g. low-friction vs. abrasive) properties. Most implant-related
anti-infective strategies are confined to the surface of the material, potentially alter-
ing the surface properties and three-dimensional configuration of the implant.

The injury incites a wound healing cascade, beginning with initial platelet adhe-
sion to the injury site, followed by platelet activation and aggregation. In turn, this
initiates a coagulation cascade, leading to clot formation as a measure to manage
blood loss and minimise the risk of microbial infection. Clot formation is followed
by highly mobile neutrophil granulocytes infiltrating the injury site as part of innate
immune responses. Phagocytosis ensues clearing the debris of damaged tissues and
pathogens that may have been introduced into the peri-implant space. Concurrently,
phagocytic cells release growth factors to stimulate tissue regeneration, promoting
the formation of granulation tissue.

Where an injury results in only exudative inflammation, inflammation resolution
and restoration of the original tissue structure proceeds relatively quickly. On the
other hand, dominance of pro-inflammatory over generative-type macrophages at
the injury sites with significant tissue necrosis and/or loss of basement membrane
structures may lead granulation tissue to grow into the inflammatory exudate. As a
result, instead of restoration of original tissue structure, organisation and develop-
ment of fibrous tissue takes place. It is important that even in the case of tissue res-
toration, re-grown cells may differ in their growth and differentiation behaviour
from the original (pre-surgery) tissue. Regenerated cells can differ in their type,
size, number, and function level; their ability to produce intra- an extra-cellular
polymers can also change.

In addition to the nature of the injury (e.g. skill of the surgeon) and the health
status of the host (e.g. suppressed proliferative capacity of cells), the nature of the
implant may significantly affect the hemostasis, inflammation, repair, and remodel-
ing processes, and thus directly influence the tissue healing outcomes. For example,
copper-based coatings have been shown to effectively reduce infections on the
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surfaces of titanium implants. Implantation of copper-modified titanium implants
has been associated with increased total and tissue macrophages and MHC-class-II-
positive cells in a murine model (Andreas et al. 2013). As the tissue reactions per-
sisted beyond the Cu release, it was concluded that surface-bound Cu may have also
contributed to the increased local inflammatory response. In Cu/Ti coatings, an
increasing Cu fraction led to an increase in the degree of hemolysis, limited break
down of platelets and reduction in platelet adhesion (Liu et al. 2012a). At Cu con-
centrations above 10 wt.%, significant inhibition of endothelial cell adhesion and
proliferation was observed. Given the important role of chemical factors released by
plasma and cells in mediating the inflammatory response, implant-released chemi-
cals may interfere with correct tissue regeneration (Yu et al. 2013). Furthermore, the
lysosomal proteases and reactive oxygen species abundant at the site of inflamma-
tion may promote degradation of the implant material, thus further exacerbating the
release of the active compounds.

The importance of the provisional matrix formation on tissue integration should
not be underestimated (Anitua et al. 2014; Abrahamsson et al. 2004). The matrix is
composed of many components; fibronectin, collagen and thrombospondin bind to
fibrin and the platelet granule components of the initial clot. A major constituent of
the matrix, fibrin induces neovascularization, promotes cell attachment (Thomson
et al. 2013), and provides a scaffold for cell migration and tissue formation. The
matrix also releases a wide array of mitogens, chemoattractants, cytokines, and
growth factors that regulates cellular proliferation. The formation of the provisional
matrix may be considerably altered by the surface properties of the materials (Tejero
et al. 2014; Lang et al. 2011), and thus needs to be considered when developing
anti-infective coatings.

Importantly, the inflammatory response to the surface properties of the biomate-
rial needs to be considered in all of its complexity. Specifically, it is important to
look beyond the cellular and tissue morphology of the peri-implant region to con-
sider the densities, activities and functions of other cells which may be impacted by
endogenous and autacoid mediators (Anderson 2001; Anderson and Miller 1984).
Moreover, while the histopathological consequences of acute inflammation are rela-
tively uniform, the same cannot be said for chronic inflammation, where multiple
factors can alter the histological appearance of the process. Enduring stimulations,
e.g. those by a controlled-released antimicrobial agent, chemical or morphological
surface features of the implant, may contribute to the establishment of chronic
inflammation. The foreign body response is also influenced by the surface topogra-
phy, configuration and the surface-to-volume ratio of the implant, with smoother
implants having been associated with low levels of macrophages and foreign body
giant cells in the peri-implant milieu and a tendency to develop a fibrous capsule.
Rough, porous and fabric-like surfaces, on the other hand, have more macrophages
and foreign body giant cells in the proximity to the implant, and are less likely to
become encapsulated.
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7.1.5 Evaluating Biocompatibility

Application of any type of physical or chemical modification to the surface of the
implant will directly affect the dynamics of the above described host-implant rela-
tionships (Triantafillopoulos and Papaioannou 2014). It is therefore essential to
determine whether or not the modified implant is still sufficiently biocompatible for
the intended application. This can be done by assessing a series of biological
responses, and then comparing the magnitude and duration of the adverse changes
in homeostatic mechanisms of the host against those for the unmodified implant.

Consideration needs to be given to the nature and duration of the implant-tissue
contact. For example, for medical devices that come into direct contact with blood,
good hemocompatibility is paramount. Silver is an element with well-known anti-
bacterial properties that has many promising applications, however, contradictory
reports exist about the ability of silver nanoparticles to induce platelet aggregation
and procoagulant activation, potentially leading to increased risk of cardiovascular
events (Jun et al. 2011; Smock et al. 2014; Shrivastava et al. 2009; AshaRani et al.
2009). The effect of the implant on the mechanisms of thrombosis, coagulation,
platelet activation, and production of blood and its components, i.e. blood cells,
hemoglobin, blood proteins, will depend on the surface physico-chemical proper-
ties of the implant, as well as its geometry, contact conditions, and flow dynamics.

The contact duration is regarded as limited for contact time of less than 24 h,
prolonged when implant-tissue contact is maintained for over 24 h to 1 month and
permanent thereafter. The location of the implant and the types of tissues and bodily
fluids that will be in direct contact with the implant are also considered.

For anti-infective modifications that involve biodegradation and controlled
release of particles and/or chemical substances into the peri-implant milieu, the
transport, accumulation, degradation and metabolism of these release by-products
by other tissues may be of significance. Even very small amounts of metal ions,
antimicrobials, biomolecules, nano- and micro-particles can give rise to allergic or
sensitization reactions, with the severity of the reaction dependent on the properties
of the leachable agent and the sensitivity of the host.

In cases where these biomaterials are implanted into susceptible individuals or
are present in higher amounts, leachable agents can induce systemic toxicity,
directly affecting the immune, hematologic, central nervous and cardiovascular sys-
tems, amongst others. In addition to leachable agents, any structural components of
bacteria, yeasts, and molds, organic and inorganic dusts, nanoparticles, and diesel
exhaust particles that may remain on the surface of the implant post-sterilization
may provoke an inflammatory (innate) response and be fever-producing (pyrogenic)
(Mazzotti et al. 2007).

Given that many modern antimicrobial and tissue regeneration strategies are
based on the controlled release of biologically active molecules, including growth
factors, cytokines, antimicrobial factors and proteins, stem cell stimulating factors,
complement proteins, and chemotactic factors, it is important to consider the immu-
notoxic and immunogenic potential of these reactive agents (Maeda et al. 2007;
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Bielecki et al. 2007; Chandorkar et al. 2015). Once released inside the host, these
molecules, their fragments or their degradation by-products can be recognized by
the adaptive immunity, triggering the humoral and cellular response. As such, expo-
sure to these substances can lead to immunosuppression, immunostimulation, or
autoimmunity, manifested as histopathological changes, host tissue autoimmune
damage, and compromised ability of the host to protect itself from foreign agents.
For example, an inorganic compound, protein or lipid component in the drug deliv-
ery system may perform as an adjuvant, stimulating autoimmune response; simi-
larly, a foreign biomolecule may induce antibodies that will react with host
molecules, leading undesirable tissue damage via complement pathway (Anderson
2001).

Systemic toxicity is typically evaluated as a function of exposure time, with rel-
evant adverse reactions being observed within 24 h after first contact (acute), after
14-28 days of repeat exposure (sub-acute), and up to 90 days of exposure (sub-
chronic). Chronic toxicity arises from long term exposure, and is characterized by
persistent or progressively deteriorating dysfunction of cells, organs or multiple
organ systems. Unlike other types of toxicity, it is difficult to evaluate and predict
the chronic toxicity potential of the modified implant, due to the obvious difficulty
in maintaining the experimental conditions, such as nutrition, health, and lifestyle
parity between test groups.

Implant-related physical, chemical and biological agents may lead to genotoxic-
ity. For example, particles and ions leached from the surface of metallic bone
implants have been shown to increase DNA damage, gene mutations, and chromo-
some aberrations in the adjacent bone marrow and chromosome translocations and
aneuploidy in the peripheral blood (Gajski et al. 2014; Karahalil et al. 2014). Such
mutations, mistimed event activation, and direct DNA damage may lead to the
development of cancer, although the risk of implant-leached products inducing sys-
temic cancers is regarded as very low (Christian et al. 2014; Moalli et al. 2014). The
carcinogenicity of the compound is patient-specific in that it depends on the ability
of the individual to activate or detoxify genotoxic substances, and to repair dele-
tions, breaks and/or rearrangements within DNA. Interestingly, biomaterial-
associated tumor development in animals has been demonstrated to be associated
with the physical configuration, not the chemical composition of the implant (Moalli
et al. 2014). Implants with a smooth surface and large surface area, such as thin
sheets and discs, are more carcinogenic than biomaterials with irregular surface
morphologies, such as meshes and porous solids.

