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Abstract

Quartz crystal microbalance with dissipation monitoring (QCM-D) was used to continuously
monitor cell attachment and growth of Streptococcus mutans (+/-1 % (w/v) sucrose) and Candida
albicans (+/-10 % (v/v) horse serum) as biofilms within an overnight period of approximately 20
h. S mutans biofilms generated using a ‘continuous flow’ method had a greater mass and were
more dissipative (more viscoelastic) than those established using an ‘attach and flow’ strategy
with or without 1 % sucrose. Biofilms of C. albicans grown with 10 % horse serum had a greater
mass and were more dissipative than those grown without the addition of horse serum. Cell
numbers (as colony forming units, c.fu.) in QCM-D derived biofilms after a 2-h attachment
phase and during a ~20-h growth period could be related to frequency (f) changes and these
increased after growth of S. mutans and C. albicans. The energy losses displayed by the
increases in the dissipative factor (D) indicated an increase in ‘softness’ of the attached cells. The
ratio of D/f was used to provide information of the way in which viscoelasticity changed per unit
mass. For S. mutans flow conditions over the cells on the surface appeared to be important in
creating biofilms of a greater complexity and stability and the QCM-D enabled properties of cells
during attachment and binding, proliferation and removal to be monitored continuously. The
percentage surface coverage on the QCM-D crystals by biofilms was estimated using the surface
analysis features of the atomic force microscope and image analysis software. Mean percentage
coverage also increased after the growth of these organisms. Mean percentage coverage was also
increased after the overnight growth of C. albicans in the presence of horse serum. QCM-D was
also used to create in situ a Zetag® / 7 nm diameter silica nanoparticulate surface and a silver-
nanoparticulate surface (AgNPs). The influence of the Zetag / silica nanoparticulate surface was
assessed in terms of the responses in f and D on the growth of S. mutans and C. albicans as
biofilms. Biofilms of S. mutans had a reduced mass and viscoelasticity when grown on this
modified surface and also showed increased variability in terms of their complexity and stability
as shown by the D/f ratio.  Biofilms of C. albicans showed a reduced level of viscoelasticity as
indicated by a reduced D factor and reduced complexity indicated by the D/f ratio. Biofilms of C.
albicans grown upon an AgNPs surface showed reduced mass and viscoelasticity in comparison
with the growth on an unmodified surface and growth upon the various stages of surface creation
ie. an MUA Self Assembled Monolayer and a hydrazide surface. AFM images and analyses
supported the presence of cells on these surfaces, as well as the reduction in cell number due to

inhibition by nanoparticles.
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Chapter 1. Introduction.

1.1. Biofilm Formation.

Solid-liquid interfaces provide an ideal environment for attachment and growth of
biofilms that are generally described as “surface-associated microbial communities
surrounded by an extra-cellular matrix comprising exopolysaccharide (EPS)
surrounded micro-colonies” (Donlan 2002, Donlan & Costerton 2002, Stickler 1999).
The majority of bacterial species preferentially exist as biofilms in natural ecosystems
and the biofilm matrix has been described as a dynamic environment in which the
microbial cells are optimally organised to make use of all available resources
(Sutherland 2001).  Biofilms can range from thick confluent layers of cells, as
observed in dental plaque or urinary catheter biofilms, to dispersed micro-colonies or
stacks of cells protruding from a thin basal layer (Stickler 1999, Donlan 2002). Cells
can also cluster together in pillar and mushroom-like structures through which water
filled channels run that are thought to constitute primitive circulatory systems
(Wimpenny et al. 2000). What has become apparent is that cells growing as
biofilms behave quite differently from the same organisms grown planktonically.
Biofilms can be considered as micro-ecosystems in which the single or multi-species
consortia efficiently cooperate in order to reduce environmental stress and to facilitate

effective nutrient uptake (Gottenbos et al 1999).

