R E FE R E N C E O NLY

UNIVERSITY OF LONDON THESIS
Degree

pW o

Year

G

Name of Author 0 V^

COPYRIGHT

This is a thesis accepted for a Higher Degree of the University of London. It is an
unpublished typescript and the copyright is held by the author. All persons consulting
the thesis must read and abide by the Copyright Declaration below.
C O PYRIG H T D E C L A R A T IO N

1recognise that the copyright of the above-described thesis rests with the author and
that no quotation from it or information derived from it may be published without the
prior written consent of the author.
LOANS

Theses may not be lent to individuals, but the Senate House Library may lend a copy
to approved libraries within the United Kingdom, for consultation solely on the
premises of those libraries. Application should be made to: Inter-Library Loans,
Senate House Library, Senate House, Malet Street, London WC1E 7HU.
R EPRODUCTIO N

University of London theses may not be reproduced without explicit written
permission from the Senate House Library. Enquiries should be addressed to the
Theses Section of the Library. Regulations concerning reproduction vary according
to the date of acceptance of the thesis and are listed below as guidelines.
A.

Before 1962. Permission granted only upon the prior written consent of the
author. (The Senate House Library will provide addresses where possible).

B.

1962 - 1974.
In many cases the author has agreed to permit copying upon
completion of a Copyright Declaration.

C.

1975 - 1988.
Declaration.

D.

1989 onwards. Most theses may be copied.

Most theses may be copied upon completion of a Copyright

This thesis comes within category D.

py has been deposited in the Library of —

-------------------:—

This copy has been deposited in the Senate House Library, Senate House,
Malet Street, London WC1E 7HU.

C :\D ocum ents and Settings\lproctor\Local Settings\Temporary Internet Files\OLKS\Copyright - thesis (2).doc

CHARACTERISATION AND SUSCEPTIBILITY TO LETHAL
PHOTOSENSITISATION OF IN VITRO- GROWN SUB - GINGIVAL
BIOFILMS

Thesis submitted by

John Francis O’Neill BSc (Hons)
For the degree of
DO CTO R O F PH ILOSOPHY
In the
Faculty of Medicine
University of London

Division of Microbial Diseases
Eastman Dental Institute
University College London
256 G ray’s Inn Road
London, W C 1X 8LD

-2006-

UMI Number: U593101

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U593101
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

DECLARATION
I hereby certify that the work embodied in this thesis is the result of my own
investigation, except where otherwise stated. Transmission and Scanning
Electron Micrograph processing was carried out by Mrs Nicola Mordan of the
Electron Microscopy Unit of the Eastman Dental Institute. Confocal
Microscopy was carried out in conjunction with Dr Christopher Hope of the
Eastman Dental Institute and Daniel Ciantar of the Anatomy Department,
University College London.

ACKNOWLEDGMENTS
I would like to thank my supervisors, Prof Mike Wilson and Dr. David Spratt
for all of their help and encouragement throughout the duration of my PhD.

I would also like to thank all of my colleagues at the Eastman Dental Institute,
especially Gavin Gafan, for his patience and forebearance in teaching me the
finer points of DG G E and sequencing.

Finally 1would like to thank my Mother and Father for all of their support and
assistance throughout my protracted PhD studies.

Abstract
Oral biofilms are the aetiological agents of periodontal diseases. Biofilms are
inherently resistant to traditional antimicrobials, hence novel treatment
modalities, like photodynamic therapy (PDT), might be an efficacious
alternative to traditional antimicrobials. Preliminary PD T studies involved the
screening of a number of photosensitisers, Toluidine blue O (TBO) was
chosen for further investigation. TBO in conjunction with a 35m W Helium
Neon (HeN e) laser was then tested against a range of planktonic oral bacteria
as well as both monospecies biofilms grown on membrane filters and multi
species biofilms grown on membrane filters from a salivary inoculum. TBO
achieved appreciable kills against many of the planktonic organisms, whilst a
2 logio reduction was evident in both the monospecies biofilms and the salivaderived biofilms following irradiation with 31.5 J of laser light in the presence
of 81.7 pM TBO. In order to evaluate the likely efficacy of PDT in vivo it was
necessary to develop a laboratory model that was capable of producing
biofilms that would resemble (in terms of composition and structure) the
subgingival plaques found in periodontitis patients in vivo. Consequently,
biofilms were grown from subgingival plaques in a Constant Depth Film
Fermentor (CDFF) under conditions mimicking those present within a
periodontal pocket. The resultant biofilms were quantified using viable counts
on selective agars and the microbiota was characterised using 16S rRNA
gene sequencing. The community structure was analysed by denaturing
gradient gel electrophoresis and community level physiological profiling. The
structure of the biofilms was studied in real time using confocal scanning laser
microscopy. The susceptibility to PDT (using toluidine blue and 632 nm light)

of these subgingivally-derived biofilms was then determined. Reductions in
viability of up to 1 logio were observed and when compared to chlorhexidine
digluconate (an antimicrobial commonly used for the treatment of oral
infections and often considered to be the “gold standard”), there was little
difference in efficacy. In this study, a laboratory model able to produce
biofilms with a composition and structure resembling those of subgingival
dental plaques was developed. The biofilms produced were found to be
susceptible to lethal photosensitisation using toluidine blue and light (632 nm).
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Figure 9.7b: a confocal micrograph of a C D FF cultivated multi-species
biofilm having been exposed to 63 J of HeNe laser
light (energy density, 163.7 Jem'2) in the presence of
10 pi of 8 1 .7pM pTBO

228
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CHAPTER ONE
INTRODUCTION

1.1 Biofilms
Biofilms are one of the most ubiquitous microbiological phenomena in the
natural world. The first tentative analysis of what was later to be termed a
biofilm was carried out by Antonie van Leuwenhoek over three hundred years
ago when he described the ‘animalcules’ which were observed from the
scrapings taken from a human tooth surface (Costerton, 1999a). O ne of the
earliest techniques utilised to study sessile micro-organisms involved the
exposure of glass slides to a variety of differing environments whereupon any
microbes present would adhere to the glass surface allowing analysis by
microscopy (Jones et al., 1969, Wimpenny et al., 2000). Among the scientists
to first study biofilms in any great detail was Claude Zobell who analysed
populations derived from an aquatic environment using a light microscope,
one of his conclusions being that bacteria are attracted to surfaces whereupon
a nascent sessile community may establish (Costerton, 1999a). One of the
unique characteristics of a biofilm is the inherent diversity evident upon
examination. Biofilms may be composed of many differing bacterial taxa,
many of which may require growth conditions which are solely generated
within the confines of the biofilm matrix.

1.1.1 Biofilm structure
Biofilms at the simplest and most functional level may be described as
accretions of microbes surrounded by a complex coating of polysaccharides,
proteins, DNA, RNA, charged ions and water (Sutherland, 2001, Wilson,
2001). However the main component of any biofilm is water which may
account for up to 97% of the biofilm matrix (Zhang et al., 1998). Biofilms are

1

diverse and the above components may vary greatly as a proportion of any
given biofilm. Although biofilms had been studied intermittently for the past
hundred years, resolving the three-dimensional structure of biofilms proved
elusive. Electron microscopy revealed the morphotype of bacteria present
and the way in which they were juxtaposed, however it was widely accepted
that the sample preparation method used resulted in the visualisation of
artefacts and not what may be regarded as the structure present in vivo. The
elucidation of biofilm structure has been greatly facilitated by the introduction
of confocal laser scanning microscopy (CLSM), allowing the examination of
the microscopic structures in real time with minimal sample preparation
(Cummins et al., 1992). This new technique revealed that the common
consensus as to biofilm structure, that of cells in a closely compacted mesh of
extracellular polysaccharide (EPS), essentially a rather dense homogeneous
configuration lacking any discernible structure, was not a true representation.
Biofilms are composed of discrete microcolonies of bacterial cells enclosed
within bacterially derived EPS (as shown in figure 1.1), each species within
the micocolony occupying a niche unique to its particular biochemical and
physiological needs (Costerton, 1995). Moreover, this microcolony
arrangement is interspersed with channels facilitating mass transport, waste
disposal and gaseous distribution (de Beer et al., 1993, Massol-Deya et al.,
1995).

2

Figure 1.1 : A confocal micrograph of a CDFF-cultivated multi-species biofilm,

the bar represents 20 pm

The component of bacterial biofilms which is essential for establishment and
propagation is EPS, itself a product of bacterial metabolism (Sutherland,
2001). The proportions and physical properties of the extracellular
polysaccharides are dependent on a number of factors including the species
and relative amounts of bacteria present and the prevailing physical
conditions where the nascent biofilm is forming (Sutherland., 2001).
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Moreover, the polysaccharides will interact with other compounds present
within the localised microenvironment some of which may be of bacterial
origin such as enzymes, whilst others may be inorganic, such as charged
monovalent and polyvalent ions (Sutherland., 2001).

1.1.2 Biofilm adherence
Microbial deposition is dependent on initial events taking place before
accretion and biofilm formation may take place. Any substratum surface that
is enveloped in an aqueous environment with compounds present of a
biological origin, will rapidly become covered in these organic molecules,
referred to as a ‘conditioning film’ (Schneider et al., 1994). This is then
followed by transit of the surrounding microbes to the surface under the
influence of various forces such as gravity or Brownian motion (Bos et
al.,1999). Upon contact with the conditioning film, the attachment is initially
reversible but over a period of time (1-2 minutes) becomes irreversible (Neu et
al., 1990). The attachment of the sessile bacterium to the substratum is now
dependent on the cohesive strength of the conditioning film (Busscher et al.,
1992). Bacterium-substratum and bacterium-bacterium interactions have
tended to be defined either in terms of specific molecular interactions which
exert an attractive force over a relatively small distance and are highly
specific. Or, alternatively, as purely non-specific van der W aals forces or
electrostatic interactions, however, in essence, all of the aforementioned
interactions originate from the same fundamental forces (Van O ss.,1995).
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1.1.2.1 Non-specific interactions
Biofilm adherence may be characterised via the physico-chemical interactions
between a bacterium and a substratum (Bos et al., 1999, Busscher et al.,
1993). Thermodynamics has been applied to microbial adhesion, in the
thermodynamic approach the interacting surfaces are assumed to be in
contact with each other under conditions of thermodynamic equilibrium
(Absolom et al., 1983). The interfacial free energies are compared between
the interacting surfaces (Bos et al., 1999). Hence, this comparison is
expressed in the so-called free energy of adhesion (Bos et al., 1999).
Alternatively, the classical DLVO (Derjaguin, Landau, Verwey, Overbeek)
approach describes the interaction energies between the interacting surfaces,
based on Lifshitz-van der W aals and electrostatic interactions and their decay
with separation distances (Bos et al.,1999). Both methods prove adequate for
characterising some of the adhesion events occurring within the oral cavity,
however the heterogeneous nature of the surfaces associated with bacterial
adhesion in the oral cavity and the presence of a conditioning film means
these approaches are of limited practical use.

1.1.2.2 Specific interactions
Many of the organisms which initially colonise a surface possess an array of
cell surface associated appendages which recognise a wide range of organic
compounds, protein, glycoprotein or polysaccharide epitopes (Kolenbrander et
a l.,1 9 9 3 ). All bacteria involved in initial adherence within the oral cavity
possess molecules located at the cell surface which facilitate bacterial
adherence (Kolenbrander et al., 1993). The earliest colonisers of an enamel

5

surface have been previously shown to be overwhelmingly streptococci
(Nyvad et al., 1987a). It was shown that streptococci accounted for 47-82% of
the total cultivable bacteria 4 hours post professional cleaning on enamel
surfaces (Nyvad et al., 1987a). A separate study found that the dominant
strain in initial streptococal adhesion was Streptococcus sanguinis
(Bloomquist et al., 1996). Both streptococci and Actinomyces species, via
specific interactions, will bind to components of the acquired salivary pellicle,
much of which is host-derived (Kolenbrander et al., 1993). This initial phase
of adherence, which is very much dependent on streptococci in the oral cavity,
provides the basis for successive bacterial adhesion events and diversification
of community structure which is inherent in dental plaque (Skopek et al.,
1993)

1.1.3 Biofilm accumulation
Initial bacterial adhesion events in the oral cavity are rapidly followed by
bacterial accumulation, this is a manifestation of the ability of oral bacteria to
co-aggregate. Co-aggregation of oral species is a phenomenon that has
been extensively catalogued. Initial investigations noted the specificity of co
aggregation, for example the co-aggregation of a Actionomyces naeslundii
type 1 with two strains of Streptococcus sanguinis, but not with any of the
other strains of S. sanguinis or indeed any other streptococci tested (Gibbons
et al., 1970). The investigators concluded that such specificity could only be a
result of a stereo-chemical interaction between the two co-aggregating
bacteria (Gibbons., 1996). The elucidation of these specific interactions
seemed to show that lectin-like structures on the surface of one bacterium
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were directly interacting with sugar moieties present on the co-aggregating
bacterium. This observation being confirmed by the fact that co-aggregation
may be inhibited by lactose and other galactosides (Kolenbrander et al.,
1993). The highly specific nature of co-aggregating events between species
of streptococci and actinomyces indicated their non-random nature
(Kolenbrander et al., 1993). This series of specific co-aggregating events
results in the sequential deposition of bacteria as a direct result of their
prodigious ability to co-aggregate.

Bacterial accumulation also has a

definitive spatial distribution whereby the position occupied by a bacterium is a
direct result of its capacity to co-aggregate (Demuth et al., 2001, Palmer et al.,
2001, Lamont et al., 2002). A bacterium which seems to have a crucial role in
biofilm maturation is Fusobacterium nucleatum due to its ability to bind to a
wide range of bacteria in a specific manner (Kolenbrander et al., 1993), hence
allowing a ‘late-coloniser’ such as Actinobacillus actinomycetemcomitans to
adhere (as shown in figure 1.2).
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Figure 1.2: Adapted from Kolenbrander et al., 1993, a diagrammatic

representation of bacterial aggregation.

1.1.4 Biofilm m etabolism

Upon bacterial colonisation and establishment of a biofilm within a new
habitat, the nascent biofilm is dependent on that environment for the provision
of essential nutrients. However, it is widely postulated that in the
environments commonly associated with biofilm formation, such as the oral
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cavity, the prevailing nutrient conditions may be such that the bacteria present
are in a permanent state of nutrient starvation (Carlsson 1997). Hence,
nutrient levels present in the immediate vicinity of where a biofilm is forming
are often insufficient to allow the maximal rate of bacterial growth and
replication. However, to imply a homogeneity in the nutrient availability and
hence metabolic activity of all cells within a biofilm would be incorrect. The
biofilm phenotype inherently introduces gradients of nutrients throughout the
z-plane of the biofilm. Whereupon concentrations of carbohydrates, protein
and essential gases such as oxygen will be higher for the cells proximal to the
bulk fluid phase when compared to those within a microcolony or at the biofilm
substratum interface (Sissons et al., 1995, Hamilton et al., 1989, Bradshaw.,
1995., De Beer et al., 1993). This situation is ameliorated by the fact that
biofilms are frequently interspersed by water channels. These facilitate the
delivery of nutrients (and oxygen in aerobic biofilms) to cells not in contact
with the bulk fluid phase.

Moreover the metabolic activities of cells which

constitute the biofilm may result in the formation of gradients in pH and redox
potential (Bradshaw., 1995). The degree of heterogeneity present within
biofilms, certainly multi-species biofilms, has led to their comparison with a
multicellular organism (Costerton., 1995). This diversity, and the concomitant
gradients, allows the persistence of a wide range of bacteria within the
confines of a biofilm each with a particular niche as a result of the metabolic
activities of the microbes within the biofilm.
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1.1.5 Biofilm nutrition
Many bacterial biofilms formed supra-gingivally in the oral cavity are reliant on
sugars as their primary carbohydrate source (see figure 1.3). The state of
continual exogenous nutrient flux in the oral cavity with respect to dietary
carbon does not present itself as a major problem to the bacteria forming oral
biofilms. It is overcome via the utilisation of organic compounds naturally
endogenous to that environment coupled with the storage of carbon
intracellularly (Poolman, 1993, Frandsen, 1994). Accordingly, many oral
streptococci can synthesise compounds resembling glycogen which may then
be stored (Marsh et al., 1992). Oral bacteria are adept at the utilisation of
glycoproteins which are constituents of saliva (Marsh et al., 1992). This
utilisation of glycoproteins demands that bacteria are equipped with an array
of appropriate enzymes, including exoglycosidases and glycolytic enzymes to
enable degradation (Poolman, 1993). However, no one bacterium possesses
the required enzymatic complement to allow complete degradation of these
salivary glycoproteins, therefore bacteria must act synergistically to fully
degrade these compounds; pure bacterial cultures have previously been
shown to poorly metabolise endogenous organic compounds (Homer et al.,
1992, Marsh et al., 1992). Oral bacteria are also enzymatically adept at the
utilisation of the dietary carbon which sporadically fluxes in the oral cavity.
Sucrose occupies a central role in bacterial metabolism supra-gingivally
(Marsh, 2003). There are several ways in which sucrose may be metabolised,
it may be digested extracellularly with the resultant monosaccharides (fructose
and glucose) transported into the cell (Marsh et al., 1992). Sucrose may also
be transported into the cell as a disaccharide or disaccharide phosphate and
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digested intracellularly via invertase or sucrose phosphate hydrolase (Marsh
et al., 1992). Finally, sucrose may be utilized extracellularly by
glucosyltransferases . Glucosyltransferases produce soluble and insoluble
glucans which are important in plaque formation. Fructosyltransferases
produce fructans which are frequently labile and can be used by other plaque
organisms (Marsh et al., 1992). Hence, biofilm bacteria within the oral cavity,
certainly those supra-gingivally, must display a high degree of adaptability,
utilising either the carbon components of salivary glycoproteins or the
transient dietary carbon.

Tooth

Supragingival plaque
Saliva and dietary
carbohydrate
cn

o>

Subgingival plaque
Flow of G CF

Gingiva

o>

Alveolar bone

Figure 1.3: Gross structure of the gingival crevice showing the location of

supra and sub-gingival plaque (courtesy of Dr Christopher Hope of the
Eastman Dental Institute).
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The situation for sub-gingival biofilms is somewhat different. Many of the
bacteria found sub-gingivally and within periodontal pockets are
asaccharolytic but proteolytic (Marsh et al., 1992, Carlsson 1997). The
bacteria commonly found in this environment utilise the protein content of
gingival crevicular fluid (GCF) for growth (Marsh et al., 1992) (see figure 1.3).
W hen inflamed (inflammation is a direct result of bacterial colonisation and
biofilm formation), many more host-derived nutrients are presented to the
microbiota. G C F is known to harbour components that are commonly found in
serum including; immunoglobulins, components of the complement cascade,
fibrinogen, transferrin and albumin (Estreicher et al., 1996). This nutrient
augmentation can lead to a dramatic increase in numbers of bacteria which
have been identified as putative periodontopathogens such as Tannerella
forsythensis and Porphyromonas gingivalis (Marsh et al., 1992). These
proteins may be rapidly degraded to provide a source of peptides and amino
acids as well as haem, this is essential for the development of blackpigmented anaerobes such as P. gingivalis, G C F is an abundant source of
haem-containing compounds and hormones (Marsh et al., 1992). In addition
to the breakdown of G C F components, these organisms are able to degrade
structural proteins and glycoproteins associated with the sub-gingival
epithelium (Marsh et al., 1992). Inflammation results in a concomitant
increase in the flow rate of G C F (Schenkein et al., 1977). However, it is
known that the composition of G C F is dependent upon the degree of gingival
inflammation. It has been reported that the average total protein content of
G C F from ‘healthy’ non-inflamed sites was c.22 mg/ml, at inflamed sites this
increased to range between 69-74 mg/ml (Curtis et al., 1988). Indeed a
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separate analysis of the protein concentration of G CF at inflamed sites
reported a concentration of 70 mg/ml (Bickel et al., 1985), consistent with
what was found in the previous study.

1.1.6 Biofilm resistance to antimicrobials
One of the defining characteristics of biofilms is their inherent recalcitrance to
antimicrobial agents. This characteristic is highlighted by work on a biofilm
formed from an adherence-deficient strain of Staphylococcus epidermidis
when compared to nascent wild-type biofilm. Unsurprisingly, the adherencedeficient phenotype was much more effectively eradicated than the wild type
(Schwank et al., 1998). This exemplifies the statistic that bacterial cells within
a biofilm become approximately 1 0 - 1 0 0 0 times less susceptible to the effect
of any applied antimicrobial agent (La Tourette Prosser et al., 1987, Mah et
al., 2001). The significance of this observation becomes clear when it is
considered that biofilms have been implicated in 65% of nosocomial
infections, the resultant treatment of these infections costs approximately $1
billion annually in the USA (Archibald et al.,1997). A plethora of experimental
work has demonstrated several mechanisms via which biofilms may survive
the application of antimicrobial agents. These include an inherent resistance
to the applied antimicrobial (Nikaido, 1988), this may be a function of the
physiological conditions prevailing in and around the biofilm or due to the
expression of a novel phenotype hitherto not seen in the planktonic state
(Gilbert et al., 1997). It has been suggested that resistance may be due to the
acquisition of a mobile element or a genetic mutation leading to the
emergence of a resistant phenotype (Gilbert et al., 1997). Undoubtedly
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biofilm resistance may be understood to be a chimera of all of these
mechanisms resulting in the resistance phenomenon that is characteristic of
biofilms.

1.1.6.1 Biofilm resistance to due to decreased growth rate
It has been hypothesised that decreased growth rate may contribute to biofilm
recalcitrance to antimicrobial agents (Brown et al., 1988). It is generally
understood that all antimicrobial agents are much more effective when utilised
against rapidly growing cells (Lewis., 2001). Bacteria growing within a wellagitated steady state system will not encounter significant nutrient or
associated physiological gradients and hence a uniformity of phenotype will
prevail. W hereby on application of an antimicrobial, a singular response may
be expected (Gilbert et al., 1997). The very nature and architecture of biofilms
results in the bacteria enclosed within the exopolysaccharide to be exposed to
a wide range of gradients in nutrients, oxygen and metabolic by-products.
Therefore, within the biofilm, growth rates will be generally suppressed
relative to planktonic cells (Gilbert et al., 1997). These factors contribute to a
high phenotypic diversity and concomitant variation in antimicrobial
susceptibility (Gilbert et al., 1997). Indeed, antibiotics such as penicillin and
ampicillin have an absolute requirement for the target cells to be growing if
they are to be effective (Lewis et al., 2001).

1.1.6.2 Biofilm resistance due to restricted penetration
Upon growth as a sessile community and the initiation of biofilm formation, a
diverse and heterogeneous array of exopolysaccharides are synthesised.
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This exopolysaccharide production has multiple roles and aids interbacterial
aggregation and the maintenance of biofilm coherence. This
exopolysaccharide also presents a physical barrier, impeding antibacterial
penetration of the biofilm (Mah et al., 2001). The exopolysaccharide may
inhibit the penetration of the applied antimicrobial via ionic interactions and
molecular sieving events, thus it may be seen as being analogous to the
peptidoglycan layer (Marquis., 1968). The exopolysaccharide may impede
antibacterial penetration by acting as a quasi ion exchange column whereby
the applied compound must first saturate all available binding sites before it
may act on the target organism (Wagman et al., 1975). The glycocalyx also
prevents access of phagocytic cells such as polymorphs and macrophages,
part of cell-mediated immunity, preventing destruction of the biofilm cells.
However, what is evident is that the exopolysaccharide does not present a
diffusional barrier to all applied antimicrobials. Experimental studies have
demonstrated that the antibiotic ciprofloxacin fully penetrated monospecies
biofilms of Klebsiella pneumoniae within twenty minutes of application,
however this did not produce the same antibacterial effect as had been
observed in planktonic cells, the biofilm phenotype conferred resistance
(Anderl et al.,2000). Evidently, reduced penetration is not sufficient to explain
all instances of this resistance phenomenon.

1.1.6.3 Expression of a biofilm-specific phenotype
Biofilm strategies for decreased susceptibility to applied antimicrobial agents
have thus far concentrated on the physical parameters of the biofilm hindering
access of the antimicrobial to the target organism or the relative dormancy
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seen in biofilm cells due to nutrient deficiency and concomitant slow growth.
But, it has been hypothesised that the cells upon forming a biofilm undergo a
distinct phenotypic change exhibiting a so-called biofilm specific phenotype
(Gilbert et al., 1997, Cochran et al., 2000, Mah et al., 2001). This expressed
phenotype may not be exhibited by all of the cells constituting the biofilm,
however a certain sub-set would undergo this phenotypic shift making them
better able to resist the effects of antimicrobial application (Mah et al., 2001).
A pertinent example of this is the seeming link within Escherichia coli cells
between growth rate and expression of the m ar operon that confers multiple
antibacterial resistance. It seems that there is an inverse relationship
between expression of the m ar operon and growth rate, so as doubling time
slows so expression of this multiple resistance operon increases (Maira-Litran
et al., 2000). This correlates with what is hypothesised to be the nutrient
sparse conditions, and hence reduced growth rate, within a microcolony
leading to possible upregulation of regulons such as mar. However, for many
studies there has been no positive correlation between growth as a biofilm
and the induction of any overtly biofilm-specific phenotype that would explain
the multiple instances of biofilm resistance to antimicrobial application.

1.1.6.4 The effect of ‘persistor’ cells
The resistance mechanisms examined thus far are applicable to every cell
which constitutes a biofilm, or at least applicable to a sizeable part of the
population such as cells deep within a microcolony (Costerton et al., 1999b,).
However, these generalised resistance mechanisms may not be the primary
way in which biofilms persist in conditions that are unconducive for planktonic
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cells. As detailed previously, the biofilm phenotype does not present itself as
a barrier to all applied antimicrobials, the example cited being the antibiotic
ciprofloxacin. It has been shown that the fluoroquinolones equilibrate
throughout a stratified biofilm. Fluoroquinolones have also been shown to be
bactericidal against non-growing planktonic cells when suspended in
phosphate buffer. This result contrasted with what was found using biofilm
cells, which when resupended in media were more resistant to the antibiotic
than the non-growing planktonic cells (Brooun et al., 2000). Furthermore the
fluoroquinolones ciprofloxacin and ofloxacin upon application to
Pseudomonas aeruginosa biofilms at clinically achievable concentrations
resulted in up to a four log reduction in the viable count. However upon
incremental increase in the concentration of antibiotic applied, the viable count
was not reduced any further, the surviving cells within the biofilm being termed
‘persistor’ cells due to their precocious ability to withstand antimicrobials
(Brooun et al., 2000).

The ‘persistor’ cells, which numerically form a tiny proportion of the biofilm
population, seem to be implicated in the ability of biofilms to withstand, and
recover from, the effect of antimicrobial application (Lewis., 2001). It is highly
unlikely that this phenomenon is limited to biofilm cells; however planktonic
cells which are not eliminated by the action of an antimicrobial are rapidly
dealt with by the immune system which clears the remaining cells. The
‘persistor’ cells within a biofilm benefit from the relatively remote conditions
produced within a biofilm. The biofilm itself being a barrier to the immune
system (Lewis., 2001). Hence, the concerted action of the applied
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antimicrobial and the immune system prevents the recurrence of many
planktonic microbial infections, this synergy proves impossible when dealing
with infections due to the bacterial biofilms (Lewis., 2001). One may view the
biofilm survival mechanism as merely a variant of that utilised by planktonic
cells, the notable difference being the absence of a tangible immune response
(Lewis., 2001). Therefore, the question remains as to what a persistor cell
actually is. Joseph W . Bigger, in work carried out in 1944 on the action of
penicillin on “Staphylococcus pyogenes”, noted what he termed as the
‘persistor’ phenomenon, and established that upon further re-growth, persistor
cells reverted to the wild-type phenotype (Bigger., 1944). Certain facts as to
the nature of persistors have already been established, what is clear is that
persistors are not mutant cells nor do they represent a special, or hitherto
unobserved, stage in the cell cycle (Lewis., 2001). Nor are persistor cells in a
dormant state. It is yet to be established, however, what environmental
conditions e.g. nutrient availability, are conducive to the emergence of
persistor cells, or whether persistor cells themselves may be broken up into
further sub-populations depending on varying resistance to antimicrobials
(Lewis., 2001). Persistors are an interesting group of cells and may go some
way to explaining the recalcitrance of biofilm-bound cells to applied
antimicrobials.

1.2 Oral Biofilms
Biofilms within the oral cavity are highly variable, with microbial composition
Z

varying between sites. This microbial diversity is a function of the highly
protean micro-environments that are to be found within the oral cavity.
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However, a broad distinction may be made between biofilms that form in the
oral cavity either supra- or sub-gingivally.

Supra-gingival biofilms will be subjected to a high shear environment due to
mastication, chewing and ingestion of food. Biofilms forming here will be in an
aerobic environment, the main energy source being carbohydrates which are
endogenous, with sporadic exogenous supplementation primarily in the form
of sucrose. The supra-gingival biofilms or dental plaques are highly diverse
with up to 500 taxa being present (Rosan et al., 2000). Initially supra-gingival
biofilms are dominated by Gram-positives; if left to develop undisturbed, the
biofilm will diversify to include large numbers of facultative and obligately
anaerobic Gram-negative organisms (Loe et al., 1965). The composition of
supra-gingival biofilms has been a subject of vigorous scientific scrutiny, such
that we now have a comprehensive understanding of supra-gingival plaque
formation. Culture-based studies have been performed on the successional
events that occur concomitantly with plaque maturation; initially the pioneer
species are predominatly streptococci with Gram-positive rods such as the
Actinomyces constituting an appreciable fraction of the total cultivable flora
(Nyvad et al., 1987a, Zee et al., 1996). As the plaque matures, Gram-positive
rods form a larger fraction of the total cultivable flora, indeed Gram-negative
rod species become much more prevalent (Nyvad et al., 1987a, Zee et al.,
1996). The dynamic nature of supra-gingival plaque formation is graphically
demonstrated if one compares the most frequently isolated organisms on day
1 of the Zee et al study when compared to day 14, day 1 marked the
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beginning of a period where the cohort abstained from oral hygiene. Hence
on day 1, Staphylococcus epdermidis, Veillonella dispar, Actinomyces israelii,
Propionibacterium granulosum, Gemella morbillorum, Streptococcus mitis and
Streptococcus sanguinis were the most frequently isolated; by day 14 the
microbiota had shifted to include appreciable numbers of Prevotelia
intermedia, Fusobacterium and Capnocytophaga species (Zee et al., 1996).
Indeed, plaque formation in occlusal fissures follows a somewhat similar
pattern, with the vast majority of cultivable microbiota being Gram-positive
cocci and rods, with streptococd and Actinomyces species to the fore
(Theilade et al., 1982). In contrast to the previous studies, however, Gramnegative rods were only infrequently isolated with Gram-negative cocci being
more numerous (Theilade et al., 1982). Recently, culture-based analysis has
been supplemented with molecular techniques; one such methodology is the
checkerboard DNA-DNA hybridization technique. This technique was
employed to monitor bacterial colonisation during de novo plaque formation;
prior to sampling inter-proximal sites a preparatory phase was necessary, this
involved meticulous, professionally-administered, oral hygiene (Ramberg et
al., 2003). At the commencement of the study, the supra-gingival microbiota
accreting to form nascent biofilms was dominated by Actinomyces species,
these organisms comprised c.50 % of the microbiota evaluated. Over the four
successive days of sampling, it was found that four Streptococcus species; S.
gordonii, S. oralis, S. sanguinis and S. anginosus increased appreciably as a
percentage of the microbiota, whilst numbers of the genus Actinomyces
t

remained constant (Ramberg et al., 2003). Moreover, A.
actinomycetemecomitans, Capnocytophaga gingivalis, Capnocytophaga
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ochracea, Capnocytophaga sputigena, Eikenella corrodens, Campylobacter
rectus, Capnocytophaga showae and F. nucleatum also increased in number
appreciably over the four days of sampling (Ramberg et al., 2003).
Interestingly, although the putative periodontal pathogens T. forsythensis, P.
gingivalis and Treponema denticola were detected, they formed a numerically
tiny proportion of the microbiota (Ramberg et al., 2003). Hence, one may
conclude that supra-gingival plaque is dominated by Gram-positive species,
most notably streptococci and Actinomyces spp., with low proportions of other
species including putative periodontal pathogens present (Ramberg et al.,
2003).

The situation sub-gingivally, however, is very different as the environment
may be anoxic with a low Eh, there are no significant shear forces, and the
bacteria present derive their nutrients from GCF. G CF has a high protein
content, and the prevailing conditions allow the colonisation of bacteria which
are generally proteolytic. Sub-gingival plaque appears under the light
microscope as a mass of bacterial cells with filamentous bacteria at right
angles to the pellicle, sub-gingival plaque may also have a loosely-arranged
zone of motile organisms (Saxton, 1973). The bacterial diversity subgingivally has been exhaustively analysed, however much of this research has
focused on the bacteriology of periodontal diseases, the number of phylotypes
associated with periodontal health is perhaps not as wide-ranging as may be
isolated from a disease lesion. The subgingival microbiota associated with
periodontal health was examined by Tanner etal., with the cultivable bacteria
being identified. The dominant cultural microbiota was composed of similar
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mean proportions of Gram-positive rods and cocci, principally Actinomyces
naeslundii, A. genercseriae, S. oralis and Micromonas micros (Tanner et al.,
1998). In another study, the most numerous species isolated from periodontal
crevices of subjects in periodontal health were catalogued; A. naslundii, S.
sanguinis, V. dispar, F. nucleatum, S. oraiis and S. intermedius were the most
numerous cultivable species (Moore and Moore., 1994).

Interestingly, Gram-

positive species are well represented, in concurrence with what was found by
Tanner at al., (1998). The sub-gingival bacterial diversity has also been
investigated using culture-independent molecular methods. A methodology
that does not depend upon an initial culture stage allows the investigator to
detect species that may well reside in numbers below the detection limit of a
cultural assay as well as those species that cannot yet be cultured in the
laboratory. Using a culture-independent technique, 72 species or novel
phylotypes have been identified that are associated with periodontal health
(Paster et al., 2001). The species most commonly associated or recovered
from healthy subjects included Streptococcus spp. and Corynebacteriurn
matruchotti; species or phylotypes commonly detected in both health and
disease include Neisseria mucosa, Campylobacter gracilis, Campylobacter
concisus, T. denticola, Fusobacterium spp., Leptotrichia buccalis,
Actinomyces naeslundii 11 and Rothia dentocariosa (Paster et al., 2001).
Indeed, as with the supra-gingival milieu, the microbiota indicative of
periodontal health seems to be composed principally of Gram-positive
species.
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1.2.1 Diseases due to oral biofilms
Dental plaque is an integral part of the oral environment, the interactions
between host and the various bacteria are regarded primarily as symbiotic
with the plaque bacteria occupying all available niches preventing the
colonisation of any exogenous species which may be potentially pathogenic.
However, this delicate equilibrium may be easily upset if dental plaque is able
to proliferate without frequent mechanical debridement. The oral diseases
that are prevalent throughout the world are a manifestation of unchecked
dental plaque proliferation, these diseases being dental caries and periodontal
diseases. The importance of oral biofilms and certain endogenous
opportunistic pathogens has been established in the aetiology of oral
diseases.

1.2.2 The specific versus non-specific plaque hypotheses
Two main hypotheses as to the precise role of oral biofilms in diseases such
as caries and periodontal diseases were developed as research into oral
diseases intensified. The specific plaque hypothesis states that whilst
bacterial biofilms are diverse and heterogeneous with a high degree of
species diversity evident, oral diseases are a result of the action of a limited
and defined sub-set of microbes resident in oral biofilms (Loesche, 1976).
Hence, when attempting to prevent and treat oral diseases, the most effective
way to accomplish this is to eradicate the putative pathogens (M arsh.,1999).
This approach is typified by research carried out by Bass and Johns in 1915,
here they identified a specific organism as the agent responsible for
periodontal disease - Endomeba buccalis. The recommended remedial action

23

was to vaccinate against this particular organism in the hope of preventing
periodontal disease (Christersson et al., 1991). The alternative explanation is
known as the non-specific plaque hypothesis. It expounds that oral disease is
the inevitable consequence of the unchecked activities of the microorganisms
which constitute oral biofilms.

This hypothesis considers that oral disease is

a poly-microbial infection and that no one microbe may be defined as a
pathogen, but disease is the net result of the overall plaque activity (Theilade,
1986).

However one must consider the aetiology of oral diseases, there is a wealth
of circumstantial evidence demonstrating a modicum of specificity, whereby a
limited number of bacteria are consistently isolated from disease lesions
(Marsh, 2003). An alternative hypothesis has been proposed which includes
elements of both hypotheses producing a more complete analysis as to the
role of biofilms in oral disease. This hypothesis, known as the ecological
plaque hypothesis (figure 1.4), states that putative pathogens may be
ubiquitous in the oral environment, however in areas which are clinically
healthy their numbers are too low to result in the onset of disease
(Marsh.,1994). Disease is initiated due to changes in the local micro
environment, these result in an ecological shift of the resident microflora
whereupon relative numbers of the pathogenic organisms increase bringing
about the onset of disease. Hence, the key features of this hypothesis
expound that increases in a putatively pathogenic flora are a direct
consequence of physiological changes occurring in the oral cavity, producing
conditions within which this flora may flourish (Marsh, 2003). Additionally, oral
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diseases do not have a specific aetiology, hence any bacterial species
possessing the relevant traits may contribute to the disease process (Marsh,
2003); the results obtained by Moore et al., 1982 exemplify this, they
examined the bacteriology of severe periodontitis in young adults, they found
that the cultivable floras of the individuals sampled significantly differed from
each other.
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Figure 1.4: Adapted from Marsh, 1994, the ecological plaque hypothesis

demonstrates the effect of environmental shifts with concomitant perturbation
of the resident microflora and how this results in (a) caries and (b) the onset of
gingivitis.
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1.2.3 Dental plaque and caries
In industrialised society dental caries is one of the most prevalent diseases
affecting the general populace (Marsh., 1999). Dental caries can be defined
as the localised demineralisation of the tooth tissue by various acids produced
by bacterial fermentation of dietary carbohydrates. Treatment of the disease
involves removal of the damaged tooth tissue and its replacement with a
restorative material. This disease is arguably the most common, chronic
infectious disease in humans. Recently, it has been shown that 90% of all
dentate adults in the UK have at least one restored tooth as a result of caries
with a mean frequency of 7 per person (Pine et al 2001). Evidence which
confirmed the role of oral bacteria in the aetiology of dental caries was a result
of studies using gnotobiotic animal models (Zinner et al., 1967). These
studies showed that caries could be induced by the introduction of specific
bacteria into the oral cavity. In addition, it was clearly demonstrated that
caries was transmissible from animal to animal, again implicating bacteria as
the causative agents. Further research showed the essential role of dietary
sugars in dental caries (Loesche., 1986). Epidemiological studies have
implicated a group of oral bacteria in dental caries, these are known as the
mutans group streptococci. Across a broad spectrum of patient age range
and tooth surfaces from populations of several countries all with unique
dietary pecularities have shown a strong correlation with the presence of
mutans group streptococci and the onset of demineralisation (Loesche.,
1986). The progression of dental caries is dependent on the concerted efforts
of many plaque bacteria commonly isolated from mature dental plaques.
Therefore the microbiota may contain species which are sufficiently
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acidogenic to demineralize cementum and dentine whilst proteolytic
organisms would degrade the dentine collagen matrix (Marsh.,1999). Hence,
the disease process is continued by the continual bacterial succession from
disease onset through to the production of a lesion. As the lesion progresses
through the dental tissue, the microbiota alters in response to changing
environmental conditions to include a higher percentage of facultative and
obligately anaerobic species (Marsh., 1999). There are several pathogenic
determinants of cariogenic bacteria which enable demineralization and hence
the production of a carious lesion. Cariogenic bacteria are adept at the
transport of fermentable sugars and their subsequent metabolic conversion to
acid. Cariogenic bacteria also produce copious amounts of both extra and
intracellular polysaccharides, and they maintain sugar anabolism and
catabolism at an acidic environmental pH which is actually conducive to their
growth (Marsh.,1999).

1.2.4 The structure of the periodontium
The ‘periodontium’ is a term used to designate the functional structures which
are directly involved in resisting forces applied to the teeth. These structures
are the gingiva, periodontal ligament, cementum and alveolar bone (Jenkins
and Allan, 1994) (see figure 1.5 for a diagrammatic representation). The
gingiva is the fibrous mucosa surrounding the teeth and covering the coronal
portion of the alveolar process; it is pink in colouration in contrast to the red of
the alveolar mucosa and is lined by a keratinised stratified squamous
epithelium (Jenkins and Allan, 1994). The periodontal ligament attaches the
tooth to the alveolar bone, fibroblasts are the principal cell line, however the
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main component of the periodontal ligament is collagen. The primary function
of the periodontal ligament is to dissipate load and support the tooth during
mastication (Jenkins and Allan, 1994). The alveolar bone surrounds the roots
of erupted teeth, stopping just before the amelocemental junction. Indeed, the
entire root is covered in a thin layer of cementum. At the amelocemental
junction, the cementum either abuts or overlaps the enamel, occasionally it
will stop short of it leaving exposed dentine. Cementum is similar in
composition to bone but is avascular and not innervated (Jenkins and Allan,
1994).

Enamel
Dentin
Pulp cavity
Gingival crevice

Crown

Gingiva (Gum)
Periodontium
Pulp canal
Cementum
Jawbone

Bloodvessels and nerves.