Implant-derived particles and reactive chemical species may affect reproductive
toxicity. For instance, the reproductive potential of male mice injected with CoCr
nanoparticles (to simulate leaching of particles and ions from CoCr alloy implants)
was lower than that of the control group, with reduced epididymal sperm motility,
viability and concentration, and higher abnormal sperm rate (Wang et al. 2013).
Popular anti-microbial agents, silver and titanium dioxide nanoparticles were also
found to be cytotoxic and cytostatic for primary testicular cells, causing apoptosis,
necrosis and decreased proliferation (Asare et al. 2012). Oxidative stress is the
likely driver for the testicular damage and pathological changes. Indeed, the
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production of reactive oxygen species and DNA damage are regarded as the under-
lying mechanism of nanoparticle cytotoxicity (Taylor et al. 2012). Compared to
bulk materials, nanoparticles have heightened chemical and biological reactivity
due to much higher surface-to-volume ratio, which means that even inert biocom-
patible materials, e.g. gold (Zhao et al. 2013b), can become toxic. Specific toxicity
is highly dependent on the size, shape, polarization and surface functionalization of
the particle.

Nanoparticles may induce teratogenicity, halting the development or leading to
congenital malformation of the fetus, and negatively affecting post-natal develop-
ment of the offspring. For example, graphene oxide is a promising antimicrobial
material (Liu et al. 2011; Podila et al. 2013), which, when modified with silver
nanoparticles, becomes even more strongly antibacterial towards pathogens such as
E. coli (Ma et al. 2011). When maternal mice were exposed to graphene oxide dur-
ing lactation, the filial mice developed significantly slower, gaining less body weight
and length compared to control group (Fu et al. 2015). The intestinal villus of the
filial mice was found to be notably shorter in the offspring mice in the treatment
group, indicating a possible mechanism of toxicity.

A critical determinant of toxicity is the dose to which the host is exposed.
Biodegradable and drug-release antimicrobial coatings are designed to release
tightly controlled quantities of biochemically active substances into the peri-implant
milieu. The release rate balances microbial efficacy against host toxicity. Premature
biodegradation in vivo, i.e. excessive elimination of the therapeutic compound, may
tip that balance. In addition to toxicity, distorted degradation kinetics may result in
the premature exhaustion of the anti-bacterial agent. The suboptimal levels of the
released agent may not be sufficient to effectively kill bacteria, potentially acting as
a positively driver for the development of antibiotic resistivity.

In addition to the active ingredient, toxicity can arise from other seemingly
benign degradation products, including very low amounts of impurities, additives
and chemicals used in the synthesis and processing of a biomaterial. The chemical
and morphological properties of the released agents will be affected by the biodeg-
radation mechanism and on the health status of the host (Baran et al. 2014).
Medically compromising systemic conditions, e.g. diabetes, and inflammatory dis-
eases may increase the rate of biomaterial degradation (Alani and Bishop 2014).
Higher blood glucose levels and lower pH levels, for instance, has been shown to the
rate of electrochemical corrosion of titanium dental implants (Tamam and
Turkyilmaz 2014). It is challenging to predict all the potential interactions among
the degradation products, and also between these products and other biochemical
agents used for the treatment of the patient. One of the issues is associated with the
difficulty in identifying appropriate biomarkers for detection of premature degrada-
tion onset and progression (Sumner et al. 2014; Grainger et al. 2013).
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7.2 Modern Strategies to Minimize Implant-Associated
Infections

There exists a wide spectrum of substances and technological methodologies that
can be used to fabricate biomaterials with anti-infective features (Jadalannagari
et al. 2014), including those based on bio-inspired and biomimetic surface topogra-
phies (discussed in Chap. 2), electroactive and mechano-responsive surfaces (Chaps.
4 and 8), and natural antimicrobial agents (Chap. 2). Broadly, anti-infective
approaches can be divided into two categories: antifouling, i.e. those that repel
microbes; and antimicrobial, those that prevent cell proliferation (bacteriostatic)
and/or kill bacteria (bactericidal). In the following sections, we will discuss several
examples of the modern strategies to minimize implant-associated infections, focus-
ing on the challenges in merging the need to withstand bacterial load with that to
support function restoration and tissue healing.

7.2.1 Anti-adhesive Surfaces

Device related infections take place when bacteria coat the surface or infiltrate the
lumen of an implant. The peri-implant milieu is abundant in nutrients, providing
suitable growth conditions for bacterial growth and replication. On the surfaces of
implants, bacteria can be present in both planktonic and biofilm forms, the former
affording mobility whereas the latter providing means of protection, selective trans-
port of biomolecules, environmental regulation and communication for resident
cells. The presence of biofilm markedly increases the likelihood of bacteria evading
host defense mechanisms, antimicrobial agents and extended periods of unfavorable
environmental conditions. The release of extracellular polymeric substances, e.g.
polysaccharides, amyloid fibrils, lipids and nucleic acid (Claessen et al. 2014), is
critical to establishment, development and functioning of any biofilm. For example,
adhesins enable cell attachment to living tissue or an abiotic substrate and act as
receptors for adhesins on other bacteria. A detailed overview of the process of bac-
terial attachment and biofilm formation can be found in Chap. 1.

Since adherence is a critical first step in pathogenesis, many strategies have been
developed to control bacterial and protein adhesion via steric repulsion, low surface
energy and electrostatic repulsion. This can be achieved by modifying the surface to
be hydrophilic, negatively charged, and/or with low surface free energy (Yu et al.
2011). In the case of hydrophilic polymers, water is attracted to the surface, encap-
sulating it in a thin repellent layer that is associated with the polymer via hydrogen
bonds. This layer creates steric barrier for the biomolecules and cells, preventing
their attachment.

The appropriate chemistry is typically obtained by surface functionalization, e.g.
plasma treatment (Bazaka et al. 2011, 2012; Jacobs et al. 2012), or application of
coatings and polymer brushes (Knetsch and Koole 2011; Hook et al. 2012; Chauhan
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et al. 2014). Hydrophilicity of the material may also be altered by controlling sur-
face morphology (Zheng et al. 2010). For example, metallic surfaces can be made
superhydrophobic using chemical etching or laser ablation (Fadeeva et al. 2011).
Amongst polymer brushes, amphiphilic copolymers (Liu et al. 2012b; Zhou et al.
2014), zwitterionic polymers (Cheng et al. 2008) and patterned polymers are com-
mon. Polymer chemistries based on polyethylene glycol (PEG) or its derivatives are
common (Ye and Zhou 2015; Yang et al. 2014), as they are non-immunogenic and
effectively resist protein fouling and thrombosis (Chen et al. 2011). The efficacy of
PEG modification is strongly dependent on the molecular weight, branching and
surface chemistry of the coating (Beloin et al. 2014). In addition to PEG, hydro-
philic polymers based on hyaluronic acid (Liu et al. 2014) such as poly-N-
vinylpyrrolidone (Liu et al. 2013a), poly(dimethylaminoethyl methacrylate) (Lih
et al.; Tu et al. 2013), have also been used.

There are many possible configurations in which polymer brushes can be assem-
bled, and enumerate chemistries that can be used to fine tune their properties for a
desired application or to enhance the antifouling property of the surface. Broadly,
polymer can be attached in the form of a homopolymer, as mixed polymer or block
co-polymer brushes, assembled from functional particles or as layer-by-layer films,
incorporating nano- an micro-sized particles, in a form of cross-linked polymer
matrixes, and so on (Lih et al.; Wang et al. 2014). For example, the antifouling effi-
cacy of fluorinated amphiphilic copolymers composed of 2-perfluorooctylethyl
methacrylate and 2-hydroxyethyl methacrylate was greater than that of their con-
stituent homopolymers, suggesting a synergistic mechanism of fouling inhibition
(Zhao et al. 2013c). The stability of the polymer layer is dependent on the method
of immobilization, with physically absorbed (self-assembled) brushes being less
chemically stable than covalently linked molecules, e.g. grafted-to or grafted-from
polymer chains.

Improved anti-infective outcomes can be achieved by synergistically merging
antifouling and antibacterial chemistries, e.g. by coating the implant surface with
brush-like polycarbonates containing pendent adhesive dopamine, antifouling PEG,
and antibacterial cations (Yang et al. 2014). Such a surface can ensure that bacterial
cells able to overcome antifouling chemistry and attach to the implant surface are
prevented from multiplying and forming a biofilm (Yang et al. 2014). In another
example, antifouling poly(sulfobetaine methacrylate) and bactericidal polymer,
N-[(2-hydroxy-3-trimethylammonium)propyl] chitosan chloride polymers are inte-
grated to achieved a similar result (Wang et al. 2015). Heparin and other biomole-
cules can be loaded into such a coating to enhance surface hemocompatibility and
improve host cell attachment (Almoddvar et al. 2013; Zhu et al. 2013). Coating the
surface of the implant with heparin and heparin-like molecules has been demon-
strated to reduce bacterial attachment and biofilm formation. Presence of heparin or
albumin results in a negatively charged surface that reduces bacterial adhesion (as
cells bear a net negative charge on their surface under normal pH conditions) and
the deposition of fibronectins (Francolini and Donelli 2010).

From a biocompatibility point of view, most anti-fouling surfaces are non-toxic,
as the effect is typically achieved by surface chemistry rather than a release of
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antimicrobial agents. At the same time, the antifouling action is generally non-spe-
cific, i.e. it may alter the attachment of host biomolecules and cells. While this may
be desired for urinary or vascular catheter applications or wound dressings, it may
impede the establishment of a tissue-implant interface where integration is desired.
To circumvent this problem, antifouling polymer brushes can be functionalized or
loaded with biomolecules that promote host cell adhesion, tissue formation and
spreading. For example, improved tissue compatibility was obtained by functional-
izing brushes of the block copolymer Pluronic F-127 with contact-killing antimicro-
bial peptides and host cell adhesion promoting arginine-glycine-aspartate
(Muszanska et al. 2014) (Figs. 7.1 and 7.2).

