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Abstract

Bioactive ceramics have been used in periodontal repair. These materials 

provide a surface compatible with bone growth. As with all implanted 

materials, a potential for bacterial colonisation exists. This can disrupt the 

process of bone bonding to the material. The bioactive glass, 45S5 Bioglass, 

has superior bone bonding properties to many other bioactive materials, due 

to the rapid reactions that occur at its surface. These reactions may also exert 

an antibacterial effect. This may reduce the potential for bacterial colonisation 

of Bioglass. The aims of this study were, therefore, to examine bacterial 

colonisation and growth on this material, and to investigate its antibacterial 

potential.

Bacterial colonisation and growth in vitro was examined using a constant- 

depth film fermenter (CDFF). Studies included growth on solid Bioglass of one 

of the primary bacterial colonisers of teeth and dental implants, Streptococcus 

sanguis, and growth of bacterial biofilms from a salivary inoculum, under 

conditions that modelled either supra- or subgingival plaque. The bioactive 

material, hydroxy apatite, which does not undergo rapid surface reactions, was 

used as a control. Few differences in the biofilms formed on these substrata 

were observed. However, in some experiments, evidence of antibacterial 

activity was found in biofilm sections closest to the Bioglass surface.

The antibacterial potential of Bioglass in its particulate form was examined. 

This material was found to have an antibacterial effect against certain supra- 

and subgingival bacteria in their planktonic form. This activity was related to 

the high pH of the solutions produced by the particulates and the effect was 

not dependent on contact between the particulates and bacteria.
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Studies using flow cell devices revealed qualitative differences in the 

adhesion of S. sanguis to Bioglass and glass. This bacterium was found to 

adhere in the form of large aggregates to Bioglass, and as chains on glass. 

Biofilm formation of S. sanguis on Bioglass and glass particulates under 

aerobic conditions, and of salivary inocula under anaerobic conditions, was 

examined using the CDFF. In all cases, the viability of the biofilms was 

significantly reduced over the first 48 hours on particulate Bioglass.

In conclusion, 45S5 Bioglass in its particulate form can considerably reduce 

the viability of bacterial populations in its vicinity, while the bulk form may kill 

bacteria in contact with its surface.
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Chapter 1

Introduction



1.1 Overview

Bioactive glasses have been developed to facilitate regeneration of bone and 

soft tissue in areas of the body requiring repair. These glasses undergo a 

series of surface reactions that stimulate the human body’s natural repair 

processes. Bioactive glasses have been used orally in the maintenance of the 

alveolar ridge, and in the treatment of the consequences of periodontal 

disease. The development of bioactive glasses represents considerable 

progress in the effort to repair human tissues. However, as with all foreign 

materials, a potential for bacterial colonisation of bioactive glasses exists. The 

aim of this study was to examine the ability of oral bacteria to colonise and 

form biofilms on the bioactive glass, 45S5 Bioglass. In addition, the surface 

reactions undergone by bioactive glasses may elicit an antibacterial effect. 

Such a property could provide a means of resisting bacterial colonisation. 

Bioglass 45S5 was examined for such an effect.

1.2 Medical implants

1.2.1 The need for implants

The great advances in medical treatments in modern times have resulted in 

an increase in the numbers of elderly and immunocompromised patients 

(Costerton, 1987). Consequently, the requirement for biomedical implants to 

maintain the quality of life of individuals whose bodies are in need of repair 

has also increased. Examples of implanted medical devices include indwelling 

vascular catheters, cardiac pacemakers, prosthetic heart valves and 

prosthetic joints (Khardori and Yassien, 1995). Other examples are those 

used in dentistry, including ceramic and titanium implants, which can be used
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to fill spaces in alveolar bone and can serve as the foundation for artificial 

teeth (McKinney etal, 1988). While these materials have undoubtedly been of 

great benefit to medicine, there are certain problems associated with implant 

materials. Poorly fitting implants can induce formation of excess scar tissue, 

which leads to loosening of the implant, and loss of its function (Cao and 

Hench, 1995). Additionally, as with nearly all surfaces, implanted biomaterials 

are susceptible to bacterial colonisation. Such an occurrence can result in the 

need for removal of the material due to the threat of infection (Costerton et al, 

1987), and failure of the material to integrate with tissues (Brown et al, 1998). 

Of special interest in this study, were those materials used in the repair of 

diseased or damaged regions of the skeletal system, and, in particular, the 

bones of the periodontal cavity. These materials will be described in the 

sections below, as will the capacity of bacteria to adhere to, and proliferate 

on, surfaces.

1.2.2 Types of bone implants: mode of action and reasons for failure 

Implants used in the repair, replacement or augmentation of bone, can take 

several forms. Cao and Hench (1996) classified implants into four types: 1) 

Nearly inert; 2) Porous; 3) Resorbable; 4) Bioactive.

1) Nearly inert implants

All foreign bodies exert some kind of response in the host and so none can be 

described as truly inert. Historically however, implants have tended to be 

chosen on the basis of low reactivity with body fluids, such fluids being highly 

saline solutions (Hench, 1994). Nearly inert implants, such as titanium or
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other metals, are used where load bearing is necessary i.e. when the implant 

is subjected to stress caused by bone or joint movement (Cao and Hench,

1996). These metals have high strength and resistance to corrosion. Other 

examples of nearly inert implants include alumina (increasingly used in total 

hip prostheses), zirconia and polyethylene. Such non-porous implants are 

integrated into the host by mechanical means (morphological fixation) e.g. 

screwing of a metal implant into bone. In these implants, the host response 

results in the formation of a fibrous capsule at the implant host interface. The 

thickness of the capsule is influenced by the accuracy of fit and the nature of 

the implant material. The formation of a fibrous capsule is a major problem 

with these implants. Since there is no chemical or biological bonding to the 

host, relative movement can occur at the implant interface resulting in 

increased development of the fibrous capsule and deterioration of implant 

function (Cao and Hench, 1996).

2) Porous implants

Porous implants have been used to increase the stability of the implant host 

tissue interface. These provide fixation at the interface by ingrowth of host 

tissue into the implants pores. This attachment is referred to as biological 

fixation. These implants can be surface-coated implants or porous throughout 

their structure. Hydroxyapatite is an example of a material that has been used 

both for coating and as a whole implant. Bone requires pore sizes greater 

than 100-150pm in diameter in order to penetrate the material and provide a 

blood supply to the infiltrating cells (Hulbert et al, 1987).
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Porous implants, however, do have a number of disadvantages. Large pores 

in an implant greatly reduce its strength and toughness. This dictates that 

such implants can only be used in space filling applications where load 

bearing is not required. Coatings can also be undermined by ingrowth of bone 

on to the underlying metal which is still required to carry mechanical loads on 

the implant.

3) Resorbable implants

Resorbable implants are designed to degrade and be replaced by 

regenerated host tissue. This is one way of overcoming interfacial instability, 

i.e. by gradual removal of the interface. Examples of resorbable materials 

include tricalcium phosphate and other calcium salts and certain bioactive 

glasses (Gross and Struntz, 1985). However, a problem with these implants is 

that their constituents must be compatible with cellular metabolic processes 

(Cao and Hench, 1996). In addition, the rate of resorption and replacement 

with host tissue should not exceed the capacity of the implant to bear the 

mechanical stresses required for function.

4) Bioactive implants

It seems intuitive that, an implant that is successfully integrated into host 

tissue, thus essentially becoming part of that tissue, stands a good chance of 

long term success. This is the premise behind the development of bioactive 

implants. Hench et al (1972) described a bioactive material as, “one that 

elicits a specific biological response at the interface of the material, which 

results in the formation of a bond between the tissues and the material”. This
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bond takes the form of bone or soft tissue growth at the implant interface and 

hence integration of the implant.

Common to all bioactive implants is the formation of a hydroxycarbonate 

apatite (HCA) layer on the implant surface. However, bioactive materials vary 

in their mode of action at the host implant interface, and in the rate and 

degree of bone bonding (Cao and Hench, 1996). This has led to the division 

of bioactive materials into two classes. Class A bioactive materials are both 

osteoproductive and osteoconductive, whereas Class B bioactive materials 

are only osteoconductive. Hench (1994) proposed that class A materials elicit 

both intracellular and extracellular responses, while class B materials only 

elicit an extracellular response. The difference in the two types of response 

has been attributed to the release of soluble silica from class A implant 

materials. Some evidence for this has been provided by Keeting et al (1992). 

These workers demonstrated that zeolite-A, which is high in soluble silica, had 

a mitogenic effect on human osteoblast-like cells, increasing DNA production 

and tripling the proportion of cells in mitosis. Steady state mRNA levels of 

transforming growth factor 1̂  (TGFfti), a potent mitogen for osteoblasts, were 

increased. Vrouwenvelder et al (1993) showed that primary osteoblast-like 

cultures grown on Class A substrates had enhanced alkaline phosphatase 

activity compared to Class B substrates and greater DNA content, indicating 

mitogenic enhancement.

Hench (1994) proposed that in addition to the intracellular effects of soluble 

silica, Class A implants exert an extracellular effect by virtue of their high 

surface area. The surface is composed of HCA which rapidly precipitates from 

solution, in the presence of soluble silica, onto an underlying silica-gel layer.
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The crystalline structure of the HCA provides a large surface area, which, 

together with the negatively charged silica gel, facilitates chemisorbtion of 

growth factors such as TGFfti. Such growth factors, released from the silica- 

stimulated osteoblasts will further enhance the growth and proliferation of 

these cells. Due to the absence of soluble silica, Class B implants do not 

provide the intracellular effect of class A implants, and, in addition, take much 

longer to develop an HCA layer (days or weeks as opposed to hours with 

Class A), and so are less effective in augmentation of osteoblast proliferation.

1.3 Bioglass: A Class A implant material

1.3.1 Bioglass composition

A bioactive glass of composition 45% SiC^, 24.5% CaO, 24.5% Na20  and 6% 

P2O5 called 45S5 Bioglass was developed by Hench in the late 1960’s. This 

formulation was found to elicit tissue responses which showed no local or 

systemic toxicity, no long-term inflammatory or foreign body response, and 

bonding to hard and certain soft tissues without an intervening fibrous capsule 

(Hench and Paschall, 1974).

Bioglass 45S5 conforms to the criteria for Class A medical implants and forms 

a hydroxy-carbonate apatite layer on its outer surface with a silica-rich layer 

underneath covering the bulk glass.

1.3.2 Surface reactions of Bioglass

Bioactive glasses have been described as three dimensional silica networks 

which incorporate oxides such as, in the case of Bioglass, sodium oxide, 

calcium oxide and phosphorus pentoxide (Stanley et al, 1997). Three main
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reactions occur when Bioglass is exposed to body fluids or aqueous solutions: 

dissolution; leaching; and precipitation (Stanley et al, 1997). FTIR 

spectroscopy has revealed that when Bioglass is exposed to an aqueous 

environment, the silicate structure of the upper layers of the Bioglass breaks 

down through dissolution of the silicon-oxygen bonds. These bonds are 

attacked by hydroxyl ions in the surrounding fluid, resulting in the leaching of 

other elements in the glass such as sodium and calcium ions, which are 

exchanged with H+ or H3 0 + ions. Following the dissolution of the silica layer, 

the glass surface is composed of silanols. These rapidly condense and re- 

polymerise to form a hydrated silica-rich gel layer, now depleted in alkaline 

cations. It has been proposed (Hench and Paschall, 1974) that the Si-rich 

layer prevents further leaching of ions from the bulk glass and so protects the 

glass from further degradation. The condensation of the silanols provides 

energetically favourable conditions for the precipitation of calcium and 

phosphate ions from the surrounding solution (West and Hench, 1993). The 

calcium phosphate which accumulates, crystallises to form the HCA surface 

layer. Thus, gel-derived silica is a potent apatite inducer (Stanley etal, 1997). 

The above reactions ultimately lead to the attachment and proliferation of 

osteoblasts (osteogenesis) on the HCA layer. In vivo, the sodium ion release 

from the surface overrides the acidity of enzymes associated with wound 

repair at the implant site and provides a localised alkaline environment (Clark 

et al, 1976). In 1974, Hench and Paschall suggested that the surface of 

reacted Bioglass is sufficiently similar to bone, to allow osteoblasts to 

recognise it as a surface on which to lay down mucopolysaccharides and 

collagen. It is now apparent that adsorbed bone growth factors play a role in
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this process. The collagen fibrils mineralise on the surface of the Bioglass 

while simultaneously the calcium phosphate layer crystallises. These 

reactions ultimately provide a crystallised bridge between Bioglass and bone 

which can be observed with both light and transmission electron microscopy. 

The above reactions are summarised in figure 1.1.
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Figure 1.1 Sequence of interfacial reactions involved in forming a bond 

between tissue and bioactive glasses (adapted from Hench, 1991).

11 crystallisation of matrix

10 generation of matrix

9 differentiation of stem cells

8 attachment of stem cells

, 7 action of macrophages

6 adsorption of biological moieties 
in HCA layer

5 crystallisation of HCA

4 adsorption of amorphous Ca + P04 + C03 + OH 

3 polycondensation of SiOH + SiOH —► Si - O - Si 

1 and 2 formation of SiOH bonds

Bioactive glass

1.3.3 Clinical applications

The first clinical application of Bioglass was in 1984, when it was used as a 

middle ear prosthesis for the treatment of conductive hearing loss. It has 

subsequently been used as a cochlear implant, in endosseous ridge 

maintenance, and in the treatment of periodontal defects (Wilson et al 1994). 

Middle ear devices

Conductive hearing loss is commonly caused by chronic otomastoiditis 

(inflammation of the air cells and cavity in the mastoid portion of the temporal
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bone in the ear) as well as by trauma and as a result of congenital 

abnormality (Wilson et al, 1994). Bioglass use as a middle ear implant in the 

treatment of conductive hearing loss has advantages over other materials. 

Unlike other materials, it does not produce scar tissue, which can dampen 

sound, and it bonds to the soft tissue of the ear drum without the need for 

bone or cartilage interposition between the device and the ear drum. This 

reduces abrasion and inflammation at the interface. Bioglass middle ear 

implants have been found to be functioning nine years after surgery (Wilson et 

al, 1993).

Of particular relevance to oral aspects, is the use of Bioglass in endosseous 

ridge maintenance and in the treatment of periodontal defects. In both cases, 

the implant could potentially encounter oral bacteria.

Endosseous ridge maintenance

Endosseous ridge maintenance may be required following tooth extraction to 

maintain alveolar ridge morphology, as bone is resorbed following tooth root 

loss. One consequence of resorption, is loss of fit of dentures. Endosseous 

ridge maintenance has been performed for several years, with varying 

degrees of success, using a variety of materials. Such materials include 

acrylic resin, hydroxyapatite, carbon, calcium phosphate ceramics, tricalcium 

phosphate and Bioglass (Stanley et al, 1997). These implants are conical

shaped to allow insertion into vacant tooth sockets. The implants are intended 

to minimise bone degradation (atrophy) and to enhance denture fit and 

function (Wilson et al, 1993). A five year evaluation of the use of Bioglass 

cones as endosseous ridge maintenance implants (Stanley et al, 1997)
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showed a high rate of retention (85.7%) compared to studies with other 

implant materials, including solid and porous hydroxyapatites.

In canine studies (Wilson et al, 1993), it was found that after one month, 

adherent soft tissue was present on the implant surface. Soft tissue and some 

bone were found at the interface after 3 months and the relative proportions of 

these appeared to remain relatively constant until the final observation at 24 

months. It was hypothesised that the presence of soft tissue between bone 

and implant was beneficial for bone health by simulating the normal stress 

transference of the periodontal ligament (bones require mechanical stress to 

remain healthy).

Periodontal treatment

Inflammatory periodontal disease can result in the creation of periodontal 

defects. Such defects have been treated with autogenous bone grafts and 

allografts, guided tissue regeneration and a combination of guided tissue 

regeneration and decalcified freeze-dried bone. However, the use of 

autogenous bone requires a second surgical site to obtain the bone, allografts 

(bone from other non-identical donors) have been found to be poor at 

inducing bone growth, and the outcome of guided tissue regeneration may be 

unpredictable (Zamet etal, 1997).

Bioglass was developed in its particulate form for the treatment of periodontal 

defects (Wilson et al 1993). This preparation is known commercially as 

Perioglas®.

In a preliminary study in Patus monkeys, Wilson and Low (1992) compared 

the performance of 45S5 Bioglass (and fluoride-containing Bioglass 

particulates) with existing commercially available forms of porous tricalcium
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phosphate and dense hydroxy la patite, in treating surgically created 

periodontal defects. These workers found that the Bioglass preparations were 

easily manipulated into the defect sites and showed osteoproductive 

properties, allowing restoration of both alveolar bone and periodontal 

ligament. Significantly, undesirable epithelial downgrowth was inhibited. 

Downgrowth was observed with the other preparations.

In human clinical trials, Perioglas® has been applied successfully either alone 

(in a saline mix) or with autologous freeze dried bone. The use of Perioglas® 

reduces the amount of bone required (from the patient) and so reduces 

patient morbidity (Wilson et al, 1994). A one year clinical trial (Zamet et al

1997) was carried out to evaluate the effects of Perioglas® in the treatment of 

periodontal intrabony defects. This involved treatment of defects by 

debridement (root planing and removal of chronic inflammatory tissue) and 

addition of Perioglass®, or debridement only. The sites containing Perioglas® 

showed a greater degree of defect infill (with bone), than the sites treated by 

debridement alone.

1.4 Implant infections

Despite surgical advances and improvements in the design and composition 

of implant materials, microbial implant infections are still a major complication 

of their use (Dickinson and Bisno, 1989). These infections are characterised 

by acute and quiescent periods, and may initially respond to antibiotic 

therapy. However, relapses soon follow, due to the resistance of the infecting 

bacteria (in the form of biofilms) to antimicrobial agents and host defences 

(Khardori and Yassein, 1995). Such infections frequently cause dysfunction of 

the implant requiring its removal and, moreover, these infections can be life
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threatening (Dickinson & Bisno, 1989). The infecting organisms tend to be 

commensals or common environmental organisms, which are often only 

pathogenic in immunocompromised individuals (Costerton etal, 1987).

Gristina (1987) proposed that the fate of an implant may be determined by a 

“race for the surface” between potential microbial colonisers and the host cells 

attempting to integrate with the implant surface, A surface successfully 

colonised by host tissue cells will be defended from bacterial infection by the 

immune system.

The bacteria most commonly isolated from infected biomaterial surfaces are 

Staphylococcus epidermidis and Staphylococcus aureus and, to a lesser 

extent, Escherichia coli, Psuedomonas aeruginosa, Proteus mirabilis and 

beta-haemolytic streptococci (Gristina, 1987). S. aureus is particularly 

prevalent in infections of bone.

Infection is the major cause of failure of orthopaedic prostheses such as hip 

and knee replacements (Khardori and Yassien, 1995). Other devices 

associated with infections include; artificial airways such as endotracheal and 

tracheostomy tubes, indwelling urological devices (urinary catheters), central 

nervous system shunts, ocular prostheses and the total artificial heart, 

amongst many others (Dickinson and Bisno, 1989, and Gristina, 1987).

Of particular interest in this study was the bacterial colonisation of dental 

implants. This area will be described separately in section 1.9.

If an implant is to become infected, the bacterium responsible must first firmly 

attach to the implant surface and then grow and reproduce on that surface 

while resisting forces that could lead to its removal. Bacterial adhesion, biofilm
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formation, and the recalcitrant nature of bacterial biofilms will be discussed in 

the following sections.

1.5 Bacterial biofilms

1.5.1 Nature of biofilms

Bacteria in nature have a tendency to stick to surfaces whereon they form an 

organised community in the form of a film of bacteria (mixed with bacterially- 

produced exopolysaccharide and host macromoecules) commonly termed a 

biofilm. Costerton et al (1995) defined biofilms as “matrix-enclosed bacterial 

populations adherent to each other and/or to surfaces or interfaces”. The 

physiological properties of bacteria in biofilms, including their susceptibility 

towards antibiotics and biocides, are markedly different to bacteria in 

planktonic form (Allison and Gilbert, 1995). From a human perspective 

biofilms can be beneficial. For example, biofilms have a crucial role in sewage 

treatment through degradation of organic pollutants (Characklis, 1980). 

Biofilms on the rocks and sediments of rivers and streams can remove 

industrial compounds, such as synthetic surfactants (White et al, 1994). 

However, biofilms are also the cause of numerous problems. As previously 

discussed, biofilms can form on implanted biomedical materials often resulting 

in failure of the material and disease in the patient. In industry, biofilms are 

responsible for the loss of efficiency in heat exchangers due to colonisation of 

metal surfaces (Costerton, 1987). In addition, their metabolic activities can 

cause metal corrosion through, for example, H2S production (Hamilton, 1994).
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Of particular interest in this study was bacterial biofilm formation on implanted 

materials in the human body. In order to colonise a foreign body (such as an 

implant) or a tissue, bacteria must first attach themselves to that surface.

1.5.2 Conditioning films

Surfaces immersed in natural aqueous solutions such as rivers, tissue fluids 

and saliva are rapidly coated (within minutes) with organic molecules from the 

surrounding solution. These molecules tend to be polysaccharides or 

glycoproteins (Characklis, 1990). Such organic films can provide surfaces 

(including biomaterials) with potential sites for bacteria adhesion (Gristina, 

1987). The composition of the conditioning film is influenced by the chemistry 

of a substratum, and, in turn, the composition of the conditioning film may 

influence the composition of a colonising bacterial flora (Leondhart et al,

1995).

1.5.3 Bacterial attachment to surfaces

In areas such as the mouth, small intestine and bladder, mucosal surfaces are 

washed by fluids that will remove any unattached bacteria. The ability to 

remain in its desired environment is clearly an important virulence factor for a 

bacterium. Attachment may occur through non-specific electrostatic and van 

der Waals forces or by highly specific lectin-like interactions (Busscher et al, 

1993). The latter involve stereochemical complementarity between a bacterial 

adhesin and substratum receptor. Generally, non-specific attachment is 

typical of non-biological surfaces such as in aquatic or soil environments and, 

significantly, on biomaterials, such as implants or prosthetic devices.
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However as stated above, the nature of these surfaces can be rapidly altered 

by the attachment of organic molecules (conditioning films). Specific 

attachment tends to be directed towards these films, adherent host cells or 

other microorganisms (Fletcher, 1996).

Bacterial adhesion can only occur if attractive forces overcome repulsive 

forces at a surface. Busscher (1990) described the nature of these forces, 

Weak van der Waals forces attract a bacterium to a surface at a range of 

greater than 50 nm. At between 1 0 - 2 0  nm, electrostatic forces become 

significant. These can be either attractive, if the two bodies have opposite 

charges, or more frequently, repellent, if the bodies are of the same charge 

(usually negative for bacteria). Such repulsion may be enough to prevent 

adhesion. However, the effect of electrostatic repulsion is diminished as the 

ionic strength of the surrounding medium increases. Therefore, in an 

environment high in electrolytes, electrostatic repulsion may be overcome.

The next barrier to adhesion is the possibility of water being adsorbed to the 

bacterial or substratum surfaces. The removal of this water to allow the two 

surfaces to move closer is energetically unfavourable and so possession of 

polar hydrophobic groups on the bacterium or the substratum surface is 

required to displace the water.

When this barrier is overcome, hydrogen bonding, cation bridging and 

receptor-ligand interactions may occur to finally attach the bacterium. 

Busscher et al (1993), describe some of the differences between specific and 

non-specific adhesion. Specific interactions are mediated by extremely small, 

highly localised and spatially-ordered molecular groups (adhesins and 

receptors), whereas non-specific interactions occur over the entire length of a
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cell. Specific interactions require very close contact, while non-specific 

interactions operate over relatively large distances, even through water. 

Significantly, specific interactions can be inhibited by specific molecules. 

Specific interactions also result in immobilisation of a cell, whereas non

specific interactions allow sliding of a cell over a surface.