The stages of biofilm formation appear to be similar across a wide range of microbes,
from initial microbial adhesive interactions with a substratum, aggregation, growth,

maturation and maintenance of architecture (O’Toole 2003, Bos ef al 1999). These are



-

described in Fig 1.1. This well-documented sequence of events occurs in the presence
of organic matter that comprises a ‘conditioning film’ of adsorbed components
formed on a surface prior to the arrival of the first organisms and influences the
pattern of initial microbial colonization (Marsh 2004). This is generally thought to be
due to the fact that transport and adsorption of molecules to a substratum proceeds
relatively quickly compared to that of microorganisms (Bos ef al. 1999). If we take
the example of biofilm formation within the oral environment, the initial ‘pioneer
organisms’ initially adhere to salivary components that are adsorbed to the oral cavity
surfaces. Furthermore the salivary proteins and components of saliva are tightly
bound by tooth enamel providing epitopes for recognition by streptococci (Jenkinson

& Lamont 2005).

Transport of microorganisms to a substratum, is the second step in biofilm formation,
which is thought to occur by different mechanisms depending upon the system under
consideration i.e. through diffusion, convection, sedimentation or active movement
after which the initial adhesion of cells can occur (Gottenbos et al 1999, Bos et al
1999). Microbial adhesion is mediated by specific interactions between cell surface
and the substratum surface or by non-specific interaction forces, including Lifshitz-
Van der Waals forces, electrostatic forces, and Brownian motion forces.  Organisms
will be attracted or repelled by the surface depending on their overall surface charge
in relation to that of the surface. Van der Waals forces and Brownian motion generally
promote adhesion while electrostatic interactions will generally be either repulsive or
attractive. Alternatively, microorganisms in suspension may be transported toward
each other and microbial co-aggregates can be formed (Gottenbos et al. 1999, Bos et

al. 1999).



Figure 1.1:

diffusion
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Figure 1.1. Schematic representation of the steps involved in biofilm formation. 1) The
existence of a ‘conditioning film’ on a substrate surface. 2) Transport of microbes to the
substrate surface, by means such as diffusion or convection. 3) Initial adhesion of microbes
to the substratum surface. 4) Further microbial attachment. 5) Growth of the microbial biofilm
and 6) subsequent detachment of portions of the biofilm. (Reproduced from Gottenbos ef al.

1999).



Subsequently, microbial adhesion (either of single organisms or co-aggregates)
occurs. This adhesion can include recognition of oligosaccharide receptors by protein
adhesins, and protein-protein interactions (Ruhl et al. 2004, Li et al. 2001). Co-
adhesion of late colonizers to early colonizers in the case of oral biofilms involves
specific interbacterial adhesin-receptor interactions (often involving lectins) and leads
to an increase in the diversity of the biofilm and unusual structures (Marsh 2004).
Adhesion is strengthened by the secretion of exopolymeric substances (or
exopolysaccharide —~EPS) by the adhering microoganisms (Gottenbos et al 1999, Bos
et al 1999). The EPS is a major constituent of the biofilm ‘matrix’. This is a dynamic
environment in which component microbial cells are organised to make use of
available nutrients. Although EPS provides the matrix framework, it has been found
that a wide range of enzyme activities can be found within the biofilm. The steady
state which is achieved through the biofilm matrix can be radically altered by
applying physical forces such as high shear or via externally or internally generated
ones that cause the detachment and loss of regions of the biofilm. Much of the matrix
is actually water (Zhang et al 1998). Water binding by cells and water mobility are
integral to the diffusion processes that occur within the biofilms. Apart from water,
the biofilm matrix is a complex of secreted polymers, absorbed nutrients and
metabolites, products from cell lysis and even particulate material and detritus from

the environment (Sutherland 2001).

After the initial stages of microbial adhesion, eventually adhering microorganisms
start growing, which is the major factor contributing to large numbers of cells found
on substratum surfaces. Mature biofilms are highly organized communities of

microorganisms where the constituent organisms are phenotypically different from



their planktonic counterparts (Jenkinson & Lamont 2005, Stoodley et al. 2002)
Biofilm integrity is a complex interaction between surface growth of attached
microorganisms, continued secretion of exopolymers and localised detachment of
biofilm organisms caused by occasional high fluid shear or other detachment forces.
Furthermore, as the number of the biofilm organisms increases, growth rates will
decrease due to nutrient and oxygen limitations and accumulation of organic acids,
eventually leading to a stationary biofilm thickness, where adhesion and growth

counterbalance detachment (Gottenbos et al 1999).