Higher control over host cell adhesion can be obtained by specifically targeting
bacterial adhesion, by using strategies that hinder biogenesis of fimbrial adhesins
(Lo et al. 2013; Nait Chabane et al. 2014; Shamir et al. 2010). Production of func-
tional extracellular amyloid fibers by uropathogenic E. coli and other
Enterobacteriaceae can be effectively hindered in vitro and in vivo by using ring-
fused 2-pyridones, such as FNO75 and BibC6 (Cegelski et al. 2009). Pyridone-based
pilicides inhibit the assembly of type 1 pili and thus interfere with pathogenesis and
formation of curli-dependent and type 1-dependent biofilms. Another target is the
FimH, an adhesion located at the tip of type 1 fimbriae and responsible for binding
to mannosylated glycoproteins on human cells (Totsika et al. 2013). Here, small
molecule mannosides can be used to bind FimH thus making it unavailable for bind-
ing to eukaryotic receptors (Guiton et al. 2012). Glycoclusters based on a cyclic
oligo-(1—6)-B-D-glucosamine core can be employed to inhibit bacterial lectin
LecA of P. aeruginosa (Gening et al. 2013), interfering with the colonization ability

Surface free energy Electrostatic interaction
t] o L3
n i = s
. ) & 9B e ‘-Eu = '
Eg 3 i b 4% 7 9% - .
il N Lo A
2§ < i 8 S RIOAGRAE T 12141818

3, (Surtace Electrontate: Palans siity)

o
Surface free energy. Ta(mdim®) ‘ “

Steric repulsion

Hydration

g

Topography; === PeRRSORessEse0s ‘

Fig. 7.1 Interactions between host cells and anti-adhesive surfaces (Reproduced with a permis-
sion (Lih et al.))
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A Cell Number B Alkaline Phosphatase Activity
Dose (ug/ml) 0 10 100 200 500 1000 2000 5000 0 10 100 200 500 1000 2000 5000
Antibiotic Family
Vancomycin Glycopeptide - .

Amikacin  Aminoglycosides
Tobramycin  Aminoglycosides
Trimethoprim ~ Folate antagonist

Daptomycin Lipopeptide
Meropenem Carbapenem
Imipenem Carbapenem
Linezolid Oxalodinone

Cefazolin Cephalosporin
Cefepime Cephalosporin
Azitrhomycin Macrolide
Levoflaxacin  Fluoroquinolones
Cefotaxime Cephalosporin

Penicillin Penicillin
Gentamicin  Aminoglycosides
Collistin Polymyxin
Nafcillin Penicillin
Rifampin Rifamycin
Minocycline Tetracyclines
Doxycycline Tetracyclines

Ciproflaxacin Fluoroquinolones
decrease relative to control (%)
<25 26-49 [50-74)878) Not determined

Fig. 7.2 Effect of various concentrations of antibiotics on osteogenic cell viability and activity.
The mean % decreases in osteoblast cell number (a) and ALP activity (b) are classified as <25 %,
26-50, 51-74, and >75 % of control after incubation with 0, 10, 100, 200, 500, 1000, 2000, and
5000 pg/mL of each antibiotic for 10 and 14 days (n=5-6 per dose after data are pooled). Not
determined: ALP activity and/or cell number was untestable for some of the antibiotics due to
precipitation or incompatibility with the test assays used. Decreases in osteoblast cell number and
ALP activity >25 % were significant, p<0.05, with exceptions indicated by (*) where the value at
that dose was not different from control (Reproduced with permission (Rathbone et al. 2011))

of the pathogen. Furthermore, the biofilm-forming ability of P. aeruginosa can be
compromised by targeting several specific functions of the pathogen. For example,
maltose derivatives with bulky hydro-carbon groups inhibit the swarming motility
and cell adhesion of P. aeruginosa, demonstrating biofilm inhibition and dispersion
(Shetye et al. 2014).

Another potential target is small messenger molecules that enable pathogen cell-
to-cell communication within a colony. Being a co-operative process, biofilm for-
mation is inherently dependent on information being effectively transported from
cell to cell. Quorum sensing is responsible for synchronization of gene expression,
co-ordinated switch between planktonic and sessile states, biofilm formation, matu-
ration and disassembly (Solano et al. 2014; Singh et al. 2000). By targeting the
major signaling pathways of cells, bacterial communication and thus biofilm forma-
tion can be compromised. Sulfathiazole and azathioprine has been shown to inhibit
diguanylate cyclases (Sambanthamoorthy et al. 2012, 2013; Antoniani et al. 2010,
2013). This enzyme is responsible for production of c-di-GMP, a small messenger
molecule responsible for switching from planktonic to biofilm modality.

Nitric oxide is another molecule that can interfere with biofilm formation and
induce dispersal of P. aeruginosa (Barraud et al. 2009). Nitric oxide increases cell
motility by decreasing the levels of the secondary messenger cyclic di-GMP and
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decreasing production of adhesins, making these cells more susceptible to antibiotic
agents (Li et al. 2013). Nitric-oxide producing compounds can be easily immobi-
lized on the surfaces of implants, releasing NO under specific in vivo conditions (Li
et al. 2013; Duong et al. 2014). A controlled release of low levels of NO may also
enhance the biocompatibility of the surfaces by reducing platelet activation and
adhesion, and inhibiting thrombus formation. NO has a complex role in tissue
inflammation (Laroux et al. 2001), where under normal physiological conditions,
NO has an anti-inflammatory effect. At the same time, overproduction of NO can
promote inflammation, with large amounts of NO being released by cytokine-
activated macrophages, contributing to pathogenesis of inflammatory disorders,
vasoconstriction, and tissue damage (Sharma et al. 2007).

7.2.2 Antibacterial Surfaces

Most strategies aimed at reducing biofilm-associated infections combine an anti-
fouling property with antimicrobial activity (Francolini et al. 2015; Salwiczek et al.
2014), either through elution of antimicrobial agent or a surface killing. Antimicrobial
agents range from conventional (systemic) antibiotics (Gao et al. 2011), e.g. nafcil-
lin, levofloxacin, daptomycin, gentamycin, vancomycin (Bastari et al. 2014;
Beenken et al. 2014; Ordikhani et al. 2014; Wu et al. 2014; Cashman et al. 2013), to
metallic ions such as silver (Wong and Liu 2010; Chernousova and Epple 2013;
Perez et al. 2014; Jo et al. 2014) and copper (Kalaivani et al. 2014; Ye et al. 2014;
Chen et al. 2014), nitrofurazone (Kottur et al. 2015; Johnson et al. 2012), chlorhexi-
dine (Jamal et al. 2014), quaternary ammonium compounds (Asri et al. 2014; Shalev
etal.2012; Chengetal. 2012; Bakhshi et al. 2013), antibacterial peptides (Muszanska
et al. 2014; Cleophas et al. 2014; Rapsch et al. 2013; Etayash et al. 2013) and
anionic nanoporous hydrogels (Li et al. 2011; Hook et al. 2012). These agents are
highly diverse in their modes of action. For example, an antimicrobial polycationic
hydrogel based on dimethyldecylammonium chitosan-graft-PEG methacrylate and
PEG diacrylate attracts sections of the anionic membrane of the pathogen into the
internal nanopores of the hydrogel (Li et al. 2011). This process leads to bacterial
membrane disruption and subsequent death. Synthetic macromolecular antimicro-
bials are being researched for their potential to physically destroy cell membranes
of the pathogens thus preventing them from developing drug-resistance. Examples
of this type of antibacterials include biodegradable cationic polycarbonates contain-
ing propyl and hexyl side chains quaternized with various nitrogen-containing het-
erocycles, such as imidazoles and pyridines (Ng et al. 2014). Although not based on
a particular chemistry, surface capable of contact killing using morphological fea-
tures are also being investigated (Ivanova et al. 2012, 2013).
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7.2.2.1 Systemic Antibiotics

Conventional antibiotics have the advantage of having been thoroughly investi-
gated, with well-defined host toxicity profiles and histories of clinical use that might
detail potential long-term side effects. Since the doses of antibiotic released from
the surface of implant are typically notably smaller than those used systemically, the
toxicity of drug-eluting coatings is considered to be low. Indeed, one of the key
advantages of drug-release coatings is the ability to locally deliver relatively high
doses of antibiotic without inducing systemic toxicity. Nonetheless, the effects of
antibiotics on cell viability and tissue regeneration should be considered. Osteoblasts
treated with 21 different antibiotics over 0-5000 pg/mL concentrations for up to
14 days showed significantly lower cell number and osteogenic activity when
exposed to rifampin, minocycline, doxycycline, nafcillin, penicillin, ciprofloxacin,
colistin methanesulfonate, and gentamicin (Rathbone et al. 2011). On the other
hand, osteoblast deoxyribonucleic acid content and alkaline phosphatase activity
were least affected by amikacin, tobramycin, and vancomycin (Rathbone et al.
2011). Nevertheless, the majority of the antibiotics tested, a 250 % decrease in
osteoblast cell number and/or osteogenic activity was observed. The decrease in the
metabolic activity and thus the osteogenic potential of surviving cells may under-
mine bone repair.

7.2.2.2 Metals Salts

Metallic salts, such as those of silver, copper, zinc and mercury have been used to
prevent and treat infections in wounds and burns for thousands of years. Long
before the invention of polymer sutures, silver threads were also used to close
wounds (Muffly et al. 2011), while silver-based solutions and creams (e.g. silver
nitrate, silver sulfadiazine) were used as washes and ointments. Silver-based com-
pounds precipitate cellular proteins and interfere with respiration of both aerobic
and anaerobic bacteria, however the exact mechanism is yet to be fully elucidated
(Chernousova and Epple 2013). Silver can also be used as part of combination ther-
apy, where its ability to damage bacterial cells is used to potentiate antibiotic activ-
ity of conventional antibiotics (Morones-Ramirez et al. 2013) and thus target
persister cells.

Current uses of silver primarily focus on a nano-sized particulate form of the
metal (Rai et al. 2009; Wong and Liu 2010; Taheri et al. 2014). The nanoparticle
form is characterized by high surface-to-volume ratio, which makes the particulate
form of silver significantly more active with regard to its physicochemical and bio-
logical properties. It is believed that large surface area of nanoparticles allows them
to establish good contact with the surfaces of target cell, whereas small size may
facilitate particle penetration inside the pathogen. Larger surface area also enables
more efficient release of silver ions, which can then interact with sulfur- and
phosphorous-containing biomolecules in the bacterial membrane and DNA, respec-
tively. Enhanced chemical reactivity of silver nanoparticles leads to the generation
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of a large number of reactive oxygen species, which inflict further damage to the
cells.