Figure 1.5: Adapted from http://www.kindandental.com/images/atlas-tooth.jpg

a cross-section of a tooth and surrounding structures.

1.2.5 Periodontitis

The formation and proliferation of bacterial plaques sub-gingivally are the
causative agents of periodontitis (Socransky, 1970). Periodontitis is one of
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the most common forms of chronic disease affecting the western world. The
term periodontitis is used to demarcate a group of inflammatory diseases
which affect all periodontal structures; the periodontium including gingiva,
gingival attachment, periodontal ligament, cementum and supporting alveolar
bone (Meghji et al., 1992). Periodontitis results from the apical extension of a
gingival inflammatory process. Destruction of the periodontal attachment
results in the formation of a periodontal pocket (Jenkins and Allan, 1994).

Periodontal diseases have recently been the subject of a re-classification,
such that the current system is somewhat simpler than the previous
classification system; the disease categories reflect a better understanding of
the disease presentations (Kinane, 2001). The reported prevalence of
periodontal disease varies, but it is generally accepted that 8-13 % of North
Americans have periodontal bone loss (Brown et al., 1993).

Chronic

periodontitis was formerly classified as adult periodontitis due to its perceived
onset after the age of 35 years; however it was felt that this term was
misleading due to a lack of either a histopathological uniqueness or natural
determination point as to when disease onset is likely to occur (W iebe et al.,
2000). Chronic periodontitis is characterised as occurring mostly in adults.
Destruction is consistent with the quantity of plaque present; sub-gingival
calcified plaque (calculus) is also found. In general, the disease progresses
slowly, interspersed with bursts of destruction (Wiebe et al., 2000). Chronic
periodontitis may be designated as localised or generalised, dependent upon
whether less than, or greater than, 30 % of sites within the mouth are affected
(Kinane, 2001). There are forms of periodontal disease that clearly differ from

29

the parameters established for chronic periodontitis. Aggressive periodontitis
is characterised by rapid attachment loss and bone destruction with possible
familial aggregation of disease (Wiebe et al., 2000). Aggressive periodontitis
can be considered either localised or generalised as was the case with
chronic periodontitis. The term ‘incidental attachment loss’ is now used to
denote a form of periodontitis that is localised in nature but cannot easily be
categorised as either chronic or aggressive periodontitis (Kinane, 2001). It is
well known that systemic diseases that affect immune function, inflammatory
response and tissue organisation can modify the onset and progression of all
forms of periodontal disease. Hence periodontitis associated with a systemic
disorder is classified as ‘periodontitis as a manifestation of systemic diseases’
(Wiebe et al., 2000). Necrotizing periodontal diseases now encompass two
former disease categories, necrotizing ulcerative gingivitis and necrotizing
ulcerative periodontitis. Both diseases appear to be related to diminished
systemic resistance to bacterial infection, and differ in terms of the tissue
affected, thus the disease may be limited to the gingiva or may have
progressed to also involve the attachment apparatus (Wiebe et al., 2000).

1.2.6 Role of bacteria in periodontitis
The microbiota associated with periodontitis has been subjected to intense
scientific scrutiny over the past half century; this endeavour has led to an ever
growing understanding of the flora which one may recover from a periodontal
lesion in vivo. It is now known that the complexity of the human periodontal
flora rivals that of the gastrointestinal tract (Moore and Moore, 1994).
Furthermore, the abundance and diversity of bacterial species in the
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periodontal flora and vacillation in the precise composition of floras from
individual to individual and variation in the host response to bacterial species
means that it is difficult to define a specific disease aetiology (Moore and
Moore, 1994).

For the initiation of the disease process, certain criteria must be fulfilled. The
host must be susceptible to disease and the putative pathogens present. The
environmental conditions must be conducive and the number of pathogenic
species present must exceed the threshold tolerable for that site (Socransky
et al., 1993). The equilibrium may be upset, the result being a poly-microbial
infection which is essentially opportunistic (Van Winkelhoff et al.,1996).

The human-sub-gingival flora has been investigated using a number of
differing methodologies including culture, DNA-DNA hybridisation techniques
and ribosomal 16 S cloning and sequencing. Moore et al., (1982) examined
78 supra-gingival samples and 42 sub-gingival samples from 21 patients
presenting with ‘severe periodontitis’. The cultivable taxa which were more
numerous supra-gingivally than subgingivally included; 5 species of
Actinomyces, 3 species of Leptotrichia, 10 species of Streptococcus, 3
species of Veillonella, 3 species of Staphylococcus, C. ochracea,
Propionibacterium acnes and Peptostreptococcus anaerobius. 11 species
were found to exceed 1 % of the total sub-gingival flora and were most closely
associated with diseased sulci, this included; 5 species of Eubacterium, 2
species of Lactobacillus, 1 species of Bacteroides, F. nucleatum, S.
anginosus and M. micros. Indeed F. nucleatum was the most commonly
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isolated species from diseased sulci. Moore et al., (1983) examined 22 supragingival and 38 sub-gingival plaque samples. A total of 171 taxa from 1900
bacterial isolates were cultured from 22 subjects receiving treatment for
‘moderate’ periodontitis. The study found that the taxa which predominated in
supra-gingival plaque included 4 species of Streptococcus, 9 species of
Actinomyces, 3 species of Capnocytophaga, Veillonella parvula, Leptotrichia
buccalis, 2 species of Selenomonas and Rothia dentocariosa. However, this
contrasted with what was found sub-gingivally; 3 Fusobacterium species, 2
Peptostreptococcus species, 7 Eubacterium species, Campylobacter rectus,
P. gingivalis and several Prevotella species were found to be the principal
taxa. The sub- and supra-gingival microbiota of subjects presenting with
chronic periodontitis has also been analysed and contrasted using whole
genomic DNA probes and checkerboard DNA-DNA hybridisation techniques
(Ximenez-Fyvie et al., 2000). A total of 1170 samples of sub- and supragingival plaque samples were collected and evaluated for the presence and
levels of 40 bacterial taxa. All 40 of the taxa were detected in both the supraand sub-gingival plaque. Actinomyces species were the most prevalent taxa
in both habitats. 75-100 % of the supra- and 62-100 % of sub-gingival sites
were colonised by at least one of 5 Actinomyces species. Supra-gingival
samples exhibited significantly higher counts of A. naeslundii genospecies 1,
A. israelii, A. odontolyticus, Neisseria mucosa, S. gordonii, C. ochracea and
C. sputigena when compared to counts in sub-gingival samples taken from
the same tooth surface.

In contrast, sub-gingival plaque samples presented

significantly higher counts of Prev. nigrescens, Prev. intermedia, T.
forsythensis and P. gingvalis, interestingly putative periodontal pathogens

32

were detected in supra-gingival plaque from sites where sub-gingival samples
were negative for the same species; thus giving credence to the postulate that
the supra-gingival milieu may act as a reservoir of such species for the
dissemination or re-infection of sub-gingival sites (Ximenez-Fyvie et al., 2000).
Cloning and sequencing techniques have also been employed to determine
the sub-gingival microflora that may be recovered from a periodontal lesion;
such culture-independent techniques were employed by Paster et al., (2001)
to determine the microbiota associated with both sub-gingival health and
disease. This study estimated that the total number of taxa that may be
recovered from sub-gingival plaque is c. 415. Indeed they went on to
hypothesise that the total species diversity in the oral cavity is c. 500 species,
a figure that had been mooted previously (Paster et al., 2001).

The

species/phylotypes which were most closely associated with periodontitis
included; 2 species of Atopobium, Fusobacterium naviforme, Fusobacterium
animalis, Streptococcus constellatus, Gemella haemolysans, Eubacterium
saphenum, Filifactor alocis, Catonella morbi, Selenomonas spitigena,
Haemophilus parainfluenzae, Campylobacter rectus, Porphyromonas
endodontalis, Prevotella tannerae, P. gingivalis, and T. forsythensis. The
results of the studies summarised differ in the species which have been
recovered from periodontitis lesions in vivo\ however, as stated previously,
although it is rather difficult to define a specific disease aetiology for
periodontitis, one may instead describe a trend that is evident when
comparing periodontal health to the microbiota associated with periodontitis.
Hence, one can conclude that the species indicative of periodontal health are
predominantly Gram-positive species, including streptococci and Actinomyces
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spp., whereas periodontitis is associated with ever larger increases in the
proportions of Gram-negative organisms which may be recovered from the
sub-gingival milieu; indeed, it is striking how the shift from periodontal health
through to periodontitis correlates with an increase in species diversity subgingivally.

P. gingivalis has received a great deal of attention as a possible mediator of
periodontal destruction; it occurs as a predominant species in the sub-gingival
microbiota of some individuals with advanced and severe periodontitis (Moore
and Moore, 1994). The presence of this particular organism acting alone or in
concert as part of a poly-microbiai infection appears to be essential for
disease activity (Socransky and Haffajee, 1992). P. gingivalis does not
elaborate a single exotoxin but a surfeit of enzymes along with toxic
metabolites, and cellular constituents which may be produced by the cell
(Lamont and Jenkinson, 1998). These compounds have the potential to
impinge upon host tissue resulting in alveolar bone loss and the breakdown of
other periodontal tissues. In addition, both the innate and acquired immune
defence mechanisms may be affected, enhancing the microbially-driven
degradation of the periodontium (Lamont and Jenkinson, 1998). Specific
examples of tissue degradation and attenuation of host defence mechanisms
include the degradation of extracellular matrix proteins, activation of matrix
metallo-proteases (MM Ps), inactivation of plasma protease inhibitors,
cleavage of cell surface receptors, activation or inactivation of complement
factors and cytokines, and activation of the kallikreinkinin cascade (Travis et
al., 1995). In addition to its potent proteolytic activity, P. gingivalis can
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degrade the glycosaminoglycans, hyaluronate, chondroitin sulphate and
heparin (Holt and Bramanti, 1991). Moreover, by a multitude of complex and
interconnected mechanisms, P. gingivalis can contribute to alveolar bone loss
via stimulating bone resorption, inducing bone destruction and inhibiting bone
formation (Holt and Bramanti, 1991). P. gingivalis lipopolysaccharide (LPS)
can activate osteoclasts directly and cause the release of prostaglandin E2
and of the cytokines IL-1 p and TN F-a from macrophages, monocytes and
fibroblasts (Lindemann et al., 1988, Bramanti et al., 1989, Sismey-Durrant and
Hopps, 1991, Yamanji et al., 1995, Wilson et al., 1996c, Roberts et al., 1997).
These compounds are known to be potent mediators of bone resorption and
can inhibit collagen synthesis by osteoblasts and induce the production of
host metalloproteases that destroy connective tissue and bone (Holt and
Bramanti, 1991, Havemose-Poulsen et al., 1997). Of all the major immune
mechanisms which may be encountered within a periodontal pocket,
polymorphonuclear leukocytes (PMNs) seem to play a major role in the
prevention of overgrowth of the sub-gingival microbiota (Darveau et al., 1997).
P. gingivalis impinges upon almost all aspects of PMN recruitment and
activity. Neutrophil chemothaxis is inhibited by low molecular weight fatty
acids, such as succinic acid, which are produced by the organism (Rotstein et
al., 1985). Succinate may also act by reducing the intracellular pH of
neutrophils (Rotstein et al., 1985). P. gingivalis can also immobilise PMN
responses to chemotactic peptides by the depolarisation of PMN membranes
(Novak and Cohen, 1991).

35

1.2.7 Risk factors associated with periodontal disease
Periodontal disease may be exacerbated by several known factors, these may
be intrinsic or extrinsic to the affected patient. Diabetes has been identified as
a condition, which increases the likelihood of an individual developing
periodontal disease. Diabetics may respond differently to pathogenic
organisms due to vascular changes, PMN dysfunction and impaired immune
regulation. (Salvi et al.,1997, Scannepieco et al.,1998). Smoking has also
been identified as a risk factor in periodontal diseases (Salvi et al.,1997).
Tobacco usage has been attributed to poor response to therapy and the
increased incidence of recurrence (Martinez-Canut et al.,1996). Smoking also
affects the immune response impairing chemotaxis and phagocytosis by
neutrophils, decreased antibody production and elevated levels of TN F-a
(Salvi et al., 1997, Bostrom et al.,1998). Individuals may also be genetically
more disposed to a periodontal disease, this may be related in some
instances to immune dysfunction due to a heritable disorder (Greenstein et al.,
2000). Patients that are HIV seropositive or have progressed to AIDS are
also at elevated risk of developing a periodontal disease which in some
instances may be particularly aggressive (Greenstein et al., 2000).

1.3 Biofilm Control
1.3.1 Mechanical debridement of dental plaque
The primary way in which periodontal diseases are treated clinically is the use
of mechanical force to remove both supra-gingival and sub-gingival plaque as
well as calculus from the disease lesion.

This mechanical debridement of the

infected tissue is known as planing and root scaling. This treatment
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methodology dates to the ancient Egyptians, and is still the preferred
treatment of periodontal disease by clinicians in the 21st century. Scaling may
be defined as the removal of both dental plaque and calculus supra- and subgingivally to the junctional epithelium. Root planing involves the thorough
removal of the remaining plaque and bacterial products including LPS and
toxins from the pocket cementum interface such that the resultant surface is
smooth and devoid of any bacteria (Genco et al., 1990, Hoag et al., 1990,
Jenkins et al., 1999). This treatment is extremely effective in treating
periodontal diseases, hence its longevity (Mombelli et al., 2004). Mechanical
removal of plaque and calculus coupled with scrupulous oral hygiene is
sufficient in many instances in halting disease progression and concomitant
attachment loss (Mombelli et al., 2004).

1.3.2 The use of antimicrobials in periodontal treatment
Antimicrobial compounds are currently widely used in the control of dental
plaque and are hence useful in the prevention and/or treatment of periodontal
diseases.

Antimicrobial compounds are used as adjuncts to scaling and root

planing. There are many chemotherapeutic compounds utilised by clinicians,
one of the most ubiquitous being chlorhexidine. Chlorhexidine is a bisbiguanide and is a cationic compound, this results in it being rapidly attracted
to the negatively-charged bacterial cell surface. After adsorption, the integrity
of the bacterial cell membrane is altered, this results in a reversible leakage of
bacterial low molecular weight components at low dosage or more severe
membrane dam age at higher concentrations (kuyyakanond et al., 1992).
Chlorhexidine is a potent anti-plaque compound, and due to its cationic
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nature, readily binds to enamel or to the nascent salivary pellicle, greatly
increasing its residence time and hence bactericidal activity (Pratten et al.,
1998a). However, administered chlorhexidine is of limited use in the
treatment of periodontal disease. It poorly penetrates periodontal pockets and
hence has a limited bactericidal effect on sub-gingival organisms. (Ciantar.,
1995). The efficacy of chlorhexidine against biofilm-bound bacteria has been
investigated by Pratten et al. The results of these studies show that whilst
chlorhexidine may achieve a 90% reduction in the viable count of bacteria in
the biofilm upon initial application, viable counts quickly recover to pre-pulsing
levels (Pratten et al., 1998a).

Povidone-iodine is an antimicrobial which is microbicidal for Gram-positive
and Gram-negative bacteria, fungi, mycobacteria, viruses and protozoa
(Schreier et al., 1997). The antibacterial activity of povidone-iodine is due to
the oxidation of amino, thiol and phenolic hydroxy groups in amino acids and
nucleotides and its interaction with unsaturated fatty acids in cell walls and
membranes (Quirynen et al., 2002). Significant, but small, additional effects
have been reported with the use of povidone-iodine in conjunction with sub
gingival debridement. Immediately after pocket irrigation with a diluted
povidone-iodine solution (0.2% free iodine), an appreciable antibacterial effect
against black-pigmented, Gram-negative anaerobic rods can be detected.
The proportions of spirochaetes and motile organisms are even reduced until
26 weeks after application (Nakagawa et al., 1990). Hence, it is possible to
conclude that povidone-iodine seems to be potentially a promising
antimicrobial product in periodontics (Quiryen et al., 2002).
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1.3.3 Antibiotics
Antibiotics have been utilised extensively in the treatment of periodontal
diseases. They are of particular use to the clinician when treating periodontal
infections that prove to be refractory to traditional mechanical debridement
coupled with scrupulous oral hygiene. Antibiotics may be either systemically
administered or applied locally. The method of application depends on the
nature of the periodontal lesion and the level of patient compliance. Several
antibiotic compounds are routinely administered systemically including
tetracycline and its semi-synthetic derivatives minocycline and doxycycline
(Jenkins et al., 1999). Systemically supplied minocycline is commonly utilised
against periodontal pathogens due to its relatively long serum half-life, low
rate of urinary excretion and concentration in G C F 2 to 5 times higher than
that found in serum (Ciancio et al.,1980). Minocycline has been shown to
inhibit a number of periodontopathogenic species at concentrations clinically
achievable, notably some black-pigmented anaerobes had somewhat higher
minimum inhibitory concentrations (O ’Connor et al., 1990).

Metronidazole is a commonly administered antibiotic, topical application is
preferable to systemic administration as it avoids complications such as
superinfection and gastrointestinal intolerance, it is also possible to deliver a
higher concentration than that used systemically (Jenkins et al., 1999).
Metronidazole was introduced for the treatment of periodontal infections due
to it being retained by obligately anaerobic bacteria, this then leads to cell
death (Muller at al., 1977) by interfering with the synthesis of nucleic acids
(Walker, 1992). The metronidazole gel prepared for sub-gingival application
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consists of a bioadsorbable delivery device containing 25 % metronidazole
benzoate in a matrix formed from a mixture of glycerol monooleate and
sesame oil (Norling et al., 1992). The decay of metronidazole over time in the
crevicular fluid follows an exponential curve with a reservoir maintained for up
to 12 hours (Stoltze et al., 1992). After 24 hours, the metronidazole
concentration in the crevicular fluid still remains above the minimum inhibitory
concentration for 50 % killing of key periodontal pathogens (Stoltze, 1995).
The effect of Metronidazole gel applied as an adjunct to scaling and root
planning has been scrutinized, however no additional benefits were apparent
when scaling and root planning was combined with the application of
metronidazole over and above what was clinically achieved via mechanical
debridement alone; this despite repeated (5 times in 1 week) gel application
(Riep et al., 1999).

Tetracycline-HCI is a bacteriostatic compound that inhibits bacterial protein
synthesis and, as such, requires significantly longer exposure time than, for
example, metronidazole or chlorhexidine (Tonetti, 1998). However, it
possesses the ability to bind to the hard tissue walls of periodontal pockets
thus establishing a drug reservoir (Christersson et al., 1993). Tetracycline
releasing devices have been used mainly in trials of periodontitis patients. Of
these, the most widely used is the Actisite periodontal fibre (ALZA, Palo Alto,
CA, USA; Solco, birsfelden, Switzerland), a mono-lithic thread of biologically
inert, non-resorbable plastic copolymer containing 25 % tetracycline
hydrochloride powder (Mombelli et al., 2004). The fibre is then packed into
the periodontal p o c k e t, secured with a thin layer of cryanoacrylate adhesive
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and left in situ for 7 to 12 days (Tonetti et al., 1990). When used in
conjunction with planing and root scaling, locally administered tetracycline
resulted in an appreciable probing depth reduction and/or attachment gain, in
addition maintenance patients who harboured non-responding sites seemed
to benefit from the locally applied tetracycline (Kinane et al., 1999). It appears
that the application of tetracycline fibres in combination with rigorous and
repeated sub-gingival debridement reduces the clinical signs of periodontitis
and leads to an increase in attachment levels (Vandekerckhove et al., 1997).
The clinical improvements evident when tetracycline fibres are employed in
conjunction with mechanical debridement may stem from its substantivity and
improved accessibility of the sun-gingival milieu due to fibre removal prior to
planing and root scaling (Quirynen et al., 2002).

The local delivery of antibiotics proffers several advantages over their
systemic use. It is known that the systemic use of antibiotics may result in a
whole range of adverse effects such as hypersensitivity, nausea, diarrhoea,
gastrointestinal intolerance, candidiasis, rashes and an unpleasant taste
(Walker, 1996). However, this is not to imply that local administration should
not be approached with the same caution that systemic antibiotic use is
afforded. It is known that a patient with an allergy to a particular drug will still
show a reaction even after localised application; indeed the locally applied
compound may be absorbed such that this may result in an appreciable
concentration of the compound in the patients’ serum (Rapley et al., 1992).
Moreover there is not a wealth of data available on the effects, if any, of sub
gingival slow release devices on the microbiota of the gastrointestinal tract
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(Quirynen et al., 2002). Indeed, the dearth of published data has led to
suggestions of the possible spread of antibiotic resistance genes and the
spectre of multi-drug resistance after local antibiotic application (Kilian et al.,
1995).

1.4 Methods for the in vitro modelling of biofilms
The advances that have been made in understanding the complex threedimensional structures and elucidating the multitude of interactions which
occur within the confines of a bacterial biofilm have been achieved using a
number of methodologies. It is always preferable to study the biofilm either in
vivo or in situ, the most pertinent data may always be garnered from studying
the biofilm within the confines of its natural environment. However, cultivating
biofilms in vitro offers benefits to the investigator, variation is inherent within
the natural environment, in vitro cultivation allows the precise manipulation of
the conditions in which the biofilm is cultivated and maintained, hence limiting
variation. Conditions such as temperature, atmospheric environment, nutrient
source and availability, substratum and inocula may be altered accordingly,
allowing the precise identification of cause and effect relationships, which may
be monitored via the biofilm itself. The different methodologies used to
cultivate biofilms in vitro have been categorised (Brown et al., 1993) and a
hierarchy is apparent from the very simple through to complex models which
allow precise control of a range of growth parameters. There are the closed
growth models, continuous growth models which are not steady state through
to the steady state continuous growth models (in terms of biomass). The
closed growth systems are rather limited in that they possess a finite nutrient
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supply and no provision is made for removal of waste products generated by
the cells. An example of such a system is the growth of biofilms directly on a
solid medium such as an agar plate, or growth on a membrane filter which is
in contact with the solid medium. The closed system may also refer to a
solid/liquid interface, here the substratum used to generate the biofilm is
immersed in a liquid nutrient. The non-steady state continuous growth models
allow for the unrestricted cultivation of biofilms, continuous culture systems
are often used to generate planktonic cells, these then form a sessile
community upon the substratum surface. However, these biofilms are not in a
steady state, biomass will continue to accumulate, altering the available
nutrient supply. An example of such a system is the Robbins’ device, this
system was adapted and called the modified Robbins’ device (McCoy et al.,
1981). The system is constructed from an acrylic block and allows for multiple
sampling, sampling ports contain sampling plugs which may be removed and
replaced aseptically, culture effluent may be pumped through the block
housing unit, typically from a continuous steady state culture, passing over the
sampling plugs on which biofilm formation occurs. The modified Robbins’
device has been used to model a range of systems including soft tissue
infections (Deretic et al., 1989). A problem associated with such systems is
the variability of growth rate over time which is due to fluctuations in the
available nutrient supply. When investigating the effect of antimicrobials upon
the biofilms it becomes difficult to distinguish between the effects of the
antimicrobial and bacterial growth rate effects resulting from a depleting
nutrient supply.
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1.4.1 The Constant Depth Film Fermentor (CDFF)
The constant depth film fermentor is an example of a continuous growth
model that allows growth rate associated problems to be overcome, this
apparatus was first described by Peters and Wimpenny in 1988. A good in
vitro model should incorporate features which allow it to be as flexible as
possible and allowing maximal control over both biotic and abiotic conditions
within the model. To this end the C D FF appears to be ideally suitable being
sterilizable and providing for the aseptic removal of samples. It is suitable for
investigations of natural and defined microbial consortia and indeed single
species (Dibdin et al., 1999). The C D FF consists of a cylindrical glass vessel,
this is sealed top and bottom via stainless steel end plates. Within the C D FF
there is a stainless steel turntable, this turntable is capable of holding 15
polytetrafluoroethylene (PTFE) pans. These pans contain 5 PTFE plugs
which are 5 mm in diameter. The plugs may be recessed to a chosen depth
to reflect the in vivo situation or substrata may be placed on top of the plugs to
more accurately mimic the surface interface in vivo, typically when modelling
the non-shedding surfaces of the oral cavity hydroxylapatite is used. Two
PTFE scraper blades are situated immediately above the turntable, their dual
role being the smearing of nutrients over the biofilm surface and the exertion
of shear forces upon the biofilm/air (or biofilm/anaerobic gas depending on
operating conditions) interface thereby maintaining a constant depth. The
upper end plate contains ports allowing the entry of sterile medium, gas,
inocula and aseptic sampling of the fermentor, whilst the lower end plate
harbours a port to allow drainage of the effluent. The C D FF itself is small
enough to allow it to be housed within an incubator if appropriate. The
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advantages of using this fermentor system are multiple, including the
generation of large numbers of samples permitting statistical analysis and the
controlled pulsing of both media or antibacterial compounds, multiple
substrata may be investigated and substrata may be pre-treated before
experimental commencement to allow the effect upon biofilm formation to be
determined (Wilson., 1996b).

The C D FF has been previously employed to model the supra-gingival milieu
within the oral cavity. Multi-species biofilms modelling inter-proximal plaque
were grown on a hydroxylapatite substratum for the purposes of analysing the
effects of chlorhexidine on oral biofilm viability and structure (Hope and
Wilson, 2004). The C D FF has also been employed to culture multi-species
oral biofilms on an enamel substratum from an inoculum composed principally
of pooled human saliva (Pratten et al.,2000a, Pratten et al., 2003). Pratten et
al., 2003 employed both culture and cloning techniques to quantify the
microbiota cultivated within the model. The polyphasic approach resulted in
the identification of 36 different bacterial species from both the inoculum and
biofilms. All of the isolates and clones detected with the exception of Bacillus
subtilis were considered to be part of the normal oral flora. Pratten et al.,
(2000a) subjected the multi-species biofilm to a differential feeding regime
whereby the structures of sucrose-supplemented and non-supplemented
biofilms were scrutinised using confocal microscopy. The biofilms contained
structural motifs such as voids and channels consistent with what has been
observed in studies of in vivo dental plaque (Pratten et al., 2000a) both
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studies demonstrate that the C D FF is capable of generating biofilms which
may be considered comparable to those found in vivo within the oral cavity.

1.5 Photodynamic therapy
The application of light for therapeutic purposes is rooted in antiquity. It was
used in ancient Egypt, India and China to treat a wide range of dermatological
complaints; it was even employed in the treatment of psychosis (Spikes, 1985,
Epstein, 1990). The ancient Greeks advocated exposing one’s whole body to
the sun, which was known as heliotherapy in the treatment of differing
diseases and this developed into a popular past-time (Ackroyd et al., 2001). A
Greek physician by the name of Herodotus extolled the virtues of sun
exposure for therapeutic purposes and is regarded as the father of
heliotherapy (Ackroyd et al., 2001). In the eighteenth and nineteenth
centuries in France, sunlight was employed in the treatment of a plethora of
complaints which included tuberculosis, rickets, scurvy, rheumatism,
paralysis, edema and muscle weakness (Cauvin, 1815). Phototherapy was
further developed by Niels Finsen, at the turn of the last century he
successfully employed red light for the treatment of smallpox, the application
of the red light prevented suppuration of the pustules (Finsen, 1901).
Phototherapy involves the utilisation of light in the treatment of disease,
photochemotherapy involves the application of a photosensitising agent
followed by illumination with an appropriate light source (Ackroyd et al., 2001).
Again, this form of therapy has been practised for several thousand years.
Over 3000 years ago the Indians used psoralens in the treatment of vitiligo
(Fitzpatrick et al., 1959). However, the concept that cell death may be
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induced via the concerted action of light and chemicals is a relatively recent
one, being recognised for only c. 100 years (Ackroyd et al., 2001). A medical
student by the name of Oscar Raab, as part of his study on the malariacausing protozoa, discovered that the combination of acridine red and light
had a lethal effect on paramecia (Raab, 1900). The experiment had been
conducted during a thunder storm when ambient light conditions had been
abnormal leading to this chance discovery. It was later demonstrated that the
effect exerted by light in combination with acridine was greater than that of
either acridine alone or light alone. Raab concluded that it was not light per
se but rather some product of the fluorescence that resulted in in vitro activity.
Raab hypothesised that this effect was caused by the transfer of energy from
light to the chemical, analogous to that seen in plants after the absorption of
light by chlorophyll (Von Tappeiner, 1900). Von Tappeiner went on to
demonstrate the requirement of oxygen for photosensitisation reactions to
proceed (Von Tappeiner and Jodlbauer, 1903), and in 1907 introduced the
term ‘photodynamic action’ to describe this phenomenon (Von Tappeiner and
Jodlbauer, 1907).

1.5.1 Mechanism of action
Photodynamic therapy mediates bacterial killing, or in the case of oncology,
tumour necrosis, by two main photochemical pathways. The two proposed
pathways being designated type I and or type II reactions. Compounds used
to achieve photosensitisation are typically aromatic and extremely efficient at
producing long-lived triplet excited states. Characteristics which are important
in a photosensitiser and are directly related to its electronic structure include
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lipophilicity (helping to determine where the compound is likely to localise in
the organism), maximum wavelength of absorption and intensity of absorption
(Wainwright., 1998). In addition, a photosensitiser should ideally only exert its
bactericidal effect on illumination with the appropriate light source and should
not demonstrate dark toxicity. Production of the excited triplet states is due to
the elevation of electrons into a higher energy level (Wilson., 1994a) upon
stimulation by polychromatic (such as visible light) or monochromatic light
(produced by lasers) which is essential if photosensitisation is to occur
(Wainwright., 1998). The proposed type I reaction is characterised by the
interaction between the triplet state photosensitiser with oxidizable
compounds resulting in the abstraction of hydrogen or electron transfer
producing reactive radicals or radical ions. A type II reaction is one where
energy transfer occurs between the excited triplet state photosensitiser and
molecular oxygen, this results in the formation of highly unstable, and hence
reactive, singlet oxygen (Burns et al., 1996, Martin et al., 1987, Phillips.,
1997., W ilson.,1994a).

The type II mechanism is one that has been heavily implicated in the
photochemical inactivation of microorganisms. The effect of the
photosensitiser toludine blue O (TBO) a tricyclic heteroaromatic compound
(maximal absorbance 633 nm, its structure is shown in figure 1.6), stimulated
using a HeNe laser light emitting monochromatic collimated light at 632.8 nm
was determined upon the organism P. gingivalis. The results showed that in
the presence of deuterium oxide, known to prolong the half-life of singlet
oxygen, a considerable increase in sensitiser efficacy was found, indirectly
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implicating a type II mechanism (Bhatti et al., 1998). It was also found that the
sensitiser was concentrated in the outer membrane of P. gingivalis suggesting
that TBO may act preferentially on this structure (Bhatti et al., 1998). A similar
study using TBO and a HeNe laser on the cariogenic bacterium Streptococcus
mutans demonstrated increased photosensitisation in the presence of
deuterium oxide and no detectable photosensitisation under anaerobic
conditions. Addition of oxygen scavengers to the system greatly decreased
photosensitisation, all these observations strongly implicate type II reactions in
the photosensitisation of microorganisms (Burns et al., 1997). Studies on the
photosensitisation of Escherichia coli using TBO led the investigators to
conclude that TBO is membrane-active (Wakayama et al., 1980). Experiments
using yeast cells have also implicated plasma membrane damage as the
primary mechanism of lethal photosensitisation (Ito.,1977a, Ito et al.,1977b).
These results demonstrate that TBO is membrane-active, this being the
cellular target disrupted via photosensitisation utilising TBO.

Figure 1.6: A diagram of the structure of TBO.
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1.5.2 Applications of PDT
Photodynamic therapy is currently utilised in the field of oncology for the
treatment of a range of cancers. Photodynamic therapy has been used
clinically for the treatment of bladder cancer, lung cancer and various
malignant diseases of the skin and the upper respiratory tract (Schuitmaker et
al., 1996). The photosensitising drug is administered intravenously and is
selectively taken up and retained by malignant cells (Carruth., 1998). The
photosensitiser most frequently used is haematoporphyrin derivative (HPD) or
more recently its active component dihaematoporphyrin ether (DHE) in
combination with red light at 630 nm (Carruth., 1998). Photodynamic therapy
has been demonstrated to be effective in the sterilisation of human derived
blood and blood products. It has been shown that the tricyclic heteroaromatic
compound methylene blue at a concentration of 1 pM sensitises, among
others, hepatitis B and C as well as human immunodeficiency virus-1 (Mohr et
al., 1997). Photodynamic therapy utilising aluminium disulphonated
phthalocyanine (AIPcS2) was able to effectively photosensitise methicillinresistant Staphylococcus aureus (MRSA), a frequent cause of noscomial
infections (Griffiths et al., 1997). Whilst polychroamatic light allied to
methylene blue was shown to be effective against a wide range of bacteria
associated with human skin and opportunistic pathogens such as Candida
albicans (Zeina et al., 2001).

Photosensitisation of Helicobacter pylori with an

assortment of photosensitisers including TBO has been demonstrated in vitro
(Millson et al.,1996), this is significant as H. pylori has been implicated as the
causative agent of gastric ulcers and adenocarcinomas and is currently
treated via administration of systemic antibiotics or surgery.

50

1.5.3 Use of Photodynamic therapy in the oral cavity
Photodynamic therapy has been demonstrated as having a bactericidal effect
against many of the organisms that are the causative agents of dental caries
and periodontal diseases. Photodynamic therapy has been shown to be
effective against a wide range of planktonic single species oral bacteria
including S. sanguinis which was shown to be susceptible to a wide range of
photosensitisers; TBO, haematoporphyrin ester, thionin and methylene blue in
conjunction with HeNe laser light (Wilson et al., 1993a). Toluidine blue and
HeNe laser light has been demonstrated as having a bactericidal effect on
biofilms composed of S. sanguinis (Wilson et al.,1996a). It has been
demonstrated that both TBO and AIPCS 2 in combination with either a HeNe or
gallium aluminium arsenide (GaAs) laser respectively, effectively
photosensitised bacteria composing supra-gingival plaque samples (Wilson et
al., 1995c). This is significant due to the known recalcitrance of biofilms to the
application of bactericidal or bacteriostatic compounds. Photodynamic
therapy has been shown to effectively kill a range of bacteria associated with
caries and dental plaque formation as well as having appreciable activity
against biofilm-bound bacteria.

1.6 Aims and Objectives
This introduction has given a brief summary of the problems associated with
treating periodontitis. The bacteria indigenous to the oral cavity possess a
prodigious ability to form biofilms, these biofilms differ in composition
depending upon whether they form supra- or sub-gingivally. However, what is
apparent is the recalcitrance of the bacteria to many anti-microbial
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compounds when they are present as biofilms; this recalcitrance certainly
helps to explain the refractory nature of certain forms of periodontal diseases.
Many of the current treatments which are available today may be successful
in reducing the bacterial load within a periodontal pocket, but are unable to
reduce numbers of the putative pathogenic bacteria such that the disease is
effectively eliminated. Indeed, there are several disadvantages associated
with the use of anti-microbial compounds commonly administered, including
problems of resistance. Therefore, PDT may represent a new and improved
method of treating periodontitis, certainly as an adjunctive in combination with
more traditional mechanical debridement. Although the use of PDT for the
treatment of bacterial infections is still in its infancy, it has been successfully
used in the treatment of certain carcinomas and certainly shows huge
potential in the field of infectious diseases.

The aims and objectives of this study can be summarised as follows:
1. To identify a suitable photosensitiser for use in conjunction with a HeNe
laser light source.
2 . To develop a laboratory model capable of producing large numbers of
biofilms that mimicked, as regards composition and structure, the sub
gingival plaques found in vivo.
3 . To determine whether the chosen photosensitiser in conjunction with
HeNe laser light can effectively photosensitise periodontopathogenic
bacteria when cultivated as biofilms.
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4. To conduct a comparative analysis of the efficacy of lethal
photosensitisation when compared to a commonly prescribed anti
microbial such as chlorhexidine digluconate.
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CHAPTER TWO
MATERIALS AND METHODS

2. Materials and methods
2.1 Organisms
2.1.1 Growth of single species
2.1.1.1 Streptococcus sanguinis
T he strain used w as Streptococcus sanguinis N C T C 10904 (unless stated
otherwise) which w as maintained by sub-culturing on tryptone soya agar (Oxoid
Ltd., Basingstoke, UK) every w eek. For experimental purposes, the organism w as
grown overnight (16 h) in tryptone soya broth (Oxoid Ltd.) at 3 7 °C in an anaerobic
environment consisting of 8 0 % N2, 10% C 0 2 and 10% H2 (Don W hitley Scientific
Ltd., Shipley, UK).

2.1.1.2 Porphyromonas gingivalis
T he strain used w as Porphyrom onas gingivalis W 5 0 which w as maintained by subculturing on Fastidious A n aerobe A gar (FAA ) (Bioconnections, Leeds, U.K)
containing 5 % (v/v) defibrinated horse blood (E & O Laboratories, Bonnybridge,
U.K). For experimental purposes the organism was grown in Bacteroides medium
(BM ) broth for 2 days at 3 7 °C in an anaerobic environment. T he composition of the
BM broth was as follows: tryptone soya broth 10 g (Oxoid Ltd), protease peptone
10 g (Oxoid Ltd.), yeast extract 5 g (Oxoid Ltd.), glucose 5 g (S igm a Ltd., Poole,
U.K), sodium chloride 5 g (S igm a Ltd.), and cysteine-hydrochloride 0 .7 5 g (S igm a
Ltd.) per litre of distilled w ater. T h e pH w as adjusted to 7.5, and the broth w as
autoclaved at 121° C for 15 min. T h e m edium w as supplem ented with haemin
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(S igm a Ltd.) and m enadione (S igm a Ltd.) prior to use so that the final
concentrations w ere 5 p,g/ml and 0 .5 pg/m l, respectively.

2.1.1.3 Fusobacterium nucleatum
T he strain used w as Fusobacterium nucleatum F28 (a clinical isolate from the
Eastm an

Dental

Institute)

which

w as

maintained

by

sub-culturing

on

FAA

supplemented with 5 % (v/v) defibrinated horse blood every w eek. For experim ental
purposes the organism w as grown in brain-heart infusion (B H I) broth (Oxoid Ltd) for
2 4 hours at 3 7 ° C in an anaerobic environment.

2.1.1.4 Actinobacillus actinomycetemcomitans
T h e strain used was Actinobacillus actinomycetemcomitans HK 1651 which was
maintained by sub-culturing on FAA supplemented with 5 % (v/v) defibrinated horse
blood every w eek. For experim ental purposes the organism w as grown on BHI
broth for 2 days at 3 7 ° C in an anaerobic environment.

2.1.1.5 Actinomyces viscosus
T h e organism used w as Actinomyces viscosus (a clinical isolate) which was
maintained by sub-culturing on FAA supplemented with 5 % (v/v) defibrinated horse
blood every w eek. For experim ental purposes, the organism w as grown in BHI
broth for 24 h at 3 7 ° C in an anaerobic environment.
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2.1.2 Collection of subgingival plaque samples and pooled saliva samples
2.1.2.1 Subgingival plaque samples from patients with periodontitis
Subgingival plaque sam ples w ere obtained from patients attending the Eastm an
Dental Hospital for treatm ent for m oderate-to-advanced adult periodontitis. S u b 
gingival plaque sam ples w ere collected from these patients, each sam ple
contained the contents of at least two periodontal pockets. Each sam ple w as
suspended in 1 ml of R educed Transport Fluid (R T F ) as a cryoprotectant and
these w ere then stored in a fre ezer (Lab Impex R esearch, M iddlesex, U.K) at 7 0 e C. T h e composition of R T F w as as follows: Stock solution 1: dibasic
potassium phosphate 0 .6 g (K2H P 0 4) (S igm a Ltd), distilled w ate r 100 ml. Stock
solution 2; potassium chloride 1.2 g (S igm a Ltd.), am m onium sulphate 1.2 g
(Sigm a Ltd.), m onobasic potassium phosphate (K H 2 P 0 4) 0 .6 g (S igm a Ltd.),
99m l distilled w ater, M g S 0 4 stock solution 1 ml (M g S 0 4 2 .5 g (S igm a Ltd.),
distilled w ater 100m l). Sodium carbonate solution; sodium carbonate 0 .8 g
(Sigm a Ltd.), distilled w ater 10 ml, to prepare 100 ml of R T F, 7.5m l stock solution
1, 7.5m l stock solution 2, 0 .5 ml sodium carbonate solution and 80 ml of distilled
w ater. This w as then autoclaved at 121° C for 15 min, w hen cooled to room
tem perature a filter sterilised solution of dithiothreitol (D T T , S igm a Ltd.) (0.0 2 g of
D T T in 5 ml of distilled w ater) w as added (Syed et al., 1972). T h e sam ples w ere
thaw ed and centrifuged at 8 ,0 0 0 g in a desktop centrifuge (Eppendorf 581 OR,
Eppendorf, Cam bridge, U.K) for 10 min, the R T F (upper layer) w as then
rem oved. T h e sam ples w ere suspended in 20 ml of pre-reduced BHI broth with
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1 0 % glycerol. T h e s e w ere hom ogenised and sub-divided to give 2 0 x 1 ml
aliquots and stored at -7 0 ° C.

2.1.2.2 Preparation of pooled saliva samples
Salivary sam ples w ere taken from ten m em bers of the microbiology departm ent,
Eastm an Dental Institute. Three millilitres w as taken from each individual resulting
in 30 ml of pooled saliva. To this w as added 30 ml of BHI broth with 10% glycerol
(Sigm a Ltd.), the glycerol being a cryoprotectant. This w as vortex mixed vigorously
for 1 minute to homogenise the sample. Aliquots of 1 ml w ere then dispensed into
5 0 sterile cryotubes. T h e se w ere then stored at - 7 0 ° C.