1.5.4 Methods of studying bacterial adhesion

It is clear that bacterial adhesion is a relatively complex process, which can be 

influenced by many factors including; presence and composition of a 

conditioning film, liquid flow rates and turbulence, and the electrical charges 

on both the bacteria and the substratum. Consequently, the methods of study 

of bacterial adhesion are not as well developed as one might imagine. 

Rosenberg et a /(1983) developed a system called MATH (microbial adhesion 

to hydrocarbons) where a suspension of microorganisms is vortexed (mixed) 

with a small amount of hydrocarbons, thus creating microdroplets of the 

hydrophobic hydrocarbon phase to which bacteria can adhere. The aqueous 

and hydrocarbon phases are allowed to separate and the turbidity of the 

aqueous phase is measured to give an indication of the number of bacteria 

bound to the hydrocarbon phase.

Adhesion of bacteria from microbial suspensions onto immersed slides of the 

substratum of interest, is a method more commonly used. Quantification of 

adhesion onto such slides, has been attempted by measuring chemical 

oxygen demand (Lui, 1995) and by fluorescent labelling (Wirtanen et al,

1996). However, these methods have the disadvantage that the slides require 

rinsing before quantification of adhesion. Rinsing has been shown to exert
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very large removal forces and thus dislodge significant numbers of adherent 

bacteria (Visser J, 1976).

In packed bed systems, a microbial suspension is passed through a column of 

granular material (substratum) of defined grain size (Lytle et al, 1989). The 

concentration of bacteria in the effluent can then be determined by such 

methods as Coulter counter (microscopy) and spectrophotometry (Bos et al, 

1999). This method has the disadvantage of an inability to directly observe 

bacterial adhesion and the subsequent spatial arrangement of the bacteria on 

the substratum.

The study of bacterial adhesion has been revolutionised by the development 

of parallel plate flow chambers (flow cells), and accompanying image analysis 

technology. The basic flow cell design is that of a chamber of defined 

dimensions with a transparent surface (usually glass), which allows the 

passage of a bacterial suspension through the flow cell at a controlled 

velocity. The adhesion of bacteria from the liquid to solid phase (substratum 

surface) can be observed microscopically, usually with an ultra long working 

distance lens. The field of view in a microscope can be converted to a digital 

image by mounting of a video camera onto the microscope and conversion of 

the image to digital data using image analysis software (Busscher and Van 

der Mei, 1995). Alternatively, the photomicrographs from a conventional 

microscope mounted camera can be scanned into a computer and analysed 

using image analysis software. One of the first examples of the use of image 

analysis in measuring bacterial adhesion to surfaces was the quantification of 

adhesion of Streptococcus mutans to glass surfaces (Verran et al, 1980).
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1.5.5 Biofilm formation and structure

Following attachment to a surface, bacteria must then establish themselves 

on that surface. Many bacterial cells produce exoploysaccharide which helps 

to anchor them to a substratum (Costerton, 1995). Cell division then produces 

sister cells that are bound within this glycocalyx (Costerton et al, 1987). This 

process ultimately leads to the development of a biofilm. In recent years, new 

techniques have become available for investigating the nature of biofilms. The 

development and utilisation of Confocal Scanning Laser Microscopy (CSLM) 

has allowed observation of biofilms in their natural hydrated state. This is in 

contrast to electron microscopy techniques, which result in biofilm 

dehydration, and compression of the true structure. CSLM allows direct 

observation of focal planes within the biofilm. As a direct result of the use of 

this technique, it has been established that biofilms consist of cellular 

aggregates (microcolonies) suspended in complex matrices of variable 

density (Costerton et al, 1994). Such matrices generally consist of bacterially- 

derived polysaccharide. Biofilms have been shown to be interspersed with 

water channels, which form a connection with the surrounding bulk fluid. 

These channels may extend as far as the colonised substratum at the base of 

the biofilm. Lawrence et al (1993) found that large molecules (dextrans) could 

penetrate these channels and suggested that the channels represented a 

means of convective flow between the bulk fluid and the inner areas of the 

biofilm. DeBeer et al (1994a) demonstrated the penetration of 0.3 pm 

polystyrene beads into the water channels.

Current concepts of the structure of a typical biofilm (at least one that is in a 

highly aqueous environment), suggest that the basic units within the biofilm
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are microcolonies (Costerton, 1995). These may consist of single or multiple 

bacterial species, bound by exopolysaccharide, to form a physically stable 

structure that is bathed in water channels infiltrating from the overlying bulk 

fluid. Such a structure has been likened to a circulatory system providing 

nutrients from the bulk fluid (if available) and removing metabolic waste. It has 

been observed that microcolonies tend to be mushroom-shaped (Costerton,

1995). Such a shape would not occur with unregulated bacterial proliferation 

and it has been suggested that quorum sensing (Fuqua et al, 1994) and/or 

complex cell-cell signalling (Kaiser & Losick, 1993), direct microcolony 

formation towards this morphology. Until the advent of CSLM, many workers 

believed mixed biofilms possessed vertical dissolved oxygen gradients with 

Eh values decreasing from the bulk fluid interface. Bacterial species were 

believed to predominate in the layers which best suited their metabolic 

requirements. The microcolony/water channel concept initially appears to be 

in conflict with this theory. Dissolved oxygen (DO) microelectrode studies 

(DeBeer etal, 1994b), in tandem with CSLM, have revealed that DO gradients 

exist within microcolonies, with DO levels decreasing from the outer layers to 

very low levels in the centre of the microcolony. DO levels in the water 

channels remained similar to that of the bulk fluid. These findings suggest that 

species differentiation could still occur in the revised biofilm structural model. 

One may also anticipate that in particularly thick biofilms, DO levels in water 

channels may decrease toward the substratum surface. This may be 

particularly likely in biofilms that are bathed in minimal bulk fluid such as in 

dental plaque. The mouth is subject to very variable conditions of moisture.
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One would expect this to have an effect on the prevalence or size of water 

channels.

1.5.6 Bacterial metabolism in biofilms

It has become established that phenotypic and metabolic differences exist 

between planktonic bacteria and those in biofilms. Pseudomonas aeruginosa 

has been shown to up-regulate alginate (EPS) synthesis when adhering to a 

surface (Davies et al, 1993, Hoyle et al, 1993). It was also found however, 

that many other changes occur along with increased alginate production. 

Martin et al (1994), found that a gene, alg U (which is upregulated by contact 

with a surface), regulates not only alginate synthesis, but also plays a role in 

the heat shock response (to prevent heat damage to the cell), and in the 

response to oxidative stress (protection against the effects of superoxide free 

radicals produced by the host immune system). This suggests that a whole 

range of phenotypic changes occur when Ps. aeruginosa is in a biofilm. 

Phenotypic differences may be one reason why biofilm bacteria show 

enhanced resistance to antimicrobial agents.

1.5.7 Biofilm susceptibility to antimicrobials

It has been established that bacteria in biofilms are less susceptible to 

antimicrobial agents than their planktonic counterparts (Anwar et al, 1990, 

Gristina et al, 1987). Wilson et al (1996) found that biofilms of Streptococcus 

sanguis were more resistant to the antimicrobial effects of chlorhexidine 

gluconate and cetylpyridinium chloride than their planktonic counterparts. 

Nickel et al (1985) found an inability of the antibiotic, tobramycin, to kill
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biofilms of Pseudomonas aeruginosa, at a concentrations far greater than that 

capable of killing the bacterium in planktonic culture.

Biofilms present serious problems in patients with infected medical implants, 

chronic organ infections or periodontal disease, and in industries which rely 

on heat transfer processes or efficient liquid flows. The lack of effective 

means to remove these biofilms is a cause of great concern. Infections of 

indwelling catheter devices are often chronic and these biofilms can be the 

source of bacteremia, and acute and systemic infections (Costerton et al, 

1987). While bacteremia can be treated with antibiotics due to the bacteria 

being in planktonic form, the biofilm reservoir for infection is far less 

susceptible to this treatment (Gristina ,1987, Costerton, 1987). If treatment of 

an implant infection is unsuccessful, the device invariably has to be removed. 

This is both undesirable to the patient and expensive.

In addition to possessing resistance to antibiotics, biofilms have been found to 

possess enhanced resistance to biocides, which are primarily used in industry 

(Yu and McFeters, 1994).

Some debate exists as to the mechanism of biofilm resistance to 

antimicrobials. When this matter was first widely considered, a popular theory 

was that inefficient penetration of the agents through the gylocalyx 

(exopolysaccharide) protected the bacteria deep within the biofilm. However, 

diffusion resistance levels measured in biofilms (Nichel et al, 1985) could not 

account for the 500 - 1500 times greater resistance of biofilms compared to 

planktonic cells. DeBeer et al (1994a), also demonstrated that the bulk fluid 

could penetrate deep within hydrated heterogeneous biofilms to the 

substratum surface, via irrigation channels. However, these were biofilms
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from a highly aqueous environment, and in oral biofilms such as dental 

plaque, it might be expected that less irrigation via channels would exist, and 

so resistance might be greater. However, it would appear that uncharged 

antimicrobials can penetrate hydrated biofilms. Penetration of antimicrobials 

may be slowed, if the chemical possesses a positive charge, and is required 

to pass through a negatively-charged matrix. It can be conceived that 

considerable ‘mopping up’ of the antimicrobial could occur due to ionic 

interactions prior to contact with bacteria. However, this problem would be 

eliminated upon saturation of the binding sites with the agent.

Environmental conditions have also been suggested to be a potential factor 

affecting the susceptibility of biofilms to antimicrobials. Bacteria have the 

ability to rapidly change their phenotype to adapt to changes in conditions 

such as nutrient availability, temperature and pH. Chemical gradients may 

form within biofilms, for example in dental plaque, shifts between aerobic and 

anaerobic conditions may occur, as well as rapid fluctuations in pH (Carlson,

1997). Phenotypic alterations in response to environmental changes include 

alterations in cellular components such as proteins, fatty acids, and 

phospholipids associated with the cell envelope and production of 

extracellular enzymes and polysaccharides (Gilbert et al, 1997). Such 

changes are apparent between planktonic and biofilm cells. Evans et al 

(1994) showed that Staphylococcus epidermidis in biofilm mode of growth 

exhibited increased production of protease and siderophores, compared to 

cells in the planktonic phase. In some instances, biofilm-grown cells have 

been found to have an increased respiratory rate (Bright and Fletcher, 1983). 

Since first contact between a bacterium and an antimicrobial will be on the cell
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surface, it is possible that phenotypic changes will have an influence on the 

efficacy of an antimicrobial.

Despite the presence of water channels, it is likely that deep within biofilms, 

nutrient availability will be different from that of the surrounding bulk fluid. 

Ashby et al (1994) investigated the effect of antibiotics on biofilm and 

planktonic cells, and on growing and non-growjng cells. These workers found 

that antibiotics that were most effective against non-growing cells were almost 

as effective against biofilms. This suggested that the biofilm grown cells had 

reduced growth rate compared to planktonic cells, and this was related to their 

antibiotic susceptibility. The decreased growth rate in biofilms is likely to be 

due to nutrient limitation. Although in mixed biofilms a synergistic relationship 

may exist between different bacterial species with bacteria utilising the 

metabolic products of a neighbouring species, the closely packed nature of 

the cells would suggest some nutrient limitation must exist. This would seem 

particularly true for mature biofilms where nutrient and gaseous gradients are 

likely to increase (Gilbert et al, 1997). If nutrient limitation results in slow 

growth, and slow growth is associated with antimicrobial resistance, then this 

may explain the findings of Anwar et al, (1989) who noted increased 

resistance to antibiotics and biocides in old biofilms of Ps. aeruginosa 

compared to younger ones. This also applies to biofilms of oral bacteria such 

as those formed by Streptococcus sanguis (Millward and Wilson, 1989).

An important consequence of antibiotic resistance in biofilms, is the selection 

of antibiotic resistant bacteria within the biofilm. Mechanisms proposed for this 

antibiotic resistance include the trapping of antibiotic-inactivating enzymes 

such as p-lactamases in the glycocalyx (Wilson, 1996). Lambert et al (1994)
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showed that P. aeruginosa biofilms were resistant to piperacillin and 

imipinem, but were susceptible following biofilm disruption. The glycocalyx 

was subsequently found to contain high levels of p-lactamase.

1.5.8 The need to examine biofilms

Bioglass implants used in periodontal repair and maintenance are likely to 

encounter biofilm-forming bacteria. For example, the use of bulk Bioglass to 

fill vacant tooth sockets provides sites for potential bacterial attachment both 

during, and in some instance, after surgery (pers com). It is therefore 

necessary to have an understanding of the processes involved in oral biofilm 

formation under normal conditions before determining the effect of Bioglass 

on these processes. Teeth and implant materials both provide solid substrata 

on which oral plaques can accumulate. Thus, the process of bacterial 

colonisation of an implant material exposed to bacteria from the oral cavity, 

will share many similarities to plaque formation on teeth.

1.6 Dental plaque - an oral biofilm

1.6.1 The oral cavity as a habitat for bacteria

The mouth contains a resident microflora with a characteristic composition. 

Oral bacteria have evolved mechanisms of remaining in the mouth and it is 

significant that non-resident bacteria are quickly removed (Whitaker et al,

1996). Sites available for bacterial colonisation in the mouth include the 

tongue, lips, cheek, gums and teeth (Liljemark and Bloomquist, 1996). The 

soft tissue surfaces in the mouth undergo constant shedding of epithelial cells
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from their surface, thus limiting the numbers of bacteria able to colonise these 

surfaces (Hardie, 1992).

Teeth however, are hard, non-shedding surfaces (Marsh and Bradshaw,

1995). It is this non-shedding property which allows the accumulation of large 

masses of microorganisms in the form of biofilms, commonly known as dental 

plaque, on the tooth surface.

Plaque may act as a host defence mechanism in that it prevents the 

colonisation of non-oral and potentially pathogenic bacteria (Marsh, 1989). 

Overgrowth of plaque however, has been positively associated with dental 

caries and periodontal disease (Bloomquist etal, 1996).

It has been suggested that an individuals plaque has a relatively stable 

bacterial composition, and after plaque removal and antibiotic treatment, 

individuals quickly redevelop their characteristic flora (Moore & Moore, 1994). 

This may suggest a level of interdependency within the bacterial population 

and with the host.

Dental plaque can be classed into two broad categories, supragingival plaque, 

and subgingival plaque, the former being present above the gingival margin 

and the latter below. Subgingival plaque is closely associated with the 

development of periodontal disease and will be discussed in section (1.7). 

The following sections relate to the development of supragingival plaque, 

which is able, under certain circumstances, to induce caries, a disease that 

degrades the enamel surface of teeth.

1.6.2 Supragingival plaque
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Supragingival plaque accumulates in sites such as the approximal surfaces 

(stagnant sites between teeth), on the occlusal surfaces (pits and fissures of 

the biting surfaces of teeth) and on the gums above the gingival margin 

(Marsh and Bradshaw, 1995). The first stage in plaque development is the 

adherence of primary colonising bacteria to the acquired pellicle.

1.6.3 Saliva and the acquired pellicle

A professionally-cleaned tooth surface is rapidly coated with a thin layer of 

host components from saliva. This layer is called the acquired pellicle and 

consists of numerous constituents including mucins, glycoproteins, proline- 

rich proteins, histidine-rich proteins, enzymes and other molecules (Whittaker,

1996). The acquired pellicle is essentially the conditioning film for dental 

plaque formation. This pellicle provides a favourable surface for bacterial 

attachment. A microorganism, therefore, very rarely comes into direct contact 

with enamel (the outer layer of teeth) in the oral cavity (Marsh & Martin, 1992). 

The relative contributions of enamel and the acquired pellicle on bacterial 

adherence are unclear. Leonhardt et al (1991) found no significant differences 

in the composition of bacterial colonisers of amalgam, hydroxyapatite and 

titanium in vivo. This suggests that the pellicle determines the composition of 

the adhering bacteria rather than the underlying substratum. Other workers 

(Pratt-Terpsa et al, 1989) have found that the acquired pellicle reduces 

adhesion of many bacteria to hydroxyapatite, which is the principal constituent 

of enamel. One would expect however, that different substrata could influence 

the composition of the acquired pellicle, perhaps as a result of properties such
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as surface charge or hydrophobicity. This, in turn, could influence the 

composition of bacteria that subsequently adhere to the pellicle.

As well as providing the constituents of the acquired pellicle, saliva also has 

the ability to aggregate bacteria into clumps (mediated by glycoproteins) 

facilitating their removal from the mouth through swallowing (Demuth et al, 

1990), In addition, saliva contains antibacterial components such as lysozyme 

(Mandel, 1976). It seems clear therefore, that saliva, as well as providing 

proteins beneficial for bacterial adherence, also serves to limit bacterial 

numbers in the mouth. Clearly, those bacteria capable of adhering to a 

surface in the mouth have a far greater chance of thriving in the oral 

environment.

1.6.4 Mechanisms of bacterial attachment to teeth

Numerous mechanisms have been proposed to account for bacterial 

colonisation of the tooth surface. General agreement appears to have been 

reached that the acquired pellicle is the target for bacterial attachment. 

Busscher and van der Mei (1997) argue that all direct interactions between 

bacteria and a surface fall into the categories of Lifshitz-Van der Waals forces, 

electrostatic forces, hydrogen bonding or Brownian motion. Both non-specific 

and specific interactions are included in these categories. In the literature, 

however, non-specific interactions are frequently attributed to electrostatic 

forces or hydrogen bonding (Gibbons et al, 1986) and tend to be classed quite 

independently of specific interactions. Part of the problem in determining the 

precise nature of adhesion arises from the heterogeneity of the bacterial 

surface and, indeed, the pellicle.
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Oral bacteria possess adhesins, that are responsible for the specific receptor- 

ligand interactions described previously. It has been demonstrated that these 

adhesins are involved in attachment to both the acquired pellicle and other 

bacteria (co-aggregation) (Kolenbrander and London, 1993). Adhesins have 

been found to be intercalated into the outermembrane or cell wall (Kagermeier 

and London, 1986, Tempro et al, 1989 and Weiss et al, 1990) or associated 

with fimbriae (Weiss etal, 1989). Many of the cell-to-cell interactions between 

oral bacteria can be inhibited or reversed by the addition of simple sugars. 

This suggests that the adhesins involved are lectin-like proteins i.e. proteins 

that bind to sugars moieties. These sugars are in the form of glycoproteins. 

The inhibitory effect sugar addition is as a consequence of saturation of the 

bacterial adhesins, thus preventing interaction with the sugar moieties of the 

receptors (Kolenbrander and London, 1993).

Other non-lectin adhesins have been reported such as that of P. ginglvalis 

(Lantz et al, 1991), whose action is not inhibited by sugars. Actinomyces 

viscosus has been shown to possess a galactosyl-binding lectin adhesin on 

some of its surface fimbriae (Cisar et al, 1981). Streptococcus sanguis 

possesses an adhesin that interacts with a sialic acid-containing receptor in 

salivary mucin (Murray et al, 1982). S. sanguis and A. viscosus are among the 

primary colonisers of the tooth surface. Proteins such as proline-rich proteins 

from saliva have been shown to promote adhesion to hydroxyapatite of 

bacteria such as A. viscosus, P. gingivalis and Streptococcus mutans 

(Gibbons, 1989).

Since bacteria also adhere to surfaces without a conditioning film, it seems 

likely that other forces also play a part in oral adherence besides specific
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adhesin/receptor interactions. Gibbons (1984) proposed that initial loose 

attachment is mediated through van der Waals and ionic interactions. 

Busscher and van der Mei (1997) suggest that only following these initial 

interactions (which occur over the entire body of a cell) can the specific 

interactions involving adhesins and receptors cause firm adherence.

1.6.5 Co-aggregation

Co-aggregation is an extremely important mechanism in biofilm formation. 

Following covering of a surface with a primary layer of bacteria, a nascent 

surface is created, with colonising bacteria now being the targets for 

subsequent bacterial adherence. Such cell to cell interactions are termed co

aggregation. Most of the plaque bacteria tested thus far demonstrate some 

interbacterial binding ability, with specific partnerships found between the 

bacteria tested. However, multigeneric co-aggregation bridging has been 

demonstrated, linking more than two bacterial species. Prevotella loeschii was 

found to co-aggregate with Streptococcus oralis and also Actinomyces israelii, 

thus forming a bridge between S. oralis and A. israelii (Kolenbrander et al, 

1985). Co-aggregation is not an energy-dependent process (Kolenbrander 

and London, 1993). Most co-aggregations are inhibitable by addition of sugars 

such as lactose or galactosides (Kolenbrander and London, 1993) suggesting 

that adhesion is by lectin-like interactions.

1.6.6 Plaque development

The principal primary colonisers of the tooth surface are the oral streptococci 

(Nyvad and Kilian, 1990). These have been found to constitute between 47 to
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85% of the total cultivable cells during the first 4 hours following professional 

tooth cleaning (Nyvad and Killian, 1987). Streptococci have been reported to 

bind to substances such as acidic proline-rich proteins (Gibbons et al 1991), 

alpha-amylase (Scannapieco et al 1989) and sialic acid in the acquired 

pellicle. In addition, streptococci also undergo intrageneric co-aggregation 

allowing additional binding of other streptococci to the initial layer of 

colonisers (Whittaker et al, 1996). Other primary colonisers are the 

actinomyces which bind to both the acquired pellicle (Gibbons et al, 1988) and 

streptococci (Kolenbrander, 1988). The actinomyces, like the streptococci, 

possess multiple adhesion mechanisms. The attachment of these primary 

colonisers creates new areas to which the secondary colonisers can now 

attach. Streptococci and actinomyces are facultatively anaerobic enabling 

growth at an aerobic surface. The development of a film of bacteria on the 

tooth surface will reduce oxygen concentrations in the vicinity of this site, 

allowing the growth of anaerobic bacteria. Thus, subsequent colonisers may 

have different metabolic requirements from that of the primary colonisers. 

Gram negative obligate anaerobes such as Veillonella species are among the 

next to colonise followed by bacilli such as Fusobacterium and Prevotella 

species and finally in mature plaque, spirochaetes (Theilade & Theilade, 

1984). Veillonella species utilise the lactic acid end products which form as a 

result of the metabolic activity of streptococci and actinomyces (Whittaker et 

al, 1996), and it is therefore unsurprising, that these bacteria are among the 

next to appear following establishment of the primary colonisers. 

Fusobaterium nucleatum has been suggested to play a pivotal role in plaque 

maturation. In a study by Hughes et al (1989), different strains of this
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bacterium were found to adhere to all 17 genera of bacteria examined 

(Whittaker, 1996), although not every strain adhered to all the genera. It has 

also been found that fusobacteria do not undergo intrageneric co-aggregation 

i.e. do not co-aggregate with other fusobacteria (Kolenbrander et al, 1990). It 

has been suggested that fusobacteria act as a bridge between early and late 

colonisers (Kolenbrander and London, 1993). In a study by Kolenbrander et al 

(1989), it was found that early colonisers co-aggregated extensively with F. 

nucleatum, but did not co-aggregate with late colonisers such as 

Selenomonas flueggei, which co-aggregated almost exclusively with F. 

nucleatum.

It should be noted, however, that these are just a few of the species found in 

mature plaque, with as many as 325 different species having been suggested 

to be present (Moore, 1987).

1.6.7 Plaque removal by shear forces

In addition to the employment of oral hygiene routines, such as brushing, 

plaque accumulation is limited by the natural shear forces present in the 

mouth. Such forces arise as a result of eating, drinking and speaking, and 

from salivary flow (Busscher and van der Mei, 1997). Busscher et al (1992) 

found that on passing air bubbles over adherent bacteria in flow chambers, 

more detachment was observed from bacteria adhering to conditioning films 

than from bare substrata. The workers concluded that detachment of the 

micro-organisms adhering to salivary conditioning films occurred through 

cohesive failure in the conditioning films.
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1.6.8 Dental caries

An important consequence of supragingival plaque accumulation is the onset 

of dental caries. Bowden (1996) described caries as “the localised destruction 

of the tissues of the tooth by microorganisms”. Such destruction takes the 

form of cavities that arise from demineralised areas on the enamel of the tooth 

surface. Demineralisation is caused by the action of bacterially produced 

acids, from fermentation of dietary carbohydrates (Marsh, 1994). Although this 

is a reversible process, frequent demineralisation ultimately leads to tooth 

decay.