From a biocompatibility and cytotoxicity point of view, the major issue with the
use of metallic ions is that their biological interactions are non-specific. Indeed,
silver nanoparticles can easily breach host tissue and cell barriers, and interact with
host biomolecules, e.g. enzymes, altering cell signalling and metabolic pathways
(Gérard et al. 2010; Taylor 1985; Mourifio et al. 2012). Composition, dimensions,
configuration and functionalization will affect the transport of chemical reactivity,
and as such, the antibacterial efficacy and the potential toxicity of the nanoparticles
(Lietal.2012; Rai et al. 2009). For example, when human bone marrow mesenchy-
mal stem cells and human hepatoma carcinoma cells were incubated in the presence
of gold nanoparticles of different size, survival was 80 % in the case of 15 and
30 nm cells and less than 60 % for 5 nm particles (Fan et al. 2009). The increased
levels of cell necrosis and altered osteogenic and adipogenic capabilities were
attributed to the increase in the level of reactive oxygen species.

Anti-proliferative activity of silver nanoparticles was demonstrated in human
lung fibroblasts (IMR-90) and glioblastoma cells, with treated cells exhibiting chro-
mosome instability and mitotic arrest (AshaRani et al. 2009). Exposure to silver
nanoparticles induced apoptosis in NIH3T3 fibroblast cells, inducing the release of
cytochrome c into the cytosol and translocation of Bax to mitochondria through
ROS and JNK (Hsin et al. 2008). Cellular apoptosis was also induced in RAW264.7
macrophage cells cultured in the presence of ~70 nm silver nanoparticles (Park
et al. 2010). These particles were found to lower the intracellular glutathione level,
increase NO secretion and TNF-« in protein and gene levels, and increase the gene
expression of matrix metalloproteinases. It was demonstrated that intracellular oxi-
dative stress due to the presence of agglomerated nanoparticles rather than ion dam-
age was responsible for apoptosis in human hepatoma HepG2 cells (Kim et al.
2009). DNA damage may have also played a role, as hepatoma cells cultured with
low dose silver nanoparticles showed an upregulation of DNA repair-associated
genes (Kawata et al. 2009).

Oxidative stress was determined to be the cause of HeLa cell death, where oxida-
tive stress-related genes, ho-1 and mt-2A, were expressed (Miura and Shinohara
2009). Coated silver nanoparticles also induced oxidative stress-type damage onto
N27 rat dopaminergic neurons, where the size of the particle and type of coating
determined the dominant pathway (Chorley et al. 2014). Poly(vinyl pyrrolidone)-
coated particles were found to be more bioactive than citrate-coated particles,
increasing intra-neuronal nitrite levels and inducing mitochondrial dysfunction
(75 nm particles) and NRF2 oxidative stress pathway (10 nm particles) (Veronesi
et al. 2014).

In the case of copper particles, the physical form of the particle is important, with
dissolved Cu?* ions contributing <50 % to cytotoxicity (Wang et al. 2012). A com-
parison between cell-particle interactions of nano-sized CuO and Ag showed that in
the case of CuQ, the particle was subject to rapid uptake by endocytosis, releasing
copious amounts of copper ionic species within the cells (Cronholm et al. 2013).
Even though silver particles were readily taken up by the cells, the intracellular
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release of silver ions and hence the toxicity of the particles was low. The mechanism
of toxicity also differed between different types of copper, where nanoparticles of
copper and Cu-Zn alloy inflicted substantial damage onto cell membranes, whereas
this behavior was not observed in the case of CuO nanoparticles and the micron-
sized Cu metal particles (Karlsson et al. 2013). Protein fouling in the presence of
serum albumin inhibited cell toxicity of silver nanoparticles (Gnanadhas et al.
2013).

The systemic toxicity of medically-relevant metallic nanoparticles is not well
studied (Alenius et al. 2014). Once eluted from the surface of the implant, the par-
ticles should theoretically be able to quickly and easily cross the blood barrier,
being transported to other tissues in the body. There, these nanoparticles can poten-
tially accumulate and degrade (Wong and Liu 2010). With regard to the cardiovas-
cular system, sufficiently high doses of nanoparticles can alter the microcirculation,
and promote thrombus formation and pro-inflammatory responses (Wong and Liu
2010), whilst in the central nervous system metallic nanoparticles may generate
oxygen reactive species and damage the brain cells (Alenius et al. 2014). An iron-
and oxygen-binding protein found in the muscle tissue, myoglobin can be affected
by the presence of silver nanoparticles, where ~10 nm particles were shown to sig-
nificantly augment its electron-transfer reactivity and catalytic ability toward hydro-
gen peroxide (Gan et al. 2004). They may also affect the reproductive ability of the
host, as silver nanoparticles showed concentration dependent cytotoxicity towards
mouse spermatogonial stem cells (Braydich-Stolle et al. 2005).

7.2.2.3 Chlorhexidine and Quaternary Ammonium Compounds

Chlorhexidine, a bisbiguanide, is an effective hospital disinfectant often used in
surgery skin preparation and as an antimicrobial agent in medical devices (Opstrup
et al. 2014; Silvestri and McEnery-Stonelake 2013) where they are employed to
reduce extraluminal contamination, particularly in patients who require long-term
vascular access (Khoo and Oziemski 2011). Recently, concerns have been raised
about potentially significant allergic reactions to chlorhexidine-impregnated medi-
cal devices (Guleri et al. 2012). Severe allergic reactions, including anaphylactic
shock have been reported for patients during the placement of a chlorhexidine
impregnated central venous catheters (Khoo and Oziemski 2011; Faber et al. 2012;
Bae et al. 2008), urological and rectal procedures (Jayathillake et al.; Bae et al.
2008). Approximately 10 % of patients with suspected perioperative allergic reac-
tions were diagnosed with chlorhexidine (Opstrup et al. 2014). Wide exposure to
chlorhexidine in hospital and non-medical environments may potentially sensitize
some patients, leading to adverse reactions during surgery.

Quaternary ammonium compounds (QACSs) are potent cationic antimicrobials
active against a wide range of pathogens (Hegstad et al. 2010). QAC:s kill bacteria
by interfering with cell membranes, primarily the cytoplasmic membrane, leading
to membrane damage and loss of cellular content (Martin et al. 2014). QACs block
potassium channels that are responsible for the passive movement of potassium ions
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across the cell membrane and control the membrane potential in both eukaryotic
and prokaryotic cells (Lenaeus et al. 2014). QACs may disrupt and denature struc-
tural proteins and enzymes. In anti-infective device applications, QACs can be
loaded into coatings or surface immobilize for contact killing (Asri et al. 2014). As
with other non-specific antimicrobial compounds, quaternary ammonium com-
pounds display concentration-dependent eukaryotic cell toxicity with all types of
exposure, namely inhalation, ingestion, and dermal application and irrigation of
body cavities (Xue et al. 2004, 2012; Swiercz et al. 2013; Dutot et al. 2008a, b). In
susceptible individuals, contact with QACs may result in allergies that can range
from mild localised irritation to anaphylactic reaction (Bello et al. 2009) and contact
tissue damage (Kilic et al.). Mucosal contact with QACs may produce
sensitization.

7.2.2.4 Antimicrobial Peptides

Produced by a large number of microorganisms, plants, invertebrates and animal
species, antimicrobial peptides fulfil a broad range of roles in producing an innate
immune response, specifically they hinder the growth and colonisation by infectious
agents (Zasloff 2002; Bals et al. 1999). For example, resident epithelial cells (e.g.
keratinocytes) produce a number of antimicrobial peptides and also signal the
recruitment of circulating immune cells (e.g. neutrophils); once summoned, neutro-
phils also produce antimicrobial peptides, such as cathelicidin and p-defensins to
fight the infection (Braff et al. 2005; Nizet et al. 2001). When adsorbed onto sur-
faces, nisin, an antimicrobial peptide, inhibits the attachment and biofilm formation
capability of Gram-positive bacteria (Bower et al. 2002), whereas covalently-bound
to the surface cathelin LL37 effectively kills E. coli on contact (Zaiou et al. 2003).

In Gram-positive and Gram-negative organisms, the antibacterial mechanism of
the antimicrobial peptides is biophysical rather than biochemical in nature, destabi-
lizing and disorganizing the structure of the membrane (Fitzgerald-Hughes et al.
2012). The cationic nature and amphipathic structure of antimicrobial peptides
allows them to electrostatically attach to the negatively charged microbial surfaces
(Powers and Hancock 2003; Forbes et al. 2013; Zasloff 2002). Subsequently, some
peptides induce pore formation in the phospholipid bilayer, with death being a con-
sequence of osmolysis (Augustyniak et al. 2012). A compromised cytoplasmic
membrane also enables the translocated peptides to interact with intracellular bio-
molecules of the pathogen, inhibiting protein synthesis and conformation, interfer-
ing with DNA and metabolic activity, and suppressing cell multiplication (Brogden
2005). For example, the antibacterial action of nisin involves bacterial membrane
permeation and disruption of the ability for the cell wall to undergo synthesis and
regeneration (Hale and Hancock 2007).

Given that antimicrobial peptides typically combine several mechanisms of
action, they are less likely to prompt de novo resistance (Yeung et al. 2011). The
killing efficacy, and potentially the antibacterial mechanism itself varies with pep-
tide structure and the target organism (Augustyniak et al. 2012; Veiga et al. 2012;
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Salick et al. 2007, 2009; Liu et al. 2013b; Zhou et al. 2011); however, there is only
a limited understanding of all the mechanisms involved, which limits the optimiza-
tion and clinical use of these peptides (Sahl et al. 2005). Further hindrance comes
from the in vivo instability of these antimicrobial agents, whereby they are easily
degraded by host enzymes, in addition to being affected by pH and osmotic condi-
tions (Brogden and Brogden 2011). Various structural modifications have been pro-
posed to improve peptide resistance to enzymatic proteolysis without compromising
its killing efficacy (Zasloff 2002; Hamuro et al. 1999; Porter et al. 2000).