2.2 The constant depth film fermentor (CDFF)
T h e C D F F (John Parry Jones Engineering, Cardiff, U.K) is an autoclavable
device (Peters et al., 1988), and enables the production and aseptic rem oval of
75 biofilms of defined thickness. T h e C D F F possesses 15
polytetrafluoroethylene (P T F E ) pans that are inserted into the stainless steel
turntable. Each pan has 5 plugs, the plugs them selves m ay be recessed to allow
biofilm formation or alternatively a substratum m ay be inserted over the plugs
and recessed to a known depth. H ence the design of the C D F F enables the
generation of large num bers of reproducible biofilms. Tw o scraper blades rem ove
excess m edium , and upon biofilm formation m aintain a constant biofilm
thickness. T h e scraping produced by the blades helps to mimic the shear forces
found within the oral cavity.
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Figure 2.1: A cross-section of the CDFF.
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2.2.1 Preparation of hydroxylapatite discs
The substratum for subgingival plaque is enam el/cem entum , the mineral
com ponent of which is similar to hydroxyapatite. Hydroxylapatite discs were,
therefore, used as the substratum for biofilm growth in the C D F F . Hydroxylapatite
powder (Plasm a Biotal Ltd, Derbyshire, U.K) was added to fill a mould (PerkinElmer, U .S.A ) of 5 mm diam eter. T h e powder was subjected to increasing
mechanical pressure up to 0 .25 of a tonne which was then released immediately.
This resulted in the formation of a disc with a 5 mm diam eter for insertion into the
C D F F . This process was repeated to produce 75 such discs. T h e newlypressed discs w ere placed in a furnace (Lenton Therm al Designs Ltd, U.K) at
1 0 0 0 ° C for 1 h.
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Figure 2.2: An overview of the CDFF looking down upon the steel turntable
showing the arrangement of the PTFE pans

2.2.2. Assembly of the CDFF
T he hydroxylapatite discs w ere inserted into the ferm entor pans and recessed to
100 pm using a purpose-built tool. The fermentor was sealed using a silicon
grease which w as applied to both of the P TFE seals, this prevented leakage of
the medium from the C D F F and also helped to maintain the atmospheric
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conditions within the fermentor. Tubing was then connected to the C D F F to
enable delivery of nutrients, microaerophilic gases and allow the removal of
effluent. T he C D F F was subsequently autoclaved at 121 ° C for 30 minutes.

Microaerophilic
gases in

G ro w b ac k trap

Peristaltic pum p
Film ferm e n to r

37°C incubato

s * Air

Air

W a s te
m edium

M edium

Figure 2.3: A schematic diagram showing the complete fermentor assembly
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2.2.3 Growth medium
The medium used consisting of R P M I (60 % with L-glutamine, without phenol
red) (Sigm a Ltd.) and horse serum (40 % , this w as not heat inactivated) (Oxoid
Ltd.). This medium composition was chosen as an approximation of gingival
crevicular fluid - the fluid com ponent of the subgingival region in which
subgingival plaque is bathed in vivo.

2.2.4 CDFF Inoculation
For each experim ent, two 1 ml aliquots of the subgingival plaque sam ples were
inoculated into 5 0 0 ml of 4 0 % horse serum in RPM I medium. To inoculate the
C D F F , this bacterial suspension w as pumped (using a peristaltic pump [Watson
and Marlow, Falmouth, U.K]) for 8 h at a rate of 1 ml/min into the C D F F

2.2.5 Gaseous conditions within the CDFF
The C D F F operated under microaerophilic conditions by continuous flushing
(pressure 1 bar, flow rate through the C D F F 60 cm 3/m in) with an atm osphere
consisting of 95 % N2, 3 % C 0 2, 2 % 0 2, the gas cylinder (B O C , Guildford, U.K)
being connected to the C D F F via silicon tubing, this passed through a 0.22-pm
filter (W hatm an, Maidstone, U.K) before entering the fermentor.

2.2.6 Growth of multi-species biofilms using the CDFF
The medium used to enable growth of the microcosm plaques consisted of RPM I
(60 % ) / horse serum (40 % ) supplemented with 0.5 pg/ml m enadione and 5.0
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jLig/ml haemin. This w as delivered to the inoculated C D F F at a flow rate of 0.1
ml/min, this flow rate being the lowest that m ay be used whilst preventing the
desiccation of the biofilm. T h e C D F F was housed within an incubator at a
constant 37 °C , the C D F F w as maintained under the constant conditions stated
above.

2.2.7 Sampling of the CDFF
The pans w ere rem oved from the C D F F at the appropriate tim e interval via the
use of a specially designed sampling tool. Before sampling this w as wrapped in
alum inium foil and autoclaved at 121 °C for 15 minutes. To sam ple, the turntable
w as stopped so as the pan w anted for sampling was directly under the sampling
port. The sampling port w as then flam ed using 9 6 % ethanol, and the sampling
lid removed. T he sam ple tool w as then placed into the ferm entor and screwed
into the pan. T h e pan w as quickly rem oved and the lid replaced. The pan was
placed into a sterile universal container for transport. To rem ove the disc from
the pan the P T F E plugs w ere forced upwards using sterile forceps, once the
discs w ere revealed they w ere rem oved from the pan.

2.3 Bacteriological characterisation of multi-species biofilms
A disc (plus its associated biofilm) was placed in 1 ml of BM broth. T he disc was
vortex-m ixed for 60 seconds to disrupt the biofilm. Ten-fold serial dilutions w ere
then perform ed and duplicate 25 pi aliquots w ere spread over the surface of the
following media:
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FAA and Coloum bia Blood Agar (CBA) (Oxoid Ltd) both of which contained 5 %
(v/v) defibrinated horse blood.
Selective m edia w ere also used to culture the following genera;
Actinom yces spp. w ere isolated on Cadm ium fluoride-acriflavin-tellurite agar
plates (C F A T ) (Zylber et al., 1982), Veillonella spp. on Veillonella agar (VEI)
(Difco, Detroit, M l, U .S.A ), streptococci on Mitis Salivarius agar (M S ) (Difco). To
isolate G ram negative anaerobic species, FAA plus 2.5 pg/ml vancomycin
(Sigm a Ltd), 10 pg/ml nalidixic acid (Sigm a Ltd) and 5 % defibrinated horse blood
(v/v) (FA X ) w as used.
After incubation in an anaerobic cabinet for up to 7 days, with the exception of
the Colum bia agar which w as incubated aerobically overnight, the colonies on
each plate w ere counted and subjected to a number of confirmatory identification
tests.
The confirmatory tests used w ere as follows:
a) Representative colonies w ere G ram -stained
b) Those suspected of being streptococci w ere subjected to catalase testing
c) Those suspected of being obligate anaerobes (i.e. Veillonella spp., G ram negative anaerobes and black-pigm ented anaerobes) w ere sub-cultured and
tested for their ability to grow in a C C V en riched (5% C O 2) aerobic atm osphere
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2.4 Growth of single species biofilms on membrane filters
2.4.1 Preparation of membrane filters
Five millimetre diam eter discs were prepared from 0.45 pm cellulose nitrate filters
(Sterilin Ltd., Hounslow, UK). These w ere autoclaved in phosphate buffered saline
(Oxoid Ltd.) to prevent desiccation.

2.4.2 Biofilm production
T he bacterium to be grown as a biofilm was grown overnight in the appropriate
broth within the anaerobic cabinet. Upon successful overnight cultivation of the
bacterium , the culture w as rem oved and centrifuged at 7 0 0 g for 10 minutes in a
desktop centrifuge (Eppendorf). T h e supernatant was rem oved, the bacterial
culture w as diluted in saline (0 .8 5 % w/v) to give an optical density of
approximately 1 at 5 6 0 nm (Ultrospec 2000, Pharmacia biotech). T h e 5 mm
diam eter cellulose nitrate discs w ere then added to the Petri plates containing
FAA. Each disc w as inoculated with 2 5 pi of bacterial suspension. T he plates
w ere then placed in an anaerobic cabinet.

2.5 Confocal laser scanning microscopy (CLSM) of biofilms
T he biofilms w ere placed into a miniature Petri dish, biofilm uppermost. Ten
millilitres of chilled phosphate buffered saline (PBS) containing 10 pi of
com ponent A and com ponent B (BacLight™ bacterial viability kit, m olecular
probes, O regon, USA) w as carefully added to the Petri dish and allowed to cover
the biofilms. This w as then allowed to stand in the dark for 5 minutes to allow for
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stain developm ent and biofilm penetration. Scans w ere taken of the biofilms
using a Leica D M LFS fixed stage microscope with a Leica T C S SP confocal
scan-head. T he objective lens w as a 63x H C X w ater immersion dipping
objective lens. These scans w ere performed by the C L S M staff at the departm ent
of Anatomy, University College London.

2.5.1 Analysis of the CLSM data
Intensity profiles w ere generated from the raw data for both the viable (488nm )
and nonviable (568nm ) channels using Image J com puter software (Im age J
1 .22d, T h e National Institutes of Health, USA, http://rsb.info.nih.gov/ij/). To
enable effective comparison betw een the live and dead channels, the data w ere
normalised against the m axim um im age intensity for each channel. To obtain the
relative intensity value, the normalised nonviable value w ere subtracted from the
normalised viable value.

2.6 Susceptibility of single species organisms and biofilms to lethal
photosensitisation.
2.6.1 Preparation of photosensitisers and the laser light source
2.6.1.1 Preparation of photosensitisers
The Toluidine blue O (TBO ) (C.l. 52040), was obtained from Sigm a Ltd, Poole, UK
(sTBO, 9 0 % pure). The Pharmaceutical grade TB O (pTBO, 99% pure) was
supplied by Ondine Biopharma (Vancouver, B.C, Canada). T he photosensitisers,
m ethylene blue (M B), new m ethylene blue (N M B ), 1,9-dimethyl m ethylene blue
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(D M M B ), chlorin e6, zinc phthalocyaninetetrasulfonic acid, tetrasodium salt and
protoporphyrin IX disodium salt w ere all obtained from Dr M ark W ainwright
(University of Leeds, U .K). T he photosensitisers were weighed out on a Sartorius
balance (Sartorius Instruments Ltd, Surrey, UK) and m ade up to the requisite
concentration in sterile saline (0 .8 5 % w/v), and then filter-sterilised using a Nalgene
0.2 pm filter.

2.6.1.2 The laser
T h e laser used w as a Helium /Neon (H e/N e) gas laser with a m easured power
output of 35 m W (Spectra-Physics, Darmstadt-Kranichstein, G erm any). This emits
radiation in a collimated beam , diam eter 3.5 mm, with a wavelength of 632 .8 nm.
W hen irradiating biofilms the laser w as used in conjunction with a lens to enable
irradiation of the entire biofilm.

T h e use of a lens resulted in the laser beam

increasing in diam eter from 3.5 mm to 7.0 mm.

2.6.2 Susceptibility of planktonic single species to photosensitiser/HeNe
laser light
Th e overnight bacterial culture of S. sanguinis (unless otherwise stated) was
centrifuged at 700 g for 10 minutes. This was diluted in saline (0 .8 5 % w/v) to give
an optical density of approximately 0.2 at 560 nm, 100 pi aliquots of this bacterial
suspension w ere transferred to wells of a 96-well, round-bottomed micro-titre plate
(Sterilin Ltd.). An equal volum e of the filter-sterilised solution of the photosensitiser
was added to som e of the wells (4 for each photosensitiser). Four millimetre
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m agnetic stirrer bars w ere added to each well, the plate w as placed on a magnetic
stirrer and half of the wells (2 for each photosensitiser) w ere exposed to light from a
H e /N e laser.

Suspensions treated in this w ay w ere designated (L+S+). The

remaining wells (2 for each photosensitiser) w ere not exposed to laser light and
these served as controls to determ ine the effect of each photosensitiser on
bacterial viability in the absence of laser light (L-S+). Control wells (2) containing
the bacterial suspension plus sterile saline in place of the photosensitiser solution
w ere also irradiated to determ ine the effect of laser irradiation alone on bacterial
viability (L + S -). A further 2 wells, identical to those described above, w ere prepared
and these w ere not exposed to laser light (L-S-).
T h e num ber of viable organisms surviving in each well w as then determ ined by
viable counting, 10-fold serial dilutions w ere perform ed in BM broth and duplicate
5 0 pi aliquots w ere spread across FA A plates (unless stated otherwise).

The

resultant plates w ere incubated in an anaerobic environment at 37 °C . The bacterial
colonies w ere then enum erated.

2.6.3 Susceptibility of membrane grown biofilms to TBO/HeNe laser light
An FAA plate containing discs with associated biofilms w as rem oved from the
anaerobic environment 2 4 hours after seeding of the cellulose nitrate
m em branes. To a filter disc w as ad d ed 10 pi of TB O (L + S + ). A 30 s pre
exposure tim e w as allowed before exposing the L+S + disc to laser light. T h e
L+ S + w as then placed in 1 ml of sterile BM broth and vortexed for 60 s. Ten-fold
serial dilutions of the vortex-disrupted biofilm w ere prepared in sterile BM broth
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and duplicate 5 0 pi aliquots w ere spread over the surfaces of FAA plates. The
sam e procedure w as then repeated for a second biofilm.
In order to determ ine the effect of laser light alone on bacterial viability
10 pi of saline w as added to another two biofilms (L+S -) a 30-second pre
exposure tim e w as allow ed to elapse before the discs w ere exposed to laser light
as described above. T h e other controls consisted of biofilms treated with T B O
but not exposed to laser light (L-S +) and biofilms which w ere neither treated with
T B O nor exposed to laser light (L-S-). All plates w ere incubated in an anaerobic
cabinet at 3 7 ° C for up to 7 days. T h e resulting colonies w ere counted.

2.6.4 Susceptibility of CDFF grown multi-species biofilms to TBO/HeNe
laser light
Pans w ere rem oved from the C D F F and the biofilms tested for their susceptibility
to T B O /H e N e laser light. During the morning of each sampling day, one P T F E
pan containing 5 hydroxylapatite discs w as rem oved aseptically from the C D F F
and placed in a sterile universal container for transport. T he discs w ere rem oved
from the P T F E pan and placed in a 12-well flat bottomed plate (Sterilin Ltd.). To
one disc, 10 pi of T B O w as added (L + S + ) to the other disc an equal volum e of
sterile saline (0 .8 5 % ) w as added (L-S - [C1 ]). The control well served to
determ ine w hether exposure to an aerobic environm ent for the duration of the
experim ent had any effect on bacterial viability. T h e discs w ere then left for a 5
minute pre-exposure tim e to allow the applied solutions to penetrate into the
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biofilm. T h e L+S + disc w as exposed to light from a H e /N e laser. Im m ediately
following this exposure, the rem aining discs w ere then treated as follows. To one
disc, 10 pi of T B O w as added (L-S +). To the two rem aining discs, 10 pi of sterile
saline (0 .8 5 % w/v) w as added. O ne served as a control disc to determ ine
w hether exposure to an aerobic environm ent for the duration of the experim ent
had an effect on bacterial viability (L-S - [C2] the sum m ation and subsequent
m ean value of C1 and C 2 form ed the m ean L-S-) the other w as utilised to
determ ine the effect of laser irradiation alone on bacterial viability (L+S -). During
this exposure period, the L + S + and L-S- (C 1 ) discs w ere prepared for viable
counting. Ten-fold serial dilutions w ere prepared in BM broth. Duplicate 25 pi
aliquots w ere then spread over the surface of FAA plates. By this time, the
second series of discs w ere ready for processing and these w ere prepared for
viable counting in the m anner described. The above procedure w as also carried
out on a separate pan during the afternoon of each sam pling day. After
incubation of these inoculated plates in an anaerobic cabinet for up to 7 days, the
colonies on each plate w ere subsequently counted.
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CHAPTER THREE
IDENTIFICATION OF A SUITABLE PHOTOBACTERICIDAL AGENT

3.1 Introduction:
Lethal photosensitization of bacterial cells has been achieved using a wide
spectrum of sensitising agents (W ainw right.,1998b). It has previously been
dem onstrated that the phenothiazine dyes, particularly T B O , are excellent
photosensitising agents of putative cariogenic and periodontopathogenic
organism s (W ilson et a l.,1 9 9 3 a ,b ,c ).

Recently a num ber of novel phenothiazine

com pounds have b een described in the literature as possessing
photobactericidal activity (W ainw right et al., 1 9 9 7 ,1 9 9 8 a ). In addition to the
phenothiazines, other agents have been successfully em ployed for the lethal
photosensitisation of both G ram -positive and G ram -negative bacteria (Martinetto
et al., 1986, Nitzan et al., 1989, M alik et al., 1990, Minnock et al., 1996, Griffiths
et al., 1997, Nitzan et al., 1 9 9 8 ), m oreover compounds such as the porphyrins
have been utilised extensively as therapeutic agents in the Photodynam ic
Th erap y (P D T ) of various can cers (V an Hillegersberg., 199 4). Due to the broad
range of photosensitisers which have previously been shown to photosensitise
an array of different bacteria, several promising com pounds w ere chosen for a
prelim inary investigation; to assay their efficacy against an oral bacterium in
conjunction with H e N e laser light. T h e candidate photosensitisers w ere
subjected to an initial screening experim ent against the oral com m ensal
Streptococcus sanguinis. Lethal photosensitization m ay proceed through two
photochem ical pathw ays, the type II pathw ay being heavily implicated in the
photoinactivation of bacterial cells. It is hypothesised that the type II m echanism
g en erates singlet oxygen as the prim ary m ediator of cell death. Uric acid is a
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com pound that readily scavenges singlet oxygen; therefore uric acid was
incorporated into an assay to quantify singlet oxygen production, a predictive
indicator of potential photosensitising efficacy of a com pound. T h e screening
against S. sanguinis coupled with the singlet oxygen production assay w ere used
to identify a potentially suitable photosensitiser; this w as then subjected to a
more com prehensive determ ination of photosensitising ability against a range of
both G ram positive and negative organisms.

3.2 Materials and methods
3.2.1 Growth of Streptococcus sanguinis
T h e m ethod used w as the sam e as that described in chapter 2, section 2 .1 .1 .1 ,
with the following exceptions:
1 . T h e organism used w as Streptococcus sanguinis N C T C 7 8 6 3

3.2.2 Preparation of photosensitising agents
This w as described in chapter 2, section 2.6.1.1

3.2.3 Susceptibility of Streptococcus sanguinis to photosensitiser/HeNe laser
light
T h e m ethod used w as the sam e as that described in chapter 2, section 2.6.2,
with the following exception;
1. Duplicate 50 pi aliquots of bacterial suspension w ere spread over the surface
of tryptone soya agar plates (Oxoid Ltd).

72

3.2.4 Singlet oxygen production of the photosensitising compounds
The following protocol, used to quantify singlet oxygen yield w as adapted from
Fisher et al., (1998), any decrease noted in the absorbance of the uric acid solution
at 293 nm upon exposure to laser light was considered to be directly proportional to
the singlet oxygen yield of the photosensitiser. Uric acid (Sigm a Ltd) was m ade up
in phosphate buffered saline (PBS) (Oxoid Ltd) as a fresh stock solution to a
concentration of 100 pg/ml on each day the assay was to be carried out. To 1.0 ml
of phosphate buffered saline w as added 500 j l l I of photosensitiser (concentration
8 1 .7pm ) and 5 0 0 pi of 100 pg/ml uric acid, this was then exposed to laser light for
6 0 seconds (L+U +S +). A series of control solutions w ere also prepared. To 1.5 ml
of PBS, 5 0 0 pi of 100 pg/ml uric acid was added and was exposed to laser light for
60 seconds (L+U +S-), to 1.5 ml of PBS, 500 pi of photosensitiser was added and
was exposed to laser light (L + U -S + ) The absorbance of the assay plus control
solutions w as m easured at 2 9 3 nm in a spectrophotometer both pre- and post exposure to laser light and recorded, the controls helped to determ ine whether
exposure to laser light for 6 0 seconds of a solution containing solely the uric acid or
the sensitiser resulted in a concomitant absorbance shift. A final control solution
w as m ade up, its constituents being the sam e as L+U +S + however this was not
exposed to laser light (L-U +S +), the absorbance measurem ents for this solution
w ere taken at the sam e time, thus determining whether any observed absorbance
shift was laser light independent, the assay was then repeated.
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3.2.5 Growth of planktonic oral bacteria
T h e organism s used w ere as follows:
•

Streptococcus sanguinis

•

Porphyrom onas gingivalis

•

Fusobacterium nucieatum

•

Actinobacillus actinom ycetem com itans

T h e m ethods used to cultivate these microorganisms w ere the sam e as those
described in chapter 2, section 2.1.1.

3.2.6 Susceptibility of planktonic oral bacteria to TBO/HeNe laser light
T h e m ethod used w as the sam e as that described in chapter 2, section 2.6 .2 with
the following exception:
1.

For each experim ent the com parative efficacy of pharm aceutical grade TB O

(pTB O , 9 9 % pure) versus S igm a grade T B O (sTB O , 9 0 % pure) was determ ined.

3.2.7 Statistical analysis of the data
Th e statistical significance of the d a ta w as ascertained using the two-tail t-test
assum ing unequal variance.
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3.3 R esults
Figure 3 .1 : Viable counts of Streptococcus sanguinis exposed to 2.1 J of HeNe

laser light (energy density, 21.8 Jem'2) in the presence of 40.85 |iM of various
photosensitising compounds.
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Exposure to laser light in the presence of the test photosensitisers resulted in a
decrease in recovered viable bacteria in all instances as is shown in Figure 3.1.
The photosensitiser that proved to be the least efficacious was zinc
phthalocyaninetetrasulfonic acid where a reduction in bacterial numbers of less
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then 9 0 % w as recorded. T h e greatest reductions w ere seen with the
photosensitisers dimethyl m ethylene blue and chlorin e6, both of these resulted
in an appreciable kill of the organism , no viable bacteria w ere recovered.
How ever, these com pounds exhibited dark toxicity, this is defined as a reduction
in the num ber of recovered viable bacteria when the organism w as exposed to
the photosensitiser in the dark. T h e photosensitiser protoporphrin IX produced a
> 9 9 % reduction in recovered viable bacteria whilst both m ethylene blue and
toluidine blue O produced a > 9 9 .9 % reduction. Application of new m ethylene
blue resulted in a 9 9 .9 9 % reduction in recovered viable bacteria, none of the
aforem entioned photosensitisers exhibited dark toxicity under the experim ental
conditions em ployed.
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Figure 3.2: Relative singlet oxygen yield of the photosensitising compounds
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Only four of the photosensitising compounds TBO, methylene blue, new
methylene blue and dimethyl methylene blue upon illumination with HeNe laser
light generated appreciable amounts of singlet oxygen, as is shown in Figure 3.2
The other photosensitising compounds assayed produced little singlet oxygen.
The observed order of singlet oxygen yield was new methylene blue > dimethyl
methylene blue > methylene blue > TBO.
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Figure 3.3: Viable counts of Streptococcus sanguinis exposed to 2.1 J of HeNe
laser light (energy density, 21.8 Jem'2) in the presence of 81.7 pM of both Sigma
grade and pharmaceutical grade TB O with appropriate controls.
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Both the Sigma (P <0.01) and pharmaceutical grade TBO (P <0.01) upon
illumination with the HeNe laser light produced a statistically significant reduction
in recovered viable bacteria (L+S+) when compared to the control wells (L-S-) as
is seen in Figure 3.3. However, use of the pTBO resulted in a significantly

78

greater reduction (P = 0.005) in bacterial numbers when compared to the sTBO.
This experiment was modified, using a lower concentration of photosensitiser, to
determine whether the same trend was still evident, and whether reducing
photosensitiser concentration would amplify differences in photosensitiser
efficacy.

F igure 3.4: Viable counts of Streptococcus sanguinis exposed to 2.1 J of HeNe

laser light (energy density, 21.8 Jem'2) in the presence of 8.17 pM of both Sigma
grade and pharmaceutical grade TBO with appropriate controls.
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Reducing the photosensitiser concentration ten-fold whilst maintaining all other
experimental parameters resulted in both sTBO and pTBO producing a 99.9%
reduction in recovered viable bacteria (L+S+) when compared to the control wells
(L-S-) as is seen in Figure 3.4, this was found to be statistically significant (both s

79

and pTBO P <0.01). Use of a lower photosensitiser concentration revealed there
was no difference in efficacy between the two grades of TBO.

F igure 3.5: Viable counts of Porphyromonas gingivalis exposed to 2.1 J of HeNe

laser light (energy density, 21.8 Jem'2) in the presence of 81.7 pM of both Sigma
grade and pharmaceutical grade TBO with appropriate controls.
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As Shown in Figure 3.5 both the sTBO and pTBO resulted in a statistically
significant > 99.999% reduction (both s and pTBO, P <0.01) in recovered viable
bacteria (L+S+) of Porphyromonas gingivalis when compared to the control (L-S), at a final concentration of 81.7pm. The experiment was then repeated at a
lower sensitiser concentration.
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Figure 3.6: Viable counts of Porphyromonas gingivalis exposed to 2.1 J of
HeN e laser light (energy density, 21.8 Jem '2) in the presence of 8.17 pM of both
Sigm a grade and pharmaceutical grade TB O with appropriate controls.
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Figure 3.6 reveals both the Sigma grade TBO and the pharmaceutical grade
TBO resulted in a >99.99% reduction in bacterial numbers (L+S+) which was
statistically significant. Upon reduction of photosensitiser concentration the
pharmaceutical grade TBO was found to be the most efficacious (pTBO P =
0.009027, sTBO P = 0.009031), this difference in efficacy was found to be
statistically significant (P = 0.004).
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Figure 3.7: Viable counts of Fusobacterium nucleatum ex posed to 2.1 J of HeNe
laser light (energy density, 21.8 Jem'2) in the presence of 81.7

jllM

of both Sigma

grade and pharmaceutical grade TB O with appropriate controls.
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Figure 3.7 shows both the sTBO and pTBO produced a statistically significant >
99.9% reduction (both s and pTBO P <0.01) in recovered viable bacteria (L+S+)
when compared to the control wells (L-S-). The photosensitiser concentration
was lowered whilst maintaining all other experimental parameters to amplify any
differences in photosensitiser efficacy.
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Figure 3.8: Viable counts of Fusobacterium nucleatum exposed to 2.1 J of HeNe
laser light (energy density, 21.8 Jem'2) in the presence of 8.17 pM of both Sigma
grade and pharmaceutical grade TB O with appropriate controls.
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Both the sTBO and pTBO in conjunction with the HeNe laser light resulted in the
total killing of the test organism as shown in Figure 3.8. The reduction in
bacterial numbers elicited by both photosensitisers was >99.999%.

83

Figure 3.9: Viable counts of Actinobacillus actinomycetemcomitans exposed to
2.1 J of H eN e laser light (energy density, 21.8 Jem'2) in the presence of 81.7 pM
of both Sigm a grade and pharmaceutical grade TB O with appropriate controls.
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Application of 81.7pM of both sTBO and pTBO as seen in figure 3.9 resulted in a
>99.9% reduction in recovered viable bacteria (L+S+) of the test organism when
compared to the control wells (L-S-), this was found to be statistically significant
(both s and pTBO P = 0.01). Photosensitiser concentration was again reduced
ten-fold to amplify any differences in efficacy.
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Figure 3.10: Viable counts of Actinobacillus actinomycetemcomitans exposed to
2.1 J of HeNe laser light (energy density, 21.8 Jem'2) in the presence of 8.17 pM
of both Sigma grade and pharmaceutical grade TBO with appropriate controls.
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Figure 3.10 shows that reducing the photosensitiser concentration resulted in a
statistically significant <99% reduction in bacterial numbers (both s and pTBO P
= 0.002), in addition at the lower photosensitiser concentration the sTBO
produced a somewhat greater kill than the pharmaceutical grade TBO, this
observed difference was found to be statistically significant (P = 0.03). This
apparent difference in efficacy was not evident at the higher concentration of
photosensitiser used.
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3.4 Discussion
As alluded to previously, the phenothiazine dyes have been shown to be
efficacious photosensitising agents of both Gram -positive and G ram -negative
microorganism s (W a k a y a m a et al., 1980, W ilson et al., 1993a,b,c, W ilson et al.,
1994b, W ainw right et al., 1997, W ainwright et al., 1999). However, as the field of
photodynam ic therapy has broadened, so the diversity of potential
photosensitising com pounds available for use has also increased to now include
the phenothiazine com pounds and their derivatives, as well as porphyrins and
phthalocyanines. In addition to the structural heterogeneity am ong these
photosensitisers, they also vary w idely in overall charge and hydrophilicity. The
initial screening of the potential photosensitising compounds w as carried out
against a Gram -positive bacterium Streptococcus sanguininis, this bacterium was
chosen due to its ubiquity within the oral cavity and its ease of cultivation. T h e
results showed that several of the test compounds proved to be efficacious
photosensitising agents of the organism , am ong them chlorin e6. However, this
com pound dem onstrated considerable dark toxicity, an attribute not desirable in
a potential photosensitiser. This consequently led to it being discounted as a
potential photobactericidal agent for the purposes of this study. O f the remaining
com pounds, all possessed differing photosensitising capabilities, the
phenothiazine com pounds proved to be the most promising group of
photobactericidal com pounds tested.
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In addition to lethal photosensitisation, a high singlet oxygen yield is often
indicative of an efficient photosensitiser, and it is hypothesised that it is the
primary agent responsible for photoinactivation via the type II pathw ay (Valduga
et al., 1993), although the importance of type I reactions rem ains unclear (Martin
et al., 198 7a,b , Burch., 198 9). T h e phenothiazines MB, T B O , N M B and D M M B all
proved to be efficacious photobactericidal agents of Streptococcus sanguinis and
yielded significant am ounts of singlet oxygen when assayed. D M M B has
previously been em ployed as a photosensitiser against various strains of M R S A
(W ainw right et al., 199 8a), interestingly when the com pound w as assayed
against a w ider range of bacterial species D M M B did not exhibit enhanced
bactericidal activity upon illumination, evidence of dark toxicity (W ainw right et al.,
1997). T h e primary advantage of photodynam ic therapy for the treatm ent of
bacterial infections is the inherent specificity of photobactericidal agents; the
bactericidal action of the com pound m ay be limited as cytotoxicity is due to the
com bined action of photosensitiser and laser light. Thus any potential
perturbation of the m icrobiota is precluded at adjoining sites w here solely
photosensitiser m ay be present. This is particularly important within the oral
cavity as the com m ensal m icrobiota prevent colonisation by other, potentially
pathogenic species. T h e spectre of dark toxicity consequently led to D M M B
being discounted as a potential photobactericidal agent for this study

T h e photosensitiser zinc phthalocyaninetetrasulfonic acid w as not particularly
effective as a photobactericidal agent, possibly as the laser utilised generated
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light of a w avelength 6 3 2 .8 nm w hereas this com pound absorbs maxim ally at
6 7 5 nm this m ay also explain the low observed quantum yield of singlet oxygen.
This class of com pound had previously been dem onstrated to be an efficacious
photobactericidal com pound (Wilson et al.,1994c, W ilson et a l.,1 9 9 5 a , Griffiths et
a l.,1 9 9 7 ) w hen allied with an appropriate source of light.

T h e photosensitiser protoporphyrin IX when used against S. sanguinis resulted in
a > 9 9 % reduction in the bacterial count, however w hen assayed for singlet
oxygen production it w as found to have a poor quantum yield. A low quantum
yield of singlet oxygen indicates that this compound m ay be a poor
photosensitiser. This suspicion w as confirmed when the photobactericidal
activity w as exam ined, com pared to other compounds assayed, notably the
phenothiazines, this com pound w as not as efficacious a photosensitiser. It
should also be noted that the negatively-charged porphyrin class of
photosensitiser are reported to be ineffective sensitising agents of G ram -negative
bacteria, this m ay be overcom e via conjugating to, or addition with, a cationic
agent (Nitzan et a l.,1 9 9 2 , M erchat et al.,199 6, Rovaldi et a l.,2 0 0 0 ), whilst the
organism used in the initial study w as not G ram -negative, m any putative
periodontal pathogens are G ram -negative.

M B and T B O are known to be efficacious light activated antimicrobials, previous
findings dem onstrated that both T B O and M B exert photobactericidal activity
against a range of microorganism s (U sacheva et a l.,2 0 0 1 ). T h e results obtained
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in the course of this study show both T B O and MB to be capable of
photosensitising S. sanguinis. N M B exhibited a potent antibacterial action when
illuminated and produced a higher quantum yield of singlet oxygen than either
T B O or M B, the results confirm N M B to be an extrem ely effective
photosensitiser. Unlike both T B O and MB, N M B has not been as thoroughly
investigated, the cursory nature of the initial screening process m eant that
important photophysical properties of the compound, such as potential
m am m alian toxicity rem ain unknown (an important aspect if the agent is to have
any therapeutic value), rendering the compound unsuitable as a potential
photosensitiser for the purposes of this study. Hence, due to its high quantum
yield of singlet oxygen and efficacy in killing large num bers of Streptococcus
sanguinis, T B O w as the chosen photosensitiser for further investigation.
Although M B produced a higher quantum yield of singlet oxygen it w as not as an
efficacious photobactericidal agent as TB O , whilst singlet oxygen yield is
important, it only alludes to potential photosensitisng ability. M oreoever, T B O is
known to be an effective sensitising agent of both cariogenic and
periodontopathogenic organism s in conjunction with a H e N e light source (the
light source available for the duration of this study) m any of these organism s are
known constituents of oral biofilms, the lethal photosensitisation of which being
one of the aim s of this investigation.

Tw o grades of T B O w ere available for use throughout this study, pharm aceutical
grade T B O (pTB O ) which is approxim ately 9 9 % pure and T B O purchased from

89

Sigm a Chem icals (sTB O ) which is c. 9 0 % pureBoth w ere used in subsequent
experim ents against planktonic oral organism s to determ ine w hat effect, if any,
photosensitiser purity had on the photobactericidal effect of T B O . T h e efficacy of
both grades of photosensitiser varied depending on the target organism . In an
effort to optimise the investigation, the concentration of photosensitiser was
reduced to am plify any differences in efficacy betw een the two grades.
Interestingly the effect of reducing photosensitiser concentration varied from
organism to organism . Reducing photosensitiser concentration tenfold resulted
in a greater photobactericidal effect with respect to S. sanguinis and F
nucieatum , indeed in the case of F. nucleatum reducing concentration resulted in
no viable colonies being present post illumination; w hereas with P. gingivalis and
A. actinom ycetem com itans reducing photosensitiser concentration did not result
in concom itant increased photobactericidal effect. This difference in efficacy was
intriguing, S. sanguinis is a G ram -positive bacterium, whilst F. nucleatum is
G ram -negative upon staining, but is phylogentically classified as a Gram -positive
w hereas P. gingivalis and A. actinom ycetem com itans are G ram -negative. It has
previously been mooted that G ram -neg ative organisms m ay prove to be
recalcitrant to photosensitisation due to the charge of the photosensitiser, neutral
or negatively-charged com pounds tend to be ineffective (M innock et al., 1996);
this is unlikely in this instance as T B O is a cationic photosensitiser. It has also
been hypothesised that G ram -neg ative bacteria possess increased resistance to
photosensitisation due to the barrier function of the outer m em brane, which
im pedes access of any generated free radicals to the cytoplasmic m em brane
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(Nitzan et al., 1992). It has been postulated that photosensitisation of G ram negative bacteria requires disturbance of the cytoplasmic m em brane (Nitzan et
al., 1992). T h e d ata presented suggests that there is no consistent difference in
efficacy betw een the two grades of T B O in relation to the photosensitisation of
planktonic organism s, this how ever m ay not apply to biofilm-cultivated
organisms.

T h e results of the experim ents contained in this chapter dem onstrate that the
phenothiazines, especially N M B , M B and T B O are efficacious photosensitising
agents of S. sanguinis, and w hen assayed all produced significant quantities of
singlet oxygen. T B O w as the photosensitiser chosen for use in the rem ainder of
the study, due to its efficacy against S. sanguinis and high yield of singlet
oxygen. Upon testing of the two grades of TB O against both G ram -positive and
G ram -negative planktonic oral organism s there was no consistent difference in
efficacy, hence the investigation proceeded to determ ine the efficacy of T B O
against oral organism s w hen grown as biofilms.
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CHAPTER FOUR
LETHAL PHOTOSENSITISATION OF MEMBRANE GROWN MONO-SPECIES
BIOFILMS

4.1 Introduction
It w as established in the previous chapter that both Sigm a and pharm aceutical
grades of T B O w ere effective photosensitising agents of a range of G ram
positive and G ram negative planktonic oral organisms. How ever if this
photosensitiser w as to be an effective photosensitiser in vivo it is essential that it
w as able to kill these organism s w hen they are present as biofilms. Therefore
the experim ents described within this chapter w ere to determ ine w hether T B O
(both the S ig m a and pharm aceutical grade) w ere able to sensitise S. sanguinis
and A. viscosus, both com m ensal organism s, and the putative pathogens P.
gingivalis and F. nucleatum, w hen these organisms w ere in the form of m ono
species biofilms. T h e large num ber of organisms being tested and the numerous
experim ental param eters necessitated a very simple biofilm m odel to facilitate
this initial screening process. In addition C L S M w as used to study both pristine
biofilms and those which had previously been photosensitised, permitting the
spatial distribution of both viable and non-viable bacteria to be m apped.

4.2 Materials and methods
4.2.1 Growth of planktonic oral bacteria
T h e organism s used w ere as follows:
•

Streptococcus sanguinis

•

Porphyrom onas gingivalis

•

Fusobacterium nucleatum

•

Actinom yces viscosus
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T h e m ethod used w as the sam e as that described in chapter 2, section 2 .1 .1 .,
with the following exception:
T h e organism used w as Streptococcus sanguinis N C T C 7 8 6 3

4.2.2 Growth of biofilms on membrane filters
T h e m ethod used to cultivate the m ono-species biofilms w as the sam e as that
described in chapter 2, section 2 .4

4.2.3 Preparation of TBO
This w as carried out as described in chapter 2, section 2.6.1.1

4.2.4 Susceptibility of membrane grown biofilms to TBO/HeNe laser light
T h e method used w as the sam e as that described in chapter 2, section 2.6.3.
T he resultant d ata w as statistically analysed as described in section 4 .2 .6 .

4.2.5 CLSM of membrane filter biofilms and subsequent analysis
T h e method used w as the sam e as that described in chapter 2, section 2.5.

4.2.6 Statistical analysis of the data
T h e statistical significance of the d ata w as ascertained using the two-tail t-test
assum ing unequal variance.
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4.3 Results
M ono-species biofilms w ere generated using the m em brane filter methodology,
the biofilms w ere then subjected to lethal photosensitisation using either
pharm aceutical or S igm a grade T B O in conjunction with H e N e laser light. C L S M
w as also perform ed on both photosensitised biofilms and those in their native
state.

Figure 4.1 : V iable counts of Streptococcus sanguinis biofilms cultivated on
m em brane filters exposed to 3 1 .5 J of H e N e laser light (energy density, 8 1 .9
Jem '2) in the presence of 10 pi of 8 1 .7pM pTB O with appropriate controls.
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pL+S +: Exposure to both laser light and pharm aceutical grade photosensitiser
p L - S - : Exposure to neither laser light nor pharm aceutical grade photosensitiser
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pl_+S-: Exposure to laser light but not to pharm aceutical grade photosensitiser
pl_-S+: Exposure to pharm aceutical grade photosensitiser but not to laser light

As can be seen in figure 4.1 exposure of S. sanguinis biofilms to pTB O in
conjunction with the H e N e laser light resulted in a > 9 0 % reduction in recovered
viable bacteria (L + S + ) w hen com pared to the control wells (L-S -), this reduction
w as found to be statistically significant (P = 0 .0 0 0 9 ).

Figure 4.2: Viable counts of Porphyrom onas gingivalis biofilms cultivated on
m em brane filters exposed to 3 1 .5 J of H e N e laser light (energy density, 8 1 .9
Jem '2) in the presence of 10 pi of 8 1 .7pM pTB O with appropriate controls.
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As is evident from figure 4 .2 use of pTB O in conjunction with the H e N e laser light
resulted in a statistically significant (P = 0 .0 0 6 ) > 9 0 % reduction in the viable
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count (L + S + ) w hen com pared to the control wells (L-S -) of the P.gingivalis
biofilms.