In the absence of adequate oral hygiene regimes, supragingival plaque can 

accumulate. As this occurs, saliva is less able to penetrate to the enamel 

surface, and thus, its buffering and antimicrobial properties are reduced 

(Marsh and Bradshaw, 1995). This can lead to the overgrowth of acid 

producing bacteria in the presence of dietary carbohydrates. It is these acid- 

producing bacteria which are responsible for caries. Such bacteria include the 

mutans streptococci, such as Streptococcus mutans and S. sobrinus, and the 

lactobacilli such as Lactobacillus casei, L. fermentum, L. plantarum and L. 

acidophilus. Actinomyces have been associated with root surface caries 

(which may be exposed in old age), as have the mutans streptococci and 

lactobacilli (Hardie, 1992).

1.7 Subgingival plaque and periodontal disease

1.7.1 Diseases of the periodontum

Periodontal disease is a broad term describing a range of conditions that can 

be grouped into two broad categories: gingivitis and periodontitis. Jenkins and
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Allan (1994) describe gingivitis as an inflammatory response of the gingiva 

(fibrous mucosa surrounding the teeth) without destruction of periodontal 

tissues. Periodontitis is also an inflammatory condition, but results in 

degradation of the tissues that support the teeth, and this can ultimately lead 

to alveolar bone and tooth loss.

Some controversy exists as to whether periodontal diseases occur as a result 

of infection with particular periopathogenic bacteria or whether disease occurs 

due to excessive build up of non-specific subgingival plaque. What does 

appear to be clear is that certain bacteria are closely associated with the 

pathogenesis of periodontitis without necessarily being its instigators.

1.7.2 Structure of the periodontium

As mentioned previously, plaque that accumulates below the gingival margin 

is referred to as subgingival plaque. Below the gingival margin is the gingival 

crevice. This area lies between the tooth and the detached gingival tissue i.e. 

that which is not continuously joined with the tooth. The crevice is furrow

shaped and is not subject to the cleansing action of the tip of the tongue and 

the musculature of the cheeks (Miller, 1991). Excessive plaque build up, 

results in detachment of the junctional epithelium (where the tooth and 

gingival tissue interface ends) with migration down the tooth, resulting in the 

formation of a gingival pocket where the crevice once was. The gingival 

crevice is an anaerobic region and the Eh value at the site falls even lower 

(becomes more anaerobic) when a gingival pocket forms (Marsh, 1994). This 

will favour the growth of obligately anaerobic bacteria.
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The periodontal ligament is a collagenous structure which attaches the tooth 

to alveolar bone providing support during mastication (Jenkins and Allan,

1994).

The gingival crevice is bathed in gingival crevicular fluid (GCF). This is in 

contrast to supragingival sites where saliva is the predominant fluid present. 

GCF contains many of the components found in serum including, amongst 

many other materials; immunoglobulins, components of the complement 

cascade, fibrinogen, transferrin and albumin (Estreicher et al, 1996). The 

composition of GCF appears to be dependent on the degree of gingival 

inflammation. Curtis et al (1988) found that the average total protein content 

of GCF from healthy non-inflamed sites was around 22 mg/ml and that 

inflamed sites had protein concentrations in the region of 69 -74 mg/ml. This 

was consistent with protein concentrations in GCF of 70 mg/ml reported by 

Bickel et al (1985) in inflamed sites. The similarity between GCF and serum 

increases with the degree of inflammation. The flow rate of GCF is also 

increased by inflammation (Curtis et al, 1990). As indicated above, GCF 

contains most of the humoral and cellular defence mechanisms found in 

serum. However, it also contains factors that could promote bacterial growth, 

such as iron and haem-containing compounds and hormones (Marsh and 

Martin, 1992).

1.7.3 Pathogenesis of periodontal disease

Chronic gingivitis is often a prelude to the onset of periodontitis. Gingivitis is 

initiated by supragingival plaque build up. This causes inflammation of the 

gingivae and subsequent development of a subgingival flora. Excessive build
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up of this flora results in gingival pocket formation. The clinical signs of these 

processes include redness and swelling at the gingival margin and bleeding 

on probing (Jenkins and Allan, 1994). Progression to chronic periodontitis is 

diagnosed when destruction of the connective tissues surrounding the tooth 

occurs. Bone destruction is accompanied by this connective tissue loss. 

Disease appears to occur periodically with short bursts of tissue destruction 

followed by some repair and then long periods of remission (Listgarten, 1986).

1.7.4 Bacteria and periodontal disease

Gram negative anaerobic bacteria have been widely implicated in the 

pathogenesis of periodontal disease. Slots and Listgarten (1988) found that 

Porphyromonas (Bacteroides) gingivalis, Bacteroides intermedius (Prevotella 

intermedia) and Actinobaciilus actinomycetemcomitans were recovered in 

higher proportions from progressive periodontitis lesions than from quiescent 

periodontal sites i.e. sites where disease is undetectable. Listgarten and 

Hellden (1978) reported that, in health, the periodontal microflora consisted of 

95% nonmotile rods and cocci. The development of gingivitis (a frequent 

prelude to periodontitis) has been shown to be accompanied by an increase in 

motile rods and spirochaetes and a decrease in cocci (Lindhe et al 1980, 

Tempro etal 1983). In general, one sees a shift from Gram positive facultative 

organisms such as streptococci and actinomyces in healthy subgingival 

plaque to Gram negative anaerobic species, capable of tolerating and thriving 

in the oxygen-starved environment of the gingival pocket. Such anaerobic 

bacteria have been found to possess virulence factors, which not only favour 

their growth, but result in pathogenic effects. Van Winkelhoff et al (1988),
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suggest that the possession of piii for adherence to the gingival epithelium is 

an important virulence factor of P. gingivalis. This bacterium has also been 

found to possess a higher degree of resistance to phagocytosis than less 

pathogenic black-pigmented anaerobes (Sundqvist et al, 1982). Black 

pigmented bacteria such as P. gingivalis and Prevotella intermedia have been 

found to produce leukotoxic substances, such as low molecular weight fatty 

acids which inhibit polymorphonuclear leukocyte chemotaxis, thus contributing 

to evasion of the host immune response. A  actinomycetemcomitans 

possesses leukotoxic activity towards blood and gingival crevice neutrophils, 

and a lymphocyte suppressive factor (Slots and Listgarten, 1988).

1.7.5 Mechanisms of tissue destruction

Tissue damage has been attributed to both the direct effects of bacterial 

activity, and to the destructive nature of the inflammatory response in the 

presence of high numbers of bacteria. Direct damage to the host tissue has 

been proposed to be caused by the action of bacterially-produced 

collagenase (Hardie, 1992), and other enzymes such as glycylprolyl 

peptidase, hyalurondase, a trypsin-like protease and chondroitin sulphatase 

(Marsh and Martin, 1992). Other cytotoxic metabolites such as amines, 

ammonia and butyric and propionic acids may also be important (Marsh and 

Martin, 1992). Destructive host responses such as bone resorption are 

believed to be triggered by the presence of periodontal pathogens (Zambon et 

al, 1994). The host inflammatory response to bacteria can result in tissue 

damage. Cytokines, such as interleukin-1, secreted by activated 

macrophages and arachidonic acid metabolites produced by neutrophils and
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macrophages have been suggested to be involved in the destruction of 

alveolar bone (Schluger et al, 1990).

1.8 In vitro methods for biofilm study

1.8.1 Classification of biofilm models

Clearly, observations of biofilms, including dental plaque,.//?, vivo, or in situ are 

desirable when collecting information on the nature of biofilms. However, due 

to the inherent variability in natural systems, in vitro studies allowing precise 

control of experimental conditions are necessary. Such studies allow 

reproducibility of biofilms through control of factors such as nutrient 

concentration, temperature, pH and inoculum composition. Subsequent 

defined alterations of the above factors facilitate the observation of cause and 

effect relationships, through changes to the biofilm.

In a review by Brown and Gilbert (1993), in vitro biofilm studies were classified 

into the following categories; closed growth models, continuous growth 

models (non-steady state) and continuous growth models (steady state i.e. 

constant biomass). Closed growth systems have a limited nutrient supply and 

do not provide for effluent removal. These can include solid/air interfaces such 

as that of solidified media such as agar, in which the growth medium also acts 

as the substratum. This type of system has been used to determine the 

susceptibility of certain oral bacteria to chlorhexidine (an antimicrobial agent) 

and light activated drugs (Millward and Wilson, 1989, Dobson and Wilson, 

1992). Closed systems can also have a solid/liquid interface where the 

substratum may be submerged in a liquid nutrient. Non-steady state 

continuous growth models essentially produce unrestricted biofilm growth
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from planktonic continuous culture systems. Biofilm formation results from 

adherence of planktonic cells from the surrounding medium onto the 

substratum surface. The biofilms, however, are not in a steady state, as their 

increasing size will limit (or at least alter) nutrient supply. Examples of such 

systems include submerged test piece systems where the substratum is 

submerged in the continuous culture, and the ‘Robbin’s device. The latter 

consists of a tubular section through which culture effluent, a mid-log phase, 

or the effluent from a continuous steady state culture, can be fed. The tubing 

contains circular test pieces in its inner wall on which biofilms form. The test 

pieces can be removed from the system for analysis at desired time intervals 

without interruption to the flow. This system has been used for the modelling 

of biofouling of tubular flow systems, such as heat exchangers and waste 

water pipes (Brown and Gilbert, 1993), and in a modified ‘Robin’s device’ for 

the modelling of soft tissue infections and indwelling medical devices (Nickel 

et al. 1985, Evans and Holmes, 1987). A problem with these systems, 

however, is that biofilm growth rates alter with time, due to the nutrient supply 

alterations described above. In investigations where antimicrobials are applied 

to the biofilms, it is not possible to differentiate between effects resulting from 

the biofilm mode of growth perse, and bacterial growth rate effects.

Steady state in vitro biofilm systems overcome the problem of growth rate 

variations. The Constant-Depth Film Fermenter (CDFF) provides one such 

system. This apparatus was first described by Peters and Wimpenny in 1988.

1.8.2 The Constant - Depth Film Fermenter
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The CDFF has been used as a model for producing oral biofilms under 

conditions similar to those found in the oral cavity. Biofilm growth is on a solid 

substratum with nutrients being provided from a thin film of liquid, continually 

replenished, trickling over the surface of the biofilm (Wilson, 1996). In 

addition, the biofilms are continually subjected to the action of shear forces in 

the form of a scraper blade, mimicking the effects of mastication and tongue 

action.

The CDFF consists of a cylindrical glass chamber sealed by stainless steel 

end plates. Housed within this vessel is a stainless steel turntable into which 

are inserted fifteen polytetrafluoroethylene (PTFE) pans. These pans hold five 

cylindrical PTFE plugs of 5mm diameter, on top of which are placed disks of 

the desired substrata e.g. hydroxyapatite or Bioglass. The disks are recessed 

to a specific depth, usually 300|im, which is the approximate thickness of 

smooth surface plaque in man (Sissons, 1997). A PTFE scraper blade is 

situated above the rotating turntable, which serves to distribute medium over 

the surface of the disks. This also dictates the depth of the biofilm by 

constantly shaving the upper-most layer. The upper end plate contains ports 

allowing entry of an inoculum, sterile medium and gas to the vessel. A sample 

port for aseptic pan removal is also present. Medium is trickled onto the 

rotating turntable and hence, by action of the scraper blade, onto the disk 

surface, allowing bacterial growth. The bottom end plate contains a port for 

effluent drainage and has a site for attachment of a motor to drive the 

turntable.

Large volumes of sterile medium, commonly artificial saliva, can be pumped 

into the vessel by means of a peristaltic pump. Glass fibre air filters are
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attached to one port to allow for a sterile aerobic atmosphere. A gas cylinder 

can be connected to provide an anaerobic atmosphere (first done in this 

study). The CDFF is temperature-controlled by housing in an incubator and is 

sterilised by autoclaving.

Wilson (1996) describes some advantages of the CDFF. These include its 

ability to produce many replicates, hence facilitating good statistical analyses. 

It allows intermittent pulsing of nutrients or antimicrobial agents so enabling 

mimicking of both eating and medicinal intake. Biofilms can be grown over a 

long period and sampled at desired time intervals and multiple substrata can 

be compared within one experiment and can be pre-treated with antimicrobial 

agents prior to the commencement of a run. In addition it can be used to 

model both aerobic and anaerobic environments. The control of the biofilm 

depth ensures that nutrient transport processes remain constant once a 

steady state has been reached.

1.8.3 Bioglass as a model for calcified tissue

Dental plaque studies carried out in vitro have often relied on the use of 

synthetic hydroxyapatite as a model for the enamel tooth surface e.g. Pratten 

et al (1998), Marsh et al, (1994). Bulk Bioglass, however, has an important 

advantage over synthetic HA when used for this purpose. The composition of 

calcified tissues such as enamel, dentine and bone differs significantly from 

synthetic HA. These tissues are composed of HCA (often referred to as 

biological apatite). Synthetic HA in its initial implanted state or in vitro is not 

composed of HCA. Biological apatites are usually calcium-deficient and are 

always carbonate substituted (Cao and Hench, 1996). Large microstructural
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differences exist between biological HCA apatite and synthetic HA, the latter 

being isotropic and having much larger grain size (Cao and Hench, 1996). 

Synthetic HA implanted in vivo, very slow undergoes acidic dissolution to form 

biological apatite on its surface. Bioglass, however, very rapidly forms an HCA 

layer in vitro in an aqueous solution, and in vivo when exposed to body fluids. 

The similarity between the surface of Bioglass in an aqueous environment in 

vitro, to that of calcified tissues such as enamel, suggests that Bioglass is a 

superior model for the tooth surface than synthetic HA.

1.9 Dental implant infections

The study of dental implant infections has been relatively limited and largely 

restricted to osseointegrated titanium implants. Such implants serve as 

abutments in the endentulous or partially endentulous mouth (Mombelli et al, 

1987). While the examples of dental implant infections below are restricted to 

titanium implants, it is expected that osseointegrated bioactive glasses would 

encounter very similar conditions, as they are also implanted periodontally. 

Dental implant infections bare many similarities to periodontal disease. As 

with periodontal disease, some doubt remains as to whether the bacteria 

associated with implant infections are actually responsible for the aetiology of 

disease and implant failure.

The clinical signs of implant failure are very similar to those associated with 

periodontally-diseased teeth. Such signs include; tissue inflammation, 

bleeding on probing, suppuration (pus formation), pain, mobility, increased 

probing depth and radiographic evidence of bone loss (Sbordone et al, 1995). 

Reasons for implant failure include improper surgical technique, premature
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implant loading (excessive stress on the implant), and trauma from occlusion 

(Becker et al, 1990). It is unclear whether bacterial infection can be included 

as a direct cause of implant failure. However, workers have found that 

bacterial populations are considerably different around healthy and failing 

implants. Using direct phase-contrast microscopy, Rams et al (1984) found 

significantly higher levels of spirochaetes and crevicular polymorphonuclear 

leukocytes in subgingival plaque from failing implants compared to healthy 

implants. Mombelli et al, (1987) investigated the microbiota in patients with 

healthy and failing oral endosteal titanium hollow cylinder implants. 

Successful implants were from patients who had possessed the implants for 

more than one year, with a maximum probing depth of 5 mm, no suppuration 

or implant mobility. Implants with surrounding pocket depths of more than 6 

mm, or showing alveolar bone loss from radiographic images or displaying 

suppuration were deemed to be unsuccessful. Sampling was performed in 

healthy and diseased implant sites in the same patients (all of whom 

possessed unsuccessful implants), and also in healthy sites in patients with 

successful implants. The unsuccessful sites were found to harbour 

populations of Gram-negative anaerobic rods. Black-pigmented bacteria such 

as Bacteroides species were found in much higher numbers than in healthy 

sites and these bacteria have been implicated in the pathogenesis of 

periodontal disease. Fusobacterium species and spirochaetes were also 

found in higher proportions than in healthy sites. The healthy control sites in 

patients with successful and failing implants, had very similar subgingival 

plaque populations. The overall bacterial populations from these sites were 

smaller and were dominated by coccoid cells. Fusiform bacteria, and motile
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and curved rods, were found infrequently and in low numbers. The workers 

concluded that, since the microbiota of healthy and failing sites differed within 

the same patient, perimplantitis was site-specific i.e. failing implants contained 

a distinct microflora.

Sbordone et a /(1995), investigating periodontopathic bacteria associated with 

failing implants found that more 50% of the total morphotypes from failing 

implants consisted of rods, fusiforms and spirochetes. Cultural analyses 

revealed high percentages of Gram-negative anaerobic rods. The most 

prevalent suspected periodontopathogens in the subgingival microflora were 

F. nucleatum, P. gingivalis and P. intermedia.

1.10 Antibacterial properties of implant materials

The ability of an implant material to resist bacterial attachment or to inhibit the 

proliferation of bacteria on its surface, would be of great benefit to its chances 

of integration with host tissue. Bioactive glasses, in addition to possessing 

osteoconductive and osteoproductive qualities, appear to have inherent 

antibacterial properties. Stoor et al (1998) examined the bioactive glass 

S53P4 (composition 53% SiC>2, 23% Na20, 20% CaO and 4% P2O5) for 

antibacterial activity. These workers found that this bioactive glass in its 

powdered form, exerted an antibacterial effect against a wide range of oral 

bacteria, including both supra and subgingival organisms.

Other dental implant materials have been examined for antibacterial activity. 

Amalgam is used in tooth restoration following decay. It has been reported 

that 68% of amalgam restorations require replacement because of recurrent 

caries (Richardson and Boyd, 1973), thus, antibacterial activity from this
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material would be desirable. Several workers have reported that amalgam has 

antibacterial properties (Glassman and Miller, 1984; Leondhart and Dahlen,

1995). The former workers showed zones of inhibition around amalgam 

cylinders on agar plates inoculated with several oral bacteria including S. 

sanguis and S. mutans.

Other workers have had mixed success when developing antibacterial 

materials. Imazato et al (1995) developed a monomer, 

methacryloyloxydodecylpyridinium (MDPB), that had antibacterial activity 

against S. mutans when in water-soluble form. The active agent in the 

material was dodecylpyridinium bromide. However, when this material was 

bound within a resin matrix, rendering it insoluble, it did not show any 

antibacterial activity, at the concentrations tested. However, adhesion assays 

showed reduced attachment of S. oralis, S. mitis and S. sanguis compared to 

controls without the agent.

1.11 Microbial interactions with Bioglass

Implants in the periodontal region are a potential site for microbial 

colonisation. Consequently, it is important to assess the ability of oral bacteria 

to adhere to, and form biofilms on, these materials. By virtue of the reactions 

which occur at its surface, Bioglass may have the potential to exert an 

antibacterial effect on potential colonisers. Bioglass therefore, may be an 

implant material inhibitory to colonisation by bacteria. The aims of this project, 

therefore, were to examine adhesion and biofilm formation of oral bacteria on 

45S5 Bioglass, and to determine whether the surface reactions of Bioglass 

elicit an antibacterial effect.
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Chapter 2

Materials and methods
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2.1 Organisms

2.1.1 CDFF work

For single species experiments, the bacterium Streptococcus sanguis NCTC 

10904 was used.

For multispecies experiments, under both aerobic and anaerobic conditions, 

an inoculum of pooled human saliva was used. Samples from 10 individuals 

were deposited in sterile plastic universals, pooled and then mixed thoroughly 

before being aliquoted into 1 ml volumes in sterile cryotubes (Nunc) and 

frozen at -70 °C.

2.1.2 Antibacterial particulate studies

For supragingival studies, the following bacteria were used; Streptococcus 

sanguis NCTC 10904, Streptococcus mutans NCTC 10449 and Actinomyces 

viscosus NCTC 10951.

For studies on subgingival bacteria, the following organisms were used; 

Porphyromonas gingivalis w50, Fusobacterium nucleatum ATCC 51190, 

Prevotella intermedia (clinical isolate, strain DS102) and Actinobaciilus 

actinomycetemcomitans NCTC 9710.

2.1.3 Flow cell studies

All flow cell studies were performed with Streptococcus sanguis NCTC 10904.

2.2 Bacteriological media and other materials

Bacteriological broths and agars, and animal blood products, were supplied 

by Unipath Limited (Oxoid), Basingstoke, Hampshire, U.K, with the exception
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of Mitis salivarius agar and Veillonella agar which were obtained from Becton 

Dickinson (formerly Difco Limited), Oxford, U.K.

Chemicals, antibiotics and porcine gastric mucin were supplied by the Sigma 

Chemical Company Limited, Poole, U.K, unless otherwise stated.

2.2.1 BM broth

In the experiments examining bacterial viability in the presence of particulate 

Bioglass, subgingival anaerobic bacteria were grown in Bacteroides medium 

(BM broth).

Table 2.1 Composition of BM 

Proteose peptone 

Yeast extract 

Trypticase peptone 

Potassium chloride 

Cysteine hydrochloride

2.2.2 Artificial saliva 

Under aerobic conditions, an artificial saliva was used as the nutrient source 

in experiments with the constant-depth film fermenter (CDFF). Its composition 

was based on the work of Russell and Coulter (1975) and Shellis (1978). This 

medium was also used in the antibacterial particulate studies (section 2.4.2). 

The medium was sterilised by autoclaving at 121°C for 15 minutes.

broth (g/L in dH20) 

10

5.0

5.0 

2.5 

0.5
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Table 2.2 Composition of artificial saliva (g/L)

Lab-lemco! 1.0

Yeast extract 2.0

Proteose peptone 5.0

Mucin Type III* 2.5

Sodium chloride 0.35

Calcium chloride 0.2

Potassium chloride 0.2

* Partially purified from porcine stomach. Obtained by the method of Glenister 

et al (1988), for use in complex growth media for dental plaque bacteria.

For an 8 litre volume, 12.5ml of 40% filter-sterilised urea was added following 

autoclaving.

2.2.3 Artificial gingival crevicular fluid

In anaerobic experiments with the CDFF, a growth medium designed to 

approximate the subgingival environment was used. This novel medium was 

an artificial gingival crevicular fluid and consisted of 40% horse serum (not 

heat-inactivated) in RPMI medium (with L-glutamine, without phenol red). 

RPMI medium is commonly used to grow eukaryotic cells in tissue culture 

thus, it has a composition compatible with body fluids. The serum-containing 

medium was also used in the antibacterial particulate studies (section 2.4.2).
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2.2.4 Cadmium fluoride acriflavin tellurite (CFAT) agar for Actinomyces spp. 

Actinomyces species were isolated from multispecies biofilms by growth on 

CFAT agar plates and identified by Gram staining and colony morphology.

Table 2.3 Composition of CFAT aaar (units/L

Tryptone Soya broth 30 g

Agar technical (no. 3) 15 g

Glucose 5g

Sheep blood 50 ml

Cadmium sulphate 13 mg

Neutral acriflavin 1.2 mg

Potassium tellurite 2.5 mg

Basic fuschin 0.25 mg

2.2.5 Disks and particulates

Bioglass disks (5 mm diameter, 3 pm surface finish) and particulates (90-710 

pm and 355-500 pm diameter grain size) were obtained from US Biomaterials 

Co (USA). Hydroxyapatite disks of 5 mm diameter were obtained from 

Biointerfaces Co (USA). Glass particulates of 455-600 pm grain size were 

obtained from Sigma Chemical Company Limited, Poole, U.K.