1.2 Methods of study

In the oral cavity, as well as in all natural and industrial settings, bacterial adhesion to
exposed surfaces is inevitable (Otto et al 1999). During recent years the structure of
biofilms from many different environments have been studied by a variety of
microscopic, physico-chemical and molecular biology techniques, revealing complex
3D structures. Initially, it was believed that a biofilm could be represented as a
largely 2D structure with constant thickness. Examples of such systems were
presented graphically by Costerton ez al. (1981). New technologies including the
confocal laser scanning microscopy (CLSM), the Differential Interference Contrast
Microscope (DIC microscope), and microelectrodes revealed new ideas about biofilm
architecture and activity (Wimpenny ef al. 2000). The traditional planar view came
from dental researchers studying transmission electron microscopy (TEM) of plaque
samples (Nyvad & Fejerskov, 1997).  Also, Keevil et al. (1992) and his colleagues
used DIC microscopy to examine samples growing on the inner surfaces of water
distribution systems. This study revealed stacks consisting of microcolonies of
bacteria held together by exopolysaccharide and appearing as columns surrounded by
a liquid phase. Below the stacks there appeared to be a layer of cells about 5 microns
thick attached to the substratum — the “heterogeneous mosaic model” (Keevil et al
1992). The third type of biofilm model has led to the current idea of a microbial
biofilm - the mushroom model. Here CLSM coupled with the use of fluorescent
markers have revealed bacterial biofilms forming mushroom shaped structures with
stalks narrower than the upper surface parts, the whole penetrated by channels through

which a liquid phase is free to move with the prevailing flow. Liquid flow ensures



nutrient and oxygen transfer around and between the mushroom structures (de Beer et
al. 1994). CSLM has proven to be extremely useful in the most recent studies of
biofilm development and architecture. Jin et al. (2005) used the technique to illustrate
cell viability and to visualise EPS and differential production of this material in
mature C. albicans biofilms (Jin ef al. 2005). Similarly, and even more recently the
technique was also employed for the provision of evidence of biofilms in patients with

chronic rhinosinusitis (Psaltis ef al. 2007).

Many problems have been associated with the study of biofilms — classical
microbiological studies of biofilms have involved methods that require the removal of
the biofilm sample from its natural environment. This obviously leads to problems of
sample integrity and usually leads to altered or damaged biofilms. On-line detection
of biofilms has been achieved by both microscopic and analytical techniques. More
recently, a wide range of experimental methods have become available to study the
formation and development of biofilms. Two major developments in the last decade
have dramatically impacted on our understanding of biofilms: the utilization of the
CLSM to characterise biofilm ultra-structure and investigations of the genes involved
in cell adhesion and biofilm formation (Donlan 2002). CSLM increased the
resolution of 3-D images of biofilms as well as Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy has provided information about the inner portions of
biofilms (Nivens et al 1993). Whilst these techniques have enabled the investigation
of biofilms mostly non-destructively, few techniques have mastered being able to

measure the development and stability of biofilms non-destructively and in real-time.



Extensive work has also been performed on the investigation of the genetic factors
involved in the developmental processes occurring during biofilm formation. For
example, markers with bound fluorescent dyes can target for specific gene sequences
to identify their presence (fluorescent in-situ hybridisation; FISH), in addition
oligonucleotide fragments may be inserted into bacterial DNA to produce a green
fluorescent protein (GFP) “signal” when the corresponding gene is turned on (Ten
Cate 2006). Branda ef al (2001) demonstrated spore specific gene expression within
localised regions of Bacillus subtilis biofilms and Finelli et al (2003) used in-vivo
expression to study genes expressed in mature Pseudomonas aeruginosa biofilms. It
is thought that up- and down regulation of a number of genes occurs in the attaching
cells upon initial interaction with a substratum surface. Up-regulation of algC in P.
aeruginosa cells within minutes of attachment to surfaces in a flow cell surface has
been demonstrated (Davies & Geesey 1995) and up-regulation of genes encoding
enzymes involved in glycolysis or fermentation in biofilms of Staphylococcus aureus
has been proposed to be a result of oxygen limitation in the developed biofilm
(Becker et al. 2001). Proteins formed by biofilms are the virulence factors for
bacterial survival and proliferation (ten Cate, 2006) and even more recently
Senadheera et al. (2007), discovered that S. mutans VicX controls several
physiological properties important for growth, adherence, biofilm formation, genetic
transformation and oxidative stress tolerance, highlighting the importance of the vic
locus in modulating virulence attributes in S. mutans (Senadheera et al. 2007). In
addition virulence factors such as glucosyltransferases (GFT’s) which catalyse the
formation of the polysaccharide matrix in biofilms can be assessed to monitor the risk

for disease (ten Cate 2006).