Figure 4.3: V iable counts of Fusobacterium nucleatum biofilms cultivated on
m em brane filters exposed to 3 1 .5 J of H e N e laser light (energy density, 8 1 .9
Jem '2) in the presence of 10 jul of 8 1 .7pM pTB O with appropriate controls.
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Figure 4 .3 shows that p T B O in conjunction with H e N e laser light resulted in a
statistically significant (P = 0 .0 3 ) > 9 0 % reduction in recovered viable bacteria
(L+S +) when com pared to the control wells (L-S-).
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Figure 4.4: Viable counts of Actinomyces viscosus biofilms cultivated on
membrane filters exposed to 31.5 J of HeNe laser light (energy density, 81.9
Jem'2) in the presence of 10 pi of 81.7pM pTBO with appropriate controls.
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Figure 4 .3 shows that p T B O in conjunction with H eN e laser light resulted in a
statistically significant (P = 0 .0 5 ) > 9 0 % reduction in recovered viable bacteria
(L+S +) w hen com pared to the control wells (L-S-). T he reduction in the number
of recovered viable organism s evident here was consistent with that obtained
under identical experim ental conditions with biofilms of S. sanguinis, P. gingivalis
and F. nucleatum.
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Figure 4.5: Viable counts of Porphyromonas gingivalis biofilms cultivated on
membrane filters exposed to 31.5 J of HeNe laser light (energy density, 81.9
Jem'2) in the presence of 10 jul of 81.7p,M sTBO with appropriate controls.
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sL+S+: Exposure to both laser light and Sigm a grade photosensitiser
s L - S - : Exposure to neither laser light nor Sigm a grade photosensitiser
sL+S-: Exposure to laser light but not to Sigm a grade photosensitiser
sL-S+: Exposure to S igm a grade photosensitiser but not to laser light

Figure 4 .5 shows the substitution of pTB O with sTB O , this resulted in a
statistically significant (P = 0 .0 0 3 ) reduction of > 9 0 % in recovered viable bacteria
(L+S +) when com pared to the control wells (L-S -). This reduction w as consistent
with w hat w as found w hen using pTB O .
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Figure 4.6: Viable counts of Fusobacterium nucleatum biofilms cultivated on
membrane filters exposed to 31.5 J of HeNe laser light (energy density, 81.9
Jem'2) in the presence of 10 jjlI of 81.7^iM sTBO with appropriate controls.
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Figure 4 .6 again showed that the substitution of pTB O with sT B O resulted in a
statistically significant (P = 0 .0 0 0 0 7 ) reduction of > 9 0 % in recovered viable
bacteria (L + S + ) w hen com pared to the control wells (L-S-), this w as com parable
with w hat w as found w hen using the pTB O . No difference in efficacy w as evident
betw een the two grades of T B O w hen used against m ono-species biofilms, the
kills obtained being identical regardless of the grade of T B O used.
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Figure 4.7a: a confocal micrograph of a control (L-S-)
P.

gingivalis biofilm. The bar represents 20 pm

There was a dramatic visual
difference between the untreated
control biofilm, figure 4.7a and the
photosensitised biofilm, figure
4.7b, qualitatively there appeared
to be a greater number of nonviable (stained red) than viable
cells (stained green) present
'

?!ofllm ,

Microcolony

within the photosensitised biofilm,
this contrasted with the control
biofilm which appeared to show

Figure 4.7b: a confocal micrograph of a P. gingivalis biofiln

the reverse, within the control

having been exposed to 31.5 J of laser light (energy

biofilm the architecture appeared

density, 81.9 Jem'2) in the presence of 10 pi of 81.7pM

to be intact, one could distinguish

pT B 0 The bar represents 20 pm

microcolony formations typical of
biofilms.
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Figure 4.8a: a confocal micrograph of a control (L-S-)

S. sanguinis biofilm. The bar represents 20 pm

When comparing figure 4.8a of
the untreated (L-S-) biofilm and
figure 4.8b which was subjected to
lethal photosensitisation,
qualitatively there appeared to be
far higher proportions of nonviable
cells apparent in the
photosensitisied biofilm as
compared to the control biofilm.
Streptococcal chains were clearly

Fi9 ure 4 8b: a confocal micrograph of a S. sanguinis biofilm

identifiable, with single cells

havin9 been exposed to 31.5 J of laser light (energy density,

distinguishable in the
photosensitised biofilm, many of

^ Jem'2) in the presence of 10 pi of 81.7pM pTBO. The bar
represents 20 pm.

the chains stained red indicating
that a higher proportion of the
cells were nonviable.
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Figure 4.8c: The depth into a control (L-S-) S. sanguinis biofilm as determined

by CLSM versus the normalised image intensity for both the viable and nonviable
channels.
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Figure 4.8c shows the relative image intensity, which has been normalised
against the maximum image intensity for each channel for both the viable and
nonviable cells. Image intensity within the untreated biofilm followed a ‘normal
distribution’ with the relative intensity for both channels being at their lowest on
the periphery of the biofilm. The peaks of the intensity distribution curves for
both the viable and non viable channels were offset, indicating a higher
preponderance of viable cells were in the upper portion of the biofilm declining on
progression through the biofilm.
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Figure 4.8d: The changes in the viable to nonviable relative image intensity

(using normalised data) as a function of biofilm depth in a control (L-S-) S.
sanguinis biofilm as determined by CLSM.
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Figure 4.8d shows the relative intensity throughout the untreated (L-S-) biofilm.
The relative intensity is a quantitative value, being a measure of the ratio of
viable to nonviable cells (normalized nonviable intensity value subtracted from
the normalized viable intensity value). The above distribution showed that in the
upper portion of the biofilm in particular the upper quartile was found the highest
concentration of viable cells, the inverse was apparent in the lower portion of the
biofilm where nonviable cells were more abundant.
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Figure 4.8e: The depth into a photosensitised (L+S+) S. sanguinis biofilm as

determined by CLSM versus the normalised image intensity for both the viable
and nonviable channels.
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Figure 4.8e shows the relative image intensity for both the viable and nonviable
cells of a sensitised biofilm. The image intensity of the photosensitised biofilm did
not reveal any apparent overall trend of viable to nonviable cell distribution
throughout the z-plane of the biofilm. The peaks of the intensity distribution did
not demonstrate the off-set distribution that was evident in the pristine biofilm.
Indeed it appeared that subjection to lethal photosensitisation had an
equilibrating effect on the distribution of both viable and nonviable cells.
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Figure 4.8f: The changes in the viable to nonviable relative image intensity

(using normalised data) as a function of biofilm depth in a photosensitised (L+S+)
S. sanguinis biofilm as determined by CLSM.
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Figure 4.8f shows the relative intensity throughout the photosensitised biofilm.
The distinctive distribution that was present in the control biofilm was absent in
the biofilm that has been subjected to lethal photosensitisation. The overall ratio
of viable to nonviable cells fluctuated upon penetration deeper into the biofilm.

4.4 Discussion

Within the oral cavity, the commensal microflora accrete to form a biofilm
(plaque) that harbours a heterogeneous collection of microorganisms, including
potentially pathogenic species, implicated in caries and periodontal diseases. In
the previous chapter the phenothiazine TBO was found to be a competent
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photobactericidal agent of planktonic periodontal pathogens and the primary
coloniser Streptococcus sanguinis. If photodynamic therapy is to be an
efficacious treatm ent of periodontal diseases then it is of param ount importance
to investigate w hether appreciable numbers of biofilm borne bacteria m ay be
eradicated using this treatm ent. It w as to this end that several m ono-species
biofilms of both pathogenic and com m ensal organisms w ere generated. T he
growth of m ono-species biofilms upon solid m edia is not technically dem anding
and allows the rapid production of reproducible biofilms for lethal
photosensitisation assays. Recently m ono-species biofilms w ere grown on
m em branes within ultrafiltration units (Aldsworth et al., 2 0 0 1 ), this system
allowed the organism s to be cultivated using broth cultures, the biofilms
them selves are physically separated from the culture via the m em brane filter,
thus allowing bacterial cultivation on a wide range of carbon substrates. Using
this culture method, the effect of exogenous nutrient conditions upon a m ono
species biofilm could be determ ined. Moreover, this system could be used to
investigate possible cause and effect relationship betw een the prevailing nutrient
conditions and the lethal photosensitisation of m ono-species biofilms. Indeed
there is a known correlation betw een nutrient availability and recalcitrance to
antimicrobial agents (Brown et al., 1985). Using a similar methodology to the
one used in this chapter Dobson et al., 1992 cultivated several oral bacteria as
m ono-species biofilms to determ ine the efficacy of a num ber of photobactericidal
agents. T h e exact num bers of bacteria eradicated w as not determ ined but this
study dem onstrated that T B O elim inated the test organism s under the
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experim ental conditions used. Bacterial species exam ined included the putative
periodontopathogens A. actinom ycetem com itans, F. nucleatum and P. gingivalis.
T h e results recorded in this chapter showed that both pTB O and sTB O killed
significant num bers of all the test organisms, this concurred with the findings of
Dobson et al., 1992. In another study, biofilms of the com m ensal organism
Streptococcus interm edius w ere cultivated using extracted pre-sterilised teeth
(Seal et al., 2 0 0 2 ), T B O w as used as the photosensitising com pound at
concentrations of up to 100 ng/ml with a light dose of 21 J. A reduction in
recovered viable bacteria of up to 9 9 .9 9 9 % was observed. How ever, at this
concentration of TB O , significant toxicity in the absence of light w as observed,
som ething not evident at the concentrations used in this study.

There w as no observable difference in efficacy betw een the two grades of TB O .
Interestingly it app eared cultivating the organisms as rudim entary biofilms had an
equilibrating effect upon the photobactericidal action of T B O . W h en cultivated as
planktonic organism s, there w as an observable difference in killing betw een the
organisms. This variation w as not evident when these organism s formed m ono
species biofilms and w ere subsequently subjected to lethal photosensitisation.
W hen S. sanguinis w as cultivated as a biofilm, a substantial increase in the light
dose adm inistered (~ 15 fold) w as necessary to eradicate appreciable numbers
of bacteria when com pared to the planktonic form. This dem onstrated the
increased recalcitrance to photosensitisation of bacterial biofilms com pared to
their planktonic counterparts. Indeed when F. nucleatum w as grown as a
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planktonic organism and subjected to lethal photosensitisation no viable
organism s w ere evident post exposure. M oreover, using ten tim es the
concentration of T B O and increasing the adm inistered light dose c. 15 fold it w as
still not possible to obtain the result obtained with the planktonic organism , aptly
dem onstrating the increased recalcitrance of surface associated organism s
(C oquet et al., 19 9 8 ). U n der the experim ental conditions used in this part of the
investigation, for the S. sanguinis biofilms, 9 7 % killing w as observed for both
grades of T B O , for the P. gingivalis biofilms, 9 6 .5 % kill w as recorded using pTB O
and 9 6 % kill using sT B O . For the F .nucleatum biofilms, 9 7 % kill and 9 8 % kill
w as recorded for p T B O and s T B O respectively. It appears that these surface
associated cells are m ore resistant to the photobactericidal effect of T B O .
How ever, the kills that w ere recorded for all test organism s grown as biofilms still
represent an appreciable reduction in recovered viable bacteria com pared to the
control (L-S -).

T h e C L S M analysis revealed that the P. gingivalis biofilms appeared
m orphologically to be consistent with reports of biofilm architecture (Pratten et
al., 2 0 0 0 a ). Upon subjection to lethal photosensitisation a qualitative increase in
the num bers of d ead to live bacteria, w hen com pared to the nascent biofilms,
w as observable. Analysis of the S .sanguinis biofilms using the viability profiling
as outlined by H ope et al 2 0 0 2 show ed that in the control biofilm the spatial
distribution of cells along the z-p la n e m imicked the distribution found in
microcosm biofilms, w here the largest concentration of viable cells w as in the
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upper portion of the biofilm leaving the lower half of the biofilm with proportionally
m ore nonviable cells. This equilibrium w as disturbed upon lethal
photosensitisation resulting in no discernible pattern in the distribution of viable to
nonviable cells throughout the biofilm. T h e lethal photosensitisation of the biofilm
m ay result in the eradication of a large num ber of cells as well as d am ag e to the
E P S structure of the biofilm, hence to find the spatial distribution pattern differed
betw een the control and the photosensitised biofilm is unsurprising.

T h e results of this investigation show that it was possible to cultivate reproducible
m onospecies biofilms, of both pathogenic and com m ensal organism s. T hese
biofilms w ere equally susceptible to the photobactericidal action of both Sigm a
and pharm aceutical grade T B O in conjunction with laser light. How ever, to
achieve appreciable kill of the biofilm grown organisms, significantly larger light
doses w ere required than w as necessary to kill large num bers of the
corresponding planktonic organism s. T h e biofilms generated app eared to be
structurally similar to previous biofilms generated in vitro and shared a similar
viable to nonviable cellular distribution throughout the z-p lan e of the biofilm. The
distinctive spatial distribution of viable and nonviable cells w as disrupted on lethal
photosensitisation of the biofilms. Qualitatively lethal photosensitisation of the
biofilms resulted in higher proportions of nonviable cells com pared to the control
(L-S -) biofilm.
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CHAPTER FIVE
LETHAL PHOTOSENSITISATION OF MEMBRANE GROWN MULTI-SPECIES
BIOFILMS

5.1 Introduction
In the previous chapter biofilms com posed of a single oral species w ere
cultivated on m em brane filters and then subjected to lethal photosensitisation, to
determ ine the effect of both general purpose (Sigm a) and pharm aceutical grade
T B O on rudim entary m ono-species biofilms. In keeping with this incremental
approach, m ulti-species oral biofilms w ere formed that w ere derived from hum an
saliva, saliva being a repository for m any of the supragingival and subgingival
organism s found within the oral cavity. T h e bacteria which are found in human
saliva are there as a result of the rem oval of organic m aterial and the associated
organism s from biofilms, indeed sh e ar forces inherent within the oral cavity due
to m astication and tongue m ovem ent result in the removal of bound bacteria.
T h e experim ents described within this chapter w ere designed to build on what
w as determ ined in chapter four. T h e biofilms subjected to lethal
photosensitisation (again using both sigm a and pharm aceutical grade T B O ) w ere
multi- and not m ono-species. M ulti-species biofilms are m ore representative of
the biofilms encountered within the oral cavity (M arsh., 1994), the aim s of this
section of the research project, therefore, w ere to investigate w hether multi
species biofilms possessed significantly increased resistance to photodynam ic
action com pared to m ono-species biofilms.
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5.2 Materials and methods
5.2.1 Collection and Preparation of pooled saliva samples
T h e m ethod used w as the sam e as that described in chapter 2, section 2 .1 .2 .2 .

5.2.2 Growth of biofilms on membrane filters
T h e m ethod used to prepare m em b ran e filters w as the sam e as that described in
chapter 2, section 2 .4 .1 .
T h e m ethod used to cultivate th e m ulti-species biofilms w as as follows:
1) A cryotube containing pooled saliva w as rem oved from the -7 0 °C fre e ze r (Lab
Im pex R esearch ) and allowed to thaw .
2 ) T h e 5 mm diam eter cellulose nitrate discs w ere then added to the petri plates
containing FA A (Bioconnections). Each disc w as inoculated with 2 5 pi of the
bacterial suspension. T h e plates w e re then placed in an anaerobic cabinet.

5.2.3 Bacteriological characterisation of membrane filter cultivated biofilms
T h e m ethod used w as the s am e as that described in chapter 2, section 2.3.

5.2.4 Preparation of TBO
This w as carried out as described in chapter 2, section 2.6 .1 .1

5.2.5 Susceptibility of membrane grown biofilms to TBO/HeNe laser light
T h e m ethod used w as the sam e as that described in chapter 2, section 2.6.3.
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5.2.6 CLSM of membrane filter biofilms
T h e m ethod used w as the sam e as that described in chapter 2, section 2.5

5.2.7 Analysis of the CLSM data
T h e m ethod used w as the sam e as that described in chapter 2, section 2.5.1 with
the following exception.
T h e C L S M im age stack data w as an alyzed by Leica Confocal Softw are Sim ulator
S P , version 2 .0 0 (Leica M icrosystem s Heidelberg G m bH, G erm any) to produce
surface renderings. T h e surface topography of the scanned biofilms w as subject
to processing to allow visualisation of the macroscopic features of the biofilm
w ithout hinderance of the finer surface details.

5.2.8 Statistical analysis of the data
T h e statistical significance of the d ata w as ascertained using the two-tail t-test
assum ing unequal variance.

5.3 Results
T h e composition of the m em b ran e grown multi-species biofilms w as determ ined
using viable count data on selective and non-selective m edia and is compiled in
table 5.1. Figures 5.1 - 5 .4 show viable count data of biofilms subjected to lethal
photosensitisation under differing experim ental conditions. Confocal microscopy
(Figures 5.5 - 5 .6 ) w as also perform ed on biofilms in their native state, and
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biofilms which had been photosensitised prior to confocal microscopy being
perform ed.

Table 5.1: T h e composition of the m ulti-species biofilms as determ ined by viable
counts using both selective and non-selective agar
Bacterial Group

% composition of biofilm

streptococci

32.8

Veillonella spp.

6.5

Actinomyces spp.

0.1

Gram-negative anaerobes

0.1

Figure 5.1 : V iab le counts of m ulti-species biofilms cultivated on m em b ran e filters
exposed to 3 1 .5 J of H e N e laser light (energy density, 8 1 .9 Jem '2) in the
presence of 10 pi of 8 1 .7 p M p T B O with appropriate controls.
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pL-S-

pL+S+

A s is seen in figure 5.1 subjection of m ulti-species biofilms to lethal
photosensitisation resulted in a > 9 0 % (9 7 .4 % ) reduction in the num ber of
recovered viable organism s (L + S + ) com pared to the control biofilm (L-S -). This
reduction w as found to be statistically significant (P = 0 .0002 ).

Figure 5.2: V iab le counts of m ulti-species biofilms cultivated on m em brane filters
exposed to 3 1 .5J of H e N e laser light (en erg y density, 81.9 Jem '2) in the presence
of 10pl of 8 1 .7pM sTB O with appropriate controls.
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Lethal photosensitisation of m ulti-species biofilms resulted in a > 9 0 % (9 7 .8 % )
reduction in the num ber of recovered viable organisms (L + S + ) w hen com pared to
the control biofilms (L-S -), as m ay be seen in figure 5.2, indeed this reduction in
the num ber of viable bacteria w as found to be statistically significant (P =
0 .0 0 0 0 5 3 2 ).
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Figure 5.3: Viable counts of multi-species biofilms cultivated on membrane filters
exposed to 63 J of HeNe laser light (energy density, 163.7 Jem'2) in the presence
of 10pl 8 1 .7 p M pT B O with appropriate controls.
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Exposure tim es w ere doubled from 15 m inutes to 30 minutes to determ ine
w hether this led to a concom itant increase in the proportion of bacteria that w ere
killed within the biofilm. A s is eviden t from figure 5.3 whilst lethal
photosensitisation led to a statistically significant > 90% (9 8 .6 % ) (P = 0 .0 0 1 8 3 )
reduction in the num ber of recovered viable organisms (L + S + ) w hen com pared to
the control biofilms (L-S -), the increase in exposure to laser light did not result in
a m arked d ecrease in the num ber of recovered viable bacteria, w hen com pared
to the shorter exposure tim e.
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Figure 5.4: Viable counts of multi-species biofilms cultivated on membrane filters
exposed to 63 J of HeNe laser light (energy density, 163.7 Jem-2) in the presence
of 10pl 81.7pM sTBO with appropriate controls.
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W h en using sTB O rather then pT B O the sam e trend w as evident as w as seen in
figure 5.4. Increasing the exposure tim e from 15 to 30 m inutes did not decrease
the num ber of recovered viable bacteria post exposure, the num ber of organisms
killed by lethal photosensitisation w as not increased. H o w ever lethal
photosensitisation of the m ulti-species biofilms resulted in a statistically
significant > 9 0 % (9 7 .2 % ) (P = 0 .0 0 2 ) reduction in the num ber of recovered viable
organism s (L + S + ) w hen com pared to the control biofilms (L-S -).
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Figure 5.5a: CLSM of an untreated biofilm (L-S-)

showing the distribution of the live bacteria within the
biofilm.
The CLSM data revealed qualitative
differences between the distribution
and relative abundance of dead to live
bacteria in the untreated biofilm. What
was visualised in both CLSM images
was not the membrane filters, but a
virtual surface which was constructed
via a levelling effect applied by the
computer. Whilst three stack like
structures were evident in the live
channel (figure 5.5a) these structural
Figure 5.5b: CLSM of an untreated biofilm (L-S-)

motifs were lacking in the dead channel
showing the distribution of the dead bacteria within
(figure 5.5b), with only one cluster that
the biofilm.
was seemingly evident in both the live

■■p
E hid
■B

and dead channels. Hence the biofilm
stack structures that were evident
appeared to be composed of
predominantly live bacteria within the

v*' JE*

untreated biofilm.
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Figure 5.6a: CLSM of a treated biofilm (L+S+) showing

the distribution of the live bacteria within the biofilm.
The CLSM data extrapolated from a

Biofilms were exposed to 31,5J of HeNe laser light

biofilm subjected to lethal

(energy density, 81.9 Jem'2) in the presence of 10pl of

photosensitisation (L+S+) revealed
qualitative differences between the
distribution and relative abundance
of dead to live bacteria within the
biofilm. Lethal photosensitisation
appeared to result in the number of
dead bacteria (figure 5.6b)
increasing relative to the number of
live bacteria (figure 5.6a). Hence

Figure 5.6b: CLSM of a treated biofilm (L+S+) showing the

four stack structures (figure 5.6b

distribution of the dead bacteria within the biofilm. Biofilms

labelled 1,2,3, and 4) were evident

were exposed to 31.5J of HeNe laser light (energy density,

in the dead channel whereas only

81.9 Jem'2) in the presence of 10pl of 81.7pM pTBO.

one stack was evident in both live
and the dead scans (figure 5.6b
labelled 4), this stack was
composed of large numbers of both
live and dead bacteria
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Figure 5.7a: The depth into a control (L-S-) multi-species biofilm as determined

by CLSM versus the normalised image intensity for both the viable and nonviable
channels.
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Figure 5.7a shows the normalised image intensity for both the viable (live) and
nonviable (dead) channels; whilst the highest intensities of both the viable and
nonviable cells seemed to be concentrated within the centre of the biofilm.
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F igure 5.7b: The changes in the viable to nonviable relative image intensity

(using normalised data) as a function of biofilm depth in a control (L-S-) multi
species biofilm as determined by CLSM.
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Figure 5.7b shows the relative intensity of the viable to nonviable cells throughout
the z plane of the biofilm. Immediately evident was the higher concentration of
viable cells in the upper half of the biofilm. This situation was reversed on
progression through the z plane of the biofilm as there were proportionally more
nonviable cells proximal to the biofilm filter membrane interface.
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Figure 5.8a: The depth into a photosensitised (L+S+) multi-species biofilm as

determined by CLSM versus the normalised image intensity for both the viable
and nonviable channels. Biofilms were exposed to 31.5 J of HeNe laser light
(energy density, 81.9 Jem'2) in the presence of 10 pi of 81.7 pM pTBO.

n o rm alised viable
n o rm alised nonviable

Biofilm depth (micrometers)

In figure 5.8a we see the normalised image intensity of both the viable and
nonviable channels throughout the z plane of the biofilm. The biofilm was
subjected to lethal photosensitisation, the highest concentration of both viable
and nonviable cells was in the upper half of the biofilm. Interestingly in a reverse
of what was evident in the control biofilm the highest normalised image intensity
in the nonviable channel occurred closer to the biofilm filter membrane interface
than does the highest normalised image intensity in the viable channel.
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Figure 5.8b: The changes in the viable to nonviable relative image intensity

(using normalised data) as a function of biofilm depth in a photosensitised (L+S+)
multi-species biofilm as determined by CLSM. Biofilms were exposed to 31.5 J of
HeNe laser light (energy density, 81.9 Jem'2) in the presence of 10 pi of 81.7 pM
pTBO.
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In figure 5.8b is seen the relative image intensity of viable to nonviable cells
throughout the z plane of the biofilm. Here it was apparent that in the uppermost
portions of the photosensitised biofilm was found the highest concentration of
nonviable cells, as mentioned previously this marked a reversal of what was
found with the untreated multi-species biofilms
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5.4 Discussion
Using the s a m e rationale as em ployed in chapter four, but substituting pooled
hum an saliva for m ono-species organism s, it proved possible to cultivate multi
species biofilms using the m em brane filter technique. As pointed out previously,
this approach is desirable as it allows the biofilm generation in a relatively short
space of tim e. In the case of the m ulti-species biofilms, the cultivation technique
is extrem ely user friendly as th ese biofilms m ay be generated within 2 4 hours.
Using viable counts on selective agar, it w as possible to detect m any of the
com m on bacterial groups and g en era that are known to be prevalent within the
supragingival and subgingival environm ents.
oral

streptococci,

Veillonella

spp.,

Confirmation of the presence of

Actinom yces

spp.,

as well

as

a

small

percentage of w hat w ere defined as G ram -neg ative anaerobes, indicated that the
microbial composition contained com m only isolated oral bacteria, and correlated
with the microbial population found in previous studies modelling microcosm
plaques e.g. W ilson et al., 1998, Pratten et al., 2000b.

It should be noted that there w ere m inor problems associated with cultivating
biofilms on filter m em branes.

Frequently on seeding the m em brane filters

excess inoculum rolled off the filter m em brane and onto the m edium , hence the
biom ass w as not restricted to the filter itself and when the filter w as rem oved
from the ag a r surface the additional biom ass would often, but not always, remain
attached to the filter m em brane.

This m ay have caused fluctuations in the

num ber of organism s present on, or attached to, a particular m em brane filter.
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T h e filter m em branes them selves, post-autoclaving, som etim es becam e warped
even though the m em branes w ere immersed in PB S to try and prevent this.
Upon biofilm cultivation, the biofilm assum ed the shape of the m em brane.
Hence,

w hen

photosensitiser

w as

added,

uniform

distribution

of

the

photosensitiser on the biofilm w as problematic.

Upon subjection of m ulti-species biofilms to lethal photosensitisation, appreciable
kills w ere evident. Consistently the kills obtained w ere of the order of between 1
logio and 2 log™ (constituting a 9 0 -9 9 % reduction in the num ber of recovered
viable bacteria).

No observable difference in efficacy w as evident when using

pTB O or sTB O , in term s of microbial kill. Perhaps if there w ere any minute
differences in efficacy, the use of viable counts did not provide sufficient
resolution for these to be apparent.

Doubling the light dose adm inistered to the

biofilms, from 31 .5 J to 6 3 J did not result in an increase in kill. This was
surprising as it w as anticipated that increasing the light dose would have caused
a concomitant increase in the bactericidal effect.

Indeed, doubling of the

adm inistered light dose produced a percentage kill that w as alm ost identical in
most instances to the kill obtained using the lower light dose. T h e increased light
dose w as delivered using a longer exposure tim e without alteration of the power
density of the laser.

Possibly the use of a higher pow er density delivering the

sam e light dose (63 J) but over a shorter period of tim e might have resulted in an
increase in the observable kill (Wainwright, 1998), or possibly excess T B O on the
surface m ay have hindered light penetration so no increased kills w ere observed.
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W h a t w as evident from the results of both chapter four, and this chapter, is the
relative

recalcitrance

dem onstrated

by

the

filter

m em brane

biofilms

photodynam ic therapy w hen com pared to planktonic oral organisms.
planktonic

oral

difference

in

organism s
kill

w as

w ere

very

subjected

evident

to

lethal

depending

on

W hen

photosensitisation,
the

organism

to

a

being

photosensitised. This w as due to factors such as the nature of the cell wall of the
organism.

W h en these sam e organism s w ere present as biofilms, the kill

achieved becam e independent of the organism composing the biofilm. In this
chapter, m ulti-species biofilms have been shown to be as recalcitrant to the
photodynam ic action of T B O as m ono-species biofilms, the results obtained
being very similar.
least those

Hence, it ap p eared that the composition of the biofilm (at

comprised

of oral

species)

does

not have

a

bearing

on

its

susceptibility to photodynam ic therapy, recalcitrance to photodynam ic therapy
being independent of biofilm composition. O ne m ay have envisioned that as the
biofilms b ecam e m ore diverse, their resistance to P D T would have increased,
due

to

the

constituent

bacteria

having

differing

susceptibilities

to

the

photodynam ic action of T B O . How ever, it appears that the m ere fact that the
organism s w ere cultivated as a biofilm resulted in increased resistance to lethal
photosensitisation.

It

is

well

established

that

biofilms

exhibit

decreased

susceptibility to m any antimicrobial agents, and it appears that biofilms also have
decreased susceptibility to the photodynam ic action of TB O and H e N e laser light,
w hen com pared to planktonic organisms. However, it should be noted that
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appreciable num bers of biofilm organism s m ay still be killed using photodynamic
therapy.

Studies using C L S M provided som e very interesting data on the effect of P D T
upon m ulti-species biofilms, the viability profiling coupled with the qualitative
biofilm topography data generated from the biofilms, permitted the visualisation
of

the

effect

of

photosensitisation.

The

photosensitised

biofilms

possessed larger quantities of nonviable cells com pared to viable cells.

(L+S +)
W hen

the control biofilm (L-S -) w as analysed the reverse situation w as apparent,
qualitatively, there w ere m ore biofilm ‘stacks’ with appreciable live signal than
dead.

W h en the viability profiling w as analysed, an interesting trend w as

revealed.

W ithin the control biofilm, it w as apparent that there w ere larger

num bers of viable bacteria in the upper half of the biofilm, com pared to the lower
half, which contained a higher proportion of nonviable bacteria. This concurred
with the findings of Hope et al 2 0 0 2 , w ho reported this sam e trend for pristine
microcosm biofilms.

How ever, w hen the photosensitised biofilm w as analysed

the viability profile w as drastically different.

Larger num bers of dead bacteria in

the upper portion of the biofilm w ere found, especially in the area that is proximal
to the biofilm surface interface.

However, on progression to the base of the

biofilm, the opposite occurred with proportionally m ore viable than nonviable
organisms.

Thus, photosensitisation only seem ed to occur predominantly in the

upper portion of the biofilm, w hereas in the lower potion, the organism s seem ed
to be impervious to photosensitisation.

It is possible that the cells in the upper
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portion of the biofilm formed a protective screen, protecting the cells deeper
within the biofilm; thus, the organism s proximal to the surface m ay have been
rapidly photosensitised but then served to prevent penetration of the laser light
d eep er into the biofilm.

Indeed this ‘protective screen’ m ay have also served to

inhibit the diffusion of the photosensitiser, hindering access to the centre of the
biofilm and thus preventing photosensitisation. This is one possible explanation
that m ay account for the increased recalcitrance of biofilms to photosensitisation.

T h e results of this investigation have shown that it is possible to cultivate both
representative and reproducible m ulti-species biofilms using the m em brane filter
technique. T h e s e biofilms w ere susceptible to photosensitisation using T B O and
H e N e laser light. No difference in efficacy w as evident betw een sTB O and pTBO.
Increasing the adm inistered light dose did not lead to a concom itant increase in
kill.

T h e viability profile of the control biofilm w as similar to that previously

described for other microcosm biofilms grown in vitro. Upon photosensitisation of
the

biofilms,

the

viability

profile

w as

inverted

dem onstrating

that

photosensitisation occurs in the upperm ost portions of the biofilm.

In the chapters to follow an in vitro model, the C D F F , w as em ployed to generate
biofilms derived from subgingival plaque, the C D F F w as suited to this task as
specific growth param eters m ay be controlled, this model also allowed the
sim ultaneous generation of up to 75 biofilms per run.

T h e m em brane filter

method of cultivating biofilms w as rapid, how ever it did not perm it the large-scale
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CHAPTER SIX
COMMUNITY ANALYSIS OF CDFF CULTIVATED SUB-GINGIVAL BIOFILMS

6.1 Introduction
At the outset of this investigation the initial objective w as to identify a suitable
photobactericidal agent from a variety of candidates, T B O appeared preferable to
the others tested as it proved capable of killing appreciable numbers of
planktonic oral organism s, these organism s w ere then cultivated as m ono
species biofilms, using m em brane filters, these biofilms proved susceptible to
photosensitisation. M ulti-species biofilms w ere formed, using m em brane filters,
these also proved susceptible to lethal photosensitisation using T B O and H e N e
laser light. However, in order to fully evaluate the likely efficacy of P D T in
treating periodontal diseases in vivo it w as necessary to develop a laboratory
model that w as capable of producing large numbers of biofilms that mimicked (in
term s of composition and structure) the subgingival plaques found in periodontitis
patients in vivo. Using the filter m em brane method it was not possible to easily
generate a large num ber of steady-state biofilms under defined and controllable
growth conditions. T h e chosen m odel, the C D F F (see section 1.4.1 and 2.2),
facilitated the cultivation of m ixed microcosm communities, and m ay be set-up to
closely approxim ate both the biotic and abiotic conditions in-situ within a
periodontal pocket.

Upon generation of the m ixed microbial communities, derived from periodontal
plaque, several analyses w ere perform ed on the biofilm community. T h e study of
microbial com m unities has previously centred upon cultivation and identification.
The available techniques w ere tim e-consum ing and, crucially, only permitted

129

analysis of the cultivable microbiota (Spratt et al., 1999). Techniques available
allow the circumvention of such problems, permitting the exam ination of both the
genetic and functional characteristics of the entire microbial community. O ne
such technique is Com m unity Level Physiological Profiling (C L P P ) this is based
upon substrate utilisation of the microbial community. T h e C L P P analyses are
perform ed using B IO L O G plates, these w ere originally developed to allow
identification of m ono-species bacterial cultures, but w ere subsequently
em ployed to produce a biochem ical fingerprint of an entire microbial com m unity
(G arland et al., 1 99 1) and have subsequently been extensively used to study
microbial com m unities, in environm ents as diverse as the potato phyllosphere
(H euer et al., 1997) and contam inated sawmill soil (Laine et al., 1997). C L P P
analysis is based upon the ability of the microbial community to m etabolise 95
different carbon sources (each of which m ay be considered a discrete
biochemical test), which m ay be divided into 10 broad generic groups, polymers,
sugars and sugar derivatives, methyl esters, carboxylic acids, am ides, amino
acids and peptides, nucleosides, am ines, alcohols and sugar phosphates. T he
assay itself yields a pattern dependent upon w hether a substrate has been used
by the community, hence for a given microbial population, C L P P permits the
generation of a (novel) m etabolic fingerprint. M etabolic profiling has been
em ployed previously by microbial ecologists. In a study carried out by Cam pbell
et al., (1 9 9 7 ), the standard C L P P compounds w ere supplem ented with carbon
com pounds associated with plant root exudates, facilitating the categorisation of
soil microbial com m unities within the plant rhizosphere.
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C L P P has previously

been shown to be adept at the characterisation of unknown single species, when
utilised to speciate rhizobia, C L P P displaying congruence when com pared to
genotypic fingerprinting of the organism s (M e Inroy et al., 1999). Additionally
C L P P has been em ployed to allow com parative analysis betw een adjacent
microbial populations in soil, each occupying a different ecological niche (Lawlor
et al., 2 0 0 0 ). Finally and most pertinently as regards this study, C L P P has been
used to com pare the m etabolic activity occurring within dental plaque
microcosms (Anderson et al., 2 0 0 2 ).

Another profiling technique is Denaturing G radient G el Electrophoresis (D G G E ),
which again allows the generation of a fingerprint or profile of com plex microbial
com m unities (M uyzer et al., 199 3). D G G E provides for separation of partially
amplified 16S rR N A gene fragm ents of the sam e length but differing sequence
(M uyzer et al., 1998). T h e specific denaturing gradient incorporated into each
polyacrylam ide gel results in differing migratory distances for each band, the
migratory distance travelled is dependent primarily upon the relative guanine and
cytosine abundance within the am plified sequence, a G C clam p prevents the
com plete denaturation of the sequence, which m ay otherwise result in the
formation of single stranded D N A . D G G E has been em ployed to investigate
spatial hom ogeneity within soil sedim ent (Boon et al., 2 0 0 0 ) and is particularly
suited to the monitoring of successional events occurring within microbial
com m unities due to the rapidity with which a profile m ay be generated. Hence
D G G E has been used to determ ine the impact of biostimulation upon microbial
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com m unity structure (Ogino et al., 2 0 0 1 ), to analyse com m unity structure and
successional events occurring within populations of sulphate-reducing bacteria
(O kab e et al., 2 0 0 2 ) and to resolve both the structural and functional dynam ics
within a m aturing bacterial biofilm (Santegoeds et al., 1998). Engelen et al.,
1998 used a com bination of C L P P and T G G E (where the denaturant is replaced
by a tem perature gradient) to monitor the effect of pesticide treatm ent upon
bacterial soil com m unities and found both techniques to be at least as good as
som e of the m ore traditional assays, com plem enting w hat m ay be garnered via
som e of the traditional techniques. T h e methods outlined are of relevance in the
study of biofilm formation, both C L P P and D G G E w ere em ployed to investigate
com m unity developm ent within the C D F F . A thorough analysis of the biofilms
produced by the C D F F w as thought to be highly desirable before using the model
to produce biofilms for subsequent lethal photosensitisation assays.

6.2 Materials and Methods
6.2.1 Collection and Preparation of subgingival plaque samples
This w as carried out as described in chapter 2, section 2 .1 .2 .1 .

6.2.2 Assembly of the CDFF
T h e C D F F w as assem bled as detailed in chapter 2, section 2.2
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6.2.3 Preparation of the Growth Medium
T h e m edium consisted of 4 0 % horse serum (not heat-inactivated) in R PM I
m edium (with L-glutam ine), with 5 pg/ml hemin and 0.5 |ig/m l m enadione. This
m edium w as not autoclavable due to its high protein content. T h e individual
sterile constituents w ere com bined in a level 2 sterile tissue cabinet.

6.2.4 CDFF innocultion
This w as carried out as described in chapter 2 section 2 .2 .4

6.2.5 Gaseous conditions within the fermentor
As described in chapter 2 section 2 .2 .5

6.2.6 Growth of multispecies biofilms using the CDFF
This w as carried out as described in chapter 2 section 2 .2 .6

6.2.7 Sampling of biofilms from the CDFF
This w as carried out as described in chapter 2 section 2 .2 .7
T h e C D F F w as sam pled at the following tim e intervals post-inoculation; 24 h,
72 h, 168 h, 2 4 0 h and 3 3 6 h.

T he C D F F w as set-up and run in an identical m anner on two separate occasions
allowing the collection of two sets of results, permitting a full com parative
analysis of biofilm developm ent.
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6.2.8 Community Level Physiological Profiling (CLPP)
Substrate utilisation analysis w as perform ed with Biolog G ram -negative
m icroplates (Biolog Inc. Hayward, CA, U .S.A ) containing 95 substrates and the
colour redox indicator dye, tetrazolium violet. At each tim e point, 2 pans
containing 10 discs w ere placed in 30 ml of phosphate buffered saline (PB S)
(Oxoid, Ltd) and vortex m ixed for a period of 2 min which allowed for full biofilm
rem oval from the discs. O nce the organisms had been fully suspended in the
PBS, 150 pi w as inoculated into each well of duplicate microplates. T h ese w ere
then incubated at 37 ^C, under either aerobic or anaerobic conditions. The
colour developm ent within the wells w as monitored at an O D of 5 9 0 nm (M R X tc ,
Dynex Technologies, Chantilly, Virginia, U .S.A ) against a control well, which
contained no carbon substrate only the tetrazolium dye. Optical densities w ere
m easured for each microplate at 6 h and 24 h tim e points, post inoculation. A
well w as regarded as being positive when it yielded a net O D 59o greater then 140
% of the control (Verschuere et al., 1997)

6.2.9 Denaturing Gradient Gel Electrophoresis (DGGE)
At each sampling point, two discs w ere rem oved and frozen at -70 ‘C (Lab Impex
R esearch) to allow D G G E analysis to be performed at a later date. Ten biofilm
developm ent tim e points w ere sam pled in both runs, hence 20 discs w ere
collected in total. D G G E requires D N A extraction followed by two rounds of DN A
amplification, the second round of amplification being nested. Integral to the
success of D G G E is an appropriate denaturant gradient, to enable band
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separation. Therefore a prelim inary ‘perpendicular’ gel w as run allowing the
determ ination of the required denaturing gradient for optimal band resolution.
O nce a suitable denaturant gradient w as established a second ‘parallel’ gel was
run incorporating the determ ined optimal denaturant concentrations. On running
the D G G E gel, a banding pattern w as evident when stained, each separate band
representing a distinct phylotype.

6.2.9.1 Whole genomic DNA extraction
T h e whole genom ic D N A extraction w as performed using a com m ercially
available kit (G entra systems, M inneapolis, U .S.A). Following m anufacturers’
instructions, briefly, the protocol used for each disc w as as follows:
1. 1 ml aliquot of PB S w as added to a 1.5 ml tube containing a disc and
associated biofilm, this w as then vortexed for 2 min to rem ove the biofilm cells
from the disc. T h e disc w as then rem oved using sterile forceps and the tube
centrifuged (Eppendorf U.K) at 8 ,0 0 0 g for 3 min to pellet all of the cells.
2. T h e supernatant w as discarded and 6 0 0 pi of cell suspension solution was
added to the pellet. T h e pellet w as then re-suspended in the solution.
3. A 3 pi aliquot of lytic en zym e w as added and the tubes w ere then inverted 25
tim es (to ensure thorough mixing) to equilibrate the enzym e. T h e tube was
then incubated at 37 °C for 3 0 min.
4. T he tube w as centrifuged for 1 min at 13,600 g.
5. T h e supernatant w as discarded and the pellet re-suspended in 6 0 0 pi of cell
lysis solution. This w as then heated to 80 °C, for 5 min.
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6. A 3 pi aliquot of R N A se w as then added, the tube w as then inverted 25 times.
7. T h e tube w as then incubated at 37 ‘C for 15 min, and then left to cool at room
tem perature.
8. A 2 0 0 pi aliquot of protein precipitation solution w as then added, the tube was
then vortex m ixed for 2 0 s, and incubated on ice for 5 min, vortexed for 20 s
and left on ice again for 5 min.
9. T h e tube w as then centrifuged at 13,600 g for 3 min, the supernatant was
then transferred to another 1.5 ml tube containing isopropanol, the tube was
then inverted 50 tim es.
10. T h e tube w as then centrifuged for 6 0 s at 13,600 g, the supernatant w as then
discarded.
11 .Six hundred microlitres of 70 % ethanol was added to the pellet, the tube was
then inverted 25 tim es and subsequently centrifuged at 1 3 ,6 0 0 g for 60 s.
12. T h e tube w as inspected to ensure a pellet was present, the supernatant was
discarded and 50 pi of D N A hydration solution w as added.
13. T h e extractions w ere left overnight to allow the D N A to re-hydrate.
14. Upon D N A hydration the extractions w ere vortexed, the duplicate extractions
w ere pooled for each tim e point reducing the num ber of sam ples to 10, one
per tim e point for 2 runs.
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6.2.9.2 First round PCR amplification
P C R amplification w as perform ed with a Primus 25 Therm ocycler (M W G Biotech,
Milton Keynes, U.K) using 10x N H 4-based reaction buffer (Bioline, London, U.K)
containing 10 m M M gC I2, 4 0 0 pM of deoxynucleotide triphosphates, 0 .4 pmol of
each primer, 5 U Taq D N A polym erase (Bioline U.K) and 1 pi of tem plate DNA,
this w as in a total volum e of 100 pi. T h e 16S rR N A gene conserved primers (see
table 6.1) used for this first round P C R w ere 2 7 F and 1492R (Genosys
Biotechnologies Ltd, Cam bridgeshire, U.K). T he sam ples w ere then amplified as
follows: 94 °C for 5 min, followed by 3 0 cycles of 94 °C for 1 min, 59 °C for 1 min
and 72 °C for 1.5 min, with a final extension at 72 °C for 5 min. T h e presence of
product w as confirmed on a 1 % agarose gel (Amresco, N B S Biologicals,
Huntingdon, U.K).