Being a foreign protein, host defense peptides can potentially be immunogenic.
Host defense peptides are considered to be weakly immunogenic, owing to their
small size and linear structure (Fitzgerald-Hughes et al. 2012). Nevertheless, anti-
bodies were produced to human neutrophil defensins (Panyutich et al. 1991), bovine
lactoferricin(R) (Shimazaki et al. 1996) and hCAP-18 (Sgrensen et al. 1997).
Furthermore, it is unclear whether the use of foreign peptides will lead to the devel-
opment of peptide resistance in pathogenic bacteria, and thus compromise the natu-
ral ability of the host to fight infection (Fitzgerald-Hughes et al. 2012). The effect of
synthetic human defense peptide-like molecules on the natural innate response has
yet to be studied.

With regard to selectivity and cytotoxicity of antimicrobial peptides (Hancock
and Sahl 2006), the comparative absence of negatively charged lipids on the sur-
faces of eukaryotic cells and their weak membrane potential gradient may afford
some protection to host cells (Fitzgerald-Hughes et al. 2012). Some host defense
peptides, e.g. magainin 2 and human cathelicidin LL-37, can translocate into the
cytosol of mammalian cells, e.g. HeLa, TM 12 and Chinese hamster ovary (CHO)-K1
cells (Imura et al. 2008; Takeshima et al. 2003). At higher concentrations of the
magainin 2 peptide, cell toxicity was observed. The translocation across host cell is
possible owing to a dual role of peptides such as LL-37, i.e. bacterial targeting and
delivery of nucleic acids into the host cells (Zhang et al. 2010). Even though LL-37
is not haemolytic at antibacterial-relevant concentrations, in vitro cytotoxicity has
been observed. Toxicity towards eukaryotic cells of orangutan, rhesus macaque and
leaf eater monkey orthologues of LL-37 varied with the physical characteristics,
with the leaf eater monkey peptide being most toxic (Tomasinsig et al. 2009).
Cytotoxicity also depended on the nature and metabolic state of the target cells. At
the same time, haemolytic activity was found to be similar among the tested
peptides.

The preferential activity against Gram-positive and/or Gram-negative bacteria
membranes over eukaryotic cells can be enhanced by controlling the ratio of D- to
L-amino acids (Fernandez-Lopez et al. 2001; Oren and Shai 2000; Yin et al. 2012).
Structural modifications, e.g. truncation or rearrangement, can be used to enhance
membranolytic efficiency (Shimizu et al. 1998). If it is done while disregarding
other relevant targets, however, the increased non-specific membranolytic activity
can undermine surface bio-compatibility to the extent that this modification will
have limited in vivo use. Target-specific antimicrobial peptides, where a
Pseudomonas-specific targeting moiety is appended to a generally killing peptide
novispirin G10, can both improve the speed and efficiency of bactericidal action
(Eckert et al. 20006).
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7.3 Conclusion

The host response to the act of implantation initiates a highly complex and multi-
dimensional cascade of events, that start with an injury and proceeds to include
blood-surface interactions, provisional matrix formation, acute and chronic inflam-
mation, foreign body reaction, development of granulated tissue, healing and fibrous
capsule formation. The exact events taking place will depend on a multitude of
different parameters, including those pertinent to the host, those associated with the
quality of the surgical procedure, and those that result from interactions between
living host tissues and the surface and bulk characteristics of the biomaterial. Not
surprisingly, predicting or even describing the biocompatibility of an implant is not
trivial. The task becomes even more challenging when biodegradable and eluting
surfaces are considered. It is these surfaces, however, that hold the greatest promise
in mitigating biomaterial-associated infections. Indeed, where antifouling surfaces
may succeed in some short term applications, long-term and permanent devices
require a reliable means to ensure pathogen-free surfaces. Surface modification that
synergistically combines multiple complementary lines of defense may provide the
most effective and durable solution. Nevertheless, balancing the biocompatibility of
an implant against the ability of their surfaces to be efficient over a range of bacte-
rial loads is a difficult task. With the rise of alternative antimicrobial agents or con-
figurations, more information is needed regarding their compatibility, toxicity and
immunogenicity towards relevant host cells. In order to attain a more comprehen-
sive picture, it is important to approximate the conditions under which implants will
operate and the quantities of active agents that can potentially be leached out into
the peri-implant milieu. A standardized experimental procedure with a focus on
both the anti-infective efficacy and biocompatibility should provide for a better
comparison between different antimicrobial strategies. It should also provide valu-
able information on which material and process optimization can be based to ensure
appropriate cell integration; after all, for many applications, the ultimate aim is to
achieve an adequate tissue integration and a functional implant.
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Chapter 8

Development of Fimbrolides, Halogenated
Furanones and their Derivatives

as Antimicrobial Agents

Kitty K.K. Ho*, Samuel K. Kutty*, Daniel Chan, Renxun Chen,
Mark D.P. Willcox, and Naresh Kumar

Abstract Traditional treatment for bacterial infection is based on compounds that
target bacterial viability or growth. However, a major concern with this approach is
the frequent development of drug-resistant mutants. The discovery of bacterial quo-
rum sensing (QS) systems, which control fundamental processes involved in bacte-
rial physiology and virulence, has opened new avenues for the development of
antimicrobial agents for the control of bacterial infections. Fimbrolides isolated
from Australian native marine alga Delisea pulchra are excellent examples of QS
inhibitors provided by nature. Fimbrolides and their analogues exhibit excellent QS
inhibitory activity without interfering with bacterial growth, and thus offer promis-
ing targets for development of new strategies to control microbial colonisation of
surfaces. This chapter describes the types of natural fimbrolides, their biosynthesis,
and synthesis of related halogenated furanone and dihydropyrrolone analogues, as
well as their biological activities and applications as antimicrobial coatings for the
prevention of bacterial infections.

Keywords Marine natural products * Halogenated compounds ¢ Toxicity
Fimbrolides * Halogenated furanones ¢ Delisea pulchra * Biosynthesis ¢ Lactam
analogues

Interest in marine natural products has been intensified by their associated array of
biological activities and therefore their potential biomedical applications (Newman
and Cragg 2004; Konig and Wright 1996; Carte 1996; Claeson and Bohlin 1997;
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Plavsic 2004; Faulkner 2002; Blunt et al. 2004; Amsler et al. 2001). In marine
organisms, these products play a vital role in chemical defense mechanisms
(Kubanek et al. 2003). Defensive functions attributed to marine secondary metabo-
lites include predator deterrence (Vervoort et al. 1997), antifouling (Bhosale et al.
2002), inhibition of overgrowth (Pawlik 1993) and UV radiation protection (Edreva
et al. 2008).

Marine natural products are remarkable in their ability to produce halogenated
compounds when compared to their terrestrial counterparts (Gribble 2004).
Fimbrolides or halogenated furanones are one such class of marine natural product,
first isolated from the red alga Delisea pulchra. Fimbrolides are a class of organic
compounds comprising a five-membered lactone ring and halogen substituents.
They reside in vesicles on the surface of the algae and beckerilides against the foul-
ing of algal surfaces by marine organisms. The fimbrolides have become a subject
of interest as novel antimicrobial agents, especially with a the increasing microbial
resistance to traditional antibiotics. This review will cover the role of natural fim-
brolides and their biosynthesis, as well as the synthesis of analogues, their activities
and applications of fimbrolides and their analogues as antimicrobial agents.

8.1 Fimbrolides in Nature

Fimbrolides are a group of rarely occurring metabolites extracted from sea organ-
isms. It is a term given to describe the naturally occurring halogenated furanones,
which were first reported in 1977 by two research groups (Kazlauskas et al. 1977,
Pettus et al. 1977). Fimbrolides have a 4-halo-3-butyl-5-halomethylene-2-(5H)-
furanone skeleton and were first isolated from the marine red alga Delisea pulchra
(Greville) Montage (Class- Rhodophyta, Order-Bonnemaisonales, Family-
Bonnemaisoniaceae) (cf. Delisea fimbriata). This alga is distributed from Southern
Queensland to Tasmania in Australia and through the Antarctic Islands and
Antarctic Peninsula (Bonin and Hawkesf 1988). D. pulchra produces more than 20
of these fimbrolides with structural variation based primarily on variable substitu-
tion at two positions, in particular a hydrogen, an acetate or hydroxyl groups at
C-1’" and an exocyclic bromomethylene or dibromomethylene at C-5 (Kazlauskas
et al. 1977; de Nys 1993). A large number of fimbrolides and related beckerilides,
which lack the exocyclic halomethylene double bond but contain a 5-halomethyl
group instead, have been described (Ohta 1977; McCombs et al. 1988; de Nys
et al. 1992) (Fig. 8.1).

In addition, dimeric fimbrolides have been reported to have been obtained from
algal species such as Delisea elegans and D. pulchra (Fig. 8.2). These dimeric forms
usually contain brominated butane linkers to bridge the fimbrolides (McCombs
et al. 1988; Ankisetty et al. 2004).
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8.2 Biosynthesis of Fimbrolides in Nature

The biosynthesis of fimbrolides is expected to occur via the acetate pathway, where
acetyl-CoA in the presence of acyl carrier protein undergoes the claisen reaction
(Dewick 2002) to form C-10 fatty acids. These fatty acids are then oxidized and
halogenated to form polyhalogenated 2,4-nonadiones (with hydroxylation at C-6
for some of the lactones). Further reaction via the Favorsky rearrangement yields
the polyhalogenated C-4 carboxylate substituted n-octane, which through enoliza-
tion of the remaining carbonyl toward C-1, are cyclized to give the lactones (fimbro-
lides) (McConnell and Fenical 1980; Garson 1989) (Fig. 8.3).