2.3 Use of the Constant Depth Film Fermenter

2.3.1 General description

The CDFF was described in section 1.8.2. The CDFF allows growth of 

bacterial biofilms under carefully-controlled conditions in an environment
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which shares many similarities to that of the human mouth. The device was 

described by Peters and Wimpenny in 1988. The CDFF used for this study 

was produced by John Parry-Jones Engineering, Cardiff.

Image 2.1 Constant-depth film fermenter (CDFF)

78



Figure 2.1 CDFF schematic (vertical section)
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2.3.2 CDFF operating conditions

In this investigation, the experiments were initially carried out on solid 

substrata in the form of 5 mm diameter disks. In addition, experiments were 

also carried out using particulate substrata recessed to a depth of 100 pm on 

PTFE plugs. The methodology in these experiments was broadly similar to 

that of the experiments using disk substrata and any differences will be
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described in detail in subsequent chapters. The methodology below refers to 

experiments on solid disk substrata.

The following conditions apply to the formation of single species S. sanguis 

biofilms under aerobic conditions, which will be further described in the next 

chapter. The inoculum, gaseous conditions, medium composition, medium 

flow rate, type of substratum and substratum depth were subsequently altered 

according to the requirements of particular experiments. All such alterations 

are detailed in subsequent chapters.

Fermenter assembly

The CDFF was sealed to prevent liquid leakage or intrusion by application of 

silicon grease to PTFE seals on the upper and lower end plates. Silicone 

tubing (Merk/BDH) was used to connect the CDFF to the medium supply and 

to the inoculation flask, and to connect the CDFF to the effluent bottle. This 

tubing was used because it is flexible, durable, non-toxic, capable of 

withstanding autoclaving and can be inspected for contamination. The tubing 

internal diameters were 5 mm and 2 mm and were connected by 

polypropylene connectors (Merk/BDH) where necessary. Specially reinforced 

pump tubing of 0.8 mm internal diameter (Watson-Marlow Ltd.) was 

necessary to facilitate medium flow via the peristaltic pump. Attachment of the 

tubing to the CDFF and medium bottles and flasks, was facilitated by quick 

disconnect fittings (Nalgene).

Medium flow was controlled by a variable speed peristaltic pump (Watson- 

Marlow Ltd). The pump was situated between the medium reservoir and the 

CDFF. Two glass grow-back traps (Hampshire glassware Co., Southampton, 

U.K.) were situated between the sterile medium reservoir and the peristaltic
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pump as a means of preventing contamination of the sterile medium. The 

medium flow rate used for work modelling supragingival plaque was 0.5 ml 

per minute, estimated to be the mean salivary flow rate in man (Guyton, 1992, 

Lamb etal, 1991).

Glass fibre air filters (0.2 pm) (Whatman Hepacap) were attached to silicone 

tubing on the gas entry port to allow perfusion of sterile air into the fermenter. 

A 15 volt motor (BBH Power Products) powered the rotating turntable. 

Rotation was at a speed of 3 revolutions per minute (rpm).

The CDFF contained up to fifteen PTFE pans, containing five Bioglass disks 

of 3 pm finish or five HA disks, which were recessed to a depth of 300 pm.

The CDFF was temperature-controlled by housing in an incubator. In all 

experiments in this study, the incubator temperature was 37°C.

CDFF sterilisation

In all experiments, the CDFF was sterilised by autoclaving at 121°C for 15 

minutes. Inoculation of the CDFF in Bioglass experiments was done precisely 

3 hours after the onset of autoclaving in order to minimise the exposure of 

Bioglass to moisture prior to the experiment.

Inoculation of the CDFF

In initial experiments, single species runs were carried out using S. sanguis. A 

frozen vial of S. sanguis (stored at -70°C) was allowed to thaw at room 

temperature and was inoculated into a universal containing 10 ml of nutrient 

broth. This was incubated overnight at 37°C and aseptically poured into a 

flask containing a 2 litre volume of artificial saliva. This flask was then placed 

at 37°C and connected to the CDFF via a peristaltic pump. The contents of 

the flask were then pumped into the fermenter at a rate of 0.5 ml per minute
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for 24 hours. The inoculum was recirculated back into the inoculum flask by 

passing through one branch of a ‘Y’ connection on the effluent port on the 

base plate, while the effluent branch was clamped off. To facilitate this 

process, the air filters on the inoculum flask were clamped off, causing liquid 

to be drawn out of the fermenter back into the flask.

Medium reservoir flow

After 24 hours, the inoculum flask was disconnected and an 8 litre volume of 

sterile artificial saliva connected and pumped into the CDFF at a rate of 0.5 ml 

per minute. The effluent tubing was unclamped and the fermenter effluent 

allowed to flow into a pre-sterilised 10 litre bottle.

Sampling

Pans were removed at the desired time intervals by use of a specially- 

designed stainless steel sampling tool. This was sterilised by wrapping in 

aluminium foil and autoclaving at 135°C (Little Sister). The turntable was 

stopped when the desired pan was directly underneath the sampling port. The 

port was flamed after immersing in Industrial Methylated Spirits (IMS) and the 

lid unscrewed and placed on an alcohol-containing tissue (Azowipe). The 

sample tool was then inserted into the fermenter and screwed into a pan. The 

pan was then removed and the entry port lid replaced. The plugs were pushed 

up through the pans allowing access to the biofilm-containing disks on the 

plug surface. The disks were then removed by sterile forceps for biofilm 

analyses.
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2.3.3 Biofilm analyses

The following section describes the analytical procedures used in both single 

and multispecies aerobic runs and multispecies anaerobic runs.

Viable counts

Disks were removed from the pans using sterile forceps and placed in 10 ml 

artificial saliva or 10 ml BM broth in aerobic and anaerobic experiments 

respectively. The universals were then vortexed for 1 minute to disrupt the 

biofilms. Serial dilutions were then carried out in phosphate buffered saline 

and BM broth for aerobic and anaerobic experiments respectively. BM broth 

was chosen as it contains reducing agents, such as cysteine, which help 

prevent the killing of anaerobic bacteria by oxygen. Volumes of 25 pi were 

then dispensed in quadruplicate on agar plates for viable counting.

For single species experiments with S. sanguis, Tryptone soya agar (TSA) 

plates were used. The plates were incubated anaerobically for 48 hours at 

37°C.

A variety of selective agars were used for the multispecies experiments. The 

total aerobic and facultative aerobic count was obtained by plating onto blood 

agar (Blood agar no.2 with 7% horse blood) and incubating aerobically for 4 

days at 37°C. The total anaerobic count was obtained by plating onto blood 

agar (Blood agar no.2 with 7% horse blood) and incubating anaerobically for 4 

days at 37°C. Streptococcal species were enumerated by plating onto Mitis 

salivarius agar, Actinomyces spp. by plating onto CFAT agar plates and 

Veillonella spp. by plating onto Veillonella agar with 7.5 pg per litre 

vancomycin. All were incubated anaerobically for 4 days at 37°C. The total 

Gram negative anaerobe count was determined by plating onto Wilkins -
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Chalgrene agar with GN (Gram negative) anaerobe supplement and 

incubating anaerobically for 10 days at 37°C.

Crvosectioninq

The cryosectioning methodology was a modification of the work of Kinniment 

(1994). Cryosectioning was performed in the multispecies experiments and 

involved cutting horizontal frozen sections of the biofilms. Viable counting of 

these isolated sections was then carried out.

At the desired time point, PTFE pans containing either Bioglass or 

hydroxyapatite disks were aseptically removed and placed in 5 ml of 25% 

dextran solution in artificial saliva for 2 hours. The pans were then placed at - 

70°C, thus freezing the biofilms to facilitate sectioning. Disks were then 

removed from the plugs and secured to stainless steel chucks by fixing in 

OCT embedding compound (Raymond A. Lamb, London, UK), which 

solidified on contact with the frozen disks. The biofilms were then completely 

embedded in OCT solution and placed at -70°C for 20 minutes to ensure 

solidification of the OCT. The chuck was then secured to the cryostat (OTF, 

Bright Instrument Company Ltd, Huntingdon, UK) and 30 pm sections cut and 

placed in universals with cooled forceps for freezing at -70°C. For viable 

counting, the sections were thawed and immersed in 1 ml BM broth and 

vortexed for 1 minute and processed as above. 

pH measurements

Disks were placed biofilm side down onto a pH meter (pH Boy - P2, 

(Shindengen Electric MFG. Co.) and the pH values recorded.
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Transmission electron microscopy

Biofilms and substrata were fixed in 3% glutaraldehyde, 0.2% ruthenium red 

in 0.1 M sodium cacodylate buffer at 4°C overnight. The specimens were then 

post-fixed in 1% osmium tetroxide at 4°C for 2h followed by dehydration in a 

graded series of alcohol concentrations (20-100%, 15 minutes application 

time). The specimens were then embedded in araldite CY212 and 90-100 nm 

sections cut. The biofilms were stained with lead citrate and uranyl acetate, 

and viewed with a Jeol 100 CX transmission electron microscope.

Scanning electron microscopy

Biofilms and substrata were fixed in 3% glutaraldehyde in 0.1M sodium 

cacodylate buffer at 4°C overnight. The specimens were then post-fixed as 

above in a graded series of alcohol concentrations (20-100%, 15 minutes 

application time). The specimens were then rinsed 3 times (10 minutes per 

rinse) in 100% acetone. The samples were then immersed in 

hexadimethylsilane for 1-2 minutes and left to dry in a dessicator. The 

specimens were viewed with a Cambridge 90B Stereoscan electron 

microscope.

Vital staining

This was carried out as described in section 2.6.2.

2.4 Antibacterial activity of Bioglass

2.4.1 Antibacterial particulate studies

Particulate Bioglass with grain size ranges of 90 -  710 pm and 355 -  500 pm 

was used for viability studies on supragingival and subgingival
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microorganisms respectively. For the subgingival studies, particulate glass of 

grain sizes 455 - 600 pm (Sigma) was used as an additional control.

2.4.2 Bacterial cultivation

For the supragingival studies, Streptococcus sanguis, Streptococcus mutans 

and Actinomyces viscosus were grown aerobically for 24 hours in nutrient 

broth at 37°C to 106 -  107 CFU per ml. One ml volumes of the cultures were 

then centrifuged at 8000 rpm for 10 minutes, washed once and resuspended 

in 1 ml nutrient broth, artificial saliva or Dulbecco’s Modified Eagle Medium 

(with sodium glutamate, without L-glutamine) (DMEM) (GibcoBrl) with 10% 

foetal calf serum (FCS) (GibcoBrl).

For the subgingival studies, Actinobacillus actinomycetemcomitans, 

Porphyromonas gingivalis, Fusobacterium nucieatum and Prevotella 

intermedia were grown in BM broth anaerobically at 37°C for 48 hours. For 

the experiments simulating gingival crevicular fluid, the cultures were 

centrifuged at 10000 rpm for 10 minutes, washed once and resuspended in 1 

ml 40% horse serum in RPMI (without phenol red, with L-glutamine).

2.4.3 Incubation of cultures with Bioglass 

Experiments with supragingival bacteria

The cultures in nutrient broth, artificial saliva or DMEM + 10% FCS were 

dispensed in 50 pi volumes into cryotubes (Nunc) containing 0.05 g 

particulate Bioglass (90 - 710 pm). Control tubes contained no particulates. 

The cultures were then incubated aerobically for 1 or 3 hours at 37°C. 

Following incubation, 950 pi of sterile phosphate buffered saline (PBS)

86



(Oxoid) was added to each tube to facilitate viable counting. The samples 

were then vortexed for 1 minute to dislodge adherent bacteria. Viable counts 

were performed by serial dilution in PBS and plating onto TSA plates with 

anaerobic incubation for 48 hours at 37°C. Resultant colonies were counted 

and the viable bacteria expressed as total colony forming units.

Experiments with subgingival bacteria

The cultures in BM broth or 40% horse serum in RPMI were dispensed in 50 

pi volumes into cryotubes containing 0.1 g particulate Bioglass (355 -  500 

pm), or 0.1 g glass beads (455 -  600 pm), or no beads. The cultures were 

then incubated anaerobically for 1 hour at 37°C. Samples were vortexed as 

above and serially diluted in BM broth before plating onto blood agar plates 

(Blood Agar No. 2, Oxoid, 7% defibrinated horse blood, Oxoid). Plates were 

incubated anaerobically for 10 days (2 days for A. actinomycetemcomitans) at 

37°C.

2.4.4 The antibacterial properties of Bioglass supernates 

Universals containing 5g of particulate Bioglass (355 - 500 pm), 5g glass 

particulates (455 - 600 pm) or no particulates were sterilised by rapid 

autoclaving 135°C for 5 minutes (Little Sister). 10 ml of sterile nutrient broth 

was then added and the contents mixed on a multi-axle rotator (Denley A257) 

for 1 hour at 37°C. The choice of 5g and 10 ml for particulates and media 

respectively was to allow recovery of adequate volumes of supernate 

following mixing. Following the 1 hour incubation period, 950 pi volumes of the 

supernates were removed and added to cryotubes containing 50 pi volumes 

of an overnight culture of S. sanguis. The Bioglass supernate-containing
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cultures were then incubated aerobically for 1 hour at 37°C. The cultures were 

then serially diluted in nutrient broth, plated onto Tryptone Soya Agar plates 

and incubated aerobically at 37°C for 48 hours. All variables were tested in 

triplicate.

2.4.5 Bulk Bioglass

The antibacterial activity of bulk Bioglass was investigated by measuring the 

ATP content of bacteria on its surface. This was done using a device called a 

Bioprobe (Hughes Whitlock Ltd, Gwent, U.K). The ATP content gave an 

assessment of the viability of bacteria as only living organisms produce ATP. 

The Bioprobe was used in conjunction with a two-step cell treatment process. 

The cells were first treated with an extractant solution containing a mixture of 

detergents that acts to lyse cell walls, free available ATP and inactivate 

associated cell apyrases. An enzyme cocktail of luciferase (extracted from 

fireflies) and 5% luciferin in buffer, was then added. The enzymes react with 

ATP to produce one photon of light for every molecule of ATP. The Bioprobe 

contains a light measurement unit that quantifies this reaction. The device 

contains a rubber seal that covers the sample to prevent extraneous light from 

interfering with the measurement.

2.5 Flow cell studies

Flow cell development, including the chamber design and culture conditions, 

was a gradual process in which each system was tested in a series of small 

experiments. The final design, used in Bioglass adhesion studies, is described 

below.
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2.5.1 Flow cell design

Bioglass and glass (Pyrex) disks were housed, in parallel, on the flow cell 

base by polymerisation of denture repair resin around the disks in a moulded 

chamber. The base mould was formed from two types of moulding putty. The 

outer layer of the chamber consisted of polyvinylsiloxan, dispensed using a 

Coltene President Jet, and then formed by hand, into a rectangular shape. 

This quickly set, forming a flexible rubber-like material. Into this mould, was 

placed a vinyl siloxan impression material (Doric snap set putty) of smoother 

finish. A glass slide block consisting of five microscope slides (Select Micro 

Slides, 76x26 mm, 1.0/1.2 mm thick, Chance Propper Ltd.) glued together, 

was pushed into this putty which, on setting, formed a sharply-defined 

rectangular mould. The disks were embedded in this chamber by placing 

them face down (i.e. surface of interest side down), 1 mm apart, in the centre 

of the mould, and immersing them in a polymethyl methacrylate denture repair 

solution (Rapid Repair, liquid and powder, Dentsply Ltd, Weybridge, U.K). 

Liquid was prevented from encroaching onto the disk surfaces by applying 

pressure on the top side of the disks with forceps. Upon setting of the 

polymer, a rectangular shaped mould was formed, housing two disks in 

parallel to act as the flow cell base. The underside of the base was polished 

with silicon carbide grit paper of 200 pm finish, to facilitate light entry through 

the underside of the flow cell from the microscope stage. Four rubber stands 

were glued onto the base to provide stability on the microscope stage.

The overlying flow chamber was created by gluing three microscopes slides 

together. Two were placed in parallel along the length of the flow cell base, 

with a 13 mm gap between them, forming a channel along the flow cell.

89



Another slide was placed centrally on top of these slides to seal the central 

channel. The disks on the flow cell base were positioned 1 mm from the 

channel walls. The flow cell dimensions were 76 x 26 x 1.1 mm (I x w x h). 

Silicon tubing of 2 mm internal bore diameter was inserted at either end of the 

flow cell channel to facilitate liquid flow. The flow cell was made watertight by 

sealing with silicon-based glue (Dow Corning) along all the edges and at the 

tubing connection sites. Liquid was sucked through the flow cell by the action 

of a peristaltic pump downstream from the flow cell. It was important to 

position the pump distai to the flow cell to reduce water pressure on the flow 

cell seals.

Figure 2.2 Flow cell design

glass slides

polymethyl
methacrylate

base
silicon tubing disk surface

90



Image 2.2 Complete flow cell set up
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Image 2.3 Flow cell on microscope stage
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2.5.2 Preparation of disks

Bioglass disks and Pyrex disks, both of 3 pm finish, were used. In addition, 

Bioglass disks with a hydroxy carbonate apatite (HCA) layer were also 

examined. The HCA layer was produced by immersing Bioglass disks (5 mm 

diameter) in 8.6 ml Tris (pH 7.25) for 24 hours at 37°C with shaking (SAA/ 

ratio of 0.1). Following this incubation, the disks were rinsed in acetone to 

prevent the reaction from progressing.

2.5.3 Culture conditions

The flow cell influent consisted of a steady stream of biofilm-derived cells. 

These cells were grown on glass beads (710-1180 pm), packed into 3 m of 

coiled 5 mm diameter silicon tubing. This device was called the glass-packed 

tubing device (GPT) (first designed by Embleton et a/, 1998) and was housed 

in a water bath at 37°C. To inoculate the GPT, one litre of Tryptone Soya 

Broth was inoculated with 10 ml of an overnight culture of S. sanguis and 

incubated for 24 hours at 37°C. The purity of this culture was tested by 

pumping a volume of the culture into one half of a ‘Y’ branch tubing section. 

The tubing was cut, clamped off, and some of the liquid drawn into a pipette to 

check for culture purity using the Gram stain method. The culture was then 

pumped into the GPT for 4 hours at maximum speed. The GPT was then 

connected to an 8 litre reservoir of sterile artificial saliva, which was pumped 

in at a rate of 0.5 ml per minute. This allowed growth of S. sanguis as a 

biofilm on the glass beads with a steady detachment rate. The GPT effluent 

therefore provided the flow cell with a steady stream of biofilm-derived cells. 

An additional branch of tubing was present allowing the GPT effluent to flow
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directly into a 10 litre effluent bottle, bypassing the flow cell, when an 

experiment was not taking place. The flow cell effluent was drained into a 3 

litre flask.

2.5.4 Experimental procedure

Flow cells and tubing were disinfected by pumping through alcohol (IMS) 

(Industrial Methylated Spirits) for 5 minutes and then rinsing with artificial 

saliva salts (0.2g/l CaCh, 0.2g/l KCI, 0.83g/l NaCI) for 10 minutes. The GPT 

was then connected and the inoculum pumped over the flow cell for 1, 4 and 

24 hours and bacterial adhesion to the desired substrata recorded by a 

camera attached to the microscope. The flow rate in the flow cells was 

increased to the maximum rate for a 10 minute period prior to each 

attachment measurement, to remove sedimented, non-adherent cells. This 

also served to eliminate planktonic cells from the image during film exposure. 

Photographs were taken at each time point (4 for each substratum). These 

were then scanned into a computer and analysed using the Scion Image 

software package.

2.5.5 Image analysis

Developed photographs of microscope images were scanned into computer 

files using a Scan Jet (Hewlett Packard), into the software package DeskScan 

2. The image was scanned as a sharpened black and white image and saved 

as a ‘tif file on the ‘a’ drive. This file was then imported into the image 

analysis package, Scion Image (based on NIH image for Mackintosh).
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Depending on the quality of the individual images, some or all of the following 

manipulations were carried out >

1) The image was sharpened to enhance the outline of the bacterial cells.

2) The image was then inverted to show cells as light on a dark background.

3) Enhancing the contrast was occasionally performed to further differentiate 

the cells from background...............................................................................

4) By choosing the option threshold, the image was converted to solely black 

and white.

Each non-threshold image consisted of pixels (dots that make up the image) 

which had a specific gray value (degree of light or darkness) ranging from 1 to 

256. The threshold value converts all those below to white and all those 

above to black. By altering the threshold at which details become either white 

or black, and comparing with the original image, the bacterial cells were 

converted to white on a black background. Any non-cellular white background 

could be erased by ‘painting’ black. By calculating the sum of the values of the 

white pixels and dividing by the total value of pixels of the entire image, the 

surface coverage of white (bacterial cells) was obtained. This was done by 

exporting the data from a histogram of the threshold image into Microsoft 

Excel. The histogram showed the distribution of the pixels within the range of 

256 gray values.

2.6 Microscopy

2.6.1 Light microscopy

All light microscopy, including flow cell studies and Gram staining, was carried 

out using a Leitz microscope (Wetzlar, Germany).
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2.6.2 Vital staining

The Baclight live/dead viability kit (Molecular Probes Inc. Eugene, USA) was 

used as a fluorescent bacterial viability indicator throughout this study. This is 

a two component system comprising of component A, which contains 1.67 

mM SYTO 9 dye and 1.67 mM propidium iodide in anhydrous 

dimethylsulphoxide (DMSO), and component B which contains 1.67 mM 

SYTO 9 dye and 18.3 mM propidium iodide in anhydrous DMSO. SYTO 9 is a 

fluorescent nucleic acid stain which labels bacteria with both damaged and 

undamaged membranes green. Propidium iodide is a red fluorescent nucleic 

acid stain which only penetrates cells with damaged membranes. In addition, 

propidium iodide causes a reduction in SYTO 9 fluorescence when both dyes 

are present. When components A and B of the Baclight kit are added in equal 

volumes, cells with intact membranes stain green, and cells with damaged 

membranes stain red, when viewed using fluorescence microscopy.

The volumes of components A and B added, and the treatment of cells prior 

to staining, will be specified for each experiment in the appropriate chapters. 

All cells were viewed under blue fluorescent light on a Leitz microscope 

(Wetzlar, Germany).

2.6.3 Photography

Photographs were taken of samples under the microscope using a Wild 

Photoautomat MPS551 (Heerbrugg, Switzerland) photography unit. The 

photographic film used was 35 mm Kodak 400.
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2.7 Figures

Where present, ail error bars on figures represented the standard deviation.
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Chapter 3

Biofilm formation by the primary plaque-forming 

bacterium, Streptococcus sanguis, on Bioglass and 

hydroxyapatite substrata
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3.1 Aim

Streptococcus sanguis is one of the first bacteria to adhere to a cleaned tooth 

surface. It has also been found to be a common constituent of both the supra- 

and subgingival plaque associated with permucosal implants in endentulous 

patients (Nakou et al, 1987). It was decided, therefore, to examine the biofilm 

formation of S. sanguis on Bioglass and hydroxyapatite, as both these 

materials have been used in periodontal applications, such as in the filling of 

vacant tooth sockets (Zamet et al, 1997). Of particular interest, was whether 

differences in the viability of the biofilms formed on these materials existed.

3.2 Materials and methods

3.2.1 Experimental set up

The inoculation procedure, CDFF operating conditions and sampling method 

are described in section 2.3.2. The biofilm analyses are described in section

2.3.3. In these experiments, artificial saliva (AS) and nutrient broth (NB) were 

used as growth media. AS was chosen to mimic the conditions found around 

the supragingival portion of a dental implant. Nutrient broth is a simple 

bacterial growth medium.

3.2.2 Preliminary experiments

Numerous attempts were made to carry out CDFF runs without autoclaving of 

the disks. This would have been preferable as the Bioglass disks would not 

have been in contact with moisture prior to inoculation of the fermenter. This 

was attempted by autoclaving the CDFF and pans separately. The disks were 

sterilised by immersing in acetone, and recessed into the pans in a level 2 

sterile flow cabinet. The pans were also recessed into the CDFF in the flow
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cabinet. The remainder of the experimental procedure was carried out as 

above.