Table 6.1 : Prim er nom enclature and sequences used for the D G G E experim ents
Primer

Sequence

Reference

27Fa

5 ’ - AG A G TTTG ATCM TG G C TCA G - 3'

L an e.,1991

1492R a

5 ’ - TA C G G YTA CC TTG TTA CG AC TT - 3 ’

Lane., 1991

338F

5 ’ - ACTCCTACGG GAGG CAGCAG - 3’

L an e.,1991

5 1 8R

5 ’ - A TTA CC G C G G CTG C TG G - 3 ’

M uyzer et a l.1 993

G C clam pb

5’ - CGCCCGCCGCGCGCGGCGGG

CG G G G C G G G G G C A C G G G G G G —3 ’

redundancies are as follows; M = C or A, Y= C or T.

137

M uyzer at al.,1 9 9 3

Jj

The GC clamp was attached to the 5’ end of the 518R primer.

6.2.9.3 Second nested round of PCR amplification
T h e P C R amplification w as perform ed as described in 6 .2 .9 .2 the tem plate was a
1 in 100 dilution of the first round product. T he 16S rRN A gene conserved
primers (see table 6.1 ) used for this nested PC R w ere 3 3 8 F and 5 1 8R (Genosys
Biotechnologies). T h e 5 1 8 R prim er had a G C clam p attached to its 5 ’ end (see
table 6.1). T h e sam ples w ere then amplified as follows: 9 4 °C for 5 min, followed
by 25 cycles of 9 4 °C for 1 min, 75 °C for 30 seconds and 72 °C for 1.5 min, with
a final extension at 72 °C for 5 min. Again the presence for product w as verified
on a 1 % agarose gel. T h e P C R products w ere then purified using a com m ercial
D N A purification kit (Q iagen, Craw ley, U.K), producing 30 pi of purified product
per sam ple.

6.2.9.4 DGGE analysis
Th e D G G E analysis w as perform ed using the Bio-rad D eC ode gene system (Bio
rad, Hem el Hem pstead, U.K) and is based upon the protocol described by
M uyzer et al., 1993. A prelim inary perpendicular 0 -1 0 0 % denaturant gel (100 %
denaturant contains 7 M urea and 40 % form am ide) w as run, to establish optimal
denaturant concentration for band resolution, it w as established that a gel with a
4 0 -8 0 % denaturant gradient would result in optimal band separation. T he
purified P C R products obtained from the second round of P C R w ere loaded onto
10% (w/v) polyacrylam ide gels (suitable for resolving products 2 0 0 - 4 0 0 bp in
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length) in 1 X T A E (20 m M Tris, 10 m M acetate, 0.5 m M E D TA pH 7.4). The
polyacrylam ide gels (30 % acrylam ide / bisacrylam ide gel stock solution 37.5:1,
S igm a Ltd) w ere prepared with a linear denaturing gradient ranging from 40 to 80
% . T h e electrophoresis w as run for 23 hours at 60 °C and a constant 35 volts.
Upon completion of the electrophoretic separation, the polyacrylam ide gels w ere
im m ersed for 1 hour in S Y B R G reen I nucleic acid stain (1 :10 0 0 0 dilution,
M olecular Probes, E ugene, O regeon, USA ). T he D N A w as visualised using an
U V transilluminator operating at 3 2 0 nm. G el im ages w ere produced using
alphalm ager equipm ent and associated com puter software (Innotech
Corporation, distributed through Flowgen, Ashby de la Zouch, U.K).

6.3 Results
6.3.1 Results of CLPP analysis
T h e results of the C L P P analysis for both aerobic and anaerobically incubated
plates w ere com bined, but the num ber of positive wells after 6 h incubation and
24 h of incubation have been shown separately upon a different chart for each
run. T he bars have been colour coded to represent the differing substrate types
and hence the contribution of each functional carbon group to the profile m ay be
seen. In addition a table has been incorporated, detailing the total optical density
at each tim e point for both the aerobic and anaerobically incubated plates, this
figure w as then adjusted to take into account cell density at each sampling point,
producing a normalised figure.
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Im age 6.1: A photograph showing a Biolog Gram-negative microplate, having

being incubated aerobically; as can be seen, some of the wells have developed
the distinctive purple colouration indicative of a positive result.
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6.3.1.1 Run 1
Figure 6 .1 : A bar chart showing the number of positive wells for both aerobic and

anaerobic plates inoculated with biofilms from run 1, both 6 h and 24 h post
inoculation
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6.3.1.1.1 The profile after 6 h incubation
Figure 6.1 shows the num ber of positive wells 6 and 24 hours post-inoculation for
both aerobic and anaerobic microplates. W hen exam ining the profile after 6
hours of incubation a trend w as identifiable, the num ber of carbon sources
utilised increased from the 2 4 h old biofilms (12) through to the 168 h old biofilms
(19). T h e num ber of carbon sources utilised then decreased for the two
remaining tim e points; to 5 for the 2 4 0 h biofilm and zero (no detectable
utilisation) for the 3 3 6 h biofilm. T h e diversity of the functional groups utilised
also fluctuated as the biofilm developed. At 2 4 h 5 functional groups w ere
utilised, this w as reduced to 3 at 7 2 h and increased again to 5 at 168 h sampling
point. T h e nature of the functional groups being metabolised changed som ew hat
at the 168 h sampling point with am ides being utilised for the first and only time.

6.3.1.1.2 The profile after 24 h incubation
After both the aerobic and anaerobic microplates had been incubated for 24
hours, a shift in the C L P P pattern w as apparent, the num ber of carbon sources
utilised increased for all tim e points w hen com pared to the equivalent 6 h profile.
T h e sam e overall trend w as still apparent with carbon source utilisation
increasing on progression from 24 h old biofilms through to 168 h old biofilms,
again carbon source utilisation had reached its zenith at the 168 h biofilms (38
substrates utilised) and declined on progression from 168 h to 2 4 0 h to 3 3 6 h
biofilms. W h at w as apparent w as the contribution m ade by the sugar and sugar
derivative group to the num ber of carbon sources utilised at all tim e points. With
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the exception of the 168 h biofilms, this group w as the predominant group being
utilised by the resident cells. T h e polym er group w as also ever present
throughout all the tim e points sam pled, although no m ore than two polymers
appeared to be utilised at any one tim e point.

W hat w as also evident w as the increase in utilisation of the differing functional
groups by the m icrobiota after 2 4 h of incubation w hen com pared to the 6 h
incubation. T h e 72 h biofilms after 6 h incubation w ere metabolising substrates
from 3 functional groups com pared to 4 after 2 4 h of incubation. Indeed the
num ber of functional groups being utilised at the 72 h sampling point after a 6 h
incubation decreased when com pared to the com parative d ata generated by the
2 4 h biofilm. T h e 168 h biofilms after 6 h incubation w ere using carbon sources
from 5 functional groups com pared to 6 after 2 4 h incubation. H ence it appears
that the longer incubation tim e results in an increase in the num ber of carbon
sources being utilised as well as a concom itant shift in the functional groups
being m etabolised.
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6.3.1.2 Run 2
Figure 6.2: A bar chart showing the number of positive wells for both aerobic and

anaerobic plates inoculated with biofilms from run 2, both 6 h and 24 h post
inoculation.
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6.3.1.2.1

T he profile after 6 h incubation

Figure 6.2 shows the number of carbon substrates utilised during biofilm
development from the second fermentor run after 6 hours and 24 hours
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incubation of the m icroplates both aerobically and anaerobically. T he 24 h
biofilms after 6 hours incubation utilised 2 carbon substrates. Substrate
utilisation increased to reach its m axim um with th e168 h biofilms, after 6 hours
incubation, 2 0 positives w ere evident, including sugars, methyl esters, carboxylic
acids, am ino acids and peptides, alcohols and sugar phosphates. A decrease in
the num ber of carbon substrates utilised by the 2 4 0 h biofilms w as evident
relative to the 168 h biofilms, interestingly the alcohol group w as only utilised by
the biofilm microbiota at both the 168 and 2 4 0 h sampling points. However, the
3 3 6 h biofilms w ere able to utilise 9 carbon substrates from four functional
groups, m ore than w ere utilised at either the 2 4 or 72 h sampling points.

6.3.1.2.2 The profile after 24 h incubation
After 24 hours incubation in the m icroplates, carbon utilisation increased when
com pared to the d ata collated after 6 h of incubation. T h e num ber of carbon
sources being m etabolised reached its peak with th e168 h biofilms, which after
24 hours incubation w ere able to utilise 4 5 substrates from 8 different functional
groups, this then decreased through the 2 4 0 h biofilms to the 3 3 6 h biofilms.
How ever the 3 3 6 h biofilms utilised a w ider range of substrates (17) than either
the 2 4 h (3) or 72 h (15) biofilms.

The increase in the num ber of substrates utilised associated with 24 hours of
incubation w as mainly due to a large expansion in the num ber of the sugars and
sugar phosphates utilised from the 72 h sampling point onwards. Interestingly
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the polym er group w as being utilised after 24 h of incubation by biofilms from all
the sampling points, this contrasts with w hat found after 6 h of incubation w here
the polym er group w as not m etabolised by any of the sam pled biofilms.

6.3.1.3 Comparative analysis of run 1 and run 2
There w ere qualitative similarities in the C L P P profiles generated by the biofilms
from both runs; how ever there w ere som e observable differences.

T h e 24 h

biofilms from run 2 after 6 hours incubation utilised 2 carbon substrates differing
from the analogous set of biofilms from run 1 which utilised a greater range of
carbon sources, 12. T h e 168 h biofilms utilised the largest num ber of carbon
sources from both run 1 and 2, indeed the utilisation ‘fingerprints’ generated by
both run 1 and 2 are rather similar, bearing a resem blance to the statistical
poisson distribution. T h e 3 3 6 h biofilms from run 2 produced 9 positives after a 6
h incubation w hereas the corresponding data from run 1 did not produce a
positive. H ow ever the d ata from both run 1 and 2 dem onstrated that incubation
for 24 h within the microwells lead to a burgeoning of the num ber of positives
generated from within the sugar and sugar derivatives group. This particular
group seem ed to account for the differences in carbon source utilisation betw een
the 6 and 2 4 h incubations.

6.3.1.4 Comparative analysis of cumulative optical denities
Tab le 6.2 catalogues the total optical density recorded for both the aerobically
and anaerobically incubated plates, the total optical density w as then normalised
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(per 10 4 cells) for both the 6 and 2 4 hour incubations of the microplates for both
runs. T ab le 6 .2 shows that the total (gross) density increased with biofilm age
during both run 1 and run 2, in addition at all sampling points the total optical
density w as greater after 2 4 hours than 6 hours incubation. However, when the
gross figure w as adjusted to com pensate for the effect of cell density (see
chapter 8) the norm alised figure decreased with increasing biofilm age until the
168 h (0.001 for 2 4 h incubation, 168 h biofilms) sampling point w as reached,
after this the norm alised figure then recovered som ew hat (0 .0 0 3 for 2 4 h
incubation, 3 3 6 h biofilms) although this represented a fraction of the initial
reading c .1 /1 0 (0 .0 2 7 for 2 4 h incubation, 2 4 h biofilms). T ab le 6.2 also details
w hat w as found throughout the course of run 2, the total optical density again
increased at each successive sam pling point, mirroring w hat w as found during
run 1. How ever the norm alised figure decreased with increasing biofilm age until
the 168 h biofilms (0.001 for 2 4 h incubation, 168 h biofilms), again in agreem ent
with w hat w as found during run 1, this represents an appreciable reduction on
the initial reading produced by 2 4 h biofilms (0 .0 5 8 for 24 h incubation). Again
(as during run 1) the norm alised density increased through the final two sampling
points (0 .0 0 8 for 24 h incubation, 2 4 0 h biofilms; 0.011 for 2 4 h incubation, 336 h
biofilms) but did not recover the level seen initially with the 24 h biofilms. Overall
both the raw and processed data generated from run 1 and 2 share a high
degree of homology. Interestingly although the cumulative optical density
generated by run 1 w as bigger than the com parative d ata point generated via run
2, this situation w as reversed when exam ining the normalised optical density.
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Table 6.2: A table detailing the cumulative optical density for all 96 wells as measured at 590 nm for the both the aerobically and anaerobically
incubated plates from both run 1 and 2, the optical density per 104CFU was calculated to compensate for differing cell densities.

Biofilm Age

Run

(6 h)

(h)

24

72

168

240

336

Total well OD

Total well OD
(24 h)

OD per 104CFU

OD per 104 CFU

(6h)

(24 h)

1

36.497

39.799

0.025

0.027

2

25.142

27.086

0.054

0.058

1

51.975

74.961

0.008

0.012

2

33.296

42.246

0.006

0.007

1

64.757

80.106

0.001

0.001

2

43.575

59.002

0.0008

0.001

1

68.774

83.035

0.001

0.002

2

50.2

55.602

0.007

0.008

1

73.917

96.95

0.002

0.003

2

67.432

70.615

0.010

0.011
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6.3.2 Results of the DGGE analysis
The development of the biofilm community in the CDFF model was analysed
using the culture independent technique, DGGE. Figure 6.3 is the perpendicular
gel that was cast and run to determine the appropriate denaturant gradient for
optimal band resolution.

Figures 6.4 and 6.5 are the parallel gels showing the

detectable phylotypes (bands) present within the biofilm community at each
sampling point during the course of both runs.

F igure 6.3: The sigmoidal curve produced after two rounds of PCR followed by

resolution upon a perpendicular gel is shown below.

c.80% denaturant

c.40% denaturant

-►

Increasing denaturant concentration 0 - 1 0 0 %

Figure 6 .3 shows that optimal band resolution m ay be achieved using a 40 - 80
% denaturant gradient for the population of partially amplified 16S rRN A gene
fragm ents gen erated by the biofilm microbiota; to optimise band resolution when
running the parallel gel it w as necessary to establish the melting behaviour of the
D N A fragm ents and optimise the denaturant gradient (M uyzer at al., 1998).
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Figure 6.4: The banding pattern produced by DGGE is shown in figure 6.4 after

two rounds of PCR amplification from the biofilms taken at various time intervals
from run 1. Lanes: C, a control which was Porphyromonas gingivalis; 24 was the
banding pattern produced by 24 h biofilms, 72 by 72 h biofilms, 168 by 168 h
biofilms, 240 by 240 h biofilms and 336 by 336 h biofilms.
C

24

72

168

240

336

Increasing
denaturant
concentration
40 - 80 %

The bands were enumerated for each time point, the 24 h biofilms produced 9
bands, this increased to 12 for the 72 h biofilms. The number of bands then
decreased to 8 bands at 168 h, and 7 bands at both 240 h and 336 h sampling
point.
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Figure 6.5: A DGGE gel showing the banding patterns produced after two

rounds of PCR amplification from the biofilms taken at various time intervals from
run 2. Lanes: C, a control which was Porphyromonas gingivalis; 24 the banding
pattern produced by 24 h biofilms, 72 by 72 h biofilms, 168 by 168 h biofilms, 240
by 240 h biofilms and 336 by 336 h biofilms.
C

24

72

168

240

336

Increasing
denaturant
concentration
40 - 80 %

152

T he banding pattern from the biofilms taken from the second ferm entor run is
shown in figure 6.4. T h e bands w ere enum erated for each tim e point so the 24 h
biofilms produced 2 0 bands, this decreased on progression to the 72 h biofilms
w here 7 bands w ere evident. T h e num ber of bands then decreased to only 2
bands at 168 h, the num ber of bands then increased to 5 bands at 2 4 0 h, 7
bands w ere present at 3 3 6 h the sam e as was visible at the sam e tim e point from
run 1.

W hat w as apparent from both D G G E profiles w as the num ber of bands present
initially w as reduced as the biofilm m atured, this reduction in phylotype diversity
w as most distinct within run 2, but w as also evident during run 1 . After 24 hours
during run 2, 20 bands w ere present, substantially more than w as present at the
corresponding tim e point during run 1, this w as then reduced to 7 after 72 hours,
less than w as apparent at the corresponding time point during run 1. In both
runs however, after 3 3 6 hours, the sam e num ber of bands w ere evident at
approxim ately the sam e migratory distance on the gel.

6.4 Discussion
The previous chapters contained within this study thus far have established the
efficacy of T B O in conjunction with H e N e laser light in killing planktonic oral
organisms, even when those organism s com pose both mono and multi-species
biofilms. T he biofilms which have been previously generated in the course of this
study w ere done so using a non steady-state system, inoculation of m em brane
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filters which w ere placed upon agar plates w as a simple methodology which
permitted rapid screening against a range of differing organisms. However to
produce biofilms that mim icked those associated with periodontal disease in vivo,
a more sophisticated approach w as necessary using a model that permitted the
closer approxim ation of both the biotic and abiotic conditions in situ within a
periodontal pocket, the disease lesion within which the aetiological agents of
periodontal disease, the periodontopathogens m ay be isolated (Greenstein et al.,
200 1).

T h e C D F F which has been described previously (see section 1.4.1 and

2 .2 ) is known to be am enable to modelling the oral cavity as it has previously
been used to successfully m odel supragingival dental plaque (Wilson et al.,
1995b, Pratten et al., 1998b, Pratten and Wilson 1999, Roberts et al., 1999).
The m edium used in this study consisted of both R P M I and horse serum, R PM I
is used to culture eukaryotic cells in tissue culture hence its composition was
formulated to ensure its compatibility with body fluids.

T h e serum concentration

used w as similar to that found in the G C F of healthy individuals (Cimasoni 1983,
Curtis et al., 1988). Indeed it has previously been dem onstrated that serum is
suitable for the growth and m aintenance of a pathogenic subgingival microbiota
(Ter Steeg et al., 1988).

Hem in and m enadione w ere added to the nutrient

m edium to sim ulate the effect of bleeding which is known to occur with
inflammatory periodontal diseases (Jorgensen et al., 200 1). T he gaseous
environm ent in the C D F F w hen cultivating the biofilms w as microaerophilic,
periodontal pockets are known to have a low redox potential (M arsh., 20 0 3 ), this
is often dependent on the depth of the disease lesion which itself is dependent
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upon the severity of the disease state. Due to the factors mentioned the level of
oxygenation varies from one periodontal pocket to another, hence the 2 % 0 2
which w as added to the C D F F w as based upon a m ean value, taken from
several studies, of the oxygen content within periodontal pockets (Loesche et al.,
1983, M ettraux et al., 1984).

In the present study the m etabolic and genetic diversity of the microbial
community generated within the C D F F from an inoculum taken from pooled
hom ogenised periodontal d isease lesions in vivo w as investigated. D G G E and
C L P P have been shown to be useful m ethodologies in resolving interactions and
bacterial activity within com plex microbial communities, both of these methods
have been used previously to determ ine the effect of perturbation upon microbial
communities and indeed to monitor microbial community developm ent. C LPP
was used in this investigation to monitor the growth and successional events
which occur as a biofilm accum ulates and m atures. C L P P has been extensively
used for this purpose previously and w as thought to be an appropriate method
for determ ining changes and vacillation in the composition of the resident
microbiota within the confines of the biofilm.

The C L P P analysis of m etabolic diversity within the microbial communities
produced som e interesting data, the total num ber of carbon sources utilised by
the biofilms from both C D F F runs varied som ewhat, there w ere, however, some
identifiable trends that w ere apparent in both runs.
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Both the aerobic and

anaerobic m icroplates w ere analysed 6 h and 24 h post-inoculation and the
num ber of positive wells relative to the control determ ined, generally it appeared
that incubation of the plates for 2 4 h did not produce any meaningful additional
data, the biofilm cells simply app eared to grow and divide within the m edia
containing the easily m etabolisable sugars and sugar derivatives, inflating the
num ber of positives from within this functional group of carbon sources, indeed it
has previously been acknow ledged that conditions within the microwell actively
select for fast growing bacteria that are impervious to the effect of tetrazolium
salt (O ’Connell et al., 2 0 0 0 ). Perhaps the som ew hat shorter incubation tim e (6 h)
gave a better indication of the m etabolic diversity inherent within the microbial
communities. Indeed the longer incubation tim e within the microwells m ay have
simply provided the inoculated com m unity with sufficient tim e to not only divide
but also adapt to the prevailing conditions, allowing the cells to switch on the
appropriate operons permitting the cells to fully exploit the carbon source (Kresse
et al., 2 0 0 0 ). H ence w hat w as being observed after 2 4 h of incubation was the
response of the biofilm cells to changes in the prevailing environm ental
conditions, and not an accurate profile of what was occurring within the confines
of the biofilm at the time of harvesting from the model.

Indeed H aack et al,

1995 noted that when em ploying C L P P for community analysis careful
monitoring of colour developm ent w as required so that the effects of any
nonlinearity in substrate utilisation patterns may be accounted for (although this
w as not easy to im plem ent in practice due to the num ber of concurrent
experim ents being conducted).
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Certainly whist C L P P has been used for community analysis previously many
authors refer to problem s with the use of carbon utilisation as a ‘fingerprinting’
methodology. S m alla et al., 1 99 8 used T G G E to analyse the diversity present
within the B IO L O G G N plates 4 8 h post-inoculation with cell suspensions from a
potato rhizosphere, com pared to the diversity present within the initial inoculum.
The authors found that there w as a decrease in diversity within the microwells of
the B IO LO G plates relative to the diversity of the initial inoculum. M oreover the
composition had been perturbed such that species which had been numerically
dom inant in the inocula w here not detected in som e of the B IO LO G wells. It
should be noted that in the confines of this study the microplates w ere read 6 h
and 2 4 h post inoculation of the plates, hence the flaws outlined by the Sm alla et
al., study are not directly applicable, although one m ay hypothesise that a certain
perturbation of the original inocula m ay have occurred, certainly after 2 4 h of
incubation. Perhaps the increase in the num ber of positives from the sugar and
sugar derivatives functional groups after 2 4 h of incubation m ay have been due
in part to a modicum of com m unity perturbation, or perhaps due to the methods
em ployed for sam ple preparation.

T h e biofilm structure was hom ogenised to allow sam ple inoculation. As
discussed previously (see introduction) growth as a biofilm introduces gradients
of nutrient availability throughout the z - plane of the biofilm sam ple
homogenisation would instantly relieve such constraints on nutrient availability for
cells that previously m ay have been encased within a biofilm microcolony. Thus
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utilisation of carbon com pounds available in a microwell after a period of
adaptation to the new prevailing physiological conditions m ay have occurred,
such adaptation would have been tim e dependent, hence a 24 h incubation may
have provided a sufficient tim e window for this process to occur.

Perhaps what

was being observed after a 2 4 h incubation was adaptation to the prevailing
conditions, to an environm ent w here gradients simply did not exist. In addition,
there is also a known correlation betw een initial inoculum microbial density and
the rapidity of well colouration (H aac k et al., 1995).

It is known that cell and

hence inoculum density increased as a function of tim e (see chapter 8). This
undoubtedly would have had a knock-on affect upon the C L P P profile although
this inoculum dependent effect w as corrected for via the use of a normalised
cum ulative total B IO LO G plate optical density.

W hat also rem ained unresolved w as the relative role of all m em bers of the
community in the production of the m etabolic profile at each tim e point. W hat
w as interesting w as that the norm alised cumulative optical density decreased as
a function of tim e up until the 168 h tim e point, this trend w as evident in both
runs. Indeed the biofilms extracted at the 168 h sampling point produced the
lowest norm alised total optical density, in addition, at this tim e point, in both runs,
the largest num ber of C L P P positives w as recorded, (i.e. those wells in excess of
1 40 % of the control.). Therefore one could postulate that at the 168 h time point
the cells w ere not as metabolically active as they had been at the earlier
sampling points as revealed by the progressive decrease in the normalised O D ,
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despite the highest viable counts being recorded at this particular sampling point
(see chapter 8). It appears that as the biofilm matured, metabolic capacity per
bacterium decreased, how ever this effect w as more than com pensated for by the
increase in cell num bers m asking the putative decrease in metabolic dynamism
of each com m unity constituent. Interestingly during both runs the normalised O D
recovered som ew hat over the course of the remaining two sampling points (240h
and 3 3 6 h), although the reasons for this are not im m ediately apparent, this did
correlate with a progressive d ec re ase in the viable count recorded over the
course of the final two sam pling points (see chapter 8).

O ther interesting questions rem ain which could not be answ ered entirely
satisfactorily, such as w as the C L P P profile a result of synergy betw een
m em bers of the microbiota. H aack et al., (1 9 9 5 ) concluded that they found no
evidence to suggest synergism betw een isolates in kinetic analyses. Additionally
it w as hard to ascertain w hether all the cells capable of utilising the carbon
substrates contributed to the generation of the profile (H aack et al., 1995).
How ever the diverse range of carbon sources available, unlike typical
hom ogenous microbial m edia, would have produced a large number of differing
niches, allowing microbial species which m ay not have survived using traditional
cultivation techniques to proliferate and contribute to colour formation (Sm alla et
al., 1998). Conversely, the requirem ent for growth m ay have resulted in
enrichm ent, particularly those cells which may react rapidly to high substrate
concentrations i.e. copiotrophs (Garland, 1997) this effect would have been

159

rather more pronounced with the 2 4 h incubation. W hat was evident w as the
need for a conservative interpretation of the d ata generated by C L P P , one must
bear in mind that any conclusions reached must be qualified by the outlined limits
inherent within this profiling technique. Indeed the B IO LO G system has been
em ployed to gauge the m etabolic activity occurring within oral bacteria
com munities previously (Anderson et al., 200 2).

T h e authors concluded that

B IO LO G C L P P analysis does provide useful d ata as to the metabolic potential of
the constituent bacteria com posing the biofilm, with the important proviso that
incubation conditions m ay unduly affect the subsequent profile. That conclusion
is supported by the data that have been generated in this study; the results
obtained dem onstrate that incubation conditions do indeed influence the resultant
C L P P profile.

Hence it did ap p ear that the metabolic potential of the microbial

community increased as a function of tim e up until 168 h post-inoculation of the
fermentor, w hereupon it then decreased . However, whilst the metabolic activity
of the com m unity increased as the biofilm m atured, this corresponded with a
decrease in the m etabolic activity of the composite microbiota. Hence, whilst it
appears that community m etabolic potential increased to its zenith at the 168 h
sampling point and then decreased, the inverse seem s to be true when one
exam ines the metabolic activity per bacterium . O ne m ay postulate as to why this
m ay have been the case. Upon the onset of biofilm formation the pioneer cells
are rapidly utilising the available nutrient sources and concomitantly dividing,
utilising the available carbon sources, without the inhibitions of vigorous
competition for nutrients and the relative absence of metabolic w aste products or
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secondary m etabolites.

As the biofilm matured metabolic activity m ay have

been limited via the presence of secondary metabolites, increased competition
for m etabolites or due to diffusional impediments such as bacterially derived
E P S, decreasing the m etabolic activity of the biofilm microbiota. The recovery of
per bacterium m etabolic activity m ay have been due to decreased competition for
nutrients after the 168 h sam pling point (see chapter 8).

In addition, it would be

hard to envisage that a deg ree of enrichm ent did not occur during incubation of
the microplates, resulting in the increase in the num ber of positives within the
sugar functional group after 2 4 h of incubation. Therefore it would app ear that
the 6 h incubation provides a better insight into the m etabolic potential of the
biofilm community at the sam pling point, perhaps a better ‘snapshot’ of metabolic
potential instead of determ ining phenotypic plasticity. T h e corollary of this was
perhaps C L P P is best suited to the analysis of gross m etabolic and hence
potential compositional changes within a community, Ellis et al., 2001 cam e to
the sam e conclusion regarding C L P P when it w as em ployed to determ ine the
effects of heavy m etal contam ination upon soil communities, any slight
perturbation or shift within the com m unity m ay not have been accurately reflected
in the resultant C L P P fingerprint.

D G G E has recently been applied to analyse the inherent diversity present within
a periodontal pocket (Zijinge et al., 2 0 0 3 ) this research is pertinent as the inocula
used during the course of the two runs w ere derived from biological material
extracted from inflamed periodontal pockets. The study involved the extraction of
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sam ples from subgingival pockets from patients receiving treatm ent as well as
from periodontally healthy fam ily m em bers, 12 sam ples taken from four patients
w ere evaluated for shifts in com m unity structure one day and subsequently three
months post-treatm ent. If the d ata are interpreted semi-quantitatively the
treatm ent resulted in a reduction in the overall bacterial richness as represented
by a reduction in the num ber of observable bands. This conclusion w as qualified
by the authors who stated that the subgingival environm ent is prone to shifts in
composition and diversity that are not always readily explainable and m ay occur
independently of any perturbation. Zijinge et al., (2003 ) em ployed D G G E as a
relatively rapid m ethod that perm itted the genetic diversity present at a particular
tim e point to be analysed, hence the technique is am enable to multiple sampling
facilitating a com parative analysis m aking it well suited to analysing community
structure over time. D G G E has also been utilised to study community
developm ent over tim e within a C D F F (M cBain et al., 20 0 3 ). This study validated
the use of D G G E as an important tool when attempting to determ ine the relative
stability of com m unity structure over tim e. D G G E also revealed that substantial
differences w ere evident in the composition of the inoculum when com pared to
the microcosm com munities that becam e established within the C D F F , the
conclusion being that without the application of D G G E these data would not have
been available. Hence D G G E w as em ployed as part of this study due to its
inherent utility and the relative rapidity aptly dem onstrated in the two
investigations outlined, providing d ata that would not be otherwise available.
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The characterisation of the developm ent of the microbial community within the
C D F F produced som e interesting data, the broad conclusion that w as drawn
from the d ata generated by both runs w as that the initial diversity present at the
earliest sampling points decreased as a function of time, the supposition being
that the diversity that w as present within the inoculum w as not m aintained within
the C D F F over tim e on both occasions, despite the C D F F being set-up to closely
mimic both the biotic and abiotic conditions prevalent within a periodontal pocket.
Hence 2 4 hour biofilms, in run 2, resulted in a D G G E profile with 20 bands, this
w as then reduced to 7 bands present at the final sampling point after 336h. This
situation w as reflected in run 1 w here initially after 24 h 9 bands w ere evident in
the D G G E profile, but ultimately after 3 3 6 h 7 bands w ere evident at
approxim ately the sam e electrophoretic distance as the 7 bands that w ere
evident at the corresponding tim e point from run 1.

T he McBain et al., (2003)

study concurred with this conclusion, stating that D G G E revealed dynam icchange occurring within a putatively steady state system as determ ined by more
traditional cultural analysis.

T h e inoculum used in both runs was com posed of

pooled hom ogenised periodontal plaque, each run inoculated from the sam e
batch of pooled plaque.

H ence the subsequent community which developed

within the C D F F w as a microcosm, this has been defined as “a laboratory subset
of a natural system from which it originates but from which it also evolves”
(W im penny., 1988). T he D G G E results suggested that the diversity represented
within the inoculum w as not evident within the C D FF. It was undeterm ined how
diverse the original inoculum w as. However by extrapolating past the 24 h
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sampling point for which there w as a banding pattern and acknowledging the
known diversity of the subgingival environm ent c.500 species (Paster et al.,
2 0 0 1 ) it would be reasonable to suggest that the inoculum was indeed more
diverse than the biofilm com m unities sam pled from the C D F F . Certainly it has
been previously shown that microcosm composition within the C D F F m ay vary
considerably from the composition of the original inoculum (M cBain et al., 2003).
Indeed this paradigm of diversity reduction upon growth within the C D F F has
been reflected upon before, Pratten et al., (2003) cultivated a supragingival
microcosm within the C D F F and concluded that the diversity present within the
C D F F w as not a true reflection of the in vivo situation, in that instance conditions
within the model w ere implicated as possible reasons for a decrease in species
diversity. Certainly the m odel which w as used to approxim ate the subgingival
environm ent w as not perfect, as indeed are all in vitro models in that they lack
the incorporation of a host response. Biofilm formation and composition is likely
to be highly influenced by interactions with the host, particularly the host immune
system. For exam ple secretory IgA, the predominant immunoglobulin in the oral
cavity, can agglutinate bacteria, m odulate enzym e activity and inhibit adherence
to epithelial cells, conversely it m ay also act as a bacterial nutrient source
(Reindholt and Kilian., 1987).

O n e m ay postulate that whilst complex

interactions with the host m ay contribute to conditions conducive to growth, the
host m ay also inhibit bacterial growth, certainly via the immune system. Perhaps
the influence of the host upon the direction of biofilm developm ent in vivo may
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have to be taken into account w hen developing the next generation of in vitro
models.

T h e D G G E technique is som ew hat limited in that bacterial populations which
constitute less then 1 % of the total community m ay not be detected (M uyzer et
al., 1993). Estimations of species composition m ay be skewed due to P C R bias
which m ay result from prim er bias due to the use of a certain set of ‘universal’
primers or relating to the num ber of rounds of P C R used, both of these have
been shown to contribute to the sensitivity of P C R previously (Pratten et al.,
2 0 0 3 ).

D G G E has proven to be a versatile and adaptable technique and has

been widely em ployed by environm ental microbiologists in a num ber of theatres
w here bacterial populations are perceived to be in a state of flux. Miam bi et al.,
(2003 ) utilised D G G E to determ ine representative bacteria involved in the
fermentation of cassava dough. In a similar application Randazzo et al., (2002)
em ployed D G G E to determ ine shifts in the bacterial populations that occurred
concomitantly with Sicilian cheese m anufacture. This allowed the complex shifts
in population to be accurately monitored giving feedback useful in the production
of starter cultures. Interestingly, it w as found that the initial microbiota found
within the unprocessed milk w as very different to the microbiota present within
the final ripened cheese, this result is akin to what w as found in the present study
w here a palpable change in the predom inant phylotypes w as evident over time.
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The D G G E analysis that w as carried out indicated there was a decrease in
species diversity over tim e, how ever this should be qualified. T he D G G E
analysis presented within this chapter represents what might be best described
as an initial foray into determ ining the diversity present within the C D F F and how
this varied over tim e. To fully optimise the assay, the bands would have been
excised from the gel and sequenced to determ ine the species which
predom inated, the P C R amplification could then incorporate primers for the
bacterial groups that predom inated, hence improving the resolution of the
technique. O kabe et al., 2 0 0 2 used a combination of fluorescence in situ
hybridisation (F IS H ), the incorporation of specific primer pairs along with
universal P C R primers and m icroelectrode m easurem ents of oxygen, hydrogen
sulphide content as well as the pH to study succesional developm ents in
populations of sulphate reducing bacteria. This polyphasic approach permitted a
thorough analysis of succesional developm ents and the physical distribution of
the cells within the biofilm to be determ ined as well as the m easurem ent of
certain atm ospheric indicators to be monitored.

T he results of this investigation have shown that it was possible to cultivate
biofilms derived from periodontal plaque within the C D F F . C L P P analysis of the
biofilms revealed that the m etabolic potential of the biofilms generated fluctuated
over tim e but m axim al m etabolic plasticity was reached after 168 h of biofilm
cultivation. How ever due to the outlined limitations in the methodology the
results need to be interpreted cautiously. The D G G E analysis showed that initial
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diversity that w as apparent w as reduced over tim e to a stable, yet less diverse
community after 3 3 6 h of growth. In the following two chapters, the biofilms
which w ere cultivated during the two runs will be analysed using different more
traditional m ethodologies. However, by using a wide range of analytical methods,
it is hoped that that this polyphasic approach m ay contribute toward a fuller
understanding of biofilm developm ent within the C D F F .
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CHAPTER SEVEN
MICROSCOPIC ANALYSIS OF CDFF CULTIVATED SUB-GINGIVAL
BIOFILMS

7.1 Introduction
Biofilms w ere cultivated within the C D F F and analysed at the community level in
the previous chapter at the com m unity level using techniques which have been
utilised extensively to produce both m etabolic (C LP P ) and genetic (D G G E )
fingerprints. T h e re are, however, a num ber of other techniques, som e of which
are regarded as som ew hat m ore traditional, which m ay be em ployed to gather
information on the developm ent of biofilms both in vitro and in vivo. T he previous
chapter w as concerned with the composition of the entire community and how
this fluctuated as a function of biofilm developm ent and hence time. To
com plem ent the previous chapter, maintaining the com m unity centric analysis,
microscopic techniques w ere used to provide a visual reference of biofilm
developm ent of the very sam e batch of biofilms as analysed in the previous
chapter.

Hence in using Transm ission Electron Microscopy (T E M ), Scanning

Electron Microscopy (S E M ) and Confocal Laser Scanning Microscopy (C LS M ),
biofilm developm ent w as observed and recorded over tim e within the C D FF,
allowing com parisons to be m ade betw een biofilm developm ent within the model
(C D F F ) and of plaque developm ent in vivo, which has also been described using
these sam e microscopic techniques.

7.2 Materials and Methods
The C D F F w as set up, inoculated and sam pled as described in chapter 6,
section 6.2
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7.2.1 Confocal laser scanning microscopy (CLSM) of biofilms
This w as carried out as described in chapter 2 section 2.5

7.2.2 Transmission electron microscopy (TEM) of biofilms
Discs with attached biofilm w ere fixed in 3 % glutaraldehyde solution, 0.2 %
ruthenium red in 0.1 M sodium cacodylate buffer at 4 °C overnight. T he
specim ens w ere post-fixed in 1 % osmium tetroxide at 4 °C for 2 h followed by
dehydration in a series of alcohol concentrations (20 - 100 % , 15 minutes
application per concentration). T h e specim ens w ere then em bedded in araldite
C Y 2 1 2 and sections cut (section thickness varied dependent on biofilm depth).
T he biofilms w ere stained with lead citrate and uranyl acetate, the sections w ere
view ed with a Jeol 100 C X transm ission electron microscope (Jeol Ltd, W elwyn
G arden City, U.K).

7.2.3 Scanning electron microscopy (SEM) of biofilms
Discs with attached biofilm w ere fixed in 3 % glutaraldehyde in 0.1 M sodium
cacodylate buffer at 4 °C overnight. T h e specim ens w ere then post-fixed and
dehydrated as above in a graded series of alcohol concentrations. The
specim ens w ere then rinsed 3 tim es (10 minutes per rinse) in 100 % acetone,
im m ersed in hexadim ethylsilane for 1 - 2 minutes and left to dry in a dessicator.
T he specim ens w ere view ed with a Cam bridge 90B Stereoscan electron
microscope (Cam bridge scientific instruments Ltd, Ely, U.K).
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7.3 R esults

Biofilms were cultivated on hydroxylapatite discs in a CDFF. After 24, 72, 168,
240 and 336 h, biofilms were removed and prepared for visualisation in a manner
dependent upon the technique being used.

7.3.1 C o nfo cal m ic ro s c o p y of biofilm dev elo p m en t

The confocal micrographs, figures 7.1 and 7.2, revealed how the number of
viable cells relative to the number of non-viable cells fluctuated within a
developing microcosm biofilm. Indeed, locally abundant coverage of cells upon
the hydroxylapatite substratum was apparent after 24 h of growth.

The confocal micrographs,
figures 7,1 and 7.2, revealed

F igure 7.1 A confocal micrograph of a 24 h biofilm,

the bar represents 20 pm

how the number of viable
(green) cells relative to the
number of non-viable cells (red)
fluctuated within a nascent
biofilm. What was also apparent
was the locally abundant
coverage of cells upon the
hydroxylapatite substratum after
24 h of growth.
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Figure 7.2: A confocal micrograph of a 24 h biofilm,

In figures 7.3 and 7.4 qualitatively there

the bar represents 20pm

Appeared to be a higher proportion of
viable compared to non-viable cells
within these 72 h biofilms, certainly the
biofilm appeared to be denser than was
evident with the 24 h confocal
micrographs. Indeed there appeared
to be a reduction in the number of nonviable cells present compared to that
which was observed at the 24 h
sampling point

Figure 7.3: A confocal micrograph of a 72 h biofilm,

Figure 7.4: A confocal micrograph of a 72 h biofilm

the bar represents 20 pm

the bar represents 20 pm
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Figure 7.5: A confocal micrograph of a 168 h biofilm,
the bar represents 20 pm

Both Figures 7.5 and 7.6
revealed a high proportion of
viable to non-viable cells within
the biofilm after 168 h of growth
within the fermentor.
Qualitatively the biofilm was
somewhat denser compared to
what was seen at both 24 h and
72 h.