8.3 Biological Role of Naturally Occurring Fimbrolides

Delisea species have lower bacterial accumulation on their surfaces compared to
other algal species in their natural marine environment. This difference in bacterial
density between the Delisea and other algae was later attributed to the fimbrolide
compounds, which inhibit the fouling (colonising) of bacteria on their thallus sur-
faces (Gram et al. 1996). Fimbrolides produced by the algae are delivered to the
surface at a concentration where they can regulate bacterial colonisation and the
settlement of epibiota (de Nys et al. 2006a). Two parent antifouling compounds
have been successfully identified from D. pulchra. These are 4-bromo-3-butyl-
5-(dibromoethylene)-2(5H)-furanone and 4-bromo-5-(bromomethylene)-3-butyl-
2(5H)-furanone (Rasmussen et al. 2000).

Under appropriate conditions, bacteria can adhere to surfaces and form biofilms.
Biofilms consist of an extracellular hydrated matrix of polysaccharides and proteins
produced by the bacteria themselves or acquired from the environment, and encased
bacterial cells (Otter et al. 2015). Within the biofilm, bacteria control their activities
through cell-to-cell communication, mediated by chemical signalling molecules
termed autoinducers. When bacteria perceive a certain threshold concentration of
the autoinducer, they respond by altering their gene expression. This process is
referred to as quorum sensing (QS), and is responsible for many pathologically

Acyl carrier
protein (ACP) OR O O O H,0 OR O O O
MeCOSCoA > S-ACP —> oH
Claisen reaction ) +
B-ketoacyl synthase Fatty acyl-ACP Enzymatml Br

BrBr Br Br
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Fig. 8.3 Biosynthesis of fimbrolides
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Fig. 8.4 Structures of Al-1 autoinducers (BHL and OHHL) and an example of fimbrolide

relevant processes such as virulence factor production, biofilm formation and drug
resistance (Nasser and Reverchon 2007; Ni et al. 2008; Holm and Vikstrom 2014).

QS systems are classified according to the structure of the responsible autoinduc-
ers. Three major classes of QS systems have been identified: the N-acyl-L-homoserine
lactone (AHL)-mediated system (AI-1), which is present in most Gram-negative
bacteria; peptide-mediated QS system, employed by Gram-positive bacteria; and the
autoinducer-2 (AI-2) system that utilises a family of interconvertible furanone com-
pounds such as 4,5-dihydroxy-2,3-pentanedione as signalling molecules, and is pres-
ent in both Gram-negative and Gram-positive bacteria (Williams et al. 2007).

It has been shown that natural furanones can control multicellular behaviour
induced by AHL and AI-2 in Gram-negative microorganisms (Manefield et al.
1999, 2000, 2002; Ren et al. 2001, 2004a). Fimbrolides and related furanones have
structural similarities to the QS autoinducers AHL, such as N-butanoyl-L-
homoserine lactone (BHL) and N-3-(oxo-hexanoyl)-L-homoserine lactone (OHHL)
(Fig. 8.4; AI-1 autoinducers). In the presence of fimbrolides, the cellular communi-
cation of the bacteria is inhibited. This inhibition has been demonstrated to occur as
a result of competitive binding of the fimbrolides to the AHL-binding site in the QS
receptor protein such as LuxR, displacing the native AHL autoinducer (Manefield
et al. 1999, 2002). This leads to the disruption in the virulence related activities of
microbes such as biofilm formationand the production of virulence factors (Davies
et al. 1998).

For example, Defoirdt et al. studied the mechanism of QS inhibition by natural
furanone (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone in Vibrio
harveyi (Defoirdt et al. 2007). Their studies indicated that the furanone disrupted
the QS in V. harveyi by obstructing the ability of the QS master regulator protein
LuxR to bind to the target promoter sequences.

The mechanism of action of halogenated furanones on a plant pathogen, Erwinia
carotovora, has also been studied (Manefield et al. 2001). This pathogen regulates
theinhibited the growth expression of virulence factors and antibiotic production via
an OHHL-dependent QS mechanism. Using DNA microarrays, 79 % of the E. coli
genes were repressed by (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone and were also induced by AI-2, suggesting that the naturally occurring
furanones can inhibit this system (Ren et al. 2004a).

Natural furanones also inhibit growth, swarming motility and biofilm formation
in the Gram-positive bacterium Bacillus subtilis (Ren et al. 2002, 2004b). Bacillus
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anthracis is a Gram-positive bacterium that is the etiological agent of anthrax. Jones
et al. studied the effects on Bacillus anthracis growth and virulence gene (pagA, lef,
and cya) expression of the naturally occurring QS inhibitor (5Z)-4-bromo-5-
(bromomethylene)-3-butyl-2(5H)-furanone (Jones et al. 2005). This furanone
inhibited the growth of B. anthracis in a dose-dependent manner. Exposure to the
furanone did not lead to the selection of resistant cells. This naturally occurring
furanone also significantly reduced the expression of the genes over and above any
effects on bacterial growth rate/viability.

8.4 Stability and Toxicity of the Naturally Occurring
Fimbrolides

Despite the promising inhibitory effects of furanones on microbial biofilm forma-
tion, some of the naturally occurring furanones are unstable (Rasmussen and
Givskov 2006), and there have been reports on the effects of furanones on eukary-
otic cells (viability and toxicity) (Hentzer and Givskov 2003; Kuehl et al. 2009;
Kjelleberg et al. 1999; Lowery et al. 2009). Hentzer et al. found that QS inhibitive
furanones are very reactive and therefore speculated that they will be too toxic for
therapeutic use (Hentzer and Givskov 2003). Kuehl et al. demonstrated that a natu-
ral furanone was toxic against eukaryotic L.929 fibroblasts at 28 uM (Kuehl et al.
2009) and a similar value was reported by Lowery et al. (2009), while Kjelleberg
et al. reported the same compound to be toxic to fibroblast cells at 483 pM
(Kjelleberg et al. 1999). Another natural furanone, of similar structure but with an
acetoxy group substituted at the hydrocarbon chain, was found to be much more
toxic compared to the one without the substitution (Kjelleberg et al. 1999). The
cytotoxicity of the furanones is unpredictable. This unpredictable behavior is
structure-dependent, with slight structural variation having the ability to immensely
affect their activity and toxicity.

8.5 Synthesis of Fimbrolides and Their Analogues

The first synthesis of 4-bromo-3-butyl-5-bromomethylene-2(5H)-furanone
involved the acid-catalyzed cyclization of brominated 2-butyllevulinic acid, a
remarkable reaction because of its success under the seemingly harsh conditions
of concentrated sulfuric acid and elevated temperatures (Beechan and Sims
1979) (Scheme 8.1). Later re-investigation of this reaction revealed that signifi-
cant amounts of the isomeric 3-butyl-5-dibromomethylene-2(5H)-furanone and
tribromo compound 4-bromo-3-butyl-5-dibromomethylene-2(5H)-furanone
were also formed in this reaction (Manny et al. 1997). An alternative synthesis
employed the reaction of p-bromo-f-lithioacrylate with acetic anhydride to form
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Scheme 8.1 Synthesis of 4-bromo-3-butyl-5-bromomethylene-2(5H)-furanone by acid-catalyzed
cyclization of brominated 2-butyllevulinic acid
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Scheme 8.2 Synthesis of 4-bromo-3-butyl-5-bromomethylene-2(5H)-furanone from B-bromo-f-
lithioacrylate and acetic anhydride
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Scheme 8.3 Synthesis of 4-bromo-3-butyl-5-bromomethylene-2-(5H)-furanone  from
N-arylmaleimide

5-hydroxy-5-methyl-4-bromo-3-butyl-2(5H)-furanone, which could be con-
verted into the desired 4-bromo-3-butyl-5-bromomethylene-2(5H)-furanone via
sequential dehydration, bromination and dehydrobromination steps (Caine and
Ukachukwu 1985) (Scheme 8.2).

A more recent methodology made use of N-arylmaleimide as a starting material
to generate the key butylmaleic anhydride intermediate, which was subjected to
Grignard conditions followed by the standard transformation to yield the target fim-
brolide in moderate overall yield (Haval and Argade 2007) (Scheme 8.3).

The synthesis of fimbrolides bearing oxygen functionality in the alkyl side
chain is more difficult. Early efforts were directed at the incorporation of an oxy-
genated butyl side chain via aldol or Grignard methodologies into an appropriately
substituted furan to furnish 3-(1’-hydroxybutyl)-4-bromo-5-hydroxy-5-methyl-
2(5H)-furanone (Jefford et al. 1989) (Scheme 8.4) and 3-(1’-acetoxybutyl)-5-hy-
droxy-5-methyl-2(5SH)-furanone (Kotsuki et al. 1983) (Scheme 8.5), respectively.
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Scheme 8.4 Synthesis of 3-(1'-hydroxybutyl)-4-bromo-5-hydroxy-5-methyl-2(5SH)-furanone via
aldol reaction
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Scheme 8.5 Synthesis of 3-(1'-hydroxybutyl)-4-bromo-5-hydroxy-5-methyl-2(5H)-furanone via
Grignard chemistry
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Scheme 8.6 Synthesis of 1’-acetoxyfimbrolide

These compounds may be similarly transformed into the corresponding 5-bromo-
methylene compounds using the methodology described above.

More recent methodologies targeted the side chain functionalization of the par-
ent 3-butyl-2(5H)-furanone molecule. An elegant synthesis to the oxygenated fim-
brolides involved the cyclisation of the y-monosubstituted allenic ester with
N-bromosuccinimide (NBS) to generate 4-bromo-3-butyl-5-methyl-2(5H)-fura-
none. This intermediate was treated again with NBS and silver acetate to produce
3-(1'-acetoxybutyl)-5-hydroxy-5-methyl-2(5H)-furanone, followed by the standard
transformation to yield the desired 1’-acetoxyfimbrolide (Font et al. 1990; Demarch
et al. 1995) (Scheme 8.6). Alternatively, the functionalization may be performed
after the 5-bromomethylene moiety had been introduced (Read and Kumar 1999)
(Scheme 8.7). These compounds can be further modified at C1’ to generate a variety
of new analogues.