In other preliminary experiments, the growth of S. sanguis on autoclaved HA 

disks was observed (data not shown). Scanning electron microscopy was 

carried out on these biofilms according to the method described in section

2.3.3, and some of the images are shown below (images 3.1 and 3.2).

3.2.3 Statistics

Viable counts were compared using the Student’s t-test (two tailed, equal 

variance).

3.3 Results

3.3.1 Growth of S. sanguis biofilms on HA and Bioglass in AS 

Figure 3.1 shows the growth of S. sanguis biofilms on Bioglass and 

hydroxyapatite disks with AS growth medium. After 24 hours, the mean viable 

count on HA disks was approximately 2.3 ± 1.4 x 104 CFU/mm2. The 

corresponding count on Bioglass was approximately 2.7 ± 1.5 x 104 

CFU/mm2. These differences were not significant. After 48 hours, the viable 

count on HA was approximately 1.6 ± 0.5 x 105 CFU/mm2, and on Bioglass 

approximately 6.9 ± 3.4 x 104 CFU/mm2. These differences were found to be 

significant (p<0.01). At 96 hours, HA was found to have a mean viable count 

of approximately 1.2 ± 0.6 x 105 CFU/mm2, while the Bioglass mean viable 

count had risen to approximately 3.2 ± 2.7 x 105 CFU/mm2. These differences 

were found to be significant at the p<0.05 level. After 120 hours, the mean 

viable count on HA was approximately 1.4 ± 0.4 x 105 CFU/mm2, and on 

Bioglass approximately 1.9 ± 0.4 x 105 CFU/mm2. These differences were
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significant (p<0.01). At the final sample time of 168 hours, HA had a mean 

viable count of approximately 7.0 ± 3.6 x 105 CFU/mm2, and Bioglass had 

approximately 8.3 ± 4.4 x 105 CFU/mm2. These differences were not 

significant.
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Figure 3.1 Growth of S. sanguis biofilms on HA and Bioglass with AS growth 

medium

1 .0 0 B - 0 7

1 0 0 E + 0 6

1 .0 0 B - 0 5

1 .0 0 E + 0 4

-# —  H y d r o x y a p a t i te  
■u—  B io g la s sO  1 .0 0 E + 0 3

1.00B-02

1 .0 0 E + 0 1

1.00E+00
2 8 8120

Age of biofllms (hours)

1 6 8 2 4 04 8

102



3.3.2 Growth of S. sanguis biofilms on HA and Bioglass in nutrient broth 

Figure 3.2 shows the growth of S. sanguis biofilms on Bioglass and HA disks 

with NB growth medium. After 24 hours, the mean viable count on HA was 

approximately 4.4 ± 1.7 x 103 CFU/mm2 and on Bioglass approximately 4.7 ±

2.7 x 103 CFU/mm2 x 103. These differences were not significant. After 48 

hours, the mean viable count on HA had risen to approximately 4.9 ± 2.0 x 104 

CFU/mm2, while on Bioglass the count was approximately 1.4 ± 0.6 x 105 

CFU/mm2. These counts were found to be significantly different at the p<0.01 

level. At 72 hours, the mean viable count on HA was approximately 6.0 ± 2.2 

x 104 CFU/mm2 and on Bioglass approximately 1.7 ± 0.6 x 105 CFU/mm2. 

Again, these differences were significant at the p<0.01 level. After 120 hours, 

the counts on HA increased slightly to approximately 7.6 ± 2.9 x 104 

CFU/mm2. On Bioglass, there was a slight decrease in the mean viable count 

to approximately 1.6 ± 0.4 x 105 CFU/mm2. These differences were significant 

to the p<0.01 level. At the final sampling time of 216 hours, the mean count on 

HA was approximately 1.6 ± 0.4 x 105 CFU/mm2, while on Bioglass the count 

was approximately 1.3 ± 0.4 x 105 CFU/mm2. These differences were not 

significant.
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Figure 3.2 Growth of S. sanguis biofilms on HA and Bioglass in NB
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3.3.3 Experiments with non-autoclaved substrata

The experiments using non-autoclaved substrata were prone to persistent 

contamination. Ten attempts were made to carry out a run of more than 48 

hours without contamination. Only one was successful.

105



3.3.4 SEM images

Image 3.1 Bar represents 10 pm

Chains of S. sanguis on the surface of HA (x 2.0 K)
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Image 3.2 Bar represents 10 pm

Older biofilm showing dense chains of S. sanguis on HA (x 2.05 K)
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3.4 Discussion

Some significant differences were found between the numbers of viable S. 

sanguis present on HA and Bioglass disks. In general, the numbers of viable 

bacteria on Bioglass disks were greater than those on HA. This was also 

found when the experiments were repeated (data not shown). However, in 

bacteriological terms, the differences were relatively slight, despite their 

statistical significance. Whether this difference was due to increased ability of 

bacteria to adhere to and/or proliferate on Bioglass, or was even due to an 

antibacterial effect produced by HA, is uncertain. The difference may simply 

have reflected the inherent inaccuracy of viable counting. What is clear, is that 

no antibacterial effect was observed with the Bioglass disks. These disks had 

a 3 pm finish, which is a smooth finish, hence providing a relatively low 

surface area. This may have limited the rate of the reactions at the disk 

surface, as these are known to increase with increasing surface area to 

volume ratio (Greenspan eta l, 1994).

The viabilities of the biofilms grown in AS were found to be slightly higher than 

those grown in NB. The AS medium had a high glycoprotein content and this 

would have been deposited on the substrata as a conditioning film. This film 

may have aided the adherence of S. sanguis to the substrata, as this 

bacterium is known to produce adhesins with an affinity for salivary proteins 

(Kolenbrander and London, 1993). S. sanguis adherence to enamel 

(composed of HA) has been found to be enhanced by the presence of a 

salivary conditioning film (Hillman et ait 1970). This may explain the higher 

viable counts obtained after 24 hours using the AS medium compared to NB.
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The experiments were designed to mimic the conditions present on the 

supragingival portion of an implant. Ideally, human saliva pulsed with nutrients 

would have been used as the medium. However, the use of human saliva has 

several disadvantages; it is difficult to collect and sterilise in large quantities 

and its composition and properties are variable (Shellis, 1978). An artificial 

saliva was therefore used, which was formulated to contain nutrients in similar 

levels to human saliva, a similar buffering capacity to human saliva, and 

glycoproteins with some similarity to those in natural human saliva (Shellis, 

1978). Glycoproteins were present in the form of hog gastric mucin. As 

previously stated (section 1.6.4), glycoproteins have been proposed to have 

an important role in bacterial adhesion to the tooth surface. Given the 

similarity in composition of HA and Bioglass to teeth (as described in section 

1.8.3), it seems reasonable to conclude that glycoproteins would play a similar 

role in bacterial adhesion to implants. It has also been found that mucin can 

be degraded by certain oral bacteria and may provide a source of nitrogen 

and carbon (Li and Bowden, 1994).

One potential problem associated with the method used in these experiments 

was the autoclaving of the Bioglass disks. This may have resulted in the 

premature initiation of the surface reactions associated with this material. As 

previously described (section 1.3.2), Bioglass undergoes a series of surface 

reactions which ultimately lead to the formation of an outer HCA layer. These 

reactions are accompanied by an increase in pH in the vicinity of the glass 

and the release of various ions from the materials surface. Other work in this 

investigation (chapters 6 and 7) has demonstrated an antibacterial effect 

associated with these phenomena. It is possible that the antibacterial effect of
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the Bioglass had diminished by the time contact with bacteria was initiated, 

some 3 hours after autoclaving and, hence, exposure to moisture. Efforts 

were made to overcome this problem without success. One strategy was to 

autoclave the CDFF without the pans. The pans and disks were then sterilised 

by immersing in acetone and air drying in a sterile environment. The pans 

were then inserted into the CDFF in a level 2 containment cabinet. However, 

despite numerous attempts, the CDFF was found to be contaminated on 

almost all occasions. The problem of contamination appeared to be due to a 

failure to sterilise the pans, as later experiments (chapter 9), using insertion of 

separately autoclaved pans, did not become contaminated. One alternative; 

gaseous sterilisation by ethylene oxide, was unavailable on site. 

Transportation of the CDFF and pans between laboratories would have been 

very time consuming, and would almost certainly have resulted in 

displacement of the carefully recessed disks.

The persistent contamination encountered in the experiments using non- 

autoclaved disks, dictated that future experiments using the CDFF would have 

to involve autoclaving of the Bioglass disks.

3.5 Conclusions

A model allowing the growth of biofilms on Bioglass disks was constructed. 

No evidence of antibacterial activity was found with the bulk Bioglass disks.

In the next chapter, the formation of multispecies biofilms from a salivary 

inoculum is described. This provided an in vitro model for the colonisation of 

the supragingival portion of dental implants.
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Chapter 4

The growth of supragingivally-modelled biofilms on 

Bioglass and hydroxyapatite

m



4.1 Aim

The aim of this study was to examine the growth of mixed species biofilms, 

from a salivary inoculum, on Bioglass and HA disks in the CDFF. Biofilm 

growth was under aerobic conditions with an artificial saliva nutrient supply. 

The conditions were designed to model the use of dental implant materials in 

restorative procedures in the human mouth.

4.2 Materials and methods

4.2.1 Inoculum

An inoculum of pooled human saliva was used, as described in section 2.1.

4.2.2 Growth media

The medium consisted of an 8 litre volume of artificial saliva, as described in 

section 2.2.2.

4.2.3 Gaseous conditions

The atmosphere was aerobic, with perfusion of sterile air facilitated by glass 

fibre air filters (0.2 pm) (Whatman Hepacap) connected to the silicone tubing 

on the gas entry port.

4.2.4 CDFF operation

To inoculate the fermenter, 1 ml of saliva was aseptically dispensed into 500 

ml artificial saliva in a 1 litre conical flask and incubated aerobically at 37°C for 

8 hours. During this period, the inoculum was pumped onto the turntable in 

the CDFF at a rate of 0.5 ml per minute. The effluent flowed directly to the 

effluent bottle without any recirculation. After 8 hours, the inoculum flask was 

disconnected and the main medium supply connected and pumped into the
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CDFF at a rate of 0.5 ml per minute. All other aspects of the CDFF set up and 

operation were the same as those described in section 2.3.2.

4.2.5 Biofilm analyses

Viable counts, cryosectioning, pH measurements and scanning electron 

microscopy were carried out using the procedures described in section 2.3.3. 

Viable counts from whole biofilms were performed after 15, 68, 184 and 280 

hours. Cryosectioning was carried out on biofilms that had been growing for 

280 hours.

The viable counts of selected bacteria were enumerated by utilising the 

following media and growth conditions: -

1) Total aerobes (and facultative anaerobes), and total anaerobes - Blood 

agar (Blood agar no.2) with 7% horse blood, 48 hours aerobic incubation, or 4 

days anaerobic incubation respectively.

2) Streptococci -  Mitis salivarius agar, 48 hours anaerobic incubation.

3) Veillonella spp -  Veillonella agar, 48 hours anaerobic incubation.

4) Actinomyces spp -  CFAT agar, 48 hours anaerobic incubation.

4.3 Results

4.3.1 Viable counts from whole biofilms

The viable counts from the whole biofilms revealed few differences in the 

numbers of the various bacteria at each sampling time on HA and Bioglass 

(figures 4.1 and 4.2). The total anaerobic counts were generally the highest 

on both substrata, with the counts being very similar on both substrata. After 

15 hours on HA, the total anaerobic counts were approximately 2.5 ± 1.0 x 106 

CFU/mm2 and on Bioglass, 2.9 ± 0.6 x 106 CFU/mm2. On both substrata, the
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anaerobic counts reached a maximum after 68 hours, with counts of 

approximately 2.6 ± 0.5 x 107 CFU/mm2 on HA and 2.6 ± 0.4 x 107 CFU/mm2 

on Bioglass.

The total aerobic counts were generally slightly higher on HA than Bioglass. 

However, after 15 hours the mean counts were the same with 3.8 x 106 

CFU/mm2 (± 2.3 x 10® and-1.8 x 106 CFU/mm2 respectively) on both HA and 

Bioglass. Again, on both substrata, the maximum counts were recorded after 

68 hours with 2.2 ± 0.6 x 107 CFU/mm2 on HA and 1.6 ± 0.5 x 107 CFU/mm2 

on Bioglass. (It should be noted that many of the bacteria in the total aerobe 

category were probably facultatively anaerobic, and so would have been 

included in the total anaerobic count.)

The Actinomyces species viable counts on HA ranged from approximately 1.5 

± 1.3 x 106 CFU/mm2 after 15 hours to 8.0 ± 1.6 x 106 CFU/mm2 after 68 

hours. On Bioglass, the viable counts ranged from approximately 1.4 ± 0.8 x 

106 CFU/mm2 after 15 hours to 8.2 ±2.1 x 106 CFU/mm2 after 68 hours. 

Streptococcal counts on HA ranged from approximately 1.9 ± 1.1x 106 

CFU/mm2 after 15 hours to 1.0 ± 0.4 x 107 CFU/mm2 after 68 hours. The 

counts on Bioglass ranged from approximately 1.5 ± 0.8 x 106 CFU/mm2 after 

15 hours to 8.2 ± 3.6 x 106 CFU/mm2 after 68 hours.

(Veillonella species were undetectable after 15 hours and were present at 

less than 50 CFU/mm2 on both HA and Bioglass after 48 hours.) The counts 

on Bioglass reached a peak after 68 hours with approximately 1.1 ± 0.4 x 107 

CFU/mm2. On HA, the highest count was after 184 hours with approximately

5.1 ±1.1 x 106 CFU/mm2.
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Figure 4.1 Viability of supragingivally-modelled multispecies biofilms grown on 

HA
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Figure 4.2 Viability of supragingivally modelled multispecies biofilms grown on 

Bioglass
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4.3.2 Proportions of bacterial genera within the biofilms 

Figures 4.3 and 4.4 show the relative proportions of bacterial genera to the 

total anaerobic counts on HA and Bioglass respectively. Streptococci 

comprised higher proportions of the biofilms on both substrata than 

Actinomyces species after 15 hours. At 68 hours, on HA, the streptococci still 

comprised the highest proportion of those genera tested (approximately 41%). 

However on Bioglass, Veillonella species were dominant after 68 hours 

comprising approximately 41% of the total anaerobic count, while the 

streptococci and Actinomyces species were present in approximately equal 

proportions at about 32% of the total anaerobic count. On HA at 68 hours, the 

Veillonella species only accounted for approximately 14% of the total 

anaerobic count. At 184 hours on HA however, the Veillonella species had 

become the most numerous of the genera tested comprising approximately 

42% of the biofilm. Veillonella species also dominated on Bioglass at 184 

hours, comprising approximately 46% of the biofilm. The streptococci 

accounted for approximately 41 and 42% of the biofilm on HA and Bioglass 

respectively at 184 hours. Actinomyces species were present in the lowest 

proportions of the tested genera on both substrata after 184 hours. At 240 

hours however, Actinomyces species were present in higher proportions than 

the Veillonella species on both substrata. The streptococci were present in the 

highest proportions of the three genera at 240 hours, accounting for 

approximately 58 and 42% of the biofilm on HA and Bioglass respectively.
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Figure 4.3 Relative proportions of bacterial genera to total anaerobic counts 

(HA)
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Figure 4.4 Relative proportions of bacterial genera to total anaerobic counts 

(Bioglass)
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4.3.3 pH measurements

Figure 4.5 shows the pH measurements of the biofilms and substrata at the 

various sampling times. The overall pH measurements of the Bioglass and 

overlying biofilms remained consistently at 7.8 at all sampling times. On HA, 

the pH after 15 hours was 7.6; it then increased to 7.7 at 63 and 164 hours, 

before decreasing to 7.5 after 240 hours.

Figure 4.5 pH measurements of multispecies biofilms grown on Bioglass and 

HA
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4.3.4 Viable counts from biofilm sections

The cryosectioning data are displayed as total anaerobic counts in each 

section (fig. 4.6); selective viable counts in each section (fig. 4.7 and 4.8), and 

as relative proportions of the total anaerobic count in each section (fig. 4.9 & 

4.10). The sections were cut from 280 hour biofilms.

Figure 4.6 shows that the biofilm sections closest to the substrata (0 - 90 pm) 

appeared to contain fewer viable anaerobic bacteria than the sections above. 

The Bioglass biofilms did not appear to grow to their maximum potential depth 

i.e. 300 pm. The biofilms on HA did grow to this depth. It was notable that the 

total anaerobic counts were generally higher in the sections grown on 

Bioglass.

On HA, the total anaerobic counts ranged from approximately 1.4 ± 0.04 x 104 

CFU/mm2 at 0 -  30 pm to approximately 1.1 ± 0.3 x 105 CFU/mm2 at 180 -  

210 pm. On Bioglass, the total anaerobic counts ranged from approximately

4.3 ± 1.1 x 103 CFU/mm2 at 0 -  30 pm to 4.7 ± 0.6 x 105 CFU/mm2 at 210 -  

240 pm (which was the outer most section).

On HA, the total aerobic and facultatively anaerobic bacterial counts ranged 

from approximately 8.9 ± 2.5 x 103 CFU/mm2 at 30 -  60 pm to a maximum of 

approximately 1.6 ± 0.4 x 105 CFU/mm2 at 240 -  270 pm. On Bioglass, the 

counts ranged from approximately 1.4 ± 0.1 x 103 CFU/mm2 at 0 -  30 pm to 

approximately 3.0 ± 0.4 x 105 CFU/mm2 at 210 -  240 pm.

Streptococcal viable counts on HA ranged from approximately 4.3 ± 0.5 x 103 

CFU/mm2 at 0 -  30 pm to approximately 4.5 ± 0.8 x 104 CFU/mm2 at 270 -  

300 pm. These counts constituted approximately 30 and 72% of the total
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anaerobic counts in each section. However, the streptococci were present in 

the highest proportions at 60 -  90 pm accounting for approximately 90% of 

the bacterial genera tested relative to the total anaerobic count. On Bioglass, 

the counts ranged from approximately 9.7 ± 3.2 x 102 CFU/mm2 at 0 -  30 pm 

to approximately 1.1 ± 0.2 x 105 CFU/mm2 at 210 -  240 pm. In both sections, 

these values accounted for approximately 23% of the total anaerobic count. 

On Bioglass, the highest proportion of streptococcal species was found at 90 

-  120 pm accounting for approximately 46% of the bacterial genera tested 

relative to the total anaerobic count.

On HA, the viable counts from Actinomyces species ranged from 

approximately 4.9 ± 1.2 x 103 CFU/mm2 at 0 -  30 pm to approximately 3.0 ± 

0.5 x 104 CFU/mm2 at 270 -  300 pm accounting for approximately 35 and 

48% of the total anaerobic counts respectively. On Bioglass, the counts 

ranged from approximately 1.6 ± 0.2 x 103 CFU/mm2 at 0 -  30 pm to 

approximately 1.3 ± 0.3 x 105 CFU/mm2 at 210 -240 pm accounting for 

approximately 38 and 28% respectively. The Actinomyces species were 

present in the highest proportions on HA at 60 -  90 pm (approximately 61%) 

and on Bioglass at 30 -  60 pm (approximately 57%).

The viable counts for Veiilonella species on HA ranged from approximately 

less than one colony forming unit at 60 -  90 pm to approximately 7.8 ± 0.7 x 

102 CFU/mm2 at 30 -  60 pm. The former figure constituted less than 0.01% of 

the bacterial genera tested relative to the total anaerobic count, while the 

latter accounted for approximately 6%. On Bioglass, the counts ranged from 

approximately 1.8 ± 0.3 x 102 CFU/mm2 at 0 -  30 pm to 3.0 ± 2.9 x 104
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CFU/mm2 at 210 -240 pm. This represented approximately 4 and 6% of the 

bacterial genera relative to the total anaerobic count. On HA, the highest 

proportion of Veillonella species relative to the total anaerobic count was 

found at 30 -  60 pm (approximately 6%). On Bioglass, the highest proportion 

was found at 9 0 -  120 pm (approximately 10%).

Figure 4.6 Total anaerobic counts from sections of supragingivally-modelled 

biofilms
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Figure 4.7 Viable counts from 30 pm sections of multispecies biofilms on 

grown on HA
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Figure 4.8 Viable counts from 30 pm sections of multispecies biofilms grown 

on Bioglass
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Figure 4.9 Relative proportions of anaerobic genera to total anaerobic counts 

(HA)
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Figure 4.10 Relative proportions of anaerobic genera to total anaerobic counts 

(Bioglass)
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4.3.5 Scanning Electron Microscopy

Image 4.1 (x 2.08 K) Bar represents 20 pm 

280 h biofilm on Bioglass

Filamentous bacteria appear to be generally orientated perpendicular to the 

substratum surface. Note also cocci on the Bioglass surface (bottom left, see 

also image 4.2).
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Image 4.2 (sharpened) Bar represents 2 pm

Cocci and short rods on Bioglass surface (bottom left section of image 4.1)

Image 4.3 (x 5.0 K) Bar represents 5 pm 

Corn-cob formation of coccoid cells and filaments



4.4 Discussion

The aim of this part of the study was to mimic the use of Bioglass and HA as 

restorative materials in the oral cavity. Endosseous implants are required to 

operate in two separate environments, namely the internal environment of the 

soft tissues and bone, and the external environment of the oral cavity 

(McKinney et al 1984). It is necessary that such implants form a seal to 

prevent the infiltration of bacteria from the oral cavity into the internal 

environment. The portion of the implant exposed to the external environment 

provides new surfaces for potential colonisation by bacteria: the hard implant 

surface and the peri-implant crevice (Nakou et al 1987). The latter essentially 

replaces the gingival crevice, which exists only in the presence of a tooth. The 

use of the CDFF with an artificial saliva growth medium and aerobic 

conditions provided a means to model supragingival plaque formation on the 

portion of the implant exposed to the oral cavity.

Following osseointegration of an implant, some implants may fail due to 

progressive alveolar crestal bone loss. In some instances, this has been 

attributed to bacterial infection of the material (Hanisch et al, 1997). As 

described in section 1.9, it has been shown in vivo, that the microbiota of 

failing implants differs from that of clinically healthy sites. While some workers 

have analysed the bacterial colonisation of titanium surfaces both in vitro and 

in vivo (Wolinsky et al, 1989, Leonhardt et al, 1995), few in vitro models have 

been described that mimic the colonisation of calcium phosphate-containing 

restorative materials by oral bacteria. The CDFF has been primarily used to 

model plaque formation on the tooth surface. The substratum often used in
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these studies is HA. The findings of such studies may actually be more 

relevant to the colonisation of HA implants than teeth.

The marked similarity of the graphs in figures 4.1 and 4.2 appears to illustrate 

the similarity of the biofilms grown on both substrata. While the proportions of 

the bacterial genera examined and the total numbers of bacteria present in 

the biofilms were indeed similar, one cannot conclude with certainty that the 

biofilms on both substrata were of identical composition. Dental plaque has 

been found to be composed of more than 300 different bacterial species and 

since the components of the plaque biofilms produced in these experiments 

come from the same source, this dictates that the data generated here can 

only be interpreted with respect to those bacteria examined. The selective 

nature of the study was however designed to include those genera deemed to 

be of importance in plaque formation.

The total aerobe and facultative anaerobe counts and total anaerobic counts 

were very similar for both substrata at all time points. This reveals little of the 

composition of the biofilms. However, since one would expect these counts to 

be composed of a wide range of bacteria it does suggest that the substrata 

supported the growth of bacteria in similar numbers.

After 15 hours, streptococcal species accounted for the largest proportions of 

the genera tested. This was expected, as certain species of streptococci are 

known to be the primary colonisers of the tooth surface and to predominate in 

early plaque (Kolenbrander and London, 1992, Nyvad and Killian, 1987). 