Figure 7.6: A confocal micrograph of a 168 h biofilm,

the bar represents 20 pm
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Figure 7.7: A confocal micrograph of a 240 h biofilm,
the bar represents 20 pm
Figures 7.7 and 7.8 were
confocal micrographs of 240 h
biofilms. Within the micrographs
were a large number of both
viable and non-viable cells. The
structural motifs associated with
mature biofilms such as tower
formations were identifiable
within figure 7.8.

Figure 7.8: A confocal micrograph of a 240 h biofilm,

the bar represents 20 pm

S tack
formation
typical of
biofilms.

W ater
channel,
responsible for
transport
within the
confines of the
biofilm
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Figure 7.9: A confocal micrograph of a 336 h biofilm,
the bar represents 20 pm
Both in figures 7.9 and 7.10
there appeared to be a
qualitative increase in the
proportion of non-viable to viable
cells compared with the 240 h
biofilms. The three-dimensional
structure of the biofilms
appeared to be present, perhaps
not as defined as seen
previously. Indeed cellular
Figure 7.10: A confocal micrograph of a 336 h biofilm,

viability appeared to be waning.
the bar represents 20 pm

7.3.2 Scanning electron micrographs showing biofilm development
The CLSM data proved useful for qualitative determinations as to the ratio of
viable to non-viable cells within the biofilm. SEM, whilst not permitting the
visualisation of the biofilm in its hydrated native state, provides images which
revealed morphotype diversity within the biofilm, and how this varied with biofilm
age.
F igure 7 .1 1 : A SEM image of a 24 h biofilm

Figures 7.11 and 7.12 revealed
how sparse the coverage of the
substratum was after 24 h of
growth within the CDFF.
Qualitatively, the microbiota
appeared to be dominated by
cocci which were evident in both
electron micrographs.
Figure 7.12: A SEM image of a 24 h biofilm
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Figure 7.13: A SEM of a 72 h biofilm
Figures 7.13 and 7.14 revealed

mm

that the biofilms appeared to be
exhibiting increased diversity,
long chains of cocci were
evident; these were not present
after 24 h of biofilm growth.
However the vast majority of the
cells evident within the
micrographs still appeared to be
coccoid.

Figure 7.14: A SEM of a 72 h biofilm
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Figure 7.15: A SEM of a 168 h biofilm
Figure 7.15 revealed that after 7
days (168 h) growth within the
fermentor, the bulk of the
substratum surface appeared to
be covered in a heterogeneous
microbiota. Figure 7.16 shows
the biofilm was extremely dense
and more diverse. Particularly
evident were the filamentous
cells, these were not evident at
the earlier sampling points.

Figure 7.16: A SEM of a 168 h biofilm
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Figure 7.17: A SEM of a 240 h biofilm
Corn-cob structures were
present within figure 7.17, these
are formed via the close
interaction between coccoid cells
and filamentous cells. Figure
7.18 was a lower power electron
micrograph of a biofilm. Whilst
the biofilm did not cover the
surface entirely, large
Figure 7.18: A SEM of a 240 h biofilm

aggregates seemed to cover the
majority of the substratum after
240 h of biofilm formation and
growth.
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Figure 7.19: A SEM of a 336 h biofilm

Within Figure 7.19 the
heterogeneity contained in the in
vitro cultivated plaque is clear; a
rosette arrangement formed by
bacilli was present in the lower
right hand corner. Figure 7.20
aptly demonstrated the diversity
that was present within the
CDFF, the differing morphotypes
were in very close proximity with
cocci and fusiforms.

Figure 7.20: A SEM of a 336 h biofilm
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7.3.3 Transmission electron micrographs showing biofilm development
The data acquired via TEM complemented that garnered using SEM, allowing
the differing morphotypes present within the biofilm to be visualised. In addition,
TEM provided information as to the density of the (dehydrated) biofilm, whether
morphotype stratification was evident, and how this varied as a function of biofilm
age.

No TEM’s were produced of the 24 h biofilms as they proved to be of

insufficient thickness for sectioning.

F ig u re 7 .2 1 : A TEM of a 72 h biofilm, magnification x 8 000

Figure 7.21 showed a dense
biofilm of mainly coccoid cells, a
ghost cell is apparent in the
upper left hand corner of the
micrograph.

Figure 7.22: A TEM of a 168 h biofilm, magnification x 4 000

Figure 7.22 showed the various
morphotypes of cells juxtaposed
proximal to the biofilm surface.
Long fusiform cells were
distinguishable in the centre of
the micrograph, there was an
increase in the variety of
morphotypes compared with
what was seen after 72 h of
cultivation.

Fig u re 7.23: A TEM of a 168 h biofilm, magnification x 8 000

The biofilm surface was visible in
figure 7.23. Rods were evident
on the surface of the biofilm, of
note were the cells which were
encased within the denser
(darker) matrix.
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Figure 7.24: A TE M of a 240 h biofilm, magnification x 6 70C

Figure 7.24 was dominated by a
fusiform cell in the very centre of
the micrograph, on closer
examination the cells appeared
to be co-aggregating, many
different morphotypes of cells
seemed to be interacting with
the fusiform cell, possibly
indicating many different coaggregating events.
F ig u re 7.25: A TEM of a 240 h biofilm, magnification x 270

Figure 7.25 showed a thin
section of a 240 h biofilm, the
whole biofilm was visible within
the micrograph. The biofilm
substratum interface was
present in the top right corner of
the micrograph.
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Figure 7.26: A TE M of a 336 h biofilm, magnification x 20 000
Figure 7.26 was a high
magnification micrograph of a
cluster of cells proximal to the
biofilm surface interface, there
they may have been coaggregating, with interactions
between the bacilli and the
surrounding coccoid cells.

F ig u re 7.27: A TEM of a 336 h biofilm, magnification x 8 000

Within figure 7.27 the biofilm
surface interface was visible in
the top left hand corner. At the
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Figure 7.28: A TEM of a 336 h biofilm, magnification x 5 000
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7.4 D iscussion

In the previous chapter, the composition and metabolic plasticity of in vitro
cultured microcosm plaques was investigated using the community analysis
techniques, CLPP and DGGE. To continue in that vein, contained within this
chapter is a visual reference of biofilm development over time within the CDFF.
To optimise this approach, CLSM was used in conjunction with SEM and TEM to
provide the maximal amount of optical detail possible regarding biofilm
development over time. Electron microscopy is a powerful tool allowing the
visualisation of the cells which form the biofilm, the morphotype of the cells and
the way in which they are juxtaposed may be revealed. However due to the
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method of sam ple preparation it is known that electron microscopy leads to the
production of artefacts, which will not be present within pristine hydrated biofilms.
Electron microscopy requires that the sam ples be dehydrated, hence the threedim ensional structure associated with m ature biofilms will be m asked, leaving an
atypical condensed hom ogenous biofilm structure in its place. T he use of C LS M
provides som e advantages over traditional electron microscopy and its inherent
sam ple perturbation, allowing the visualisation of biofilm structure in real time
coupled to nominal preparation of the sam ple (W atson., 1991). However, whilst
the m acroscopic features of biofilm structure are better represented by C S LM
analysis, it does not provide the resolution necessary to visualise individual cells,
or cellular morphotypes, which m ay be revealed via electron microscopy. Hence,
in order to com pile a com prehensive visual reference of biofilm developm ent, a
combination of techniques w as utilised.

After 24 h of growth within the C D F F , the organisms present w ere rather sparsely
distributed on the hydroxylapatite surface, as revealed by both C L S M and SE M .
T h e C L S M analysis revealed that a rather high proportion of the organisms
adhering to the substratum ap p eared to be non-viable, this concurred with other
studies which have dem onstrated that young and sparse dental plaque contained
more non-viable than viable m icroorganisms (Netuschil et al.,199 8). Certainly as
has been suggested previously, dead cellular material seem ed to com pose an
appreciable com ponent of total plaque mass during initial plaque developm ent
(Brecx et al., 1981). Indeed the vitality of early plaque has been empirically
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determ ined and w as shown to be as low as 5 % , this increased significantly after
72 h to betw een 8 0 - 1 0 0 % (W eiger et al., 1997). In addition, the young biofilms
w ere low in m orphotypic diversity, as the cells observable all appeared to be
coccoid, again this agreed with in vitro electron microscopy of developing dental
plaque which show ed that coccoid cells predom inate in early plaque formation
(Listgarten et al., 1975, Nyvad et al., 1987b, Nyvad et al., 1987c, Takeuchi et
a l.,2 0 0 1 ). However, in addition to the preponderance of coccoid cells that have
been reported as principally com posing dental plaque after 24 h, the presence of
small numbers of both rod-shaped bacteria and filam entous bacteria has also
been reported (Nyvad et al., 1987b ), within the C D F F after 24 h of growth,
coccoid cells w ere the sole m orphotype visible. Indeed after 2 4 h of growth
within the C D F F , the biofilms had not accum ulated to a sufficient depth to permit
T E M analysis, in contrast with plaque formation in the oral cavity (Listgarten,
1976, Nyvad et al., 1987c, Takeuchi et al., 2 0 0 1 ). Perhaps the apparent
hindered rate of initial biofilm form ation within the C D F F m ay have been related
to the w ay in which it w as operated, the C D F F was inoculated for an 8 h period
after which sterile m edium w as added to the system for the rem ainder of the run.
T he addition of sterile m edium im m ediately after inoculation of the ferm entor may
have resulted in a dilution effect of the bacterial composition of the nascent
biofilms, leading to the retardation of initial biofilm developm ent within the C D F F .

After 72 h of biofilm growth within the ferm entor, qualitatively there appeared to
have been an increase in biofilm density.

186

T he confocal micrographs showed an

Increase in the ratio of viable to non-viable cells, certainly com pared to the
confocal micrographs taken of 2 4 h biofilms. Whilst biofilm density increased, the
electron m icrographs did not show any significant expansion in morphotype
diversity present within the biofilms, although chains of coccoid cells w ere
evident that had not been apparent after 24 h growth, cocci w ere still the solitary
morphotype present. This situation had changed after 168 h of growth within the
ferm entor. Confocal microscopy revealed that the biofilms w ere now denser than
at either of the previous two sam pling points, the biofilms w ere now dom inated by
viable cells. T h e scanning electron microscopy revealed that the substratum
seem ed to be covered in a heterogeneous microbiota, this w as confirmed by the
transmission electron m icrographs, and several different m orphotypes w ere
evident including rod-like and fusiform cells. It has been previously reported that
the m ajor secondary colonisers of plaque are both Gram -positive coccoid and
G ram -negative filam entous cells, whilst plaque maturation is often m arked by a
shift from Gram -positive coccoid to bacillary and pleiomorphic Gram-positive
cells (Takeuchi et al., 2 0 0 1 ). Indeed the pathogenicity of plaque is associated
with a proliferation of G ram -neg ative rods and a shift from predominantly G ram positive to predominantly G ram -neg ative organisms (Van Palenstein Helderm an.,
1981). Certainly, after 168 h of growth, the biofilms w ere now distinct from those
which had been observed previously, with a high degree of diversification
revealed by both the scanning and transmission electron microscopy.
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T h e confocal m icrographs of the 2 4 0 h biofilms revealed large numbers of both
viable and non-viable cells, and structural motifs such as the distinctive
microcolony formations which are synonymous with the biofilm lifestyle (Fig 7.8)
(Costerton., 1995) w ere visible indicating that the biofilms w ere structurally
mature. T h e scanning electron microscopy showed a profusion of corn-cob
associations within the biofilms, these close associations have also been
observed within dental plaque (Jones., 1972, Listgarten et al., 1973) although
initially it w as hypothesised that the corn-cob formations m ay actually represent a
‘germ inative phase of som e filam entous form s’, this idea had stretched back to
the turn of the century w here Viscentini in 1890 and 1897 described this corn-cob
arrangem ent as a ‘fruitful h e a d ’, believing that the formation represented the
progenitior stage of all dental plaque (Jones., 1972). It w as eventually realised
that this formation actually represented the close interaction of two distinct
bacterial species (Listgarten et al., 1973). T he transmission electron
micrographs revealed a plethora of bacterial morphotypes that w ere present
throughout the biofilm. Indeed one transmission electron micrograph showed the
interaction of a fusiform with a num ber of differing cell types via microbial
appendages, perhaps indicating the occurrence of co-aggregation events.
Indeed dental plaque formation is dependent upon both intrageneric and
intergeneric co-aggregation events. T h e central role perform ed by the fusiform
bacterium Fusobacterium nucleatum in plaque maturation is known. The
bacterium acts as a co-aggregation bridge betw een the early and late colonising
bacteria, facilitating the developm ent of the inherent heterogeneous nature of
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dental plaque (Kolenbrander et a l.,1 9 9 3 , Rickard et al., 2003), the transmission
electron micrographs showed a fusiform cell apparently performing a very similar
function within the in vitro grown bacterial biofilms of the present study. Physical
interaction betw een differing species is crucial to biofilm formation.

Biofilms

formed from two plaque bacteria Streptococcus cristatus and Porphyrom onas
gingivalis within an in vitro m odel com m unity dem onstrated how physical
interaction betw een two species resulted in the modulation of the pathogenic
potential of the periodontopathogen Porphyrom onas gingivalis. A S. cristatus
surface protein w as shown to repress the P. gingivalis fimbrial gene (fimA),
hindering biofilm formation with S. cristatus (Xie et al., 20 0 0 ).

This exem plifies

the com plicated relationships, and delicate equilibrium which exists within dental
plaque.

Confocal microscopy of the 3 3 6 h biofilms revealed a qualitative increase in the
ratio of non-viable to viable cells com pared to the 2 4 0 h biofilms, in addition, the
biofilms analysed did not ap p ear to be as dense as those observed after 2 4 0 h of
growth. It has been reported previously that biofilms generated within the oral
cavity and then visualised ex-vivo via C L S M produced m ature differentiated
biofilms, with the structural motifs associated with biofilm formation (W ood et al.,
200 0), the descriptions of those biofilms are consistent with the biofilms
generated within the C D F F . H ow ever the biofilms described by W ood et al.,
2 0 0 0 w ere cultivated for 96 h before being exam ined, the relative cellular viability
of the dental plaque as a function of tim e was not reported. Hence it is not
known w hether the observed qualitative increase in the ratio of viable to non-
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viable cells to approxim ately the 168h sampling point, and the ensuing qualitative
d ecrease in the ratio of viable to non-viable cells as the biofilms m atured further
(2 4 0 /3 3 6 h biofilms), resulted from in vitro cultivation of the plaque, or w hether
this is a trend that is also evident in plaque in vivo. Indeed C L S M is now being
em ployed in com bination with fluorescence in situ hybridization (F IS H ) using
species-specific oligonucleotides allowing detailed analysis of the architecture of
biofilms with single cell resolution (W ecke et al., 2 0 0 0 ). T h e transmission
electron micrographs revealed how diverse the biofilms had becom e after 2
w eeks of cultivation within the ferm entor. Perhaps the apparent decreased level
of viability w as sym ptom atic of increased diversity, as the biofilm matured
successional events resulted in biofilm diversification, how ever as biofilm age
increased so inevitably did the num ber of nonviable cells trapped within the
biofilm matrix, a num ber of ghost cells w ere apparent in a transmission electron
micrograph. O n e transmission electron micrograph was particularly intriguing
(Fig 7.28) showing fusiform cells parallel to the biofilm substratum interface on
the surface of the biofilm in a protective arrangem ent of the cells deeper within
the biofilm, although precise interactions w ere difficult to interpret without
knowing precisely the micro-organisms involved. T he diagnostic power of
electron microscopy m ay be increased via the use of immunocytochemistry
(B arber.,1 9 9 5 ), allowing the identification of cells composing the biofilm via
immunolabelling, increasing w hat is known about interactions which occur within
biofilms.
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T h e results of this investigation have provided a visual reference as to biofilm
formation within the C D F F over tim e. Initially the biofilms that w ere formed w ere
hom ogeneous with a percentage of the microbiota adhering to the substratum
being non-viable. As the biofilm developed, so diversity increased, as did biofilm
density, as well as an apparent increase in the ratio of viable to non-viable cells,
thereafter the biofilm continued to develop with fusiform cells particularly
prevalent. H ow ever it did ap p ear that at the final sampling point, after 2 w eeks
growth within the ferm entor, the num ber of non-viable cells relative to viable cells
w as increasing, how ever this did not app ear to have an impact on diversity,
which if anything app eared to continue to increase. T h e biofilms which w ere
generated within the ferm entor mimic the reported developm ent of dental plaque
in vivo, with m any of the reported structures and motifs incorporated into the
biofilms cultivated within the C D F F .

T h e results reported in this chapter form a

visual reference to accom pany the m etabolic and phylotypic analysis of the
biofilm community, reported in the previous chapter. In the next chapter, the
bacterial composition of the biofilms w as analysed over tim e using both
traditional and P C R -based techniques, com plem enting the com m unity-based
analysis reported in this and the previous chapter.
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CHAPTER EIGHT
CHARACTERISATION OF CDFF CULTIVATED SUB-GINGIVAL
BIOFILMS

8.1 Introduction
The previous two chapters of this investigation have centred upon the analysis of
the com plete biofilm com m unity and how this evolved as the biofilm developed.
This chapter is concerned with the characterisation of that community and the
diverse bacterial species present within the biofilm. To that end, two different
techniques w ere em ployed, both of which have previously been widely used in
the analysis of biofilm composition: (i) viable counts, utilising both selective and
non-selective agar (K am m a et al., 2 0 0 0 ) and (ii) m olecular characterisation of the
cultivable microbiota. T h e use of viable counts as a m ethod of quantifying biofilm
composition is a classical bacteriological technique, w hereas m olecular
characterisation is reliant upon P C R to amplify the 16 S rR N A genes, the
subsequent sequencing (and analysis) is used to detect variations within the 16S
rRN A of the different biofilm bacteria. P C R has previously been harnessed to
determ ine species diversity within subgingival plaque with particular reference to
the large num ber of unculturable bacteria in vivo, these have been acknowledged
as constituting a significant portion of the microbiota within the oral cavity (Paster
et al., 20 0 1 , Sakam oto et al., 2 0 0 0 ). Indeed, it has previously been estim ated that
only 50 % of the microbiota of the oral cavity may be cultivable (Socransky et al.,
1963). T h e m olecular identification of the cultivable bacteria from the C D F F
presents an opportunity to com pare with what has previously been identified from
within periodontal pockets using both traditional and molecular methodologies.
Additionally, the use of these techniques allowed both the gross compositional
changes and quantification of the individual bacteria present at each particular
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sampling point within the biofilm to be monitored over time, viable counts are a
rapid w ay to gauge the approxim ate biofilm composition, however, sequencing
allowed the precise identification of the cultivable microbiota. Hence, as the
biofilm developed within the C D F F any fluctuations in the microbiota comprising
the biofilm w ere monitored.

8.2 Materials and Methods
The C D F F w as set up, inoculated and sam pled as described in chapter 6,
section 6.2

8.2.1 Bacteriological characterisation of CDFF-cultivated biofilms
T he method used w as the sam e as that described in chapter 2, section 2.3, with
the following exceptions:
1. Tw o pans (10 biofilms) w ere rem oved aseptically from the C D F F . The discs
(plus their associated biofilms) w ere placed in 30 ml of PBS and vortex-m ixed for
a period of 2 minutes which allowed for full biofilm removal from the discs. 28.5
ml of the suspension w as required for the C L P P analysis, described in chapter 6,
the rem ainder w as utilised for bacteriological characterisation using selective and
non-selective m edia.
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8.2.2 Molecular identification of cultivable bacteria
8.2.2.1 Sub-culturing of distinct colony morphotypes
After incubation aerobically for 24 h, in the case of CBA plates, or for up to 7
days for FAA plates incubated within an anaerobic cabinet, the plates w ere
rem oved and the distinct colony types on the agar plates w ere counted. O nce
the num ber of each distinct colony type had been recorded, each colony type
was sub-cultured onto the appropriate non-selective agar and incubated either
aerobically or anaerobically, dependent upon the plate the colony had originally
been isolated from. Sub-cultures w ere subjected to a preliminary categorisation
via G ram reaction, catalase and oxidase tests. T h e sub-cultures w ere then
catalogued and frozen in BHI broth (Oxoid Ltd) with 10% glycerol (Sigm a Ltd)
and stored at - 70° C.

8.2.2.2 PCR amplification of the 16S gene
Identification to species level of the sub-cultured bacteria w as carried out by PC R
amplification and partial D N A sequencing of the 16S rRNA gene. Prior to PC R
amplification, the sub-cultured bacteria w ere revived on the appropriate agar
medium. P C R amplification w as perform ed with a Primus 25 Therm ocycler
(M W G Biotech, Milton Keynes, U.K) using 10x N H 4-based reaction buffer
(Bioline, London, U.K) containing 10 m M MgCfe, 2 m M of deoxynucleotide
triphosphates, 0.9 pmol of each primer, 1.5 U Taq D N A polym erase (Bioline U.K)
and 1 individual colony taken from the appropriate agar plate, this w as in a total
volum e of 100 pi. T h e 16S rR N A gene conserved primers used for this first
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round P C R w ere 2 7 F and 149 2R (S e e chapter 6, table 6.1) (Genosys
Biotechnologies Ltd, Cam bridgeshire, U.K). The sam ples w ere then amplified as
follows: 9 4 °C for 5 min, followed by 29 cycles of 94 °C for 1 min, 54 °C for 1 min
and 72 °C for 1.5 min, with a final extension at 72 °C for 5 min. T h e presence of
product w as confirmed on a 1 % agarose gel (Amresco, NB S Biologicals,
Huntingdon, U.K). T h e P C R products w ere then purified using a commercially
available D N A purification kit (Q iagen, Crawley, U.K), producing 30 pi of purified
product per sam ple.

8.2.2.3 Sequencing reaction
T he sequencing reaction w as perform ed with a Primus 25 Therm ocycler (M W G ).
Each reaction mixture contained 1 pi of cleaned product, 0 .7 pmol of th e16S
rRN A gene conserved primer 3 5 7 F ([5 ’- C T C C T A C G G G A G G C A G C A G - ‘3]
G enosys Biotechnologies Ltd), 2 pi of Big dye Mix (ABI, W arrington, U.K) with
w ater added to obtain a final volum e of 7 pi. The sam ples w ere then amplified as
follows: 9 5 °C for 5 min followed by 99 cycles of 95 °C for 30 s, 5 5 °C for 20 s,
6 5 °C for 4 min.

8.2.2.4 Clean-up of the sequencing reaction
O n completion of the sequencing reaction, ethanol precipitation of the D N A was
perform ed, to each reaction w as added 15 pi of sdH20, 2 pi of 3M sodium acetate
(B D H ) and 50 pi of 95 % ethanol, chilled to - 2 0 °C (BD H ), this was then incubated
on ice for 20 min. T h e mixture w as then centrifuged at 16,000 g for 25 min at
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4°C , the liquid phase w as then rem oved. W hereupon 250 pi of 70 % ethanol,
chilled to -20°C , w as added, this w as then centrifuged at 16,000 g for 15 min at
4 °C and the liquid phase w as then removed. The precipitated D N A w as placed
on a hot-block set at 95 °C for 20 s, to remove any residual ethanol. T h e DN A
pellet w as then re-suspended in 20 pi of Tem plate Supressor R eagent (ABI).
The sam ples w ere analysed on an ABI P R IS M 3 1 0 G enetic Analyser.
Identifications w ere obtained by com paring the sequence data generated (c.3505 0 0 bases) with the database at both the Ribosomal D atabase Project (R D P ) at
Michigan State University (M aid ak et al., 200 0, http://rdp.cm e.m su.edu) and
BLAST at the National C entre for Biotechnological Information (Altscul et al.,
1997, http://w w w .ncbi.nlm .nih.gov/BLAST).
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8.3 Results
8.3.1 Bacteriological composition of CDFF-cultivated biofilms
The CDFF was set-up and run in an identical manner on two separate occasions.
In this chapter, the viable count data and sequencing of the cultivable flora are
presented.

Figure 8 .1 : Viable counts from run 1 showing the composition of the sub-

gingivally derived biofilms grown within the CDFF as a function of time.
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Table 8.1: The composition of the biofilms from run 1 relative to the total
anaerobic count

Gram-negative anaerobes
Streptococci
Veillonela spp.
Actinomyces spp.
Aerobes/facultative anaerobes

24 h
0.00
37.86
0.00
0.01
90.53

% of total anaerobic count
72 h
168 h
240 h
13.57
3.33
21.29
56.64
0.45
41.90
1.06
32.48
6.08
0.00
0.04
0.06
9.17
160.95
8.08

336 h
23.06
0.53
0.13
0.00
20.00

At the first sampling point after 2 4 h of growth within the ferm entor, the biofilms
w ere com posed principally of streptococci and a variety of microorganisms able
to grow aerobically. T h e composition then altered som ew hat at the next
sampling point, 72 h post-inoculation, the biofilms w ere dom inated by aerobes
and facultative anaerobes, indeed the streptococci form ed over 40 % of the total
anaerobic count at this sam pling point, the number of Veillonella spp. had
increased from the last sam pling point to constitute 3 2 .3 8 % of the total
anaerobic count. After 168 h, the num ber of G ram -negative anaerobes
increased com pared to the last sam pling point to constitute 2 1 .2 9 % of the total
anaerobic count, the proportion of streptococci increased to constitute over 50 %
of the total anaerobic count, it w as at this sampling point that the total anaerobic
count reached its m aximum, w hereupon over the following two sampling points it
decreased. At the 2 4 0 h sampling point, the number of Veillonella spp.
constituting the total anaerobic count had decreased from its m aximum after 72 h
to constitute 1.06 % of the total anaerobic count. T he Actinom m yces spp. which
w ere no more than minor constituents of the biofilm at the previous sampling
points, decreased in numbers at the 240 h sam ple point to hover just above
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detectable limits. After 336 h, the Gram-negatives now formed the largest group
present within the biofilms, both the Veillonella spp. and the streptococci formed
less then 1 % as a proportion of the total anaerobic count, however the number
of aerobes/facultative anaerobes had increased in numbers at both the 240 h
and 336 h sampling point.

Figure 8.2: Viable counts from run 2 showing the composition of the sub-

gingivally derived biofilms grown within the CDFF as a function of time.
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Table 8.2: The composition of the biofilms from run 2 relative to the total
anaerobic count

Gram-negative anaerobes
Streptococci
Veillonela spp.
Actinomyces spp.
Aerobes/facultative anaerobes

24 h
0.00
60.26
0.18
0.18
78.21

% of total anaerobic count
168 h
72 h
240 h
4.76
0.06
7.69
5.85
49.57
71.13
0.02
0.00
0.08
0.06
0.12
0.11
948.45
23.90
76.07

336 h
6.94
14.86
0.18
0.13
17.30

After 24 h of growth within the ferm entor, the predominant bacterial group was
the streptococci which constituted over 6 0 % of the total anaerobic count, also of
note w ere the aerobes and facultative anaerobes, this would have encom passed
the streptococci group, at this early stage of biofilm developm ent this group was
pre-em inent. After 72 h the streptococci had increased to form over 7 0 % of the
total anaerobic count. Interestingly at this tim e point the num ber of aerobes and
facultative anaerobes had increased over nine-fold relative to the 24 h sampling
point, so that after 72 h there w ere substantially larger numbers of this grouping
relative to the total anaerobic count. At the 168 h sampling point, the num ber of
streptococci had decreased to c .5 % relative to the total anaerobic count, the
G ram -negative anaerobes had increased in numbers when com pared to the 72 h
sampling point to c.5% relative to the total anaerobic count, the num ber of
aerobes/facultatively anaerobic bacteria had decreased relative to the total
anaerobic count such that there w ere c .20% of the total anaerobic count after
168 h. After 168 h growth within the C D F F , the total anaerobic count reached its
zenith, at the following two sampling points the bacterial counts progressively
decreased. After 2 4 0 h the num ber of streptococci had increased as a proportion
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of the total anaerobic count to constitute c.50% of the cultivable microbiota, this
increase w as repeated with the aerobes/facultatively anaerobic grouping which
had increased to c.75 % relative to the total anaerobic count. At the 3 3 6 h
sampling point, the streptococci and aerob e/ facultatively anaerobic count
decreased as a proportion of the total anaerobic count. At all sampling points,
the Veillonella spp. and the Actinom yces spp. constituted c .< 1 % as a proportion
of the total anaerobic count.

There are broad similarities in how the biofilms developed during both runs as
revealed by viable counts. During both runs the total anaerobic count increased
during the first three sampling points (24 h, 72 h, and 168 h).

During both runs

the total anaerobic count reached its m axim al after 168 h of growth within the
fermentor. At the final two sam pling points (240 h and 336 h) the total anaerobic
count then progressively decreased , although this reduction in the total anaerobic
count w as perhaps more pronounced during run 2.

Indeed, during both runs the

aerobic /facultatively anaerobic bacteria initially proliferated rapidly with the
G ram -negative anaerobic grouping increasing as a proportion of the total
anaerobic count as the biofilm m atured.
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8.3.2 The cultivable bacteria present within the CDFF at each sample point
as determined by partial sequencing of the 16S rRNA gene.

Table 8.3: T h e num ber of aerobe, facultative anaerobic and anaerobic taxa
found at each tim e point during both run 1 and run 2.

Run
a e io b e
a u a e io b e
facu lta tive

1
2
1
2
1
2

Hours post-inoculation
72
168
240
1
1
1
1
2
1
3
4
4
2
5
5
5
6
5
6
8
6

24
2
4
1
0
5
2

336
1
2
3
5
6
4

Table 8.4: T he G ram classification of the bacterial taxa found at each tim e point
for both run 1 and 2.

G iam positive
G iam negative

Run
1
2
1
2

24
7
5
1
1

Hours post-inoculation
168
240
72
7
8
7
11
9
5
3
3
2
4
4
3
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336
5
8
5
3

Tab le 8.5: The cultivable bacteria detected at each sampling point during both

run 1 and run 2 (the light blue bars denote taxa isolated during run 1, and the
dark blue run 2).
Hours post-inoculation
Id e n t if ie d h o c t e iiiu n
A c tin o m y c e s
A c tin o m y c e s m e y e ri
A c tin o m y c e s n a esfu n d ii
A c tin o m y c e s s iu m a s tid is
B uftedia m oorei
E ik e n e ita co rrod ens
E u b a c te n u m yurii
F u s o b a c te n u m n u c fe a tu m
G em efla m o rib i/to ru m

G ran u h c atelia a d ia c e n s
H a e m o p h ilu s
H a e m o p h ilu s s e g m s
KingeU a d e n itrifican s
K o c u ria rhizophiSa
M ic ro c o c c u s fu teu s
M ic ro m o n a s m ic ro s
N e is s e ria g o n o rrh o eae su b g ro u p
P o rp h yro m o n a s g in givalis
P ro p io n ib a c te riu m a c n e s
R o th ia m u c ila g in o s a
ep tderm idis
S ta p h y lo c o c c u s h a e m o ly tic u s
S ta p h y lo c o c c u s h o m in is
S ta p h y lo c o c c u s warneri
S tre p to c o c c u s ancjinosus
S tre p to c o c c u s p n e u m o n ia e su bg ro up

S tre p to c o c c u s s in e s is
v e illo n e lla d isp a r
V irg ib a cillu s p ro o m ii
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Tab le 8.3 categorises the cultivable taxa identified throughout the duration of
both run 1 and run 2.

2 4 hours following the inoculation of the ferm entor during

run 1, of the eight different taxa isolated and identified, 5 w ere facultative
anaerobes, 1 w as an strict anaerobe with a further two species being aerobes
(table 8.3). This composition had changed som ewhat at the second sampling of
the fermentor, 72 h post inoculation, the number of anaerobes increased
som ew hat as three different taxa w ere isolated, the num ber of facultatively
anaerobic taxa rem ained the sam e and the number of aerobic taxa isolated was
reduced to 1, which w as to rem ain constant over the rem ainder of sampling
points. At 168 h post-inoculation, the total number of different taxa isolated and
identified w as at its m axim al, the num ber of anaerobes isolated increased
relative to the 72 h sampling point to 4 as did the num ber of facultatively
anaerobic taxa which increased in num ber to 6. At the final two sampling points
the num ber of identified taxa rem ained fairly constant although significantly the
predominant group at all sampling points was the facultative anaerobes. These
subtle shifts in composition w ere reflected in the particular organisms identified at
each tim e point. T h e streptococci, and the Neisseria spp. w ere ubiquitous, with
representatives being isolated at all tim e points throughout run 1. Certainly, the
prevalence of the streptococci and Staphylococcus spp. helped to explain the
preponderance of facultative anaerobes isolated throughout the course of the
run. Interestingly, fastidious anaerobes such as P. gingivalis, F. nucleatum and
Bulledia m oorei w ere only detected via culture at the 168 h time point. O ne must
assum e that these organism s w ere present within the confines of the biofilm but
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only detectable via culture after a w eek of biofilm formation, when they had
formed a large enough percentage of the total flora to be detectable.

During run 2, 24 h after inoculation of the ferm entor a total of 4 aerobes w ere
isolated and identified (table 8.3), no anaerobic organisms w ere detectable via
culturing whilst 2 facultatively anaerobic taxa w ere identified. At the next
sampling point (72 h post-inoculation of the fermentor), the composition of the
identified taxa had changed considerably to now include one aerobe, whilst the
number of anaerobic taxa had increased to 2 ,and the num ber of facultatively
anaerobic isolates identified increased to 6. At 168 h post-inoculation, all groups
had increased in number relative to the 72 h sampling point, with 8, 5 and 2
facultatively anaerobic, anaerobic and aerobic taxa respectively, totalling 15
different taxa identified. After 2 4 0 h, 12 different taxa w ere isolated and
identified. At the final sampling point, the num ber of identified taxa decreased
again com pared to the 2 4 0 h sam pling point, 2 aerobic isolates w ere identified
along with 5 anaerobic isolates which now comprised the largest group, whilst
the num ber of facultatively anaerobic isolates had decreased and num bered 4.
The streptococci w ere isolated at all tim e points (table 8.5), contributing to the
num ber of facultative anaerobes identified however, very few staphylococci were
detected. F. nucleatum w as isolated after 72 h along with other anaerobic
species such as V. dispar. However, after 168 h the numbers of anaerobic taxa
reached their zenith, with organism s such as Eubacterium yurii and Bulledia
m oorei identified as part of the microbiota. As w as noted with run 1, although
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these must have been present within the biofilm their numbers must have
lingered below detectable levels until conditions w ere conducive to their
proliferation.

Table 8 .4 catalogues an interesting phenom enon that was observed during the
course of both runs, at each sampling point the num ber of Gram -positive taxa
identified w as the sam e as or exceeded the number of G ram -negative taxa
identified.

Table 8.5 allows a com parison to be m ade of the bacterial constituents of the
biofilms throughout each respective run, in contrast to run 1 P. gingivalis was not
isolated during run 2 but the aerobic bacterium Virgibacillus proom i w as only
identified at the 24 h sampling point during run 2 and w as not detected at all
during run 1. Indeed, during run 1, 2 4 h post-inoculation the facultative
anaerobes constituted the greatest num ber of individual taxa which contrasts
with the 24 h point during run 2, w here the aerobes constituted the greatest
num ber of individual isolates. Indeed, there w ere elevated numbers of individual
aerobic species identified during run 2 when com pared to run 1, especially at the
24 h sampling point. In total, there w ere only 3 taxa identified during run 1 that
w ere not detected at any tim e point throughout run 2. Of these 1 w as the
anaerobe P. gingivalis, whilst the others w ere facultatively anaerobic, A.
siumastidis and S. haemolyticus. However, 10 taxa w ere identified during run 2
which w ere not present at any tim e point during run 1, of these 7 w ere present
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transiently, being present at a single sampling point and not detected again. Of
the 10 taxa, 4 w ere aerobic (K. denitrificans, K. rhizophila, M. luteus and V.
proomi), 3 w ere facultatively anaerobic (H. segnis, S. anginosus and S. sinesis)
whilst 3 w ere anaerobes ( A hyvoginalis, A .m eyeri and E. yurii).

Another disparity betw een runs 1 and 2 was the turnover rate of bacterial taxa,
which was higher during run 2, than during run 1. During run 2, a larger number
of novel isolates at each sampling point w ere identified that had not been seen
previously during the run.

After 72 h of growth, during run 1 there w ere 2 novel

taxa identified, however at the corresponding sampling point during run 2, there
w ere 6 novel taxa which had not been seen at the 24 h sampling point. Indeed
even after 2 4 0 h of cultivation within the ferm entor there w ere 6 taxa which had
not been identified previously during run 2, conversely, the corresponding time
point during run 1 produced no novel isolates.
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Discussion
The results presented in this chapter represent the culmination of a polyphasic
approach to the analysis of the biofilms generated within the C D F F over the
course of 2 runs. W h ereas the two preceding chapters concerned them selves
with a com m unity analysis, this chapter focused upon the documentation of the
biofilm bacterial constituents. To that end, two differing yet com plem entary
techniques w ere em ployed, the use of viable counts to gain an understanding of
fluctuations within the main generic groups composing the biofilm and
sequencing of the cultivable microbiota to provide increased resolution to
ascertain the precise bacterial ta x a present within the biofilm at each sampling
point. Both of these techniques w ere reliant upon the cultivation of the
microbiota, this being m erely a prelim inary step as regards sequencing of the
bacteria.

T he scrutiny of biofilm composition docum ented within this chapter was the
com bined analysis of two C D F F ‘runs’, each run being conducted over a 14 day
period, with sampling at pre-determ ined times. Interestingly, the organisms
isolated throughout the course of each run varied; although there w ere only three
bacteria identified during run 1 that w ere not seen throughout the course of run 2,
there w ere 10 bacteria identified throughout the course of run 2 that w ere not
seen at any of the sampling points during run 1. This disparity results in a
quandary, w ere these gross differences in biofilm composition a result of minute
compositional differences in the inoculum, perhaps the compositional differences
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m ay be due to the model itself w hereby conditions may have differed som ewhat
betw een run 1 and run 2 or it m ay have been due to a failure to culture bacteria
which m ay have been present, but below detectable levels. It is likely, however,
that all of these factors played a role in the observed compositional differences
betw een the two runs. W hilst strenuous efforts w ere m ade to replicate
experim ental conditions precisely, the com plex nature of the study m eant that all
of the outlined experim ental im ponderables above probably contributed to the
observed differences in bacterial composition betw een the two runs.

Hence,

due to the experim ental vagaries outlined, a fuller understanding of the
composition of microcosm plaques cultivated within the C D F F m ay be
forthcoming if the summation of both runs is analysed, rather than the analysis of
both runs as stand-alone experim ents. Indeed, even the precise composition of
periodontal pockets will vary from site to site within a single patient (Socransky.,
1970), thus emphasising the complexity and polymicrobial nature of periodontal
diseases. M oreover, focusing too intently upon differences in composition
betw een runs risks becom ing em broiled in the minutiae, both run 1 and run 2
progressed from a microbiota that w as predominantly facultative/aerobic to one
that cam e to include increasing num bers of anaerobic bacteria concomitant with
biofilm developm ent.

Bradshaw et al., (1996) investigated the effect of several experim ental
param eters on the developm ent of defined mixed-culture biofilms. T he effect of
aeration upon 10 species, associated with both oral health and disease,
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comprising aerobic, facultatively anaerobic and anaerobic bacteria was
investigated. To this end, a tw o-stage chem ostat system was em ployed, the first
being anaerobic, the second aerobic. It w as found that anaerobic species w ere
able to both survive and multiply within the aerobic second stage, the majority of
which w ere found to increase in num ber due to successional changes within the
confines of biofilms. M oreover, the rate of addition of culture from the first to
second stage w as reduced to determ ine w hether the numbers of anaerobic
bacteria present in the second stage w as due to bacterial growth. T he data
revealed that the anaerobes w ere indeed growing in the aerated culture,
although num bers w ere concentrated within the confines of m ature biofilms.
T hese d ata correlate with w hat w as found during the course of this study. Low
levels of oxygen w ere introduced into the fermentor, but anaerobic bacteria w ere
identified as being present within the m ature biofilms; confirmation perhaps that
the biofilm lifestyle provides m icrohabitats suitable for the growth of oxygenintolerant bacteria, even w hen the surrounding environm ent is oxygenated.
Perhaps the m etabolic activity of som e bacterial constituents altered local
conditions within the biofilm distal to the biofilm-air interface, permitting the
growth of oxygen-intolerant species. It is known that F. nucleatum, an anaerobic
species which is nonetheless tolerant of aerated environments, facilitates the
growth of the fastidious anaerobe P. gingivalis in both aerated and C 0 2-depleted
environments (D iaz et al., 2 0 0 2 ). F. nucleatum was detected during both
ferm entor runs, interestingly how ever F. nucleatum w as detected concomitantly
with P. gingivalis at the sam e sampling point during run 1, P. gingivalis was
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isolated despite the microaerophilic conditions within the fermentor providing
circumstantial evidence of F. nucleatum aiding the growth of P. gingivalis.
P.gingivalis w as not detected at any sampling point during run 2. The failure to
detect P. gingivalis throughout the course of run 2 is less surprising when one
considers the disparity in num bers of G ram -negative anaerobic bacteria detected
during run 2, com pared to run 1. At the 168 h sampling point during run 1 G ram negative anaerobes constituted 2 1 .2 9 % of the total anaerobic count, this
contrasts som ew hat with the sam e sampling point during run 2 w here G ram negative anaerobes constituted a m ere 4 .7 6 % of the total anaerobic count.
Hence, to not detect a fastidious anaerobe such as P. gingivalis during the
course of run 2 w as not an unexpected finding.