Desbutyl analogues of fimbrolides were efficiently synthesized by the condensa-
tion of an arylacetone with glyoxylic acid to form the 3-aryl-4-oxo-2-alkenoic acid
intermediate, which could be transformed in three steps to the 4-aryl-3-bromo-5-
methylene-2(5H)-furanone (Kumar and Read 2004) (Scheme 8.8). Interestingly,
condensation with 4,4-dimethyl-2-pentanone gave the C1 regioisomer instead,
which could be brominated and cyclized under the appropriate conditions to yield
either the 3-bromo- or 4-bromo-5-alkylidene-2(5H)-furanone (Zhang et al. 2009,
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Scheme 8.9 Synthesis of 3-bromo- or 4-bromo-5-alkylidene-2(5H)-furanone, and further reac-
tions under Suzuki-Miyaura condition to generate 3-aryl and 4-aryl-fimbrolide analogues

2011). These compounds were subjected to the Suzuki-Miyaura reaction to gener-
ate 3-aryl and 4-aryl-fimbrolide analogues (Scheme 8.9). Similarly, new 4-aryl and
heteroaryl substituted furanones could be synthesized using 5-bromomethylene-
and 4-bromo-5-bromomethylene-2(5H)-furanones as the starting compounds
(Zhang et al. 2011).
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These syntheses aim to generate a broad range of synthetic fimbrolide analogues
for antimicrobial screening and the investigation of structure-activity relationships.
Methods exist for the development of a wide range of analogues with variations in
the bromination pattern, substitution on the 5-methylene group, alkyl chain length
and functionalization, and oxidation level of the furanone molecule. To date, over
300 furanone analogues have been generated and screened in a variety of antimicro-
bial and biofouling assays (de Nys et al. 2006b).

8.6 Synthesis of Lactam Analogues

A related structure to the 2(5H)-furanones is the 1, 5-dihydropyrrol-2-ones.
Although numerous methods exist for the generation of the lactam scaffold, few
target the direct analogues of the fimbrolides, namely, the 4-bromo-5-
bromomethylene-1,5-dihydropyrrol-2-ones. The synthesis of these brominated lac-
tam analogues therefore represents a relatively new area of research. An early
methodology reported the synthesis of 1-benzyl-4-bromo-5-hydroxy-5-(n-heptyl)-
1,5-dihydropyrrol-2-one via the halolactamization of allenamides with copper (II)
bromide (Ma and Xie 2005) (Scheme 8.10).

Building on this work, the analogous 1-benzyl-4-bromo-5-hydroxy-5-methyl-1,5-
dihydropyrrol-2-one was synthesized and subjected to the standard dehydration-
bromination conditions to yield the 5-bromo-5-bromomethylpyrrolone (Scheme 8.11).
Attempted dehydrobromination with diazabicycloundecene (DBU), however, failed to
give the desired 5-bromomethylene compound, presumably due to the increased steric
bulk of the N-benzyl moiety which is absent in the furanone system (Goh 2008).

An alternative strategy to the de novo construction of the pyrrol-2-one nucleus
via cyclization reactions is the lactone-lactam conversion. Recently, it was reported
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Scheme 8.10 Synthesis of 1-benzyl-4-bromo-5-hydroxy-5-(n-heptyl)-1,5-dihydropyrrol-2-one
via the halolactamization of allenamides with copper (II) bromide
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Scheme 8.11 Synthesis of 1-benzyl-4-bromo-5-bromo-5-bromomethylpyrrolone and attempted
dehydrobromination with DBU
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Scheme 8.12 A direct lactone to lactam conversion for the synthesis of dihydropyrrol-2-ones
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Scheme 8.13 The postulated mechanism of action of the lactone-lactam conversion

that 4-bromo-5-bromomethylene-1,5-dihydropyrrol-2-one could be efficient pre-
pared from the lactamization of the corresponding fimbrolides, followed by dehy-
dration (Goh et al. 2007) (Scheme 8.12).

This method circumvents the sterically demanding tribromo intermediate and the
desired lactam analogues are formed in high yields. The mechanism of the lactone-
lactam conversion is postulated to involve the ring-opening nucleophilic attack of
the amine to the carbonyl carbon to form an amide intermediate. Subsequent keto-
enol tautomerism to the keto form followed by intramolecular cyclization yields the
y-lactam ring (Goh et al. 2007) (Scheme 8.13).

The widespread occurrence of the 1,5-dihydropyrrolone system in natural prod-
ucts and biologically active compounds provides impetus to the continuing investi-
gation and development of synthetic methods for this class of compound.

8.7 Bioactivity of Synthetic Analogous

In attempts to improve the safety and stability of the naturally occurring fimbro-
lides, several groups have embarked on the synthesis of structural analogues. Lonn-
Stensrud et al. used four furanones resembling natural brominated furanones of D.
pulchra and seven synthetic halogenated furanones (Lonn-Stensrud et al. 2009).
These authors compared the ability of these compounds to prevent Staphylococcus
epidermidis infections, and their safety. Two of the synthetic analogues, (Z)-5-
(bromomethylene)furan-2(5H)-one and (Z)-3-bromo-5-(bromomethylene)furan-
2(5H)-one, were able to inhibit the growth of S. epidermidis by interference with the
AI-2 cell signalling system (Defoirdt et al. 2006; Lonn-Stensrud et al. 2007). In
addition, these compounds had no irritative or genotoxic effects when tested in
chicken eggs or when fed to mice. Indeed, feeding the mice for 21 days with the
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furanones did not alter the expression of 30,000 genes when tested on a mouse
microarray (Lonn-Stensrud et al. 2009).

Kozminykh et al. tested various analogues of 3(2H)furanones and found varying
antimicrobial activity against S. aureus P-209 strain (Kozminykh et al. 1993). Gein
et al. used 4-aroyl-3-hydroxy-2,5-dihydrofuran-2-ones and found growth inhibitory
activity against the same S. aureus strain and E. coli strain M-17 (Gein et al. 2000).
Another derivative of furanones, 3-arylidene-5-(biphenyl-4-yl)-2(3H)-furanones,
were effective as antimicrobial agents against S. aureus and E. coli, with minimum
inhibitory concentrations (MIC) ranging from 10 to 100 pg/mL (Khan and Husain
2002). Ren et al. showed that (52)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone inhibited the growth and swarming motility of Bacillus subtilis in a dose
dependent manner (Ren et al. 2002). Additionally this compound decreased the bio-
film thickness produced by this bacterium by up to 25 %, decreased the number of
water channels in biofilms (showing effects on biofilm structure), and reduced the
number of live cells by 63 %. Janssens et al. synthesized a small focused library
of brominated furanones and tested their activity against S. enteric serovar
Typhimurium biofilm formation (Janssens et al. 2008). Salmonella enterica serovar
Typhimurium is a main cause of bacterial food-borne diseases. Several brominated
furanones including (Z)-4-bromo-5-(bromomethylene)-3-alkyl-2(5H)-furanone had
inhibitory effects on Salmonella biofilm formation. Interestingly, pre-treatment
with the furanone rendered Salmonella biofilms more susceptible to antibiotic treat-
ment. In the same study, a microarray was performed to analyse the gene expression
profiles of Salmonella in the presence of (Z)-4-bromo-5-(bromomethylene)-3-ethyl-
2(5H)-furanone and the result demonstrated interference with the synthesis of fla-
gella by Salmonella.

By using DNA microarrays, Hentzer et al. found that the synthetic 4-bromo-5-
(bromomethylene)-2(5H)-furanone repressed 85 genes of Pseudomonas aerugi-
nosa PAO1, 80 % of which are also induced by Al-1 QS (Hentzer et al. 2003).
Studies with a collection of structurally similar synthetic fimbrolides suggest that
the conjugated exocyclic vinyl bromide on the furanone ring is the most important
structural element for the non-toxic but inhibitory activity for Escherichia colibio-
film formation (Han et al. 2008). Furanones bearing monosubstituted bromide
groups on saturated carbons were found to have a toxic effect that attenuated the
bacterial growth. Fimbrolides do not affect the size of the bacterial colony, or its
growth, but rather they are able to inhibit biofilm formation and the swarming motil-
ity (Ren et al. 2001; Hentzer et al. 2002). This is said to occur through their interfer-
ence with the AI-2 bacterial signalling system (Ren et al. 2004a).

Synthetic derivatives of (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-
furanone substantially reduced the growth of B. anthracis Sterne strain as well as
inhibiting the expression of pagA, lef, or cya virulence genes (Jones et al. 2005).
Streptococcus species are found on teeth, and in the gastrointestinal and genitouri-
nal tracts. In some Streptococci, the AI-2 system is reported to be involved in viru-
lence expression and biofilm formation (Lonn-Stensrud et al. 2007). A synthetic
halogenated furanone (Z)-5-bromomethylene-2(5H)-furanone inhibited biofilm for-
mation by Streptococcus anginosus, Streptococcus intermedius, and Streptococcus
mutans, as well as bioluminescence induction by Vibrio harveyi BB152 (Lonn-
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Stensrud et al. 2007). The authors suggested that the effect was linked to interfer-
ence with the AI-2 signalling pathway because adding furanone to the medium had
no effect on the ability of the Al-2-defective S. anginosus luxS and S. intermedius
luxS mutants to form biofilms.

Fimbrolides have also been reported to have antifungal properties (Holmstrom
and Kjelleberg 2001). Duo et al. showed that brominated furanones can inhibit the
growth of Candida albicans (Duo et al. 2010). This study examined ten structurally
related furanones and found that the exocyclic vinyl bromide conjugated with the
carbonyl group was the most important element for fungal inhibition. Using DNA
microarrays, the authors demonstrated that the synthetic furanones, (5Z)-4-bromo-
5-(bromomethylene)-3-butyl-2(5H)-furanone, upregulated 32 C. albicans genes
with functions in the stress response, NADPH dehydrogenation, and small molecule
transport. However, 21 genes involved mainly in cell-wall maintenance were
repressed.