Bioglass and HA, like teeth, are composed of apatite and so one would expect 

a similar pattern of oral bacterial colonisation on these surfaces. The
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proportions of streptococci relative to the other bacterial genera examined in 

the biofilms were reduced after 68 hours. This again appears to be similar to 

the situation in vivo, where secondary colonisers adhere through co

aggregation to the streptococci, and so become established in the biofilm 

(Yao etal, 1996). It was unsurprising therefore, that after 184 hours, out of the 

genera tested, the streptococci were no longer present in the highest 

proportions on both HA and Bioglass. It was interesting however, that, after 

280 hours, the streptococci again seemed to be the predominant bacteria on 

both substrata, out of those examined.

The Actinomyces species are also considered to be among the early 

colonisers of dental plaque. They have also been associated with the plaque 

of stable supra and subgingival dental implants (Newman and Fleming, 1988). 

The numbers of Actionomyces species were similar on both substrata as were 

their relative proportions in the biofilms, compared to those other genera 

examined. They were generally found in lower proportions than the 

streptococci, although their numbers and proportions appeared to change in 

similar patterns to the streptococci.

Veiiloneila species were detected at very low levels (101 - 103 CFU /mm2) 

after 15 hours in runs with Bioglass only, and in a preliminary run with 

Bioglass and HA. It seems likely that the numbers of Veiliionella are initially 

low in the biofilms because of the obligately anaerobic nature of these 

organisms. As the biofilms become thicker, the conditions will become 

increasingly anaerobic due to gaseous diffusion limitations and oxygen 

utilisation by aerobes. This would then favour the growth of anaerobic species 

in the oxygen-starved areas of the biofilms. However, the viable counts for
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Veilionella species were found to decrease after the 68 and 184 hour 

sampling times, on Bioglass and HA respectively. It may be that they were 

simply out-competed by bacteria present in the biofilm. This can occur when 

environmental conditions favour particular bacteria at the expense of others. 

For example, mutans streptococci and lactobacilli tend to dominate dental 

plaque when the diteary intake of carbohydrate is high. These bacteria 

produce acid when metabolising carbohydrates and thus create conditions 

that inhibit less acid-tolerant species (Bradshaw et al, 1996). Alternatively, the 

selective agar used to enumerate these bacteria, may have yielded lower 

recovery of these organisms, in comparison to the selective agars used for 

the other genera. In some instances, selective media have been found to yield 

lower viable counts than non-selective media (Schaeken et al, 1986), and one 

would clearly expect certain selective media to be more effective than others.

Given the difference in the depths of the biofilms produced from each 

substratum, any interpretation of the viable counts should be treated with 

caution. From whole biofilm viable counts, the sum of the viable counts on HA 

was approximately 3.79 x 107 CFU/mm2, and on Bioglass the sum was 

approximately 3.77 x 107 CFU/mm2. The similarity of these values suggests 

(although does not confirm) that the biofilms were of equivalent size. This, 

therefore, appears to suggest that the cryosectioning process was inaccurate, 

resulting in imprecise cutting of the biofilms. It may be that during the OCT 

embedding process, the biofilms were partially disrupted by the application of 

OCT. This was, however, the first attempt at cryosectioning, and the method
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was improved for use in the work described in the next chapter, by the 

inclusion of an additional freezing step.

The scanning electron micrographs of the biofilms formed on Bioglass, 

exhibited some of the features commonly observed from EM images of clinical 

samples of dental plaque. Slight disruption of the sample resulted in the rather 

fortunate clearing of part of the biofilm to reveal the Bioglass surface and a 

vertical section of the biofilm (image 4.1). This image clearly shows a 

perpendicular alignment (relative to the substratum) of filamentous bacteria in 

the upper portion of the biofilm. Other workers have noted high number of 

fusiforms (one class of filamentous bacteria) produced from oral biofilms in 

vivo and in vitro (Zambon et al, 1995 and Keevil et al, 1987). SEM analyses 

by the latter workers noted that acrylic tiles immersed in a continuous culture 

of plaque-derived bacteria were covered with “large sheets” of fusiform 

bacteria. These were particularly associated with tiles with a rough, rather 

than smooth, surface. Listgarten (1976) also noted “large filaments orientated 

perpendicular to the tooth surface which formed the predominant population” 

in supragingival plaque. Image 4.2 appears to reveal cocci and short rods on 

the surface of the Bioglass. SEM studies by Newman (1972) found that cocci 

comprised the primary layer of cells on the enamel of molar and premolar 

teeth extracted from 9-15 year old children. Culture studies have shown that 

the early colonisers of plaque are predominantly streptococci and 

actinomyces (Nyvad and Kilian, 1987).

Image 4.3 shows the association of bacteria in a corn-cob formation. These 

consisted of cocci adhering to the large filaments also seen in image 4.1.
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Listgarten (1976) also noted cocci adhering to the perpendicularly arranged 

filaments in the upper portion of plaque described above.

It was important to examine the populations of bacteria within the biofilms on 

the two substrata over a long period of time. Bacterial populations within 

biofilms may change over time, although ultimately they may reach a steady 

state where the relative proportions of different bacterial species remain 

stable (Kinniment and Wimpenny, 1990, Marsh and Bradshaw, 1995). Any 

differences in the chemical nature of the substrata per se, as well as their 

influence on the surrounding environment, could, over time, lead to markedly 

different bacterial compositions within the biofilms which form on them. For 

example, a substratum that provides conditions favourable for the growth of 

Gram negative anaerobes will most likely support the subsequent growth of 

biofilms of very different bacterial composition to a substratum colonised by 

Gram positive cocci. Such differences could arise through the selectivity of co

aggregation between bacterial species (Kolenbrander and London, 1993), and 

from the relative affinities of bacterial species for the metabolic products 

excreted by their neighbours. For example, Veilionella species utilise the 

lactate produced by streptococci and actinomyces (Marsh and Bradshaw, 

1995). Furthermore, the oxygen consuming bacterium, Neisseria subflava, 

was found to facilitate the survival of obligately anaerobic bacteria in mixed 

biofilms in an aerated environment (Bradshaw, 1995). When considering the 

fate of an implant material in vivo, it seems likely that such differences in 

biofilm composition could have a profound effect on the health of the tissue at 

the implant site. If, for example, the material favoured the growth of bacteria
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associated with tissue destruction, then one might expect failure of the 

implant. Failing implants have been associated with elevated numbers of 

black-pigmented Bacteroides, which have been implicated in tissue 

destruction (Newman and Flemmig, 1988). However, the non-specific plaque 

theory (Hardie, 1992), which suggests that the build up of plaque is 

responsible for the onset of periodontal disease regardless of its bacterial 

composition, may also apply to implant failure. Lindquist et al (1988) found an 

increase in bone loss in patients with poor oral hygiene around 

osseointegrated titanium fixtures supporting mandibular fixed prostheses. 

However, no attempt was made to analyse the bacterial composition of the 

plaque.

One disadvantage of in vitro models, such as in this experiment, is the 

absence of a host response. Biofilm formation and composition is likely to be 

influenced by the interaction of bacteria with the host immune system. 

Secretory IgA, the predominant immunoglobulin in the healthy mouth, can 

agglutinate oral bacteria, modulate enzyme activity, and inhibit the adherence 

of oral bacteria to epithelial cells (Reindholt and Kilian, 1987). In addition, 

bacterial cells can be damaged by the action of salivary lysozyme, and 

glycolysis of plaque bacteria can be inhibited by the sialoperoxidase enzyme 

system (Marsh and Martin, 1992).
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4.5 Conclusions

This part of the investigation revealed few differences in bacterial composition 

of the biofilms grown on Bioglass and HA disks, grown under supragingival 

conditions. No evidence of antibacterial activity from the Bioglass substrata 

was demonstrated. As discussed elsewhere (chapters 6 and 7), work from 

this investigation has demonstrated antibacterial activity from particulate 

Bioglass on planktonic bacteria. It was not surprising that a similar effect from 

bulk Bioglass (in the form of disks) against bacterial biofilms was not 

observed. As previously discussed, bacterial biofilms have been found to be 

more resistant to antimicrobial agents than their planktonic counterparts 

(Anwar et al, 1990). In addition, the bulk Bioglass used in the CDFF has a 

much smaller surface area to volume ratio (SAA/ ratio) than the particulate 

Bioglass. Greenspan et al (1994) found that Bioglass particulates at high 

SAA/ ratios in an in vitro test system, produced more rapid pH changes and 

ion release compared to lower SA/V ratios. It may be that bacteria, especially 

in planktonic form, are more susceptible to the rapid changes in 

environmental conditions produced by Bioglass of high SA/V ratio. However, 

as discussed in the previous chapter, the antibacterial properties of the 

Bioglass may have been reduced, due to the time interval between 

autoclaving of the Bioglass and inoculation of the CDFF.

In the next chapter, the experimental conditions were altered to provide an 

environment that mimicked subgingival conditions. This was done to simulate 

the conditions associated with deepened pockets at the peri-implant crevice, 

which are associated with failing implants. Such conditions may also be
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similar to those existing around the internalised portion of the implant, where 

the material is adjacent to bone and soft tissue.
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Chapter 5

Growth of subgingivally-modelled biofilms on 

Bioglass and hydroxyapatite
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5.1 Aim

The aim of this study was to examine the growth of mixed species biofilms, 

from a salivary inoculum, on Bioglass and HA disks in the CDFF to model the 

conditions associated with subgingival dental implants. Biofilm growth was 

under anaerobic conditions, with a serum-containing nutrient supply to mimic 

GCF. The conditions provided a model for the use of bulk Bioglass implants in 

periodontal applications.

5.2 Materials and methods

5.2.1 Inoculum

An inoculum of pooled human saliva was used, as described in section 2.1.

5.2.2 Growth medium

The medium consisted of 40% horse serum (not heat-inactivated) in RPMl 

medium (with L -glutamine). This was chosen to mimic the fluid present at a 

periodontal implant site. The serum / RPMl mixture was poured into a 3 litre 

sterile conical flask in a level 2 sterile tissue culture cabinet, as described in 

section 2.2.3.

5.2.3 Gaseous conditions

An anaerobic atmosphere of 5% CO2, 95% N2 was used to simulate 

subgingival conditions. The gas cylinder (BOC) was connected to the 

inoculum flask and the gas inflow port on the CDFF, by means of silicon 

tubing and 'V connectors. The pressure used was 1 bar and the flow rate 

through the CDFF, 100 cm3/min (Paton - gas flow regulator). Reinforced PVC 

tubing (Nalgene) 5/16 mm internal diameter was used to connect the gas 

pressure gauge and the flow meter. The gas was sterilised before entry into
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the inoculum flask and the CDFF by means of a 0.2 jam air filter (Whatman 

Hepacap), above the 'V junction. As well as providing an anaerobic 

atmosphere, the gas supply also provided positive pressure in the CDFF, 

which would have helped to maintain sterility during sampling.

5.2.4 CDFF operation

To inoculate the fermenter, 1 ml of saliva was aseptically dispensed into 500 

ml of RPMl medium (with L- glutamine) in a 1 litre flask, and incubated 

anaerobically at 37°C for 8 hours. During this period, the contents of the flask 

were pumped into the fermenter at a rate of 1 ml per minute. No recirculation 

occurred, with the inoculum passing over the turntable and passing into the 

effluent bottle via the fermenter effluent port. After 8 hours, the inoculum flask 

was disconnected and the 40% horse serum/RPMI mixture pumped into the 

fermenter at a rate of 0.1 ml per minute. All other aspects of the CDFF set up 

and operation were the same as those described in section 2.3.2.

5.2.5 Biofilm analyses

Viable counts, cryosectioning, pH measurements and scanning and 

transmission electron microscopy were carried out using the procedures 

described in section 2.3.3. Samples were taken at 18, 63, 163 and 403 hours. 

Cryosectioning and electron microscopy were carried out only on the 403 h 

biofilms. The viable counts of selected bacteria were enumerated by utilising 

the following media and growth conditions: -

1) Total aerobes (and facultative anaerobes), and total anaerobes - Blood 

agar (Blood agar no.2) with 7% horse blood, 48 hours aerobic incubation, or 4 

days anaerobic incubation respectively.

2) Streptococci - Mitis salivarius agar, 48 hours anaerobic incubation.
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3) Veilionella spp - Veilionella agar, 48 hours anaerobic incubation.

4) Gram negative anaerobes - Wilkins-Chalgren anaerobe agar with GN 

(Gram negative) supplement and 5% defibrinated horse blood, 10 days 

anaerobic incubation. Black-pigmented anaerobes were visually identified 

and counted from the resultant colonies on these plates.

5.2.5 Statistics

The total anaerobic counts from the biofilm sections were analysed using the 

Student’s t-test (two-tailed, equal variance).

5.3 Results

5.3.1 Viable counts from whole biofilms

The analysis of whole biofilms revealed little difference between the 

composition and numbers of bacteria on the HA and Bioglass substrata, (fig.

5.1 and 5.2). On both HA and Bioglass, the total anaerobic counts were 

highest at all sampling times. The total anaerobic counts remained relatively 

stable on both substrata after 63 hours, with final counts after 403 hours of 

approximately 1.7 ± 0.4 x 107 CFU/ mm2 on HA and 1.4 ± 0.3 x 107 CFU/mm2 

on Bioglass.

The total aerobic and facultative anaerobe counts were slightly lower than the 

total anaerobic counts on both substrata from 0 to 163 hours, with counts of 

approximately 9.5 ± 2.2 x 106 CFU/mm2 on HA and 6.2 ±4.1 x 106 CFU/mm2 

on Bioglass, after 163 hours. However, between 163 hours and 403 hours, 

the counts on both substrata fell to 2.3 ± 0.5 x 106 CFU/mm2 on HA and 1.8 ± 

0.7 x 106 CFU/mm2 on Bioglass. (It should be noted that many of the bacteria
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in the total aerobe category were probably facultatively anaerobic, and so 

would have been included in the total anaerobic count.)

The streptococcal counts on whole biofilms were very similar on both 

substrata at the various sampling times. The numbers peaked at 163 hours, 

with counts of approximately 8.5 ± 2.6 x 106 CFU/mm2 on HA, and 5.4 ± 2.2 x 

106 CFU/mm2 on Bioglass. After 403 hours, the counts had dropped to 

approximately 1.6 ± 0.9 x 106 CFU/mm2 on HA, and 1.5 ± 1.2 x 106 CFU/mm2 

on Bioglass.

The viable counts for Veilionella species were lower than the counts on the 

other selective and non-selective plates. The counts were very similar on HA 

and Bioglass until 163 hours, where the numbers of Veilionella species 

reached a peak on HA of approximately 8.6 ± 4.0 x 105 CFU/mm2. In contrast, 

the numbers on Bioglass were lower at 163 hours, but rose to approximately

4.4 ± 5.8 x 105 CFU/mm2 after 403 hours.

The Gram negative anaerobe counts were generally higher on HA than 

Bioglass. On HA, the viable counts ranged from approximately 950 ± 853 

CFU/mm2 after 18 hours to a peak of 1.6 ± 0.4 x 107 CFU/mm2 at 163 hours. 

On Bioglass, the viable counts ranged from approximately 272 ± 382 

CFU/mm2 at 18 hours, to a peak of 8.1 ± 2.8 x 106 CFU/mm2 at 163 hours.
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Figure 5.1 Growth of subgingivally-modelled multispecies biofilms on HA
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Figure 5.2 Growth of subgingivally-modelled multispecies biofilms on Bioglass
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5.3.2 Proportions of bacterial genera within the biofilms

Table 5.1 shows the relative proportions of various organisms as a

percentage of the total anaerobic counts on hydroxyapatite and Bioglass.

Table 5.1 Proportions of bacterial genera relative to total anaerobic counts

% of total anaerobic count

18h 63h 163h 403h

HA Bio HA Bio HA Bio HA Bio

Streptococci 67.4 96.3 37.7 41.0 69.3 77.3 9.8 10.9

Veilionella

spp.

2.1 3.2 3.1 3.1 7.0 4.2 1.0 3.2

Gram -ve 

Anaerobes

0.1 0.04 11.7 16.3 134.1 115.5 11.3 8.6

At 18 and 63 hours, streptococci were present in the highest numbers 

amongst those genera examined, on both Bioglass and HA. After 163 hours 

however, the total Gram negative anaerobe counts had greatly increased on 

both substrata, to numbers exceeding those of the streptococci. Indeed, the 

numbers of Gram negative anaerobes recovered on the WC - GN agar, 

exceeded those of the total anaerobic count on the non-selective blood agar. 

(This demonstrates the limitations of the use of viable counts in accurately 

enumerating bacteria, since clearly the numbers of Gram negative anaerobes 

cannot exceed the total number of anaerobes.) At 403 hours, the numbers of 

Gram negative anaerobes and streptococci were very similar, and comprised
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much lower percentages of the total anaerobic counts, than at the previous 

sampling times.

5.3.3 pH measurements

The pH readings (fig. 5.3) on both substrata peaked after 63 hours with 

Bioglass being the highest at around pH 8.15, compared to 7.8 with HA. The 

pH then tended to decrease with time, with levels at the last time point (403h) 

of 7.4 with HA, and 7.6 with Bioglass. The effluent had a pH of 7.4 after 403h.

Figure 5.3 pH measurements of subgingivally modelled biofilms
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5.3.4 Viability of biofilm sections

The cryosectioning data from 403 hours are displayed as total anaerobic 

viable counts (fig. 5.4), selective viable counts (fig. 5.6), and as relative 

proportions of the total anaerobic count (fig. 5.7 and 5.8).

The total anaerobic counts were analysed statistically as these counts should 

have included the majority of the culturable bacteria in the biofilm. There was 

a pronounced difference in the viability of those sections closest to the 

biofilm/substratum interface (fig 5.4). In sections 0-30 pm, 30-60 pm and 60- 

90 pm, the total anaerobic counts were found to be significantly lower on 

Bioglass compared to HA (p<0.05). No significant differences between the 

substrata were found in the total anaerobic counts in the overlying sections. 

Figures 5.5 and 5.6 show the viability of selected bacterial genera in each 

section. On both HA and Bioglass, the highest counts in each section were 

those of the total anaerobes. On HA, the total anaerobic counts ranged from 

approximately 9.3 ± 3.1 x 104 CFU/mm2 at 0-30 pm, to 3.0 ± 2.3 x 105 

CFU/mm2 at 150-180 pm. On Bioglass, the total anaerobic counts ranged 

from approximately, 1.6 ± 0.9 x 104 CFU/mm2 at 0-30 pm, to approximately

2.2 ± 1.2 x 105 CFU/mm2 at 240-270 pm.

The total aerobic and facultative anaerobic bacterial counts tended to 

decrease with biofilm depth on both substrata. For example, at 240-270 pm 

on HA, the viable count was approximately 5.3 ± 5.7 x 104 CFU/mm2, while at 

0-30 pm, the count had decreased to 4.7 ± 2.5 x 103 CFU/mm2. On Bioglass, 

the counts fell from 1.0 ± 0.6 x 105 CFU/mm2 at 240-270 pm, to less than 6.0 x 

103 CFU/mm2 below 150 pm.
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Various Gram negative anaerobic species and streptococcal species tended 

to be the predominant bacteria in each section. The uppermost biofilm section 

on HA (240-270 pm), had a relatively high proportion of Gram negative 

anaerobic species (73%). The sections below contained lower proportions of 

Gram negative anaerobic species (especially near the base), although these 

were greater than the other bacteria investigated. In contrast, Gram negative 

anaerobic species comprised by far the highest proportion (approximately 

99%) of the groups examined at the base of the Bioglass grown biofilms (0-30 

pm). In the overlying sections, the Gram negative anaerobic species were 

generally found in lower proportions than on HA.
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Figure 5.4 Total anaerobic counts from sections of subgingivally-modelled

biofilms
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Figure 5.5 Viable counts from 30 sections of subgingivally-modelled

multispecies biofilms grown on HA (403 h)
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Figure 5.6 Viable counts from 30 |nm sections of subgingivally-modelled 

multispecies biofilms grown on Bioglass (403 h)
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On HA, the streptococci were quite evenly distributed throughout the biofilm 

with the proportions ranging from a minimum of 4.5% at the base (0-30 pm) to 

a maximum of 38.4% at 180-210 pm (fig. 5.7). On Bioglass, streptococcal 

species were present in very low proportions from the mid to lower sections of 

the biofims, compared to the Gram negative anaerobic species (fig. 5.8). At 0- 

30 pm they comprised 1.5% of the anaerobic genera investigated. However, 

at 150-180 pm they accounted for a higher proportion of the anaerobic 

species than the Gram negative anaerobes (13.8% compared to 12.2%). 

These differences rapidly increased towards the upper surface of the biofilms, 

with the streptococci almost totally dominating at 270-300 pm.

The Veillonella species viable counts ranged from approximately 103 to 104 

CFU/mm2 on HA, with no obvious trend observed through the sections. On 

Bioglass, the counts were even lower, ranging from a maximum of 7.0 ± 5.7 x 

103 CFU/mm2 at 180 -  210 pm, to below 200 CFU/mm2 at 60 -90 pm. Again, 

no relationship between cell numbers and biofilm depth was observed. In all 

sections on both substrata, the Veillonella species counts represented less 

than 6% of the total anaerobic count.

Black pigmented anaerobes constituted very small proportions of the sections 

on both substrata. On HA, the proportions ranged from 0 to 0.1%, and on 

Bioglass, from 0 to 0.3%.
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Figure 5.7 Relative proportions of anaerobic genera to total anaerobic counts 
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Figure 5.8 Relative proportions of anaerobic genera to total anaerobic counts 

(Bioglass)
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5.3.5 Electron microscopy 

Scanning electron microscopy 

All images are from 403h biofilms.

Image 5.1 (x 2.04 K) Bar represents 10 pm 

Subgingivally-modelled biofilm on HA

Numerous cocci visible, with large filamentous bacteria also present.
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Image 5.2 (x 1.88 K) Bar represents 10 pm

Subgingivally-modelled biofilm on Bioglass

The morphologies of the bacteria in this biofilm closely resembled those in the 

biofilm on HA i.e. cocci and some filamentous bacteria.
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Transmission electron microscopy

Image 5.3 (x 2.0 K) Bar repreresents 5 pm

Upper surface of biofilm on Bioglass (top left is outer surface)
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Image 5.4 (x 2.7 K) Bar represents 5 pm 

Middle section of biofilm on Bioglass
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Image 5.5 (x 2.7 K) Bar represents 5 pm

Biofilm grown on Bioglass showing substratum interface (bottom right).
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Image 5.6 (x 4.0 K) Bar represents 5 pm

Test-tube brush formation-like structure in biofilm grown on Bioglass 

Cluster of cells resembles a coarse test-tube brush formation (see image 5.7).
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Image 5.7 (x 4.3 K) Bar represents 5 pm 

Coarse test-tube brush formation

Note spirochaete-rich background surrounding filamentous bacteria (from 

Listgarten, 1976).

LF = filamentous bacteria 

Arrow (right) = large central filament

5.4 Discussion

The operating conditions for the CDFF in the experiments were chosen to 

mimic those of the subgingival environment. Bioglass and HA used clinically 

in bulk form in endosseous ridge maintenance, may encounter similar 

conditions. During surgery, oral bacteria in the vicinity would be exposed to 

the implant material. After some surgical procedures, periodontally-implanted 

materials are left exposed to the bacteria of the oral cavity. For example, in a
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study involving the use of HA cement to regenerate periodontal defects, it was 

suggested that the failure of osseointegration may have been due to bacterial 

plaque contamination of the HA cement via the healing sulcus (Brown et al, 

1998). This could also occur with Bioglass where protruding implants could 

develop plaques (personal communication). Such plaques could progress 

subgingivally. However, many surgical procedures in the peridontium involve 

the closure of mucoperostial flaps (sometimes only partially) following 

placement of implant materials (Zamet et al, 1997, Kenney et al, 1985) in an 

attempt to prevent exposure of the implant material to the oral cavity. It seems 

conceivable that, despite closure of the surgical site, oral bacteria will still find 

their way to the implant material, perhaps by migration along the sutures. 