A trend that was apparent during both runs w as the increase in viable counts
over the first two sampling points. T h e increase in viable counts reached a peak
at the 168 h sampling point w hereupon it then slowly declined. This seem ed
surprising initially, but m erely mimics w hat is found in vivo, w here observed rates
of microbial generation tim e at initial stages of plaque formation are considerably
lower than those found within older plaques (W eiger et al., 1995).

The resolution provided via the use of viable counts m ay be increased by the use
of selective agars which are form ulated to encourage the growth of a specific
genus or bacterial group to the preclusion of other groups that may be found as
part of the oral microbiota. As a part of this study, both non-selective and
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selective bacterial growth m edia w ere used; Actinomyces spp. w ere isolated on
C F A T agar, Veillonella spp. on Veillonella agar, streptococci on M S agar and the
isolation of G ram -negative anaerobic species with FA X that incorporated both
vancomycin and nalidixic acid. This permitted the relative proportions of the
major oral genera, at each sampling point, to be established. However,
organisms such as A. actinom ycetem com itans and Tannerella forsythensis which
have been positively correlated with periodontal diseases (M oore and Moore.,
1994, Xim enez-Fyvie et al., 2 0 0 0 ) w ere not detected at any sampling points
during either of the two runs. This m ay have been due to a failure to cultivate
organism s such as these within the C D F F . Alternatively, they m ay have been
present within the biofilms, but failed to grow on any of the m edia selected for
use during the study, or they m ay not have been present within the inoculum.
Selective m edia has been described previously for the cultivation of Bacteriodes
spp, A. actinom ycetem com itans and other putative periodontal pathogens (Slots.,
1986). How ever one must bear in mind the efficacy of culturing as a method for
detection of a particular bacterium within a microhabitat. A study by Loesche et
al., (1992) concluded that D N A probes and immunological reagents w ere
superior to the culture approach for the detection of P. gingivalis, A.
actinom ycetem com itans and T. forsythus. Therefore the use of a wider range of
selective m edia w as not considered to be prudent, given the unlikely increase in
resolution afforded by their use over and above that provided by the selective
m edia that w ere used as part of this study. Recently, a methodology has been
described using a simulated natural environment, a diffusion chamber, to isolate

212

in pure culture previously ‘uncultivable’ m arine bacteria (Kaeberlein et al., 2002).
If such approaches could be adapted, they would prove useful in the modeling of
the periodontal pocket and the cultivation of bacteria which are known to be
present in vivo but often prove rather difficult to culture in vitro. Although one
must acknow ledge the microbiota and chemical com ponents composing a
marine environm ent are m ore readily available and perhaps easier to model,
than the biotic com ponents and allied physiological conditions prevailing within a
human periodontal pocket.

An objective at the outset of this study w as to catalogue the different microbial
taxa isolated from a C D F F which had been seeded with an inoculum consisting
of homogenised sub-gingival plaque. Gram -positive taxa w ere the predominant
isolates at all sampling points during both ferm entor runs (table 8.4). Gingival
inflammation is considered to be associated with elevated numbers of G ram negative rather than G ram -positive species (M oore and M oore., 1994). Does the
apparent abundance of G ram -positive taxa isolated dem arcate a bias or skew
favouring the growth of G ram -positive bacteria inherent within the model, or
culture m edia used, or could it represent an accurate maturation of the
microbiota within the inoculum?. A study carried out to exam ine the bacteria
present in subjects with adult periodontitis (Xim enez-Fyvie et al., 2000)
com m ented on the frequency with which the Gram-positive Actinomyces species
w ere isolated both in supra and subgingival plaque. Bacteria isolated during the
course of this study; S. sanguinis, A. naeslundii, P. acnes, S. heamoiyticus and
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V. dispar w ere m ore frequently found in supra rather that subgingival sites in
studies exam ining the m icrobiota associated with periodontitis in adults (M oore at
al., 1982, 198 3). A dditionally; F. nucleatum , M. micros, A. meyeri, A. naeslundii,
P. gingivalis and S. epiderm idis w ere isolated by M oore et al subgingivally more
frequently than they w ere isolated supragingivally, these bacteria w ere also
isolated during the course of this study. Both A. naeslundii and F. nucleatum are
the most com m only occurring species in the hum an gingival crevice, whilst F.
nucleatum is the most frequently identified pathogen isolated from periodontal
lesions (M oore and M oore., 1994)-b o th of these bacteria w ere identified during
the course of both runs in this study. H ow ever, T an n er et al., (1994 ) reported that
M. micros is the most frequently isolated species from hum an subgingival plaque,
this species w as also identified as a bacterium present in this study. In another
study by T an n er et al., 1 99 8 exam ining patients with initial periodontal lesions; F.
nucleatum , S. anginosus, P. ginivalis, E. corrodens, A. gerencseriae, M. micros,
G. morbillorum and S. sanguinis w ere isolated am ongst others, these w ere also
isolated during the course of this study. This m ay lead one to conclude that the
consortia identified as having being present at each sampling point w as a
representative selection of bacterial species and not wholly atypical of w hat one
could reasonably expect to find within a periodontal lesion. Although the bacteria
isolated do not represent an exhaustive or com pletely com prehensive list of all
the most frequently isolated subgingival bacteria; one could argue that, although
a quorum of periodontal species w ere not present, a diverse mixture of G ram positive and G ram -negative, aerob e, facultative anaerobe and anaerobe w ere
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identified to enable one to claim that these species represent more than a fair
approxim ation of the periodontal m icrobiota, when cultivated in vitro.

16S rRN A analysis proved to be useful throughout the course of this study,
enabling identification in nearly all instances to species level, of the taxa which
had been isolated in pure culture at each of the sampling points. Sam ples
analysed on the G enetic A nalyser produced sequence data; identifications w ere
obtained by a com parative analysis of the sequence d ata with the databases at
both the R D P and B LAST. In m ost instances, this proved sufficient to speciate
the isolate. However, the seq u en ce d a ta did not prove sufficient to allow
delineation of the Streptococcus p n e u m o n ia e subgroup or the N eisseria
gonorrhoeae subgroup, both B L A S T and R D P could not resolve the sequence
data, resulting in the provision of m ultiple m atches. Indeed, the provision of
insufficient sequence d a ta is o ne of the possible associated problems with PC R
based rR N A analysis for som e closely related taxa. T h e problem associated with
multiple m atches m ay be am eliorated, certainly in the case of the S. pneum oniae
subgroup, via the identification and sequencing of targets other than the 16S
rRN A gene which permit the speciation of isolates. W ork carried out by Poyart et
al., (1 9 9 8 ) utilised a P C R based assay to characterise an internal fragm ent
(sodA) representing c .8 5 % of the g en es encoding the m anganese-dependent
superoxide dism utase in various streptococcal type strains. T he sodA fragm ents
yield an evolutionary tree having a topology sim ilar to that of the tree constructed
with full 16S rR N A sequences except there is enough sequence heterogeneity to
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resolve to beyond species level (Poyart et al., 1998). Although the problems
associated with speciating isolates based upon 16S rRN A analysis prompts a
m ore fundam ental question as to w hat precisely a bacterial species is. The
advent of m olecular techniques indicates that within a bacterial species one may
find differing ‘eco typ es’, suggesting that perhaps a nam ed species has the
properties of a genus rather than a species (C ohan., 2 0 0 2 ).

T h e use of a culture-based approach ensured that only a percentage of the
probable population gen erated within the C D F F w as actually catalogued.
Spirochaetes m ay represent up to 5 0 % of the detectable microbiota in
subgingival plaque from patients with acute necrotizing ulcerative gingivitis and
chronic adult periodontitis (T a n n e r et al., 1994) yet they w ere not detected as
being present within the g en erated biofilms in this study, perhaps the m olecular
analysis of biofilms directly, without a culture stage m ay have enabled the
detection of ‘uncultivable’ bacterial taxa.

Several culture-independent studies have been carried out on hum an subgingival
plaque in an attem pt to definitively determ ine the precise bacterial population
contained within subgingival plaque. Perhaps one of the most extensive which
has been carried out to date detected 3 4 7 different species and w ent on to
estim ate a possible 4 1 5 different species being present within subgingival plaque
(Paster et al., 2 0 0 1 ). A rcheal rD N A has been identified from subgingival dental
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plaque via P C R am plification and sequence analysis (Kulik et al., 2001).
Perhaps w e are now on the cusp of definitively determ ining the microorganisms
present within the oral cavity.

T he results of this investigation have shown that it is possible to cultivate
bacterial species representative of those present in subgingival plaques
associated with periodontitis within a C D F F , the consortia cultivated contained
aerobic, facultative anaerobes and anaerobic bacteria. T h e biofilms developed
from a microbiota dom inated by G ram -positive aerobic/facultative anaerobes
through successional events to one containing increasing num ber of G ram negative anaerobic bacteria. In the next part of this study, the investigation will
proceed to determ ine the efficacy of T B O and the antimicrobial chlorhexidine
digluconate, against C D FF-cultivated biofilms, derived from pooled subgingival
plaque.
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CHAPTER NINE
SUSCEPTIBILITY TO LETHAL PHOTOSENSITISATION OF CDFF
CULTIVATED SUB-GINGIVAL BIOFILMS

9.1 Introduction
In the previous three chapters the microcosm biofilms cultivated within the C D F F
w ere analysed using a polyphasic approach; this dem onstrated that the biofilms
generated within the C D F F m ay be considered representative of those present in
subgingival plaques associated with periodontitis, the consortia cultivated w ere
representative m icrocosm s, displaying m any of the characteristics and composite
microflora that have been associated with oral biofilms in vivo. Having
established that the biofilms cultivated within the C D F F constitute an accurate
approximation of the biofilms associated with periodontal disease, the next
logical progression w as to determ in e the effect of lethal photosensitisation upon
these biofilms. T h e prevalence of oral diseases worldwide is often due to dental
plaque (biofilm) proliferation, and the potentially pathogenic organisms which
often comprise these biofilms (H ardie., 1992) therefore, when determ ining the
efficacy of lethal photosensitisation against biofilms, a close approximation of the
situation in vivo w as important, to reinforce the credibility of any findings.

In

addition to subjecting the biofilms to lethal photosensitisation it w as thought
desirable to com pare the effectiveness of lethal photosensitisation on these
biofilms with an established adjunctive antimicrobial routinely prescribed for
periodontal diseases. O n e of the most frequently prescribed therapeutic agents
is chlorhexidine digluconate, this is the perceived ‘gold standard’, and is
em ployed in the treatm ent and prevention of a wide range of oral infections
(Jorgensen et al., 20 0 1 ).
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9.2 Materials and Methods
T he C D F F w as set up and inoculated as described in chapter 6, section 6.2

9.2.1 Sampling of the CDFF
This w as carried out as described in section 2 .2 .7 . T h e microcosm biofilms
cultivated within the C D F F w ere grown for 7 days, to allow the biofilms to
approach m aturation before being extracted for lethal photosensitisation or
determ inations as to the susceptibility of the microcosm biofilms to chlorhexidine
digluconate.

9.2.2 Preparation of TBO
This w as carried out as described in chapter 2, section 2.6.1.1

9.2.3 Susceptibility of CDFF-grown multi-species biofilms to TBO/HeNe
light
This was carried out as described in chapter 2, section 2.6.4.

9.2.4 Susceptibility of CDFF grown multi-species biofilms to chlorhexidine
Tw o P T F E pans containing 5 hydroxylapatite discs each w ere rem oved
aseptically from the C D F F and placed in a sterile universal; 5.0 ml of 0.2 %
chlorhexidine digluconate (C H G ) (S igm a Ltd.) (0.2 % C H G was utilised due to its
frequent use in m outhw ashes) or, in the case of the control pan, 5.0 ml of
phosphate buffered saline (P B S ) (Oxoid Ltd.) w as added to the universal and
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incubated for the requisite period of tim e. T h ree discs per treatm ent (n=6) w ere
then prepared for viable counting. Ten-fold serial dilutions w ere prepared in BM
broth. Duplicate 2 5 (il aliquots w ere then spread over the surface of FAA plates
After incubation in an anaerobic cabinet for up to 7 days, the colonies on the
appropriate plate w ere subsequently counted.

9.2.5 CLSM of CDFF cultivated biofilms and subsequent analysis
The method used w as the sam e as that described in chapter 2, section 2.5.

9.2.6 Statistical analysis of the data
T he statistical significance of the d a ta w as ascertained using the two-tail t-test
assuming unequal variance.
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9.3 Results
After cultivation of the biofilms within the C D F F for at least 7 days (to allow the
biofilms to fully form and m ature), pans containing biofilms w ere removed from
the C D F F and subjected to lethal photosensitisation using varying concentrations
of T B O and differing H e N e laser light doses.

Figure 9.1 : V iable counts of C D F F cultivated multi-species biofilms exposed to
63 J of H e N e laser light (energy density, 1 6 3 .7 Jem '2) in the presence of 10 jul of
3 2 .7 p,M p T B O with appropriate controls.
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pL+S+: Exposure to both laser light and pharm aceutical grade photosensitiser
pL+S-: Exposure to laser light but not to pharm aceutical grade photosensitiser
pL-S+: Exposure to pharm aceutical grade photosensitiser but not to laser light
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m ean L - S - : Exposure to neither laser light nor pharm aceutical grade
photosensitiser (Tw o control discs C1 and C 2)

As is seen in figure 9.1 subjection of m ulti-species biofilms to lethal
photosensitisation resulted in a m ere 4 1 .9 % reduction in the number of
recovered viable organism s (L + S + ) com pared to the control biofilms (m ean L-S-).
However, photosensitiser in the ab sence of laser light (L-S +) resulted in a 72.6 %
reduction in the num ber of recovered viable organism s, this reduction w as not
found to be statistically significant (P = 0.0 8 ).
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Figure 9.2: Viable counts of CDFF cultivated multi-species biofilms exposed to
63 J of (energy density, 163.7 Jem'2) HeNe laser light in the presence of 10

jllI

of

81.7 pM pTBO with appropriate controls.
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Figure 9.2 shows that exposure of the C D F F grown biofilms to 8 1 .7 pM of pTB O
with 63 J of H e N e laser light resulted in a 6 9 % reduction in the num ber of
recovered viable organism s (L + S + ) com pared to the control discs (M ean L-S-),
this w as found to be statistically significant (P = 0.0 2 ). However there was also a
3 6 .3 % reduction in the num ber of recovered viable organisms elicited by the
photosensitiser alone (L -S + ), this w as not found to be statistically significant (P =
0.43)
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Figure 9.3: Viable counts of CDFF cultivated multi-species biofilms exposed to
94.5 J of HeNe laser light (energy density, 245.6 Jem'2) in the presence of 10 pi
of 32.7

jllM

pTBO with appropriate controls.
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Figure 9.4 shows that exposure of C D FF-cultivated m ulti-species biofilms to10 pi
of 32 .7 pM pTB O w hen illum inated with 9 4 .5 J of laser light produced a
statistically significant 8 2 .7 % reduction in recovered viable bacteria (L+S+) ( P =
0 .02) when com pared to the control discs (m ean L-S-).
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Figure 9.4: Viable counts of CDFF cultivated multi-species biofilms exposed to
94.5 J of HeNe laser light (energy density, 245.6 Jem'2) in the presence of 10 \i\
of 65.4 pM pTBO with appropriate controls.
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Exposure of m ulti-species biofilms to lethal photosensitisation under
experim ental conditions as outlined in figure 9 .5 resulted in a 9 5 % reduction in
the num ber of recovered viable organism s (L+S +), com pared to the control discs
(M ean L-S-). This w as found to be statistically significant (P = 0.01).
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Figure 9.5: Viable counts of CDFF cultivated multi-species biofilms exposed to
94.5 J of HeNe laser light (energy density, 245.6 Jem'2) in the presence of 10 pi
of 81.7 pM pTBO with appropriate controls.

1.00E+11 -j

1.00E+10
1.00E+09
1.00E+08
1.00E+07
1.00E+06 1.00E+05 -

1.00E+04
1.00E+03 -

1.00E+02
1.00E+01

1.00E+00
pL+S-

pL-S+

pL+S+

mean L-S-

Figure 9 .6 shows that exposure of C D FF-cultivated m ulti-species biofilms to 94.5
J of H e N e laser light in the p resen ce of 10 pi of 8 1 .7 pM p T B O produced a
statistically significant 9 7 .4 % reduction (P = 0 .0 0 0 9 ) in recovered viable bacteria
(L+S+) when com pared to the control discs (m ean L-S-).

However a 5 4 .4 %

reduction in recovered viable b acteria w as obtained by laser light in the absence
of T B O (L+S-) and a 57.1 % reduction in recovered viable bacteria by pTB O in
the absence of laser light (L -S + ), both of these reductions w ere found to be
statistically significant (L + S - P= 0 .0 1 , L -S + P = 0.0 4 ).
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Figure 9.6: Viable counts of CDFF cultivated multi-species biofilms exposed to
94.5 J of HeNe laser light (energy density, 245.6 Jem'2) in the presence of 10 pi
of 163.4 pM pTBO with appropriate controls.
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Figure 9 .7 shows that exposure of m ulti-species biofilms to lethal
photosensitisation produced a 7 4 .4 % reduction in recovered viable bacteria
(L+S +) when com pared to the control discs (m ean L-S-). This was found to be
statistically significant (P = 0 .0 4 ). It ap p eared that increasing the adm inistered
light dose or varying photosensitiser concentration applied to the biofilms did not
correlate with a d ecrease in the num ber of recovered viable organisms post
exposure (L + S + ), at least for the light doses and photosensitiser concentrations
investigated in this study.
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Figure 9.7a: a confocal micrograph of a control
(L-S -) CDFF-cultivated multi-species biofilm, the

The control biofilm shown in figure 9.7a

bar represents 20 pm.

may be considered an archetypal
biofilm. Clearly visible were the
microcolony formations and the water
channels interspersing these
microcolonies, qualitatively the viable
cells (stained green) appeared to be far
more numerous than the nonviable
cells (stained red). Figure 9.7b shows
another CDFF-cultivated multi-species
biofilm that was subjected to lethal

F ig u re 9.7b : a confocal micrograph of a CDFF cultivated

photosensitisation. Visually there was

multi-species biofilm having been exposed to 63 J of

a discernible difference between this

HeNe laser light (energy density, 163.7 Jem'2) in the

biofilm and the pristine biofilm in figure

presence of 10 pi of 81.7pM pTBO. The bar represents

9.7a. The structure of the biofilm

20 pm

seems to have been disrupted by the
lethal photosensitisation. In addition,
qualitatively, there appeared to be
larger numbers of nonviable cells when
compared to viable cells.
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Figure 9.8a: The depth into a control (L-S-) CDFF cultivated multi-species biofilm

as determined by CLSM versus the normalised image intensity for both the viable
and nonviable channels.
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As is evident from figure 9.8a, that the distribution of both viable and nonviable
cells through the z plane of the CDFF-cultivated biofilms was extremely similar.
This demonstrated that within pristine biofilms there appeared to be comparable
numbers of live and dead organisms, the exceptions seemingly being on the
periphery of the biofilm, proximal to the biofilm substratum interface and at the
biofilm surface interface where there were seemingly higher numbers of
nonviable than viable cells.
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Figure 9.8b: The changes in the viable to nonviable relative image intensity

(using normalised data) as a function of biofilm depth in a control (L-S-) CDFF
cultivated multi-species biofilm as determined by CLSM.
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Figure 9.8b shows the relative numbers of viable to nonviable cells throughout
the z plane of the biofilm. Quite clearly visible was the trend that was identifiable
in figure 9.8a, nonviable cells being more numerous on the periphery of the
biofilm, although there were not appreciably larger numbers of nonviable than
viable cells.
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Figure 9.9a: The depth into a photosensitised (L+S+) CDFF cultivated multi

species biofilm as determined by CLSM versus the normalised image intensity
for both the viable and nonviable channels. Biofilms were exposed to 63 J of
HeNe laser light (energy density, 163.7 Jem'2) in the presence of 10pil of 81.7pM
pTBO.
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Figure 9.9a shows the normalised values for both the viable and nonviable
channels throughout the z plane of the biofilm. Interestingly, throughout the z
plane of the biofilm there was a higher normalised image intensity for the
nonviable channel than the viable channel.

This mimicked what was evident in

the pristine biofilm (L-S-), however, this trend appears to be rather more
pronounced in the photosensitised biofilm.
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Figure 9.9b: T h e changes in the viable to nonviable relative im age intensity
(using norm alised data) as a function of biofilm depth in a photosensitised (L+S+)
C D FF-cultivated m ulti-species biofilm as determ ined by C L S M . Biofilms w ere
exposed to 63 J of H e N e laser light (energy density, 163 .7 Jem '2) in the presence
of 10pl of 8 1 .7pM pT B O .
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In figure 9.9b is seen the relative im age intensity of viable to nonviable cells
throughout the z plane of the C D F F -cu ltivated m ulti-species biofilm. W hat was
evident was the preponderance of nonviable cells proximal to the biofilm surface
interface and the biofilm surface interface, the largest concentration of viable
cells w as found equidistant from the peripheries of the biofilm, concentrated
roughly m idway through the z plane of the biofilm. It w as also apparent that
lethal photosensitisation resulted in contraction of the biofilm as the
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photosensitised biofilm w as only 18 pm in depth com pared to c.30 pm for the
pristine biofilm.
In addition to subjecting the C D F F cultivated biofilms to lethal photosensitisation,
the effect of chlorhexidine digluconate upon the biofilms w as investigated. This
w as then com pared to the effect of lethal photosensitisation upon the biofilms
under similar experim ental conditions (i.e. the contact tim e betw een biofilm and
chlorhexidine digluconate w as the sam e as the exposure tim e of biofilm to lethal
photosensitisation).

Figure 9.10: Viable counts of C D F F cultivated multi-species biofilms exposed to
2.1 J of H e N e laser light (energy density, 2 1 .8 Jem '2) in the presence of 10 pi of
8 1 .7 pM pTB O and C D F F cultivated m ulti-species biofilms exposed to 0 .2 %
chlorhexidine digluconate for 1 m inute with appropriate controls.
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pL+S+: Exposure to both laser light and pharm aceutical grade photosensitiser
pL+S-: Exposure to laser light but not to pharm aceutical grade photosensitiser
pL-S+: Exposure to pharm aceutical grade photosensitiser but not to laser light
m ean L - S - : Exposure to neither laser light nor pharm aceutical grade
photosensitiser (Tw o control discs C1 and C 2)
Chi: Exposure to 0 .2 % chlorhexidine digluconate for 1 min.
Chi control: Exposure to P B S for 1 min.

As m ay be seen in figure 9 .1 0 , exposure of C D FF-cultivated biofilms to 2.1 J (1
min exposure) of H e N e laser light in the presence of 10 pi of 8 1 .7 pM pTB O did
not result in a statistically significant reduction in the num ber of recovered viable
organisms (L+S +) when com pared to the control discs (M ean L-S-). W hen the
m ulti-species biofilms w ere exp osed to 0 .2 % chlorhexidine digluconate for 1 min
this treatm ent did not result in a statistically significant reduction in the num ber of
recovered viable organism s post-exposure w hen com pared to the control.
Hence, it appears that both chlorhexidine digluconate and lethal
photosensitisation are equally ineffectual w hen the contact tim e is limited to 1
min.
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Figure 9.11 : Viable counts of C D F F cultivated multi-species biofilms exposed to
3 1 .5 J of H e N e laser light (energy density, 8 1 .9 Jem '2) in the presence of 10 fxl of
8 1 .7 pM p T B O and C D F F cultivated multi-species biofilms exposed to 0.2 %
chlorhexidine digluconate for 15 min with appropriate controls.
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As m ay be seen in figure 9.11 exposure of C D F F cultivated biofilms to 31 .5 J (15
min exposure) of H e N e laser light in the presence of 10 pi of 8 1 .7 pM pTB O
resulted in a statistically significant 9 0 .8 % (P = 0 .0 0 0 3 ) reduction in the number
of recovered viable organism s (L + S + ) w hen com pared to the control discs (M ean
L-S-). W hen the m ulti-species biofilms w ere exposed to 0.2 % chlorhexidine
digluconate for 15 min this treatm ent resulted in a 9 9 .7 % reduction in the
num ber of recovered viable organism s post-exposure w hen com pared to the
control, however this w as not statistically significant due to appreciable variation
in the numbers of cells enu m erated from the control biofilms. Both lethal
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photosensitisation and application of 0 .2 % chlorhexidine digJuconate resulted in
large reductions in the num ber of viable organism s recovered post-exposure
when applied for 15 m inutes.

Discussion
After the com prehensive analysis of the subgingivally-derived biofilms generated
within the C D F F in the preceding three chapters, the natural progression w as to
utilise the C D F F to g en erate biofilms which m ay then be used to determ ine the
efficacy of T B O in com bination with H e N e laser light and, for com parative
purposes, the antimicrobial chlorhexidine digluconate on the biofilms. T h e data
presented in this part of the investigation consisted solely of total counts derived
from FAA plates incubated anaerobically. How ever, w hen this investigation was
originally perform ed, supplem entary d a ta w ere generated using a range of
selective m edia; C F A T to screen for Actinom yces spp., Veillonella spp. on
Veillonella agar, streptococci on M S ag a r and G ram -negative anaerobic species
with FAX. W hen all of th ese d a ta w ere processed the resultant histogram
becam e rather confused, there w as a profusion of information, making
com prehension of the d ata alm ost impossible; to apply a m etaphor it becam e
difficult to ‘see the wood for the tre e s ’. H ence the decision w as taken to omit the
data generated using the selective m edia. If an appreciable antimicrobial effect
was being exerted then this should be reflected in a discernible reduction in the
num ber of recovered viable organism s (total anaerobic count) when com pared to
the control biofilms.
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T he results presented in this chapter dem onstrate that exposure of the C D F F grown biofilms to H e N e laser light in the presence of T B O resulted in lethal
photosensitisation of the C D FF-cultivated multi-species biofilms. A prim a facie
analysis of the d ata does not reveal any glaringly obvious trends. Tw o light dose
regimes w ere em ployed, 6 3 J and 9 5 .4 J, and the concentration of T B O applied
was also varied, ranging from 3 2 .7 pM to 163.4 pM . T h e first experim ental
results (figure 9 .1 ) show ed that application of T B O at a concentration of 3 2 .7 pM
in conjunction with a light dose of 6 3 J resulted in a 4 1 .9 % reduction in the
num ber of recovered viable organism s (L + S + ) which w as not significant.
How ever w hen photosensitiser concentration w as increased to 8 1 .7 pM (figure
9.2), keeping all other experim ental param eters unchanged, a concom itant
decrease in the num ber of recovered viable organism s w as recorded, 69 %
(L+S+), this did prove to be significant. T h e data presented in figures 9 .3 - 9.6
involved increasing the light dose adm inistered from the 63 J used previously to
9 4 .5 J, the concentration of photosensitiser applied w as increased progressively
through the series of experim ents. T h e initial photosensitiser concentration used
at the increased light dose w as 3 2 .7 pM (figure 9.3) which resulted in a 8 2 .7 %
reduction in the num ber of recovered viable organism s (L + S + ), which was
significant. Upon increasing the sensitizer concentration to 6 5 .4 pM (figure 9.4) a
concomitant decrease in recovered viable organism s w as observed, a 95 % kill
(L+S +), again this w as significant. W h e n the concentration of T B O w as again
increased to 8 1 .7 pM (figure 9 .5 ) an associated increase in kill to 9 7 .4 % was
recorded. Finally, the concentration of T B O w as doubled from that used
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previously to 1 6 3 .4 pM (figure 9 .6). W hilst a significant kill w as recorded, this
proved to be lower than that observed previously, the dosimetric effect seen
previously w as not evident, confirming that simply increasing the concentration of
photosensitiser did not correlate with a concom itant increase in kill in all
instances. From the d ata gen erated, it w as possible to draw som e tentative
conclusions. Firstly, it see m ed that increasing the light dose adm inistered from
63 J to 9 4 .5 J resulted in an observable increase in kill. W h en com parable data
sets are com pared, for exam p le figures 9.1 and 9 .3 it app eared that increasing
the light dose adm inistered whilst m aintaining all other experim ental param eters
did indeed result in an increase in kill. This sam e trend w as apparent when
comparing figures 9 .2 and 9 .5 , an appreciable increase in efficacy w as achieved
m erely by increasing the light dose adm inistered. Secondly, it app eared that
increasing the concentration of photosensitiser applied also resulted in an
increase in kill, the caveat being that photosensitiser concentration seem ed to
only increase the kill up to a point, any increase in photosensitiser concentration
past this point did not result in an increased kill. This observation seem ed
som ew hat counter-intuitive; o ne would have envisioned that by m erely increasing
the concentration of photosensitiser applied to the biofilm would have resulted in
an observable increase in kill.

As the concentration of T B O w as increased so

the intensity of the resultant blue colouration also increased; if the concentration
of T B O used w as not ‘sufficient’ for the light dose adm inistered photo-bleaching
would occur, conversely if the T B O solution w as quite concentrated, penetration
of the solution by the laser light proved to be rather difficult. This produced a
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shielding effect, preventing the excitation of TB O proximal to the biofilm bacteria,
reducing the kill obtained. Hence, there appears to be a concentration of T B O
optimal for photosensitisation, w hereby photo-bleaching does not com pletely
degrade the T B O present but photosensitiser concentration is not sufficient to
retard laser light penetration.

As noted in chapter 8, the bacterial composition of the biofilms cultured within the
C D F F did vary som ew hat from run to run. This variability also extended to
differences in composition of differing biofilms within the sam e run. T hese
compositional differences encom passed small variations in the absolute num ber
of bacteria present from biofilm to biofilm and differences in the species
composition from biofilm to biofilm. W hilst such variations, how ever small, are
less than ideal, they represent an experim ental reality. Any reduction in the
num ber of recovered viable bacteria, be it in the controls or in the biofilm being
subjected to lethal photosensitisation, must be tem pered by the fact that this may
have been due, at least in part, to slightly differing num bers of viable organisms
composing the biofilms at the com m encem ent of the experim ent. Fluctuating
numbers of organisms present from biofilm to biofilm was also a problem
encountered with biofilm cultivation upon m em brane filters (chapter 5); hence it
appears that variations in biofilm composition are unavoidable, regardless of the
model used to generate them .

239

T he photodynam ic effect of pharm aceutical grade T B O upon CD FF-cultivated
biofilms w as determ ined within this part of the investigation. T h e effect of Sigm a
grade T B O upon C D F F cultivated biofilms was not determ ined due to the results
generated during chapters 3 - 5 , the preliminary investigations. T h e conclusions
drawn suggested that biofilm-grown bacteria possess an inherent recalcitrance to
the photodynamic action of T B O in conjunction with H e N e laser light, especially
when com pared to planktonic oral organisms. However, the collective lesson
drawn from these chapters w as that susceptibility to TB O -m ediated
photoinactivation w as not dep enden t upon w hether the T B O happened to be
Sigm a or pharm aceutical grade, it w as consistently dem onstrated that the kill
achieved did not differ due to the G ra d e of T B O used. Hence, throughout this
part of the investigation, pharm aceutical grade T B O w as used, due to no
difference in efficacy being evident betw een the two grades of photosensitiser in
the initial investigations.

Previous work has been carried out by W ood et al., 1999 utilising a cationic
phthalocyanine (pyridinium Zn phthalocyanine) in conjunction with white light, to
photosensitise natural plaque biofilms form ed in vivo. T hese biofilms w ere
generated by the implantation of an in situ device into the oral cavity of
volunteers for a period of seven days before being extracted. This contrasts with
the in vitro approach adopted for this study. However, despite the differences in
methodology as regards biofilm generation and a differing photosensitising
system, there seem s to be a broad consensus betw een their results and

240

observations recorded during this study. For instance, following
photosensitisation of the biofilms and analysis by confocal microscopy no
selectivity of photosensitisation w as observed, with extensive photosensitisation
evident (W ood et al., 199 9). This tallies with what w as observed following lethal
photosensitisation (figure 9.7b ), w here killing appears to be w ide-spread,
illustrating the effectiveness of lethal photosensitisation, although despite the
high prevalence of non-viable cells evident, the distinct microcolony formations
do not appear to have com pletely disintegrated. Additionally, W ood et al., (1999 )
also found that following photosensitisation the biofilm contracts such that
photosensitised biofilms are approxim ately half the thickness of the controls.
This phenom enon w as also evident during this study, if figures 9.8b and 9.9b are
com pared it is apparent that lethal photosensitisation results in biofilm
contraction. This physical contraction of the biofilm following lethal
photosensitisation is clearly beneficial, the outcom e being two-fold; the killing of
biofilm bacteria and a reduction in plaque thickness which am ounts to a form of
atraum atic scaling (W ood et al., 199 9). Perhaps this contraction in biofilm
thickness m ay be due, in part, to the deterioration of the microcolony structures
brought about by lethal photosensitisation. It is the distinctive microcolony motif
which provides the structural scaffold of the biofilm, forming the system of
channels which intersperse biofilms providing nutrients and removing metabolic
waste-products. W hen one views a biofilm that has been subjected to lethal
photosensitisation and sees the d am ag e inflicted to the microcolony structures, it
is perhaps unsurprising that this results in a concomitant reduction in biofilm
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thickness. Moreover, the microcolony structures characteristic of biofilms m ay
help to explain the observed recalcitrance of biofilm-grown bacteria to lethal
photosensitisation, certainly when com pared to planktonic oral organisms.
Biofilms are com posed of microbes surrounded by a com plex coating, an
accretion consisting primarily of polysaccharides (Sutherland, 2 0 0 1 , W ilson,
2001). It is reasonable to propose that the photosensitiser, especially a w ater
soluble, cationic photosensitiser such as toluidine blue would interact with the
abundant EPS; hence, upon activation of the photosensitiser by H e N e laser light
interaction of the resultant radicals with the E P S is much m ore probable that
diffusion and interaction with vulnerable cellular targets, such as the cytoplasmic
m em brane of a G ram -negative bacterium . Hence, the physical propinquity of the
photosensitiser to the abundant E P S and associated organic m olecules would
act to quench the activated photosensitiser before it could com e into contact with
a bacterium (Wilson et al., 1993b, W ood et al., 1999).

Photodynamic therapy as a treatm ent modality for periodontal diseases is still
very much in its infancy. H ence, it w as desirable to gauge the efficacy of the
photosensitisation system used in this study with an adjunctive antimicrobial
compound such as chlorhexidine digluconate. As stated previously,
chlorhexidine w as selected for com parative purposes due to its widespread use
in the treatm ent of a w ide range of oral infections. T h e results obtained seem to
confirm that lethal photosensitisation m ay be com pared favourably with
chlorhexidine digluconate. W h en the biofilms w ere subjected to a light dose of
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2.1 J in conjunction with 8 1 .7 pM of T B O no bacterial killing was observed,
however this m im icked w hat w as found when the biofilms w ere immersed in
chlorhexidine digluconate for 1 minute. Both lethal photosensitization and
chlorhexidine digluconate proved to be equally ineffectual when the contact time
w as limited to 1 m inute. Increasing the contact tim e betw een the biofilms and
chlorhexidine digluconate from 1 m inute to 15 minutes resulted in an appreciable
kill; increasing the light dose adm inistered from 2.1 J to 3 1 .5 J also resulted in an
appreciable kill, com parable to that achieved using chlorhexidine digluconate.
Hence, it is possible to conclude from these preliminary d ata that lethal
photosensitisation using T B O in conjunction with H e N e laser light seem ed to
have perform ed equally as well as the antimicrobial chlorhexidine digluconate.
The susceptibility of C D FF-cultivated m ulti-species biofilms to 0.2 %
chlorhexidine digluconate has previously been experim entally determ ined
(Pratten et al., 1998b). C ontact tim es of 1, 5 and 60 min w ere exam ined; it was
found that substantial reductions in bacterial viability resulted only from a 60 min
exposure (Pratten et al., 1998b ). This result reinforces the findings in this study
exemplifying the recalcitrant nature of biofilms.

Photodynamic therapy has previously been shown to be effective in the presence
of blood. Elimination of F nucleatum and black-pigm ented anaerobes was
reported from sub-gingival plaque sam ples which had been exposed to H eN e
laser light and T B O in the presence of 10% horse blood (Wilson et al.,1993c).
This is significant as bleeding and elevated levels of G C F are often associated
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with periodontal disease, and therefore if P D T is to have any utility ‘in the field’ it
must be shown to be effective in such a milieu. For P D T to have a widespread
therapeutic application it is necessary to elim inate the bacterial constituents of a
periodontal lesion whilst leaving undam aged the adjacent tissue; it has been
shown that application of T B O in concentrations sufficient to m ediate killing of S.
sanguinis (8 .1 7 pM and 16 .3 pM ) did not produce a statistically significant
reduction in the viability of hum an oral gingival fibroblasts and keratinocytes upon
irradiation with a H e N e laser. How ever, it w as dem onstrated that T B O did
display cytotoxicity to th ese cell lines at low concentrations (16.3 pM ) (Soukos et
al.,1996). Photodynam ic therapy does ap p ear to be potentially a suitable
treatm ent of periodontal diseases. It avoids the use of systemic antibiotics and
the associated problem of perturbation of the com m ensal microflora; whilst local
application of antibiotics often proves to be discomforting to the patient being
treated. T h e increasing prevalen ce of antibiotic resistance is also a stimulating
factor in the developm ent of novel treatm ent methodologies. It has recently been
dem onstrated that sub-lethal concentrations of the anti-fungal triclosan may
select for resistant mutants in Escherichia coli (Gilbert et al., 2002). Triclosan
targets the enzym e enoyl reductase which is involved in lipid biosynthesis.
Hence triclosan m ay select for m utants in a target that is also shared with the
anti-E. coli diazaborine com pounds and the antituberculosis drug isoniazid
(Gilbert et al., 2 0 0 2 ). Indeed, sublethal concentrations of antimicrobials have
also been shown to induce expression of multidrug efflux pumps and efflux
mutants (Gilbert et al., 2 0 0 2 ). Lethal photosensitisation m ediates bacterial killing
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via singlet oxygen and free radicals. Resistance developm ent would be unlikely
due to the multiplicity of target sites, the outer m em brane and plasm a m em brane
of G ram -negative bacteria, D N A as well as photolabile surface-associated
proteins (Bhatti et al., 19 9 8 , Bhatti et al., 2 0 0 1 ) against which the generated
singlet oxygen and free radicals are active (Wilson 1993d)

The results of this investigation have shown that C D FF-cultivated biofilms are
indeed susceptible to lethal photosensitisation when using T B O in conjunction
with a H e N e laser. H ow ever, this susceptibility to lethal photosensitisation is very
much dependent upon experim ental conditions. This investigation has also
shown that under com parable experim ental conditions, lethal photosensitisation
exerts a com parable antim icrobial effect to 0 .2 % chlorhexidine digluconate.
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CHAPTER TEN
FINAL DISCUSSION AND CONCLUSIONS

10 Final discussion and conclusions
T he application of photodynam ic therapy as a treatm ent modality for infectious
diseases is still very m uch in its infancy. A plethora of in vitro work that has been
perform ed over the past fifteen years has served to increase our knowledge base
as to the effectiveness of various photosensitising systems (photosensitisers
allied to an appropriate light source) against a range of both G ram -negative and
Gram -positive bacteria. H ow ever, a large proportion of this body of work has
concentrated its efforts on the photosensitisation of planktonic organisms. In the
case of oral infections, specifically periodontal diseases, it is known that the
putative aetiological agents are present in vivo as biofilms. Hence, to fully gauge
the potential of a photosensitising system for the treatm ent of periodontal
diseases it is essential to assess the efficaciousness of the chosen
photosensitiser and allied light source against biofilms.

The initial aim of this investigation w as to identify a suitable photosensitiser for
use in conjunction with a H e N e laser light source. Several photosensitisers were
chosen for initial screening, m any of which had previously been em ployed as
photosensitising com pounds against both Gram -positive and G ram -negative
organisms. Based on an initial screening, which included an assay to m easure
singlet oxygen production and the lethal photosensitisation of S. sanguinis, TB O
was chosen. T h e two grades of T B O available for the study w ere then subjected
to a broader exam ination, to determ ine their efficacy against a range of oral
bacteria that included several putative periodontal pathogens; this revealed no
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observable difference in efficacy betw een the two grades of TB O against
planktonic oral organism s.

Building upon this, the next aim was to determine

w hether T B O in conjunction with H e N e laser light could effectively photosensitise
bacteria w hen they w ere present in biofilms. Rudim entary m ono-species biofilms
w ere grown on m em b ran e filters, both com m ensal and pathogenic organisms
w ere used to form biofilms; no appreciable difference in efficacy was apparent
betw een the two grades of T B O , how ever it w as clear that m erely cultivating a
single species as a biofilm increased appreciably its resistance to lethal
photosensitisation. T h e filter m em b ran e methodology w as subsequently
em ployed to enable the rapid form ation of multi-species biofilms from an
inoculum com posed principally of pooled hum an saliva. Again, the recalcitrance
of the biofilm phenotype w as app arent and, as before, no difference in efficacy
betw een the two grades of T B O could be detected. T h e filter m em brane method
of cultivating biofilms w as used initially due to the rapidity with which biofilms
could be generated.