Alam et al. conducted a series of bioactivity studies with 3-arylidene-5-(4-
chloro-phenyl)-2(3H)-furanones and their nitrogen analogues 1-benzylpyrrolones
such as anti-inflammatory, analgesic, ulcerogenic and lipid peroxidation actions
(Alam et al. 2009). The studies have shown that 1-benzyl pyrrolones containing
halogen groups such as 3-(4-chloro-benzylidene)-5-(4-chloro-phenyl)-1-benzyl-
2(3H)-pyrrolone and 3-(4-fluoro-benzylidene)-5-(4-chlorophenyl)-1-benzyl-2(3H)-
pyrrolone showed high degrees of anti-inflammatory activity using a rat paw model
of oedema. Their activity was comparable to that of Ibuprofen, a non-steroidal anti-
inflammatory drug used as a standard. These compounds showed an interesting pro-
file of analgesic activity in acetic acid induced writhing test (peripheral effect;
abdominal constriction in mice after injection) and in the hot-plate test (central
effect; effect of increasing temperature on behaviour of mice standing on the hot-
plate). The compounds were also tested for their ulcerogenic and lipid peroxidation
action and showed superior gastrointestinal safety profile along with reduction in
lipid peroxidation as compared to that of the Ibuprofen standard.

8.8 Applications of Halogenated Furanones

A major barrier to the long-term use of medical devices is in the development of
infection. Various methods have been investigated for the binding of furanones to
the surfaces of polymers used in the manufacture of medical devices. These tech-
niques include direct surface attachment, polymerisation and physical adsorption.
The surface attachment of furanones to biomaterials can be efficiently achieved
via the nitrene insertion reaction (Al-Bataineh et al. 2006). This strategy has been
used to attach furanones onto catheters (Hume et al. 2004). Silastic Tenckhoff cath-
eters were first coated with plasma-activated heptylamine vapour to generate
surface amino groups. Treatment with polyacrylic acid (MW 250,000) in the pres-
ence of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC)
gave carboxyl-terminated chains, followed by EDC coupling of 4-azidoaniline to
the carboxyl moiety. Finally, nitrene insertion of 3-(1’-bromohexyl)-5-
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Scheme 8.14 Surface immobilization of furanones on biomaterial

dibromomethylene-2(5H)-furanone under UV irradiation gave the target material a
surface bromine concentration of approximately 0.48 at.% (Scheme 8.14).
Alternatively, a thickness controllable azide surface can be prepared by an azido
silane linker, followed by nitrene insertion of furanone to give the desired furanone
coating (Al-Bataineh et al. 2009).

Using an atom transfer polymerisation technique, styrene or acrylate were poly-
merised in the presence of a 3-(1’'-bromohexyl)-5-dibromomethylene-2(5H)-fura-
none (Hume et al. 2004). This technique generates polymers with terminal furanone
groups. Alternatively, bulk polymerisation uses 3-(1’-acryloyloxyalkyl)-furanone
with acrylate to produce copolymers with furanones incorporated along the length
of the chain (Hume et al. 2004; Baveja et al. 2004a). The covalently attached
3-(1’-bromohexyl)-5-dibromomethylene-2(5H)-furanone can reduce biofilm for-
mation in S. epidermidis in vitro by 89 % for polystyrene coated furanones disks
and 78 % by furanone-coated catheters (Hume et al. 2004).

Furanones can also be physically adsorbed directly on to surfaces. A solution of
3-(1’-bromohexyl)-5-dibromomethylene-2(5H)-furanone in ethanol (1 mg/mL) was
applied to polymer materials and allowed to evaporate to give 40 pg/cm squared (or
cm?) (Konig and Wright 1996) of furanone. The furanone compound significantly
inhibited the growth of S. epidermidis on the surfaces exposed to inoculum of 1 x 107
colony forming units/mL and reduced slime deposition on materials by 30-90 %,
depending of the type of polymer tested (Baveja et al. 2004b). Further, the com-
pound did not incite an acute inflammatory response either in vitro or in vivo (Baveja
et al. 2004b). Their excellent biological performance, combined with their antibac-
terial properties, suggests that this furanone compound could be an effective anti-
infective coating for implantable devices.

Zhu et al. investigated the antibacterial activity of furanone on commercially
available contact lenses (Zhu et al. 2008). They found that furanone-coated lenses
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reduced the adhesion of bacterial strains such as Pseudomonas aeruginosa,
Staphylococcus aureus, Serratia marcescens, and the protozoan Acanthamoeba
spp., with a reduction of cells on surfaces between 67 and 92 %. This group was also
the first to demonstrate the safety of the furanone-coated lenses in animals and
humans. Guinea Pigs wore the furanone-coated contact lenses for 1 month, and
showed no differences in their ocular responses; neither conjunctival redness nor
corneal staining were found to be different between test and control lenses (Zhu
et al. 2008). Human volunteers wore furanone-coated lenses for one day and one
night. The ocular response was not different to that obtained when using uncoated
lenses. The only significant difference was the subjects noticed the edge of the
lenses when wearing the furanone-coated lenses more than when wearing the con-
trols, but this may have been due to increased manipulation of lenses during the
coating process rather than the furanones themselves (Zhu et al. 2008).

Another emerging application of fimbrolides is in food preservation. In their
work, Shobharani and Agarwal (2010) demonstrated an increase in the shelf life of
fermented milk prepared by culturing the probiotic Leuconostoc mesenteroides in
the presence of 2(5H)-furanone and bromofuranone. Usually this nutritious drink is
easily spoiled by the growth of a large number of microorganisms, especially
Pseudomonas spp. Their studies showed reduced motility, reduced acyl homoserine
lactone (HHSL and BHSL), low rhamnolipid content and reduced exoprotease
activity of Pseudomonas spp. when furanone was used as a supplement.

8.9 Effects of Dihydropyrrolones (DHP)

In the process of imitating structures of antibacterial fimbrolides, a related structure,
1,5-dihydropyrrol-2-one, was also found to possess anti-QS and antibiofilm activi-
ties. The direct lactone-lactam conversion mentioned previously allows the unique
bromination pattern on the fimbrolide to persist, as well as providing high yields
(Goh et al. 2007). More importantly, the lactam ring system is hydrolytically more
stable, making it less susceptible to lactonolysis (ring opening) in physiological
conditions (Yates et al. 2002; Byers et al. 2002). A range of DHPs were successfully
synthesized and has shown excellent anti-biofilm activity against S. epidermidis, P.
aeruginosa and E. coli when present in solution (Kumar and Iskander 2007). Some
of these compounds exhibited superior activity with 93 % reduction in biofilm for-
mation of E. coli at concentration as low as 6 pM, with minimal cytotoxicity.

8.10 Surface Attachment of DHP as Antimicrobial Coating

The first successful strategy for the immobilization of DHP was achieved by cou-
pling of acrylate-functionalized DHP onto an amino-functionalized surface via a
Michael-type addition reaction (Fig. 8.5) (Ho et al. 2010). The DHP-coated surfaces
were able to prevent the formation of biofilm by P. aeruginosa and S. aureus, and
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Fig. 8.6 Representative images of a mouse after 5 days of subcutaneous injection of (a) untreated,
(b) process control, and (¢) DHP polyacrylamide beads. (d) Average numbers of bacteria recov-
ered from explanted biomaterials and associated tissue (Reproduced with permission from
American Society for Microbiology (Ho et al. 2012))

these surfaces showed significant reductions in bacterial adhesion without increased
killing levels for both strains of bacteria.

A similar attachment strategy was also applied on a polymeric bead substrate
(Ho et al. 2012), and the substrate was found to be effective in reducing the number
of culturable clinical isolates of S. aureus in a dose-dependent manner in vitro.
Moreover, in vivo tests have shown that the DHP-coated beads are able to reduce the
pathogenic potential and the bacterial load in a subcutaneous S. aureus infection
model (Fig. 8.6). Importantly, the DHP beads did not cause any apparent adverse
effect on the mice and appeared to be biocompatible.
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The immobilization of DHP was further examined using the highly efficient
click or copper-catalyzed azide-alkynel,3-dipolar cycloaddition (CuAAC) reaction
(Ho et al. 2014). The DHP was first functionalized with either an azide- or alkyne-
functional group, followed by the copper-catalyzed reaction with the corresponding
alkyne- or azide-functional surfaces. This strategy yield twice the surface concen-
tration of DHP compared to the surfaces developed earlier using the Michael addi-
tion reaction. The optimized DHP coatings exhibited a significant improvement in
reducing the bacterial adhesion and biofilm formation for P. aeruginosa and S.
aureus cells, with observed reductions in attachment of up to 97.3 % and 96.8 % for
P. aeruginosa and S. aureus, respectively (Ho et al. 2014). Importantly, these cova-
lently bound DHPs were found to disrupt the quantum sensing (QS) of P. aerugi-
nosa by interference with the AHL-mediated las QS system (Ho et al. 2014). This
result indicated that covalently bound QS inhibitor can interact directly with the cell
wall or cell membranes of bacteria, suggesting the existence of membrane QS
receptors. This finding further affirms the potential of surface-bound QS inhibitors
as effective antibacterial coatings.

8.11 Conclusion

The discovery of antifouling marine organisms and their secondary metabolites
opens up new avenues for the development of antimicrobial agents for the control of
bacterial infections. Fimbrolides, synthetic furanones and their analogues show
promising activity in their ability to disrupt bacterial QS for both Gram-negative
and Gram-positive bacteria at sub-bactericidal concentrations. Such a non-
conventional action that acts without killing, is unlikely to induce evolutionary
stress and therefore is believed to decrease the opportunity for development of resis-
tance. Despite the promising activities of fimbrolide and their analogues, the com-
plete mechanism of action is not yet understood, nor are their possible side effects.
Indeed, if these compounds only interfere with the QS systems of microbes, then
our understanding of these systems may need to be refined in order to accommodate
the fact that the fimbolides and analogues are active when covalently bound to a
surface. Therefore, a thorough understanding of the effects of these compounds is
needed to uncover the therapeutic potential of these agents.
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