Indeed, Elek and Conen in 1957 used braided silk sutures to demonstrate the 

potentiation of infection by foreign materials. These workers showed that, to 

produce a pus-forming infection, an inoculum of 106 colony forming units of 

Streptococcus pyogenes was required in planktonic form, whereas, in the 

presence of a silk suture, the inoculum could be reduced to 100 organisms. 

Studies have found a link between reduced oxygen tension and increased 

periodontal pocket depth with the advancement of periodontal disease 

(Loesche et al, 1983). Increased pocket depth around dental implants has 

been associated with bone loss and the presence of Gram negative anaerobic 

species (Mombelli et al, 1987). It was decided, therefore, that the gaseous 

conditions in this model should be anaerobic.

The composition of subgingival plaque in (relative) health and disease was 

discussed in section 1.7. The results from these experiments showed that
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after 18 and 63 hours, streptococcal species accounted for the largest 

proportions of the genera tested. As previously stated, certain streptococcal 

species have been shown to be among the primary colonisers of the tooth 

surface. In vivo, it is likely that aerobic conditions would be present during 

primary plaque formation. The proportions of streptococcal species in 

supragingival plaque are reduced over time as secondary facultative and 

obligately anaerobic species increase with a concomitant shift to anaerobic 

conditions (Addy et al, 1992). In these experiments, an anaerobic atmosphere 

was present from the outset. However, the streptococci were still found to be 

the predominant bacteria in the early stages of biofilm development. In vivo, 

subgingival plaque in successfully integrated implants, has been found to 

consist of mainly Gram positive cocci, while Gram negative anaerobic bacteria 

are associated with failing implants (Newman and Flemmig, 1988). In this 

study, the streptococci dominated the biofilms initially. However, after 163 and 

403 hours, the Gram negative anaerobes were present in similar numbers. 

This was similar therefore, to the shift in microflora associated with implant 

failure in vivo. However, at 403 hours the streptococci and Gram negative 

anaerobes no longer dominated the biofilms.

Unlike the previous experiments, the substrata were not coated with an 

artificial salivary pellicle. Workers have demonstrated (Hillman etal, 1970, van 

Houte et al, 1970,1971) both in vitro and in vivo respectively, that the 

presence of a salivary conditioning film had the ability to enhance or inhibit the 

adhesion of various oral bacteria to enamel. The initial adherence of bacteria 

to the salivary pellicle has been suggested to be the most important factor in 

determining which species are present in developing plaque (Liljemark and

164



Bloomquist, 1996). However, in these experiments, serum proteins would 

have been the major constituents of the conditioning film. However, 

streptococcal species still dominated the developing biofilms and indeed were 

present in similar proportions to the previous experiments (chapter 4), using 

an artificial saliva under aerobic conditions. Perhaps the adherence of 

streptococci was not dependent on the composition of the conditioning film. 

Alternatively, the numbers of streptococci in the newly forming biofilms may 

not have been dependent on those directly adhering to the substrata (or 

overlying conditioning film). The latter situation could occur if the inoculum, 

which settles on top of the recessed substrata, is not exposed to the same 

intensity of shear forces as those bacteria attempting to colonise a tooth 

surface. In the CDFF, a biofilm could form from the growth of non-adherent 

bacteria settling on the substrata. Such a biofilm would not be dependent on 

the type of successive colonisation through co-aggregation that is proposed 

for dental plaque development. Hence, the biofilm could be composed of very 

different proportions of bacteria than one might expect in vivo. However, 

previous studies on oral biofilm development with the CDFF (Pratten et ai, 

1998) have demonstrated biofilms with similar bacterial compositions to dental 

plaque, suggesting the CDFF is a suitable model for plaque.

It was interesting that on Bioglass, Gram negative anaerobes were found in 

the highest proportion at the biofilm/substratum interface. On HA, the reverse 

occurred, with the highest proportion of Gram negative anaerobes found in 

the uppermost section. One explanation for the high numbers of Gram 

negative anaerobes at the biofilm/substratum interface on Bioglass, is the 

possibility that these bacteria had an affinity for the Bioglass surface, or the
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conditions close to the surface. The higher pH’s values associated with the 

Bioglass disks may provide an environment similar to that of the inflamed 

gingival sulcus. It has been reported that the pH of crevicular fluid rises in 

inflammed sites from around neutrality to as high as 8.7 (Borden et al, 1986, 

Bickel and Cimasoni, 1985), although other workers dispute this (Eggert et al, 

1991). Inflamed gingivae are indicative of periodontal disease and the 

bacteria associated with this condition include certain Gram negative 

anaerobic species (Hardie, 1992). If indeed the pH of GCF increases with 

inflammation, then the bacteria associated with these conditions should 

tolerate these elevated pH levels. Indeed, it is conceivable that the elevated 

pH produced by Bioglass could favour the presence of such bacteria. 

However, the method of pH measurement was relatively crude, in that the 

biofilm-containing disks were placed on the probe, biofilm-side down. This 

essentially gave a rather non-specific, overall measurement of the pH of the 

fluids associated with the biofilm and the substratum. The method did not 

provide an accurate measurement of the pH at the biofilm/substratum 

interface. It is possible that at this interface, even higher pH levels were 

present than those recorded. These may have had an inhibitory effect on 

bacteria in the vicinity. High pH solutions (which will be discussed further in 

chapters 6 and 7) have been found to have an inhibitory effect on bacteria 

(e.g. Barbosa etal, 1994).

The Veillonella species viable counts were initially low and then increased, but 

to numbers lower than those of the other genera analysed. Veillonella species 

are obligate anaerobes and so were likely to have been present in the salivary 

inoculum in low numbers.
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The RPMl/horse serum mixture used as the nutrient source in these 

experiments did not appear to support the growth of black-pigmented 

anaerobes in particularly large numbers. The serum concentration used was 

similar to that estimated to be present in the GCF of healthy individuals (Curtis 

et al 1988). A medium with a higher serum concentration with the addition of 

hemin and vitamin K may have produced an increased presence of black- 

pigmented anaerobes in the biofilms, as these conditions are known to favour 

their growth (McKee et al, 1986). However, these bacteria have also been 

found to produce proteases which can degrade serum proteins in GCF (ter 

Steeg et al, 1987). This may not have occurred in these experiments. The 

effluent bottle from the CDFF was decontaminated by autoclaving. A large 

mass of what was presumed to be denatured protein was produced by this 

process. This suggests that the serum proteins were not broken down by the 

flora present in the biofilms (and in the effluent bottle).

The cryosectioning data seemed to suggest some manner of antibacterial 

activity from the Bioglass. The total anaerobic counts (fig.5.4) on each section 

showed significantly lower viable counts on the sections closest to the 

Bioglass (0-90 pm) compared to HA. However, the relative proportions of the 

bacterial genera on both substrata were similar, with the possible exception of 

the Gram negative anaerobes at 0-30 pm and the streptococci on the outer 

biofilm sections, where they were found in much higher proportions on 

Bioglass. Therefore, the reduced viable counts on Bioglass may suggest a 

non-specific, wide ranging antibacterial activity, albeit with some evidence of 

resistance by Gram negative anaerobes.
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Workers examining the antibacterial effects of titanium implants in vitro found 

that any antibacterial effect was diminished when the surface was pre-coated 

with serum (Leonhardt et al, 1995). In this instance however, the antibacterial 

activity seemed to be present even at a distance of 90 pm from the Bioglass 

surface. As stated above, one possible explanation for the antibacterial 

activity, was the elevated pH’s associated with the Bioglass disks. 

Cryosectioning also revealed that the biofilms were of variable and sub- 

optimal depth. This may have been due to experimental error during the 

relatively crude cutting process. Alternatively, the differences may be a 

reflection of the low medium flow rate in these experiments. In previous work 

with the CDFF (Pratten et al 1998, Embleton et al 1998), the flow rate has 

been of the order of 0.5 ml per minute, as opposed to 0.1 ml per minute in this 

study. This lower rate was chosen to reflect the low flow rate of crevicular fluid 

flow and may have resulted in a reduction in biomass in the biofilms.

The SEM images (images 5.1 and 5.2) provided further evidence that the 

bacterial compositions of the biofilms that formed on HA and Bioglass were 

similar. These biofilms appeared less ordered than supragingivally-modelled 

biofilms (chapter 4) which showed stratified layers of filamentous bacteria. 

While these bacteria were present in the subgingivally modelled biofilms, they 

did not seem to be aligned in a consistent manner.

Since the biofilms on HA and Bioglass appeared broadly similar, the TEM 

images shown were from one biofilm grown on Bioglass. Image 5.3 shows a 

TEM image of the upper portion of this biofilm. The top surface of the biofilm 

can be seen in the top left of the image. The outer layer appears to have a

168



lower density of cells compared to deeper portions of the biofilm. The cell 

morphologies appear to be relatively heterogeneous with no dominant cell 

type. Image 5.4 is of a mid-section of the same biofilm. The top part of the 

image contains curved bacteria similar in appearance to bacteria postulated to 

be spirochaetes by Listgarten (1976) in a TEM study of subgingival plaque. 

Spirohaete numbers have been found to increase with increasing gingival 

inflammation and pocket depth around dental implants (Rams et al, 1984). 

The bottom right quarter of the image is dominated almost exclusively by 

coccus-shaped bacteria. This shows that areas dominated by one 

morphological type did exist within the biofilm. This occupation of space may 

be a consequence of bacterial cell division forming a large mass of cells of a 

particular species. This may have been influenced by the environmental 

conditions, which may have favoured the multiplication of a particular species. 

However, spirochaetes are motile bacteria (Rams et al, 1984) and so would 

have the capability to move to areas of the biofilm where conditions were 

most favourable for their growth. Image 5.5 shows the Bioglass substratum 

(bottom right). Some cocci are present close to the substratum, although other 

morphological types including possible spirochaetes can be seen relatively 

close to the surface. Some much larger cocci are also visible in the image. 

Image 5.6 may show a coarse test-tube brush formation. Image 5.7 (from 

Listgarten, 1976) shows a proposed test-tube brush formation and this bears 

a strong resemblance to image 5.6. Such structures were proposed to consist 

of a large central filament surrounded by flagellated filamentous bacteria. 

Image 5.6 contains bacteria very similar to those proposed to be flagellated
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filamentous bacteria by Listgarten. However, a central filament could not be 

seen.

The presence of bacteria of similar morphology (e.g. spirochaetes and 

flagellated filamentous bacteria) to those bacteria associated with periodontal 

disease and failing implants, suggests that the conditions used in these 

experiments (including choice of growth medium), were similar to those found 

subgingivally.

5.5 Conclusions

An in vitro model for the growth of subgingival plaque on dental implants was 

created, utilising a serum-containing medium and an anaerobic atmosphere. 

The compositions of biofilms formed on HA and Bioglass under these 

conditions were found to be broadly similar. However, viable counts of biofilm 

sections were reduced in sections close to the surface of Bioglass, suggesting 

antibacterial activity from this material.
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Chapter 6

The effect of particulate Bioglass on the viability of 

supragingival and subgingival bacteria
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6.1 Aim

As discussed in chapter 1 section 1.10, the surface reactions of bioactive 

glasses may be antibacterial. An implant material possessing antibacterial 

activity may have a greater chance of successfully osteointegrating, and 

additionally, be less susceptible to subsequent colonisation by bacteria in its 

vicinity. In this chapter, the potential of particulate Bioglass-to exert an 

antibacterial effect on certain supragingival and subgingival bacteria was 

examined. Particulate Bioglass has been used in the treatment of periodontal 

defects (Zamet et al, 1997). In such circumstances, it is likely that this material 

will encounter both supra- and subgingival bacteria.

6.2 Materials and methods

6.2.1 Experiments on supragingival bacteria

Experiments were performed on the supragingival bacteria; Streptococcus 

sanguis, Streptococcus mutans and Actinomyces viscosus. The bacteria were 

suspended in nutrient broth, artificial saliva or Dulbecco’s Modified Eagle 

Medium (DMEM) + 10% foetal calf serum (fcs) and incubated with Bioglass 

particulates for 30 minutes (nutrient broth only), 1 or 3 hours. The control was 

incubation without particulates, with the exception that in the 30 minute 

experiments, HA particulate was included as an additional control. The HA 

particulate was obtained by grinding bulk HA with a mortar and pestle. The 

powder was not sieved and hence had undefined grain size. The experimental 

procedures were described in the materials and methods, section 2.4. 

Nutrient broth is a simple laboratory medium used for the cultivation of a wide 

range of bacteria and has a low protein content. Artificial saliva and DMEM +
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10% fcs were chosen to be representative of the solutions that Bioglass would 

encounter in vivo i.e. saliva and serum protein-containing fluids such as GCF. 

(In this study the DMEM + 10% fcs solution was subsequently replaced by 

40% horse serum in RPMI, which was judged to be more representative of 

GCF.)

6.2.2 Experiments on subgingival bacteria

Experiments were also performed on the subgingival bacteria; 

Porphyromonas gingivalis, Fusobacterium nucleatum, Prevotella intermedia 

and Actinobacillus actinomycetemcomitans following exposure to particulate 

Bioglass, particulate glass or no particulates in BM broth or 40% horse serum 

in RPMI for 1 hour. BM broth is a laboratory medium used for the cultivation of 

anaerobic bacteria.

6.2.3 pH measurements

The pH of the particulate suspensions at 1 or 3 hours in the various media 

was measured using a pH meter (pH Boy, Shindengen).

6.3 Results

6.3.1 Supragingival bacteria

6.3.1a S. sanguis incubated with particulate Bioglass, ground HA or no 

particulates in nutrient broth for 30 minutes (fig. 6.1).

Comparatively low reductions in viability were observed after 30 minutes 

incubation with the Bioglass particulates with mean kills of approximately 

6 6%. The hydroxyapatite controls had an average reduction in viability of 

approximately 6 %.
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Figure 6.1 Viability of S. sanguis following 30 minutes exposure to particulate

Bioglass in NB
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6.3.1b S. sanguis, S. mutans and A. viscosus incubated with particulate 

Bioglass or no particulates in nutrient broth, DMEM + 10% fcs or artificial 

saliva for 1 or 3 hours at 37 °C (fig. 6.2 -  6.19).

The particulate Bioglass exerted an antibacterial effect against all three 

bacterial species in all of the suspending media. This effect was increased 

after 3 hours exposure. After 1 hour, a lesser antibacterial effect was 

observed against bacteria suspended in DMEM + 10% fcs compared to the 

other media, however the viability of the bacteria further decreased after 3 

hours. No decrease in the viability of the controls without particulates was 

observed after 1 or 3 hours. Table 6.1 shows the percentage kills after 1 and 

3 hours. After 1 hour, the mean percentage kills of all three bacterial species 

were approximately; 93% in nutrient broth, 85.4% in artificial saliva and 65% 

in DMEM + 10% fcs. After 3 hours, the approximate mean percentage kills

4
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were 99% for nutrient broth, 97.5% for artificial saliva and 93% for DMEM + 

10% fcs.

Figure 6.2 Viability of S. sanguis following 1 h exposure to particulate Bioglass 

in NB
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Figure 6.3 Viability of S. sanguis following 1 h exposure to particulate Bioglass

in DMEM + 10% fcs
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Figure 6.4 Viability of S. sanguis following 1 h exposure to particulate Bioglass 

in AS
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Figure 6.5 Viability of S. mutans following 1 h exposure to particulate Bioglass

in NB
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Figure 6.6 Viability of S. mutans following 1 h exposure to particulate Bioglass 

in DMEM + 10% FCS

1 .0 0 E + 0 7

1 .0 0 E + 0 6

1 .0 0 E + 0 5

2  1 .0 0 E + 0 4o
ra
o  1 .0 0 E + 0 3  

1.00B-02 

1 .0 0 E + 0 1  

1 .0 0 E + 0 0

* \  . -

'

' ■. ‘‘

Bioglass Control (no particulates)

177



Figure 6.7 Viability of S. mutans following 1hour exposure to particulate

Bioglass in AS
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Figure 6.8 Viability of A. viscosus following 1 h exposure to particulate 

Bioglass in NB
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Figure 6.9 Viability of A. viscosus following 1 h exposure to particulate

Bioglass in DMEM + 10% FCS
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Figure 6.10 Viability of A. viscosus following 1 h exposure to particulate 

Bioglass in AS
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Figure 6.11 Viability of S. sanguis following 3 hrs exposure to particulate

Bioglass in NB
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Figure 6.12 Viability of S. sanguis following 3 hrs exposure to particulate 

Bioglass in DMEM + 10% FCS
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Figure 6.13 Viability of S. sanguis following 3 hrs exposure to particulate

Bioglass in AS
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Figure 6.14 Viability of S. mutans following 3 hrs exposure to particulate 

Bioglass in NB
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Figure 6.15 Viability of S. mutans following 3 hrs exposure to particulate

Bioglass in DMEM + 10% FCS
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Figure 6.16 Viability of S. mutans following 3 hrs exposure to particulate 

Bioglass in AS
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Figure 6.17 Viability of A. viscosus following 3 hrs exposure to particulate

Bioglass in NB
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Figure 6.18 Viability of A. viscosus following 3 hrs exposure to particulate 

Bioglass in DMEM + 10% FCS
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Figure 6.19 Viability of A. viscosus following 3 hrs exposure to particulate

Bioglass in AS
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Table 6.1 Percentage kill of supragingival bacteria following exposure to 

Bioglass particulates

% kill

Bacterium and suspending 

medium

1 h 3 h

S. sanguis + NB 98.0 99.5

S. sanguis + DM EM + 10% fcs 71.1 99.9

S. sanguis + artificial saliva 65.8 94.4

S. mutans + NB 83.1 97.3

S. mutans + DMEM + 10% fcs 51.5 79.1

S. mutans + artificial saliva 94.4 98.4

A. viscosus + NB 97.3 99.5

A. viscosus + DMEM + 10% fcs 72.7 99.9

A. viscosus + artificial saliva 96.2 99.6

6.3.2 Subgingival bacteria

The viability of P. gingivalis, F. nucleatum, Prev. intermedia and A  

actinomycetemcomitans following exposure to particulate Bioglass, particulate 

glass or no particulates in BM broth or 40% horse serum in RPMI, is shown in 

figures 6.20 -  6.25. The percentage kills that these figure represent (relative 

to the controls containing no particulates) are shown in table 6 .2 .

The Bioglass particulates demonstrated a considerable antibacterial activity 

against all of the subgingival bacteria tested, with 100% kill of Prev.
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intermedia. However, there was in some instances, a reduction in viability 

observed with the glass particulates. This was most prevalent in the tests with 

P. gingivalis and Prev. intermedia in BM broth. It was found that the 

reductions in viability in BM broth were greater than those in 40% horse 

serum in RPMI.
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Figure 6.20 Viability of P. gingivalis following 1 h exposure to particulate

Bioglass in BM broth
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Figure 6.21 Viability of F. nucleatum following 1 h exposure to particulate 

Bioglass in BM broth
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Figure 6.22 Viability of Prev. intermedia following 1 h exposure to particulate

Bioglass in BM broth

1.00BO6

1 .0 0 E + O 5

1 .0 0 E + 0 4
3
LL

~  1 .0 0 E + 0 3

1 0 0 E + O 2

1 .0 0 E + 0 1

1 .0 0 E + 0 0

I

-

:

■ v '- '■}.

i

'

: ;

- __________................._ ......  . ....- ................ _ j

C o n t r o l  ( n o  
p a r t i c u l a t e s )

G l a s s  b e a d s B i o g l a s s

Figure 6.23 Viability of A. actinomycetemcomitans following 1 h exposure to 

particulate Bioglass in BM broth
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Figure 6.24 Viability of F. nucleatum following 1 h exposure to particulate

Bioglass in 40% HS in RPMI
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Figure 6.25 Viability of A. actinomycetemcomitans following 1 h exposure to 

particulate Bioglass in 40% HS in RPMI
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Table 6.2 Percentage kill of subgingival bacteria following exposure to 

Bioglass particulates

% kills

BM broth 40% HS in RPMI

Bacterium Bioglass Glass Bioglass Glass

P. gingivalis 91.2 62.3 nd nd

F. nucleatum 95.0 14.7 85.9 0.9

Prev. intermedia 100 48.8 nd nd

A. actinomycetemcomitans 98.6 8.0 87.9 4.8

6.3.3 pH measurements

The pH values at each time interval are shown in table 6.3. The values at 0 h 

represent the pH’s of the media without addition of Bioglass particulates.

Table 6.3 pH measurements of various suspension media following incubation 

with Bioglass particulates

Medium

Time (hoursj

0 1 3

Nutrient broth 7.2 10.3 10.0

Artificial saliva 6.6 10.1 10.2

BM broth 6.5 10.1 10.1

40% HS in RPMI 7.7 10.4 10.3

DMEM+ 10% fcs 8.1 10.0 10.2
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6.4 Discussion

These results demonstrated that particulate Bioglass had an antibacterial 

effect against certain supragingival and subgingival bacteria. The experiments 

with supragingival bacteria indicated that the antibacterial effect was 

increased with extended incubation with the particulates. Subgingival bacteria 

appeared to be particularly susceptible to the antibacterial effects of the 

Bioglass particulates in BM broth, with high kills being observed after 1 hour. 

In the experiments with supragingival bacteria, it would have been desirable 

to have included a control for the addition of particulate material to the 

cultures. Initial experiments included ground HA as a control, but this had 

undefined grain size and so its use was discontinued. In the experiments with 

subgingival bacteria, controls of glass particulates with defined grain size 

were included. In these studies, there was, on some occasions, a loss of 

viability of P. gingivalis and Prev. intermedia following incubation with glass 

particulates. There appears to be no record of this material being associated 

with antibacterial activity. In addition, microscopic observation suggested that 

these bacteria did not appear to adhere to the glass particulates in significant 

quantities, following vortexing. Perhaps these bacteria were damaged during 

the vortexing process, hence causing reductions in viability. Both P. gingivalis 

and Prev. intermedia are Gram-negative bacteria, which have been 

suggested to be less robust than Gram positive bacteria (Leonhardt et al, 

1995). Such bacteria have a thinner peptidoglycan layer than Gram-positive 

bacteria and may, as a consequence, be more susceptible to damage by 

mechanical disruption.
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The results from the CDFF experiments described in chapters 3,4 and 5, did 

not reveal antibacterial activity of the magnitude demonstrated here. However, 

the experiments differed in two fundamental ways. Firstly, Bioglass was 

present as a particulate in the experiments described above, while in the 

CDFF experiments it was present as a bulk solid. Secondly, the bacteria were 

in planktonic form, whereas in the CDFF experiments, the bacteria were in the 

form of biofilms.

The physical form of the Bioglass has important implications for its reactivity. 

Greenspan et al (1994) immersed a variety of grain sizes of particulate 45S5 

Bioglass in tris buffer and analysed the subsequent calcium phosphate 

formation, ion release and changes in pH. These workers found that higher 

SA/V ratios had a faster rate of increase in pH and a higher final pH than 

lower SA/V ratios. The ion release was also found to be more rapid at high 

SA/V ratios. Interestingly, the most rapid increases in pH were found to occur 

in the first 2 hours of the tests, with more gradual increases in pH up to the 

final sample time of 20 hours. Similar work by Anderson et al (1994) found 

bioactive glass S53P4 caused more rapid pH changes in simulated body fluid 

at high surface area to volume (SA/V) ratios. In these experiments, the SA/V 

ratios were 54.5 cm'1 and 109.6 cm'1 for the tests on supragingival and 

subgingival bacteria respectively. In the CDFF experiments, the SA/V ratio 

was estimated to be 33.3 cm'1 (assuming the volume of liquid above the disks 

was 5.89 x 10'3 cm3 and the disk surface area 0.196 cm2). Therefore, the 

particulate experiments had higher SA/V ratios of Bioglass to surrounding 

solution, than the initial CDFF experiments. It would be expected, therefore, 

that the pH changes and ion releases would be greater in the particulate
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experiments. Given the far greater antibacterial activity demonstrated with the 

particulates, it is probable that pH and/or ion concentration is critical for 

antibacterial activity. The comparatively low SA/V of the Bioglass disks may 

explain the reduced antibacterial effect found in the CDFF experiments.