1.3. Quorum sensing

The term ‘Quorum Sensing’ is used to describe the phenomenon whereby the
accumulation of signalling molecules enable a single cell to sense the number of
bacteria (cell density) with the purpose of co-ordinating their behaviour in response to
changing environmental conditions. These include adaptation to the availability of
nutrients, defence against other microorganisms and avoidance of toxicity, and to

coordinate their virulence in order to avoid the immune response of the host.

In Gram-negative bacteria such as Pseudomonas aeruginosa, quorum sensing has
been discovered to play an important role in biofilm differentiation (Parsek &
Greenberg 2000). Gram-positive bacteria also have been shown to communicate
using a number of different signals. The system generally consists of three
components, a signal peptide and a two-component regulatory system (also called
two-component signal transduction system or TCSTS) that has a membrane bound
histidine kinase sensor and an intracellular response regulator (Cvitcovitch er al 2003,
Kleerebezem et al 1997). Quorum sensing in biofilm formation in gram-positive
organisms was shown in a study of Streptococcus gordonii where a biofilm defective
mutant was found to have a transposon insertion in the comD gene encoding the
histidine kinase sensor protein of the TCSTS required for genetic competence (Loo et
al 2000). Cvitcovitch et al. (2003) explained that in S. mutans, the quorum sensing
system functions optimally in growing biofilms. The biofilm environment provides
conditions for optimal cell-cell peptide signalling systems to activate genetic
competence and to facilitate genetic exchange. In dental biofilms, bacteria including

S. mutans are frequently exposed to environmental stresses. Genetic transformation



provides a selective advantage such as virulence factors or antibiotic resistance to the
recipient cells and as well as this the biofilm environment facilitates cell-cell

mechanisms (Cvitcovitch et al. 2003).

1.4. Prevention of biofilms.

Because biofilm microorganisms elicit specific mechanisms for initial attachment to a
surface and subsequent growth and differentiation into microcolonies, they are robust
and difficult to eliminate. Microbial biofilms are ubiquitous in nature and this has
led to the realisation of their importance medically, commercially and industrially.
This has subsequently resulted in the study of a number of infectious disease
processes from a biofilm perspective. Cystic fibrosis, native valve endocarditis, otitis
media, periodontitis, and chronic prostatitis all appear to be caused by biofilm-
associated microorganisms (Donlan 2002). A spectrum of indwelling medical devices
or other devices used in the health-care environment have been shown to harbour
biofilms, resulting in measurable rates of device-associated infections. It has been
shown that biofilms of potable water distribution systems have the potential to
harbour enteric pathogens, L. pneumophila, nontuberculous mycobacteria, and
possibly Helicobacter pylori (Donlan 2002). Characteristics of biofilms that can be
important in infectious disease processes include detachment of cells or biofilm
aggregates which may result in infections or exchange of antibiotic resistance
plasmids within biofilms due to enhanced cell-cell contacts. It is well documented
that cells in biofilms have dramatically reduced susceptibility to antimicrobial agents

(Ramage ef al. 2006, Leung et al. 2005, Marsh, 2004).
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1.5. Biofilms in the clinical environment

Research on microbial biofilms is extensive, with particular emphasis on elucidation
of the genes specifically expressed by biofilm-associated organisms and evaluation of
various control strategies for either preventing or remediating biofilm colonization of
medical devices, and development of new methods for assessing the efficacy of these

treatments.

Microbial biofilms readily develop on all types of devices especially on urinary,
endotracheal, intravenous and other types of catheters and implants inserted into more
than 25% of patients during hospitalisation (Hazan et al. 2006). The detrimental
effects of microbial biofilm infections have generated efforts to prevent their
formation particularly on indwelling medical devices using chemical and mechanical
approaches. Catheters coated with hydrogel, silver salts and antimicrobials have been
evaluated; however they provide minimal reduction in infection incidence (Thibon et
al. 2000). Much of the focus thus far has been on increasing biofilm sensitivity to

antibiotics (Rediske et al. 2000).