The next logical evolutionary step w as to develop a laboratory model that was
capable of producing large num bers of biofilms that mimicked, as regards
composition and structure, subgingival plaques found in vivo; thus permitting an
assessm ent of P D T as a potential treatm ent for periodontal diseases. Before
biofilms cultivated in a constant depth film ferm entor (C D F F ) w ere subjected to
lethal photosensitisation, a thorough analysis of the biofilms generated within the
model system w as perform ed. W h a t w as essential to establish was that the
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biofilms produced within the C D F F could be considered an approximation of what
one could reasonably exp ect to find within the confines of a periodontal lesion in
vivo. T h e microbial com m unity gen erated within the C D F F was cultivated from
an inoculum consisting of pooled sub-gingival plaque taken from periodontal
disease lesions. T h e C D F F -g ro w n biofilms w ere sam pled periodically (24 h, 72
h, 168 h, 2 4 0 h and 3 3 6 h), the particular sampling points w ere chosen to allow
for each stage in the d evelo pm ent of the biofilms to be analysed using a
polyphasic approach.

T h e polyphasic approach incorporated a culture

independent based m olecular technique, D G G E , and the culture-dependent
sequencing of the m icrobiota sam pled at each tim e point, additionally community
level physiological profiling (C L P P ) w as used to quantify the metabolic diversity
inherent within the biofilms. T h e s e quantitative d ata w ere supplem ented with
microscopic d ata that w ere provided using C L S M as well as S E M and T E M .

Interestingly, there w ere com m onalities over the course of both ferm entor runs
that w ere evident w hen results w ere com pared. A pertinent exam ple is found if
one com pares the num ber of bacterial taxa isolated and sequenced at each
sampling point and the num ber of C L P P positives recorded at each sampling
point, specifically after a 6 h incubation period. Both sets of results display the
sam e distinctive ‘fingerprint’, both reached their zenith as regards the number of
taxa identified and C L P P positives recorded at th e168 h sampling point. Indeed,
during the course of both runs, the num ber of taxa identified at each sampling
point increased to reach its m axim um at the 168 h sampling point, thereafter
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declining gradually at the last two sam pling points. This trend mirrored exactly
what w as found w hen the C L P P d a ta w ere analysed, this showed the number of
C L P P positives increased up to the 168 h sampling point and decreased
gradually through the final two sam pling points. Another exam ple of
concordance betw een results occured if one exam ines the viable count data for
both runs and the visual archive of biofilm maturation provided by confocal
microscopy. W h a t w as evident over the course of both runs w as that the viable
count data, specifically the total anaerobic count, increased over successive
sampling tim e-points to the 168 h sam pling point, w hereupon it then gradually
decreased over the rem aining two sam pling points. This trend w as identifiable in
both runs. Interestingly, this mirrored w hat w as seen via the confocal
microscopy, w hereby up to the 168 h sampling point the biofilms w ere composed
principally of viable cells, subsequently over the course of the final two sampling
points, the ratio of non-viable to viable cells increased, such that at the final
sampling point the biofilms see m ed to be com posed principally of non-viable
cells. Indeed, the increase in species diversity over the course of both runs as
revealed by th e sequencing of the cultivable microbiota concurs with the visual
images provided by both S E M and T E M . T h e electron microscopy showed what
appeared to be highly hom ogenous biofilms initially, diversifying at each
successive sampling point such that a w ide range of bacterial morphotypes were
evident at both the 2 4 0 h and 3 3 6 h sampling points. T h e degree of concurrence
displayed when the results are analysed in their entirety is reassuring and
vindicates the use of a polyphasic approach; this multi-faceted methodology
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permitted the scrutiny of ail facets of biofilm developm ent within the C D FF. The
biofilms gen erated within the C D F F dem onstrated increased complexity as a
function of tim e as regards species composition, m etabolic plasticity and biofilm
architecture. Thus the polyphasic approach allows one to tentatively conclude
that the biofilms cultivated within the C D F F do represent an acceptable
approxim ation of w hat o ne m ay reasonably expect to find within a periodontal
lesion in vivo.

Upon completion of the analysis of the biofilms generated within the C D F F , which
established that the cultivated biofilms do constitute an acceptable approximation
of a periodontal disease lesion, the next aim w as to determ ine their susceptibility
to lethal photosensitisation. T h e results of the lethal photosensitisation studies
w ere rather interesting; this dem onstrated that C D FF-grow n biofilms w ere indeed
susceptible to lethal photosensitisation w hen using T B O in conjunction with
H eN e laser light. Indeed, if one com pares the results obtained in chapters 4 and
5 , the lethal photosensitisation of m ono- and multi-species species biofilms
cultivated on m em brane filters and the results obtained in chapter 9 w here C D F F
cultivated m ulti-species biofilms w ere subjected to lethal photosensitisation, there
does not ap p ear to be an app reciable difference in the kill. In nearly all
instances, the kills obtained w ere of the order of betw een 1 log™ and 2 log™, a
9 0 -9 9 % reduction in the num ber of recovered viable bacteria. The corollary
being perhaps that, regardless of composition and method of cultivation, the
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biofilm phenotype confers d ec re ased susceptibility to lethal photosensitisation
when using T B O in conjunction with H e N e laser light.

T he final aim of the investigation w as a com parative analysis of the
efficaciousness of lethal photosensitisation w hen com pared to a commonly
prescribed anti-m icrobial com pound, chlorhexidine digluconate.

The 60 s versus

60 s com parison w as carried out primarily as this is approxim ately the amount of
tim e a dentist could reasonably spend w hen treating a single periodontal pocket.
T he results dem onstrated that, under broadly com parable experim ental
conditions, there does not a p p e a r to be an appreciable difference in efficacy,
suggesting that lethal photosensitisation, under the experim ental conditions
em ployed, brings to bear a co m parable anti-m icrobial effect as 0 .2 %
chlorhexidine digluconate. H ow ever, one must bear in mind that the
experim ental com parison of exposure to chlorhexidine digluconate with lethal
photosensitisation w as som ew hat simplistic. As alluded to previously the level of
kill induced by lethal photosensitisation is dependent upon a number of variables
including the light energy dose delivered and the concentration of photosensitiser
applied. Throughout the course of the study the only laser available for use
delivered a fixed pow er output; if a higher pow er laser had been available this
m ay have resulted in m uch g reater kills. Indeed the study w as rather limited due
to the power output of the laser available; this could not be easily remedied as
increasing the exposure tim e to com pensate m ay have resulted in the decreased
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viability of the bacteria com posing the biofilms, due to the known fastidious
nature of m any putative periodontopathogens.

The results of this study have dem onstrated that both pathogenic and
com m ensal oral bacteria are indeed susceptible to the antimicrobial action
exerted by T B O w hen allied to a H e N e laser. T h e degree of susceptibility varied
depending on the organism being photosensitised; planktonic oral organisms
w ere shown to be highly susceptible to the photodynam ic action of TB O ,
however this did vary appreciably depending on the nature of the cell wall of the
organism being sensitised. In contrast, biofilms proved to be comparatively
recalcitrant to lethal photosensitisation. T h e filter m em brane methodology was
used as a rapid w ay to g e n erate both mono and m ulti-species biofilms. The
C D F F w as shown to be cap ab le of generating large num bers of biofilms that
w ere an approxim ation of w hat one m ay expect to find within a periodontal
lesion. Finally, the ferm entor-grow n biofilms w ere subjected to lethal
photosensitisation using T B O and H e N e laser light, appreciable kills w ere
recorded. Indeed lethal photosensitisation w as found to exert a com parable anti
microbial effect to 0 .2 % chlorhexidine digluconate, suggesting that lethal
photosensitisation does a p p e a r to be, at least in principal, a viable alternative to
traditional adjunctive treatm ents that are routinely adm inistered for the treatm ent
of periodontitis.
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Oral B acteria in M u lti-S p ecies B iofilm s Can b e K illed by Red
Light in th e P resen ce o f T olu id in e B lue
John F. O’N eill, BSc, C hristopher K. H ope, PhD, and M ichael W ilson, dsc*
Department of Microbiology, Eastman Dental Institute, University College London, 256 Grays Inn Road,
London WC1X 8LD, United Kingdom

Background and O bjectives: Oral bacteria can be killed
by light in the presence of a suitable photosensitizer, and
this could be used in the treatm ent of oral infections. In
these diseases, however, bacteria are present as biofilms,
which are refractive to antimicrobial agents. The purpose
of this study was to determine whether oral bacterial
biofilms were susceptible to lethal photosensitization.
Study D esign/M aterials and M ethods: Multi-species
biofilms of oral bacteria were irradiated with light from a
helium/neon laser in the presence of toluidine blue O
(TBO) and the survivors enumerated. Controls examining
the effects of light and TBO alone were also included. The
biofilms were also examined by confocal scanning laser
microscopy (CSLM).
Results: CSLM revealed that the biofilms had structures
similar to those of dental plaque. Although, the biofilms
consisted of extremely large numbers of bacteria
(~9 x 109), 97.4% were killed following irradiation with
31.5 J of laser light in the presence of 25 pg/ml TBO.
Conclusions: Substantial numbers of oral bacteria in
multi-species biofilms can be killed by light in the presence
of TBO. This may be useful in the treatm ent of dental
plaque-related diseases. Lasers Surg. Med. 31:86-90,
2002. © 2002 Wiley-Liss, Inc.
Key words: lethal photosensitization; biofilms; dental
plaque; caries; periodontitis; toluidine blue
INTRODUCTION
The use of light-activated antimicrobial agents repre
sents an alternative approach to killing bacteria, which in
view of the growing resistance of many organisms to
conventional antimicrobials, may prove to be of great
importance in the future [1]. Such agents (e.g., hematoporphyrins, phthalocyanines, toluidine blue O (TBO)) are
activated by irradiation with light of an appropriate
wavelength resulting in the generation of cytotoxic
species, including singlet oxygen and free radicals, which
can exert a bactericidal effect [2]. Agents of this type have
been used for several years to destroy various kinds of
tumor in vivo and interest has been growing in applying
this approach to treating infectious diseases. For example,
hematoporphyrins in conjunction with light from an Argon
laser have been used to treat post-neurosurgical infections
[3] and brain abscesses [4] in man. Oral infections would
appear to be particularly amenable to treatm ent with
© 2002 Wiley-Liss, Inc.

light-activated agents as they are essentially topical
infections, which are readily accessible by both the agent
and light. However, the target organisms in these
infections are present within biofilms (dental plaques),
which are notoriously resistant to a wide range of anti
microbial agents [5,6]. A biofilm consists of an accumula
tion of bacteria and their extracellular products on a
surface and the plaques that form on tooth surfaces are
typical examples of such structures [6]. While the suscepti
bility to lethal photosensitization of mono-species biofilms
has been reported [7], there is little information on the
susceptibility of biofilms consisting of a range of different
bacteria. The purpose of this study was to determine the
susceptibility to lethal photosensitization of multi-species
biofilms with a bacterial composition similar to those,
which exist in the human oral cavity.
MATERIALS AND METHODS
Preparation o f M ulti-Species Biofilm s
Saliva samples (3 ml) were obtained from 10 healthy
adult volunteers and pooled. Thirty milliliters of Brain
heart infusion broth (Oxoid Ltd., Basingstoke, United
Kingdom) containing 10% (w/v) glycerol (Sigma Ltd.,
Poole, United Kingdom) were added as a cryoprotectant
and the mixture was vortex mixed for 1 minute. Onemilliliter aliquots were then dispensed into sterile cryotubes, which were then stored in a freezer at - 70°C.
Multi-species biofilms were grown on 5-mm diameter
discs prepared from cellulose nitrate membrane filters
with a pore diameter of 0.45 pm (Sterilin Ltd., Hounslow,
United Kingdom). The biofilms were produced as follows.
A cryotube containing pooled saliva was removed from the
- 70°C freezer and allowed to defrost. Sterile 5-mm
diameter cellulose nitrate discs were then placed on the
surface of fastidious anaerobe agar (FAA; Lab M, Bury,
United Kingdom). Each disc was inoculated with 25 pi of

Grant sponsor: Ondine Biopharma, Inc.
"■Correspondence to: Prof. Michael Wilson, Department of
Microbiology, Eastman Dental Institute, University College
London, 256 Grays Inn Road, London WC1X 8LD.
E-mail: m.wilson@eastman.ucl.ac.uk
Accepted 13 May 2002
Published online in Wiley InterScience
(www.interscience.wiley.com).
D O I10.1002/lsm. 10087

ORAL BACTERIA KILLING BY RED LIGHT

87

the saliva suspension. The plates were then placed in an
anaerobic cabinet (Don Whitley Scientific Ltd., Shipley,
United Kingdom) for 24 hours.

veillonella agar—these were considered to be Veillonella
spp., and (iv) Gram-positive rods on the CFAT agar—these
were considered to be Actinomyces spp.

Susceptibility of B iofilm s to
Lethal P hotosensitization
FAA plates containing discs with associated biofilms
were removed from the anaerobic cabinet 24 hours after
seeding of the cellulose nitrate membranes. Ten micro
liters of 25 pg/ml TBO (Zila, Inc., Phoenix, Arizona) in
saline (0.85% w/v) was added to one of the biofilms
(designated L + S+). After 30 seconds, the biofilm was
exposed for 15 minutes to light (632 nm) from a Helium/
neon (He/Ne) gas laser with a measured power output
of 35 mW (Spectra-physics, Darmstadt-Kranichstein,
Germany). The total energy dose was 31.5 J and the
energy density 81.9 Jem-2 . The disc was then placed in
1 ml of sterile nutrient broth and vortexed for 60 seconds.
The number of viable organisms surviving within the
biofilm was then determined by viable counting as
described below. The same procedure was then repeated
for a second biofilm.
In order to determine the effect of laser light alone on
bacterial viability, 10 pi of saline (0.85% w/v) was added to
another two biofilms (designated L + S - ) and, after
30 seconds, each of the biofilms was exposed to laser light
as described above. Other controls consisted of biofilms
treated with TBO, but not exposed to laser light (L - S +)
and biofilms, which were neither treated with TBO nor
exposed to laser fight (L - S -).
The whole procedure described above was repeated on
three separate occasions.

Confocal Laser Scanning M icroscopy (CLSM)
The membrane filters supporting the biofilms were
placed into a miniature petri dish, biofilm upward. Ten
milliliters of chilled phosphate-buffered saline containing
10 pi each of component A and B (BacLight™ bacterial
viability kit, Molecular Probes, Eugene, Oregon) was
carefully added to the petri dish and allowed to cover the
discs. This was allowed to stand in the dark to allow
the stain to develop for 10 minutes. Scans were taken of
the biofilms using a Leica DMLFS fixed stage microscope
with a Leica TCS SP confocal laser scan-head. The
objective lens was an infinity corrected 63 x HCX water
immersion dipping objective lens (Leica, Milton Keynes,
Northamptonshire, United Kingdom). The z step size used
in these experiments was 1 pm.
The CLSM image stack data were analyzed by Leica
Confocal Software Simulator SP (version 2.00) (Leica
Microsystems Heidelberg GmbH, Germany) to produce
surface renderings. The image stack (biofilm) topography
was quantified before a three-dimensional rendering of the
surface could be constructed. The surface topography data
were processed in order to allow macroscopic features of
the biofilm architecture to be seen in the surface render
ings without being masked by the finer surface details of
the image stack. The topographical data underwent a
‘leveling' process (linear interpolation function to reduce
waviness) followed by the application of a ‘threshold’to the
rendering process (data values that are below the specified
value are ignored by the calculation of the topographical
image). The final surface renderings were compared to the
projection images to ensure they accurately represented
the macroscopic biofilm architecture.

B acteriological A nalysis
A non-selective medium was used to determine the total
number of viable bacteria in the biofilms. Selective media
were used to determine the number of viable bacteria
belonging to the mqjor groups of bacteria initially present
in the biofilms. Serial dilutions of the disrupted biofilms in
nutrient broth were prepared in nutrient broth and
duplicate 50 pi aliquots from each dilution were spread
over the surfaces of the following media: (i) FAA plates—
for enumerating organisms able to grow anaerobically, (ii)
FAA plus 2.5 pg/ml vancomycin and 10 pg/ml nalidixic acid
(FAX)—for Gram-negative anaerobes, (iii) Mitis salivarius
(MS) agar (Difco, Detroit, Michigan)—for streptococci, (iv)
Veillonella agar (Difco)—for Veillonella species, and (v)
Cadmium fluoride-acriflavin-tellurite (CFAT) agar—for
Actinomyces species.
All plates were incubated in an anaerobic cabinet at
37°C for 7 days.
The resulting colonies growing on the non-selective
medium were counted. Representative colonies on the
selective media were Gram stained and those displaying
the following characteristics were counted: (i) Gramnegative cocci or bacilli on the FAX medium—these were
considered to be Gram-negative anaerobes, (ii) Grampositive cocci on the MS medium—these were considered
to be streptococci, (iii) Gram-negative cocci on the

RESULTS
The biofilms consisted of 32.8% streptococci, 6.5%
Veillonella spp., 0.1% Actinomyces spp., and 0.1% Gramnegative anaerobes. The biofilms contained very large
numbers of viable bacteria, the total viable count being
8.73 x 109 x 4.88 x 109 colony-forming units (cfu), which
equates to a bacterial density of 4.45 x 1010 cfu/cm2. A
representative CLSM image of a biofilm prior to lethal
photosensitization is shown in Figure 1. Figure la shows
the distribution of live bacteria (as revealed by the live/
dead staining procedure), while Figure lb shows the
distribution of the dead bacteria. The flat plane in these
images is not the surface of the membrane filter, it is a
plane constructed by the computer as a result of the level
ing and threshold filters applied to the CLSM data as
described in the Materials and Methods. A large number of
tower-like “stacks” (structures typical of biofilms) can be
seen in the five channel and the three most substantial of
these have been labeled. The corresponding image show
ing the dead bacteria (Fig. lb) shows that only stack no. 3
gives an appreciable signal, i.e., only this stack contains
appreciable numbers of dead bacteria. Image analysis
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Fig. 1. Confocal laser scanning micrograph of a biofilm prior to exposure to either laser light
or TBO. The biofilm was stained using the BacLight live/dead procedure, (a) The distribution
of five bacteria in the biofilm, (b) The distribution of dead bacteria. Prominent “stacks” in
the biofilm are numbered.

m easurem ents of th e pixel density of th e g reen (i.e., live)
and red (i.e., dead) im ages revealed th a t th e re la tiv e pro
portion of live and dead bacteria w as 2.6:1.
Lethal photosensitization of the biofilms w ith TBO a t
a concentration of 25 pg/ml and a light energy dose of 31.5 J
resulted in the killing of 97.4% of th e b acteria, i.e.,
~8.5 x 109 cfu. This reduction w as statistically significant
(two-tail t-test assum ing unequal variance, P = 0.0002). A
total of 26.9% of th e b acteria in th e biofilms w ere killed by
exposure to laser light in th e absence of TBO, b u t none
were killed by TBO in th e absence of la se r light. However,
the reduction in viable counts achieved by th e la ser light
in the absence of TBO w as not sta tistic a lly significant
CP= 0.327). CLSM images of a re p re se n ta tiv e biofilm
following exposure to laser light in th e presence of TBO
are presented in Figure 2. T hree stack s (no. 1—3) are
visible in the dead channel (Fig. 2b) th a t a re not visible in
the live channel (Fig. 2a). A larg er stack (no. 4) is visible in
both th e live and dead channels. In th is stack, th e dead
volume is larger th a n th a t of th e live volum e suggesting
th a t th e outer layer is dead w ith only th e in terio r pro
ducing a live signal. M easurem ents of th e pixel density of
the green (i.e., live) and red (i.e., dead) im ages revealed
th a t th e relative proportion of live a n d dead b acteria w as
0.3:1.

DISCUSSION
A num ber of studies have shown th a t oral b acteria are
very susceptible to lethal photosensitization w hen th ey are
suspended in an aqueous m edium [1,8,9]. However, the
causative agents of th e m ost p rev alen t infectious diseases
of th e oral cavity—caries an d periodontal diseases—are

presen t in biofilms on th e surface of teeth. It has been
known for m any years th a t biofilm-grown cells differ from
th e ir planktonic counterparts in a num ber of respects
including: (a) cell w all composition, (b) ra te of growth, (c)
metabolic activity, and (d) gene expression [10,11].
Furtherm ore, bacteria w ithin a biofilm are enclosed w ithin
a m atrix of polymeric m aterial, which m ay serve to protect
them ag ain st adverse environm ental factors, including
antim icrobial agents [6,11,12]. As a resu lt of the abovem entioned differences, bacterial biofilms display consider
ably reduced susceptibility to antim icrobial agents com
pared to th e ir planktonic counterparts [11,13,14]. W hen
considering th e use of light-activated agents for the
tre a tm e n t of dental plaque-related diseases, it is im por
ta n t, therefore, th a t account be tak en of the fact th a t the
bacteria responsible are present as biofilms and so are
likely to have reduced susceptibility to such agents. Few
studies appear to have addressed th is issue. It has been
shown previously th a t biofilms of th e im portant plaqueform ing organism , Streptococcus sanguis, can be killed
using light-activated alum inum disulphonated phthalocyanine [7]. However, the light energy dose necessary to
kill su bstantial proportions of the organism in the biofilm
w as considerably higher (~15 fold ) th a n th a t required to
kill th e organism w hen it is in an aqueous suspension. In a
study involving multi-species biofilms sim ilar to those th a t
would be found in vivo, Wood et al. [15], reported th a t
“w idespread cell killing” occurred (although th is was
determ ined microscopically and th e extent of killing w as
not quantified) w hen the biofilms were treate d w ith
pyridinium zinc (II) phthalocyanine and exposed for
30 m inutes to a 400 W tungsten filam ent lamp. The
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Fig. 2. Confocal laser scanning m icrograph of a biofilm after irradiation with 31.5 J of light
(632 nm) from a Helium/neon laser in the presence of TBO (25 pg/ml). The biofilm was stained
using the BacLight live/dead procedure, (a) The distribution of live bacteria in the biofilm,
(b) The distribution of dead bacteria. Prom inent “stacks” in the biofilm are numbered.
resu lts of th e presen t study have show n th a t very large
num bers (~9 x 109 cfu) of bacteria p re se n t in m ulti-species
oral biofilms derived from hum an saliva can be killed
when treated w ith TBO and irra d ia te d w ith red light
(81.9 Jem 2). The CLSM analysis revealed th a t th e bio
films used in the study had stru ctu res sim ilar to those of
biofilms found in vivo [16]. F u rtherm ore, CLSM im ages of
the biofilms after exposure to laser lig h t in th e presence
of TBO revealed th a t in some of th e biofilm stacks, leth al
photosensitization occurred p redom inantly in th e outer
layers of th e stack leaving some of th e in n erm o st bacteria
alive. This could be due to th e inability of th e photo
sensitizer to diffuse through into th ese in n e r regions, th e
inability of th e light to p en etrate into th e se regions, or a
combination of both. This illu stra te s one p o ten tial pro
blem associated w ith th e photodynam ic th e ra p y (PDT) of
biofilm-related diseases. However, th is could be overcome
by selecting a photosensitizer able to p e n e tra te th ro u g h
the biofilm m atrix and by irra d ia tin g biofilm s in tern ally
(e.g., via an optical fiber inserted into th e biofilm itself)
ra th e r th a n from th e biofilm surface.
The essentially topical n a tu re of d e n ta l p laq ue-related
infections renders them am enable to PDT. System ic ad
m inistration of th e photosensitizing ag en t w ould not be
necessary as it could be applied directly to th e lesion and
access of th e light to th e lesion would n o t re q u ire invasive
m easures—an optical fiber could be u sed to guide th e light
beam onto/into th e lesion. PDT would circum vent some of
the well-recognized disadvantages associated w ith th e use
of conventional antim icrobial agen ts for th e tre a tm e n t
of oral infections. Hence, resistan ce developm ent would
be unlikely as killing is m ediated by singlet oxygen and
free radicals and killing is a tta in e d very rapidly (within

m inutes) obviating th e need to m aintain high concentra
tions of chem icals in th e disease lesion for long periods of
tim e. Furtherm ore, tre a tm e n t can be confined to the site
of th e lesion by careful topical application of the photo
sensitizer and by controlling th e orientation and diam eter
of th e light beam thereby m inim izing th e chances of dis
ru p tin g th e resident microflora at other sites. One poten
tia l side effect of th is antibacterial approach, which needs
to be considered is th e possibility of dam age to host tissues.
Studies in anim als [17,18], however, have shown no evid
ence of dam age to host tissues even w hen using light doses
and TBO concentrations m uch higher th a n those required
to achieve a bactericidal effect.
In conclusion, th e resu lts of th is study have shown th a t
sub stan tial num bers of oral bacteria in m ulti-species bio
films can be killed by light in th e presence of TBO sug
gesting th a t this approach m ay be useful in the tre atm e n t
of dental plaque-related diseases.
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S um m ary ---------- -------------------------------- ------------------------------------------------------ --------------In order to establish a com parative o rd er of efficacy among established photosensitising compounds curren tly under investigation, the in vitro photobactericidal
activities of six com m ercially available photosensitisers were investigated at equal
concentration against S tre p to c oc cu s sanguis using a H elium Neon (H eN e) laser
(6 3 2 .8 nm).
O f the photosensitisers used, th e fo u r phenothiazinium compounds w ere e ffi
cient photobactericidal agents as was the protoporphyrin IX salt. However, the zinc
phthalocyaninetetrasulfonate was less effective. O f the active agents, 1,9-dim ethyl
M ethylene Blue (D M M B) was notable in achieving com plete bacterial k ill when used
at a concentration of 4 0 .8 5 uM in conjunction w ith a light energy dose of 2 1 .8 J
cm 2, although there was in h eren t d ark activity associated w ith this compound.
Since each o f the photosensitisers is w ell known to produce singlet oxygen, the
relative activities exhibited are th o u g h t to be due to differences in bacterial cell
uptake, which in turn are related to the physicochem ical properties of the photo
sensitisers, in particular, to the com bination of lip ophilicity and ionic character.
Key words: A n tib acterial, disin fectio n , photosensitisers. Streptococcus sanguis.

INTRODUCTION
Today, drug-resistant strains of common patho
genic bacteria are a significant cause of mortality in
our hospitals. The rise of the hospital "superbug” is
a particular cause for grave concern in view of the
paucity o f effective conventional a n tim ic ro b ia l
agents. Indeed, the rate of development of resis
tance to new ly in tro d u c e d agents is ra p id L
Government committee reports, e.g. in the UK,
have emphasised both the need for clean practices
within the healthcare milieu as a barrier to infection
and for more stringent conservation of effective
antimicrobials 2, but the fact remains that hospitals
are highly effective breeding grounds for drug-resis
tant pathogens.
The popularly perceived miraculous nature of
antibiotics and modern antibacterial agents often lies
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in the fact that they are effective systemic drugs.
However, the collateral effects on the commensal
microflora have until recently been mainly disregard
ed and this attitude has aided the spread of bacterial
resistance. The use of topical antisepsis is logically
much less harmful to the body’s indigenous microflo
ra.
It is thus sensible to develop effective strategies
for disinfection, both of wounds and of the carrier
state, outside the field of conventional agents. A
topical approach to disinfection would also allow
greater conservation of effective systemic drugs for
life-threatening conditions such as septicaemia.
Photodynam ic a n tim icro b ia l chem otherapy
(PACT 3) is a potential approach to topical disinfec
tion, employing photosensitising drugs and directed
low-power light to produce reactive oxygen species
(ROS) such as the hydroxyl radical, singlet oxygen
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etc. in situ 3 Targeting of microbial species is possi
ble by chemical design and also by the direction of
illumination at the infected/colonised site. The pro
duction of ROS at the microbial target then leads to
rapid oxidative damage and cell death via a range of
mechanisms, depending on the nature of the target
(e.g. bacterial cell wall/membrane, viral nucleic acid,
enzymes etc.) 3. In addition, the high reactivity of
ROS such as singlet oxygen means that it is unlikely
that there is a single target for any given photobac
tericidal agent, and this makes the development of
resistance via target alteration more difficult. Singlet
oxygen is also known to inactivate antioxidant
enzymes such as catalase and superoxide dismutase
A. Photobactericidal resistance due to elevated efflux
has not yet been described.
The vital stains Methylene Blue (MB) and
Toluidine Blue 0 (TBO), inter alia, have been used
successfully by the authors as lead compounds in
photoantimicrobial research over the past decade,
both against standard and drug-resistant bacteria 56.
Other photosensitisers proposed for PACT have
been developed in the parallel field of cancer photo
dynamic therapy (PDT) and are based on the por
phyrin nucleus. While there is perhaps less rationale
for their use in disinfection compared to the vital
stains mentioned above, various groups have never
theless reported activity in this area, in particular
against Gram-positive bacteria 6. However, consider
ing the wide range of candidate photosensitisers
available, little has been reported concerning the
best type of photosensitiser for antimicrobial appli
cation.
The present work represents an investigation
into the comparative activities of a range of estab
lished photosensitisers. both cationic and anionic
and of different chemical type, against a standard
bacterial species. Streptococcus sanguis is a Grampositive organism which is commonly found in den
tal plaque 5, and can cause serious disease such as
endocarditis 7.

MATERIALS AND METHODS
Photosensitisers

The photosensitisers. Methylene Blue (MB). New
Methylene Blue (NMB), and dimethyl Methylene
Blue (DMMB) were all purchased from Aldrich
(Gillingham, UK) and were purified by recrystallisa
tion from methanol. Toluidine Blue 0 (TBO), pur
chased from Zila Inc. (Arizona. USA), zinc phthalocyaninetetrasulfonic acid, tetrasodium salt (ZnTSPc)
and protoporphyrin IX. disodium salt (PPIX) from
Frontier Scientific (Lancaster, UK) were used without
further purification.

Screening m ethodology

The

organism

used in

this

study was

Streptococcus sanguis NCTC 7863. For experi

mental purposes the organism was grown in tryptone soya broth (Oxoid Ltd, Basingstoke U.K) at
37°C in an anaerobic cabinet overnight. The bacter
ial culture was diluted in saline (0.85%) to give an
optical density of approximately 0.2 at 560 nm,
100 pi aliquots of this bacterial suspension were
transferred to wells of a 96-well, round-bottomed
micro-titre plate (Sterilin Ltd., Hounslow, UK). An
equal volume of the filter-sterilised solution of the
photosensitiser was added to some of the wells (4
for each photosensitiser) to give a final concentra
tion of 40.85 pM. 4.0 mm magnetic stirrer bars
were added to each well. The plate was placed on a
magnetic stirrer, the wells mixed for 30 s and half of
the wells (2 for each photosensitiser) then exposed
to laser light for 60 seconds. The laser used was a
Helium/Neon (He/Ne) gas laser with a measured
pow er output of 35 mW (Spectra-Physics,
Darmstadt-Kranichstein, Germany). This emits radia
tion in a collimated beam, diameter 3.5 mm, with a
wavelength of 632.8 nm. Suspensions treated in
this way were designated L+S+. The remaining
wells (2 for each photosensitiser) were not exposed
to laser light and these served as controls to deter
mine the dark toxicity (L-S+). Control wells (2) con
taining the bacterial suspension plus sterile saline
were also irradiated for 60 seconds to determine the
effect of laser irradiation alone on bacterial viability
(L+S-). Illuminated wells (both L+S+ and L+S-) thus
received a light dose of 21.8 J cm'2 (= 0.035 W x
60 s / ;c(0.35/2]2 cm2). A further 2 wells, identical
to those described above, were prepared and these
were not exposed to laser light (L-S-).
The number of viable organisms surviving in
each well was then determined by viable counting.
Duplicate 50pl aliquots from the appropriate 10-fold
dilutions were spread over the surface of Tryptone
soya agar plates (Oxoid Ltd,). These plates were
incubated in an anaerobic cabinet (Don Whitley) at
37°C. The resulting colonies were counted.
Singlet oxygen production

The photosensitisers (30 pM in methanol) were
assayed for efficiency of singlet oxygen production
using the decolourisation of the singlet oxygen
quenching agent. 1,3-diphenylisobenzofuran (DP1BF.
in methanol). Thus, to 3 ml of photosensitiser solu
tion in a 1 cm quartz cuvette was added a sufficient
volume of DPIBF solution (ca 0.2 ml) to give an
absorbance of 1.8 units at 410 nm (Perkin Elmer
Lambda 15 UV/Vis spectrophotometer). Cuvettes
containing the different photosensitisers were placed
in a carousel and illuminated for periods of 30 s
using a slide projector lamp (Viewproject. NOBO.
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UK) at a distance of 20 cm. The decrease in absorp
tion at 410 nm was monitored spectrophotometrically with time. By assuming that the decrease in
absorption of DPIBF at 410 nm is directly propor
tional to its reaction with singlet oxygen, the time
for a 50% decrease in absorption caused by each of
the photosensitisers under identical conditions (ty2PS)
thus gives a measure of its ability to generate singlet
oxygen which is considered to be the main bacterici
dal species produced by photosensitisers. Thus, the
time for the DPIBF absorption to decrease by 50%
due to MB photosensitisation (t/,MB) was taken as
1.0. The singlet oxygen yield for the photosensitisers (4>^pg), was calculated using the formula
^aPS = ^aM B # ftl/2M B /

^P s)

Determinations were repeated three times.
Log P

The lipophilicities of the photosensitisers were
calculated in terms of log P, the logarithm of their
partition coefficients between phosphate-buffered
saline and 1-octanol. The data were calculated using
the standard spectrophotometric method 3. based on
the relationship:
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where A and A 1 are the absorption intensities before
and after partitioning respectively and Vw and V0 are
the respective volumes of the aqueous and 1-octanol
phases. Determinations were repeated three times.

RESULTS
The photosensitisers used in the study are shown
in Figure 1. Four of the compounds TBO, PPIX,
NMB and ZnTSPc, exhibited maximum wavelengths
of light absorption at around 630 nm, being com
patible with the HeNe laser output (632.8 nm),
although they exhibited a range of efficiencies for
the production of singlet oxygen in vitro (Table I).
Although MB and DMMB usually exhibit maximum
absorption peaks at somewhat longer wavelengths
(ca. 650-660 nm), both absorb strongly in the
region 620-640 nm (approx. 75-80% of the A ^ ) .
In addition, it was found that on mixing with the
bacterial suspension the absorption at the lower
wavelength range increased.
With the exception of zinc phthalocyaninetetrasulfonate, these compounds achieved appreciable
kills (> 2 log reduction) of the organisms when irra
diated with HeNe laser light (Figure 2). In addition,
dimethyl Methylene Blue exhibited dark toxicity and
also exhibited the greatest photobactericidal effect of
the series used. In the latter example, the photokill

R9
H
H
H
CHj

SO,Na

C O ,N a

aO.S

N— Zn— N

S O ,N a

C O ,N a

SO.Na
Zn TS P c

F ig u r e 1 - Photosensitiser
P P IX

structures.
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was complete - no viable organisms were detectable
(Fi gur e 2) - but high levels of p h o to killin g have
been reported previously w ith this photosensitiser
using much lower concentrations 9. The order of
photobactericidal efficacy observed against S. san
guis was: M M B>NM B>TBO >M B>PPIX>>ZnTSPc

(632.8 nm. 21.8 J cm'2) had no cytotoxic effect at
the energy dose used in this study.
In terms of hydrophilic / lipophilic characteris
tics. the compounds followed an order of increasing
lip o p h ilic ity (T a b l e J). ZnTS P c < < T B O <M B
(h y d ro p h ilic Log P <0) <D M M B < N M B <PP1X
(lipophilic. Log P >0).

T a b l e 1 - C om parative single t oxugen ge nera ting a b ili
ties and lip o p h ilic itie s o j the p h o to s e n s itis e r s

> 02 relative yield

"LogP

ZnTSPc

1 .0 0
0 .9 3

-0 .1 0
_b

DMMB

1 .2 2

1 -1 .0 1

NMB

1 .3 5

+ 1 .2 0

TBO

0 .8 6

- 0 .2 1

P P IX

1 .0 8

+ 3 .1 9

MB

“ L o g P is a m e a s u r e o f th e p a r titio n in g b e h a v io u r o f th e
p h o to s e n s itis e r s b e t w e e n p h o s p h a t e b u ff e r a n d 1 - o c t a n o l.
bZ n T S P c w a s n o t d e te c ta b le in th e o c ta n o l la y e r

Bacterial suspensions which were incubated w ith
out photosensitisers exhibited little or no decrease in
viable counts with or without irradiation (Figure 2).
thus d em on stratin g th a t the lig h t source alone

DISCUSSION
Several groups have reported the photobacterici
dal effect of various photosensitisers but such work
has been concerned with single or closely-related
compounds rather than examining different structur
al types 101L In the present investigation the series
of compounds used furnished a range of chemical
types (phenothiazinium / porphyrin / phthalocyanine). hydrophilicities and covered both anionic and
cationic species.
The photodynamic efficacy of cationic photosen
sitisers against Gram-positive organisms is thought
to be due to significant interaction between the
cation and anionic moieties in the Gram-positive cell
wall, for example the well-documented interaction
between dimethyl Methylene Blue and staphylococ
cal teichoic acid n . The disruption of membranes by
organic cations is well established 13 and presumably
co n trib u te s to the dark to xicitie s o f the pheno-

1 00E+09

1ooE+oe
P L-*S+

VOOE+07

1 00E+06 -

1.00E+05

1.00E+04

1.00E+03 -

1.00E+02

1.00E+01

1.00E+00

PTB0

new
methylene
blue

dimethyl
methylene
blue

PPIX

ZnTSPc

F ig u r e 2 - P h o t o b a c t e r ic i
d a l e ffe c ts o f th e p h o to s e n s itis 
e r s . B a c t e r ia w e r e e i t h e r
e x p o s e d to 2 1 . 8 J c m 2 o f la s e r
lig h t in th e p re s e n c e o f th e s e n s it is e r a t a c o n c e n t r a t io n o f
4 0 . 8 5 |i.M ( L + S + ) o r w e re k e p i
in th e d a rk in th e a b s e n c e o f th e
s e n s itis e r (L -S -). A d d itio n a l c o n 
tro ls c o n s is te d o f b a c x e n a ir ra d i
a t e d w it h la s e r lig h t in t h e
a b s e n c e o f th e s e n s itis e r (L + S -)
a n d b a c te n a k e p t in th e d a rk in
th e p re s e n c e o f th e s e n s itis e r (L S + ). B a rs re p r e s e n t m e a n v a lu e s
o f t h e v ia b le c o u n ts a n d e r r o r
b a rs r e p r e s e n t s ta n d a r d d e v ia 
tio n s .
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thiazinium compounds in the present study. Such
work has been extended by others to include photo
sensitisers with polycationic side chains which are
thought to disrupt the plasma membrane of Gramnegative bacteria 14. Obviously, such interactions
cannot occur with anionic photosensitisers, possibly
the activity of these compounds relying on lipophilic
character to allow some partitioning of the photo
sensitiser into the plasma membrane. Noticeably,
the anionic photosensitisers PPIX and ZnTSPc were
the poorest photobactericidal agents of the series
employed in the current study, w ith the highly
hydrophilic ZnTSPc being the much less active of
the two (Figure 2). In stating the significance of the
anionic nature of the poorer photosensitisers here, it
should be noted that a hydrophilic cationic zinc
phthalocyanine derivative, bearing pyridinium moi
eties, has been reported to be an effective photobac
tericidal agent against E s c h e ric h ia c o li and
Staphylococcus aureus 15. The photobactericidal
efficacy of the porphyrin derivative, chlorin e6,
when conjugated to a cationic poly(lysine) side chain,
is also well established lb.
As mentioned above, the likely m ultifactorial
mode of photodynamic attack, including the activity
of singlet oxygen against antioxidant enzymes,
means that there is little chance of bacterial cell
defence. Photodynamic antimicrobial agents thus
offer a novel and highly effective treatment modality.
Currently the main barrier to the clinical use of pho
todynamic antimicrobials is their perceived potential
toxicity /m utagenicity in humans. However, the
photosensitisers employed in the current study have
been shown to be reasonable candidates for the
photodynamic therapy (PDT) of cancer and exhibit
ed sufficient differential (!ight:dark) mammalian cell
toxicities to suggest their use in clinical disinfection.
This has been supported in recent work by Zeina et
al. for the use of Methylene Blue and Toluidine Blue
O I7. It has also been reported that the lethal photo
sensitisation of bacteria using TBO occurs at much
lower light doses than those leading to human cell
phototoxicity 1S, again suggesting that therapeutic
differentials might be achieved.
Both Methylene Blue and Toluidine Blue O are
approved for clinical use (e.g. by the US Food and
Drug Administration). In addition. Methylene Blue
has been used safely for a wide variety of clinical
conditions 19 and. indeed, is one of the most investi
gated medicinal compounds in existence, having
been in use for over a century. Although the phe
nothiazinium congeners New Methylene Blue and
dimethyl Methylene Blue both exhibited greater pho
tobactericidal efficacies in the current study, particu
larly in the latter case, the mammalian toxicities of
these compounds are presently unclear and require
further testing. There are indications that the toxici

ties are significantly higher than those of Methylene
Blue and Toluidine Blue O 20 21.
Given that photobactericidal agents are only pro
posed for use in topical therapy / disinfection, the
efficacy and low toxicities of Methylene Blue and
Toluidine Blue O again recommend their use in this
field over that of anionic photosensitisers. From a
healthcare economics viewpoint, these two agents
are also suggested on the grounds of low cost and
ready availability, which might promote their use - at
least in the short term - over bioconjugates and anti
body-linked photosensitisers.
A ckn ow ledg em ents: W e would like to thank O n dine
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