In addition, the detection of biofilms is a problem because laboratory procedures
have developed around the use of planktonic bacteria to identify infection (Choong &
Whitfield 2000). The failure of antimicrobial agents to treat biofilms has been
attributed to a variety of mechanisms, for example; extrinsic resistance where the
glycolyax restricts access and diffusion of antimicrobial agents to the deeper lying

bacteria. Most studies have shown unimpaired antimicrobial diffusion into biofilms;
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however betalactamase-producing organisms increase enzyme production in response
to antibiotic exposure. This enzyme is believed to accumulate in the biofilm matrix as
a result of secretion or cell lysis, deactivating betalactam antibiotics in the surface
layers more rapidly than they diffuse into the biofilm (Fux et al. 2005).  Also, the
growth rates of bacteria within a biofilm vary widely. Slow-growing bacteria are
particularly resistant to antimicrobial agents. The limitation of diffusion of nutrients
in a biofilm results in spatial gradients of growth. In general the faster growing, more
susceptible bacteria are located more superficially within the biofilm whilst the slow-
growing, less susceptible bacteria are located in deeper more mature regions. Within
a biofilm a small amount of bacteria can differentiate into a protected phenotypic state
of slow or non-growing bacteria. A small proportion of these so-called ‘persister’
cells could survive an antimicrobial assault and could reconstitute the biofilm once the
antimicrobial therapy has been discontinued (del Pozo & Patel, 2007). Furthermore,
antimicrobial binding proteins are poorly expressed in the slow growing bacteria
rendering the antimicrobial agents ineffective (Choong & Whitfield 2000). Intrinsic
resistance may also be important. Bacteria within a biofilm activate many genes,
which alter the cell envelope and molecular targets and alter the susceptibility to
antimicrobial agents. Biofilms are ideally suited to the exchange of genetic material.
Conjugative plasmids mediate the horizontal transfer of antibiotic resistance and
virulence factors (Ghigo 2001, Fux et.al., 2005). It is also widely accepted that
bacteria within a biofilm can sense the external environment, communicate with each
other and transfer genetic information and plasmids within the biofilm. Cell to cell
signalling has recently been demonstrated to play a role in cell attachment and
detachment of bacteria in biofilms. Certain dental plaque bacteria can modulate

expression of genes encoding fimbrial expression (Xie et al. 2000) and it has been
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shown that two different cell-to-cell signalling systems in Pseudomonas aeruginosa,
lasR-lasI and rhiR-rhil, were involved in biofilm formation. At sufficient population
densities, these signals reach concentrations required for activation of genes involved
in biofilm differentiation, increasing resistance of these organisms to antimicrobial
agents. Mutants unable to produce both signals produced weaker, thinner biofilms

(Davies et al. 1998).

Bacteria in a biofilm can usually survive the presence of antimicrobial agents at
concentrations 1000-1500 times higher than the concentrations that kill planktonic
cells of the same species. Several techniques have been used to prevent the formation
of biofilms on surfaces in the clinical environment. Controlled release of
antimicrobial agents or antiseptics incorporated within a device or coated on its
surface; surface coating with heavy metals such as silver, surface modifications to
change the charge or hydrophobicity or to create functional groups with intrinsic
antimicrobial activity are all methods used to modify materials used in the clinical
environment. Many investigations of the antimicrobial properties of silver in
particular, have been recorded. Biomaterials coated with silver oxide or silver alloy
have all been used in attempts to reduce infection, in most cases with controversial or
disappointing clinical results (Furno et al. 2004). Kampf et al. (1998) undertook the
study of the microbicidal activity of a silver-containing polymer SPI-ARGENT II, but
found that it did not significantly decrease the survival of microorganisms growing on
it (Kampf et al. 1998). However more up to date research has focused on the
antimicrobial activity of nanoparticulate silver. Silver has long been known to exhibit
a strong toxicity to a wide range of microorganisms and the effect of silver ions on

microorganisms is very well known; however the bactericidal mechanism is only
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