The other important difference between the particulate experiments and the 

CDFF experiments, was that the former involved the use of planktonic 

bacteria, while the latter studies were on bacteria growing as biofilms. As 

discussed in section 1.5.7, bacterial biofilms have been found to be more 

resistant to antimicrobial agents than their planktonic counterparts. It is 

possible that planktonic bacteria are more susceptible to the antibacterial 

effects of Bioglass than biofilms. However, since the Bioglass disks were 

present in the experimental system at the time of inoculation, the initial 

contact would have been between Bioglass and planktonic bacteria. If, in spite 

of SA/V ratio differences, the bulk Bioglass still possessed antibacterial 

activity, then perhaps a thin layer of dead cells (and proteins from the 

conditioning film) could be present on the Bioglass surface shortly after 

inoculation. Perhaps this layer of organic material would act as a barrier, 

limiting the antibacterial effect of the Bioglass to its immediate vicinity. This 

would allow the development of a biofilm on this organic layer unencumbered 

by the effects of the Bioglass. Some evidence for this was provided by the 

particulate experiments. It was found that the Bioglass particulates immersed 

in DMEM + 10% foetal calf serum (and to a lesser extent, 40% horse serum in 

RPMI), exerted a lower antibacterial activity compared to the particulates in 

the other media, albeit only after 1 hour. The medium containing 10% foetal 

calf serum is representative of physiological fluids high in protein. Perhaps
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protein from the serum coated the surface of the Bioglass particulates and/or 

the bacteria, which protected the bacteria, at least initially. Soderling et al 

(1996), demonstrated the binding of serum proteins to 45S5 Bioglass. These 

workers suggested that binding occurred through the electrostatic bonding of 

positively-charged sites on the predominantly negatively-charged proteins to 

the Bioglass surface. They also suggested that proteins could bond to the 

electric double layer that exists at the surface of reacting Bioglass. The double 

layer is formed by attraction of positively-charged calcium and sodium ions to 

the negatively-charged Bioglass surface during the surface reactions. Protein 

adsorption was found to increase as the calcium phosphate layer developed, 

possibly due to the surface potential of the glass becoming more positive. It 

may also be possible however, that the negatively charged proteins in serum 

bind the calcium and sodium ions released from the surface of reacting 

Bioglass and thus reduce the concentrations of these ions. This would also 

serve to reduce the osmotic pressure around the Bioglass. Both the presence 

of particular ions per se, and the osmotic pressure, could play a role in the 

antibacterial activity of Bioglass. In the particulate experiments, a closed 

system was used, with, therefore, limited amounts of protein. It is possible that 

after 3 hours (where higher bacterial kills were observed), the available cation 

binding sites on the proteins were saturated and so the protective properties 

lost.

While no other studies appear to have been carried out examining the 

antibacterial properties of 45S5 Bioglass, some work has been carried out 

examining a similar material, S53P4 [SiC>2, 53; Na2 0 , 23; CaO, 20; and P2O5,
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4; weight per cent], of grain size less than < 45 pm. This material has been 

used in the treatment of hypersensitive teeth and sinusitis (Salonen et al, 

1996, Aitasalo et al, 1994). Stoor et al (1996) reported that A  

actinomycetemcomitans, P. gingivalis, S. mutans and S. sanguis were 

reduced in viability by greater than 99% after 1 hour incubation with this 

material. Other studies from the same laboratory (Stoor et al, 1998) on glass 

S53P4 revealed similar findings, with 100% kills of A. 

actinomycetemcomitans, P. gingivalis, S. mutans and A. naeslundii after 1 

hour. Only viable cells of S. sanguis could be detected after this time period, 

albeit at low levels (1 x 103 CFU). The SA/V ratio used in these experiments 

was approximately 1920 cm-1, which was considerably higher than the 

experiments described here (approximately 10 and 20  times greater for supra- 

and subgingival studies respectively). This may explain the even greater 

antibacterial effects found by these workers.

6.5 Conclusions

Particulate Bioglass was shown to exert an antibacterial effect against certain 

bacteria, commonly isolated from supra- and subgingival plaque.

In the next chapter, the antibacterial properties of Bioglass were investigated 

further. These studies included investigations into the significance of SA/V 

ratios and the contribution of pH to antibacterial activity.
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Chapter 7

An investigation of the antibacterial mechanisms of 

Bioglass
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7.1 Aims

In the previous chapter, Bioglass was shown to exert an antibacterial effect 

against certain oral bacteria. In this chapter, the nature of this effect was 

further investigated. The effect of surface area on the antibacterial properties 

of bulk Bioglass was examined. In addition, solutions incubated with Bioglass 

particulates were examined for antibacterial activity.

7.2 Materials and methods

7.2.1 The effect of surface finish on the antibacterial activity of bulk Bioglass 

The ATP content of bacteria on the surface of bulk Bioglass and glass (Pyrex) 

of 3 and 200 pm finishes was measured using a device called a Bioprobe. 

This was described in section 2.4.5. The surface finishes of the disks were 

created by rubbing with silicon carbide paper of the appropriate roughness. 

Disks were sterilised by immersing in acetone, and drying in a level 2 flow 

cabinet. The disks were then placed on aluminium sample holders which, in 

turn, were placed in Petri dishes containing damp tissue (to prevent 

evaporation of the bacterial culture). An overnight culture of S. sanguis in 

nutrient broth (NB) was dispensed in 10 pi volumes onto the disk surfaces and 

incubated for 1 or 2 hours at 37°C. To measure the ATP content of the 

bacteria on the disk surfaces, 20  pi of extractant was added, and after 10 

seconds, 20 pi of the luciferase reagent. Light emission was then measured 

using the Bioprobe as described in section 2.4.5. As an additional control, a 

0.1 molar ATP solution was measured in the same way, instead of the 

bacterial culture (this was done for 1 hour only, on both Bioglass surfaces and
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glass of 3 pm finish). This was to check that the disk surfaces did not interfere 

with the Bioprobe measurements in some way.

7.2.2 The effect of surface area to volume ratio on the antibacterial activity of 

particulate Bioglass

In order to determine whether the volume of the solution surrounding Bioglass 

affected its antibacterial activity, Bioglass was incubated with bacteria in a 

variety of volumes of medium. Bioglass and glass particulates of 355-500 and 

425-600 pm diameter grain size respectively, were placed into universals in 

0.1 g quantities. S. sanguis was added to these in 50 pi volumes. Nutrient 

broth was then added to make final volumes of 250 pi (200 pi NB), 500 pi 

(450 pi NB) and 50 pi (no added NB). An additional control, S. sanguis in NB 

without particulates was also included. The tubes were then incubated 

aerobically at 37°C with rotation for 1 hour. The viability of S. sanguis was 

determined by viable counting on TSA plates.

7.2.3 Investigation into the antibacterial activity of Bioglass supernates 

As described in section 2.4.4.

7.2.4 The effect of pH adjustment on the antibacterial activity of Bioglass 

supernates

Bioglass supernates were produced as described in section 2.4.4. The pH’s of 

the supernates were measured, and on being found to be a constant pH 9.8, 

pooled into one universal. One ml volumes of the supernates were then 

dispensed into sterile plastic universals. The pH was reduced in one set of
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replicates by addition of 35 pi of 1M HCI to give final pH’s of approximately 

7.2, which is the same as that of nutrient broth. To one set of Bioglass 

supernates was added 35 pi of 1M NaCI. The pH remained at 9.8. The 

addition of NaCI acted as a control for the addition of chloride ions (in the form 

of HCI) in the pH adjusted supernates. Nutrient broth was included in place of 

Bioglass supernates as a negative control. 950 pi volumes of the solutions 

were then added to cryotubes containing 50 pi of an overnight culture of S. 

sanguis, and the experiments continued as described in section 2.4.4.

7.2.5 The effect of filtration on the antibacterial activity of Bioglass supernates 

The supernates produced from mixtures of particulate Bioglass in NB were 

found to be turbid. On shaking, a fine white precipitate could be seen moving 

in the liquid. It was decided to investigate whether the precipitate had any 

effect on the antibacterial activity of the solution. (Removal of the insoluble 

particles was also desirable to aid microscopic observation of bacteria in flow 

cells, described in the next chapter.) Bioglass supernates were obtained as 

described in section 7.2.3 above. The solutions were filtered through a 5 pm 

syringe filter (Whatman), or 5 pm followed by 0.2 pm filter. The control was 

unfiltered Bioglass supernates and nutrient broth alone. S. sanguis was 

exposed to these solutions using the same method as that described in 

section 7.2.3.

7.2.6 Statistical analyses

Where differences were examined, single factor analysis of variance was 

used.
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7.3 Results

7.3.1 The effect of surface finish on the antibacterial activity of bulk Bioglass 

The concentration of ATP at the surface of the substrata was directly 

proportional to photon emission from the sample, expressed as Relative Light 

Units (RLU). One molecule of ATP was equivalent to 1.0 RLU.

After 1 hour (figure 7.1), the lowest ATP content was found with S. sanguis on 

Bioglass of 200 pm finish, with a mean reading of approximately 6.3 ± 1.3 x 

103 RLU. The ATP concentration was found to be significantly different 

(p<0.01) to those of each of the other substrata. The ATP concentrations 

found on glass of 3 and 200 pm finishes and Bioglass of 3 pm finish, were not 

significantly different from one another at p<0.01, although glass of 3 pm and 

200 pm finish were significantly different at the p<0.05 level.

After 2 hours (figure 7.2), the Bioglass of 200 pm finish was again found to 

contain the lowest concentration of ATP, with a mean of approximately 782 ± 

219 RLU. The differences between this surface and the other substrata were 

even greater after this time period and were significant to p < 0.0001. No 

significant differences were found between any of the other substrata.

No significant difference was found in the measured ATP concentrations of 

the 0.1 M ATP solution between Bioglass and glass (data not shown).

200



Figure 7.1 Viability of S. sanguis following 1 h exposure to Bioglass and glass 

disks of varying surface finish
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Figure 7.2 Viability of S. sanguis following 2 hrs exposure to Bioglass and 

glass disks of varying surface finish
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7.3.2 The effect of surface area to volume ratio on the antibacterial activity of 

particulate Bioglass

Figure 7.3 shows the effect of particulate Bioglass on the viability of S. 

sanguis in varying volumes of suspension medium. The mean viable count of 

S. sanguis suspended in 50 pi of NB with Bioglass particulates after 1 hour 

was approximately 3.3 ± 0.9 x 103 GFU/ml. The corresponding mean viable 

counts with glass particulates and no particulates were approximately 2 .2  ± 

0.8 x 106 CFU/ml, and 3.1 ± 0.9 x 106 CFU/ml respectively. Thus, in a 50 pi 

Bioglass-containing suspension, an approximate 99.9% reduction in the 

viability of S. sanguis was observed, compared to the controls.

In 250 pi NB, the mean viable count with Bioglass particulates was 

approximately 1.0 ± 0.4 x 104 CFU/ml. The corresponding counts with glass 

particulates and NB alone were approximately 3.0 ± 1.5 x 106 CFU/ml, and

2.8 ± 0.9 x 106 CFU/ml respectively. Thus, in a 250 pi Bioglass-containing 

suspension, an approximate 99.6% reduction in the viability of S. sanguis was 

observed, compared to the controls.

In 500 pi NB, the mean viable count with Bioglass particulates was 

approximately 8.9 ± 0.4 x 105 CFU/ml. The corresponding counts with glass 

particulates and NB alone were approximately 1.3 ± 0.7 x 106 CFU/ml, and 

2.4 ± 0.8 x 106 CFU/ml respectively. Thus, in a 500 pi Bioglass-containing 

suspension, an approximate 62.9% reduction in the viability of S. sanguis was 

observed, compared to the controls.

The above kills were found to be statistically significant (p<0.0001), compared 

to controls.
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Figure 7.3 Viability of S. sanguis following 1 h exposure to particulate Bioglass

in varying volumes of medium
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7.3.3 Investigation into the antibacterial activity of Bioglass supernates 

Figure 7.4 shows the viability of S. sanguis following incubation with the 

supernates from mixtures of Bioglass and glass particulates in nutrient broth. 

A statistically significant reduction (p<0.01) in the viability of S. sanguis was 

observed after exposure to the supernates produced from Bioglass and NB, 

compared to the controls. The cultures exposed to Bioglass/NB supernates 

had a mean viable count of approximately 3.8 ± 1.6 x 104 CFU/ml. The 

cultures exposed to glass/NB supernates and NB alone had mean viable 

counts of approximately 9.9 ± 3.6 x 106 CFU/ml, and 8.2 ± 2.8 x 106 CFU/m. 

This constituted a greater than 2 log reduction in viability of S. sanguis when 

exposed to the Bioglass/NB supernates. No significant difference was found 

between the controls of glass particulates in NB, and NB alone.
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Figure 7.4 Viability of S. sanguis following 1 hour exposure to supernates from

Bioglass particulates in NB

1 .0 0 E + 0 8

1 .0 0 E + 0 7

1 .0 0 E + 0 6

1 .0 0 E + 0 5

O
-  1 .0 0 E + 0 4  
10
o

1 .0 0 E + 0 3

1 .0 0 E + 0 2

1.00E+01

1 .0 0 E + 0 0
Bioglass I NB 

supernate
G lass /N B

supernate
NB alone

205



7.3.4 The effect of pH adjustment on the antibacterial activity of Bioglass 

supernates

Figure 7.5 shows that reducing the pH of the supernates to that of NB (pH 

7.2) by the addition of HCI, eliminated the antibacterial activity. NB alone had 

a mean viable count of approximately 2.6 ± 0.8 x 107 CFU/ml, while the

Bioglass supernates, pH adjusted with HCI, had a mean viable count of

approximately 1.8 ± 0.5 x 107 CFU/ml. These differences were not significant 

(p<0.01). Untreated Bioglass/NB supernates had a mean viable count of

approximately 2.3 ± 0.6 x 106 CFU/ml. The addition of NaCI to Bioglass

supernates had no significant effect on the antibacterial activity of the 

Bioglass supernates, with a mean viable count of approximately 2.2 ± 0.4 x 

106 CFU/ml. Raising the pH of nutrient broth, by the addition of NaOH, to the 

same as that of Bioglass supernates, was found to produce an antibacterial 

effect, with a mean viable count of approximately 7.4 ± 5.0 x 105 CFU/ml. This 

value was significantly lower than that found with the untreated Bioglass 

supernates.
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Figure 7.5 Effect of pH adjustment on the antibacterial activity of Bioglass

supernates against S. sanguis
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7.3.5 The effect of filtration on the antibacterial activity of Bioglass supernates 

Filtering of the Bioglass supernates had no effect on their antibacterial activity 

(figure 7.6). On inspection by eye, the precipitate appeared to have been 

removed following 5 pm filtration. Filtration had no effect on the pH of the 

solutions (table 7.1).

Table 7.1 Effect of filtration on the pH of Bioglass/NB supernates

Solution Mean pH

Unfiltered supernate 9.8

5 pm filtrate 9.8

0 .2  pm filtrate 9.8

NB 7.2
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Figure 7.6 Effect of filtration on the antibacterial activity of Bioglass

supernates against S. sanguis
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7.4 Discussion

7.4.1 The effect of surface finish on the antibacterial activity of bulk Bioglass 

The extractant used in the experiment acts by lysing the bacterial cells, thus 

releasing any ATP present. The luciferase-containing reagent then reacts with 

the ATP to emit photons. This reaction is quantified by the Bioprobe. One 

would expect that a bacterial sample of reduced viability would have a 

corresponding reduction in ATP, as this chemical is associated only with 

viable cells. The lower ATP concentrations found with the S. sanguis cultures 

on bulk Bioglass disks with increased surface area may, therefore, have been 

indicative of an antibacterial effect. It should be noted that the volume of 

bacterial suspension dispensed onto the disks was relatively small, thus 

providing a relatively large surface area to volume ratio. An increase in the 

volume of the bacterial suspension would be expected to diminish the 

antibacterial effect.

7.4.2 The effect of surface area to volume ratio on the antibacterial activity of 

particulate Bioglass

These experiments were performed to investigate whether a relationship 

existed between the volume of the suspending solution and the relative 

antibacterial effectiveness of the Bioglass particulates. The results suggested 

that the Bioglass particulates had a greater potency in a smaller volume of 

liquid. The fact that antibacterial activity was still found when Bioglass was 

present in the largest liquid volume, suggested that it had not reached its 

minimum effective concentration. It is unclear what volume of tissue fluid 

would be present at the site of an implant. It should also be appreciated that in
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some instances an implant will be bathed in flowing fluids, and thus not a fixed 

volume. For example, an implant positioned subgingivally would be bathed by 

flowing GCF. In addition, flow of GCF has been found to increase with gingival 

inflammation (Marsh and Bradshaw, 1997). It is likely that the presence of an 

implant would also result in such inflammation. The volume of liquid recovered 

upon sampling of the gingivae is generally low e.g. approximately 80-170 

nanolitres (Curtis et al, 1988). This may indicate that at any given time, the 

volume of fluid in the gingival crevice (and thus bathing a subgingival implant) 

is relatively low. Thus, in the case of subgingivally implanted Bioglass, the 

relative antibacterial activity would be expected to be high.

7.4.3 Investigation into the antibacterial activity of Bioglass supernates 

The results demonstrated that direct contact between Bioglass particulates 

and bacterial cells was not required to produce an antibacterial effect. The 

surface reactions of Bioglass produced a solution capable of killing bacteria. 

This may provide particulate Bioglass with the advantage of being capable of 

sterilising an implant site, or at least reducing the numbers of viable bacteria 

in the vicinity. The fact that contact between the granules and bacteria was 

not necessary to produce an antibacterial effect, suggests that bacteria could 

be killed before they encounter the Bioglass surface. Whether this would 

actually reduce bacterial accumulation on Bioglass is uncertain. Bacterial co

aggregation, which relies on receptor-adhesin interactions, is an energy 

independent process and therefore viability independent (Kolenbrander and 

London, 1993). It seems likely that this is also the case for bacterial adhesion 

to surfaces, as this has been shown to be mediated by hydrophobic and
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receptor-adhesin interactions (Busscher and van der Mei, 1997). Bactericidal 

conditions, out-with the immediate vicinity of the Bioglass implant, could 

however, serve to reduce the adherence of motile chemotactic bacteria, which 

might otherwise find their way to the Bioglass surface. One also has to take 

into account that these experiments were carried out in nutrient broth and not 

physiological solutions, which may have reacted in a different manner. These 

may have an increased buffering capacity and therefore be less susceptible to 

pH changes. Saliva, for example is known to be buffered by bicarbonate, 

phosphates, peptides and proteins (Cole and Eastoe, 1988). However, it was 

found that a pH of 9.7 was produced following incubation of 40% horse serum 

in RPMI with 5 g of Bioglass particulates.

The experiments were repeated twice, and the kills found to be in the range of 

approximately 1 -  2.5 log™ reduction. The starting concentration of S. sanguis 

in these experiments was approximately 1 x 107 CFU/ml. These kills are not of 

equivalent magnitude to those achieved using dedicated antimicrobial agents 

such as mouthwashes and antibiotics. Wilson et al (1996), found that 

planktonic S. sanguis in artificial saliva, at a starting concentration of 1.28 x 

107 CFU per ml, was reduced to <500 CFU/ml after 5 minutes exposure to 

0.2% chlorhexidine or 0.05% cetylpyridinium chloride, at 37°C. These 

represent greater kills than those found with the Bioglass/NB supernates. 

However, in the studies with the antimicrobial agents, 5 ml of the agents was 

added to 50 pi cultures, whereas in this study, 950 pi was added to 50 pi 

cultures. Thus, the proportion of antimicrobial agents to bacteria in the former 

studies, was over five times greater. Nevertheless, the kills produced by the 

Bioglass/NB supernates were considerable (90 - 99%). Thus, Bioglass would
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be expected to provide some protection against infection by oral bacteria, 

assuming that Bioglass exerts a similar effect in vivo.

7.4.4 The effect of pH adjustment on the antibacterial activity of Bioglass 

supernates

The results indicated that the antibacterial activity of Bioglass supernates was 

a pH-related phenomenon. However, it was not possible to conclude from this 

experiment that the antibacterial activity was due to high pH per se. A 

reduction in the pH of the Bioglass supernates may have altered the 

solubilities of particular ions in the supernates, which, at pH 9.8, could also 

have been responsible for the bactericidal effect. However, the antibacterial 

activity observed with addition of NaOH to NB was of similar magnitude to that 

elicited by the Bioglass supernates. The antibacterial activity represented 

percentage kills of approximately 91 % for the untreated Bioglass supernates 

and 97% for NaOH in NB. This provided evidence that high pH alone was 

responsible for the antibacterial activity.

High pH solutions have previously been shown to have some antibacterial 

activity. Barbosa et al (1994), found that a calcium hydroxide solution of pH

10.8 killed some, but not all, of a selection of bacteria found in root canals. 

Dentifrices of high pH have also been shown to be bactericidal (Drake et al, 

1995). These workers found that a sodium bicarbonate-containing dentifrice 

(Arm and Hammer Dental Care) had a greater antibacterial activity at its 

working pH of 8.5, compared to a pH adjusted formulation at pH 7.0.

The bactericidal mechanism associated with high pH solutions has been 

suggested to be attributable to the hydrolysis of proteins and nucleic acids
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(Lamanna and Mallet, 1965). Little or no work appears to have been done in 

the area in the last 20  years, which seems surprising considering the 

advances in knowledge regarding the nature of bacterial membranes, and the 

response of bacteria to environmental stress.

It seems probable that the bacteria present in the oral cavity will be more 

tolerant to extremes of pH than bacteria found in more stable environments. 

The intake of food and pharmaceuticals of variable pH must be tolerated by 

those bacteria in the mouth. Fruit juices are acidic (Thomson, 1990), while 

dentifrices are often alkaline in nature. In addition, certain plaque bacteria 

produce acid by the fermentation of dietary carbohydrates (Stephan, 1944). 

Saliva will however, act as a buffer to reduce extremes of pH. The pH of 

saliva has been reported to be in the range of 6.2 - 7.6 (Cole and Eastoe, 

1988). It appears from these experiments that, exposure to a pH of around 

9.8, is approaching the tolerance limit of S. sanguis. Certain other bacterial 

species would be expected to show different pH tolerances to that of S. 

sanguis. Acid producing bacteria such as S. mutans and Lactobacillus casei 

may be even less tolerant to high pH. The viable counts from biofilms of these 

bacteria have been shown to be inversely proportional to the pH in their 

vicinity (Bradshaw et al, 1989). The gingival crevicular fluid, present in the 

gingival crevice, has been reported as having a pH of 7.5 - 8.0 (Cimasoni, 

1983), although other workers have reported that the pH of the gingival 

crevice was close to neutrality (Eggert et al, 1991). The latter workers 

suggested that previous attempts to measure the pH of the gingival crevice 

and periodontal pockets were flawed, in that they failed to take into account 

the presence of organic reducing agents produced by bacteria on sampling,
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thus giving readings that were too high. However, it seems significant that the 

optimium pH for the growth of a commonly isolated bacterium from 

periodontal pockets (Bacteroides (Porphyromonas) gingivalis), has been 

found to be pH 8.0 (McDermid et al, 1990). No reports were found to suggest 

that the pH of the gingival crevice or periodontal pocket is as high as 9.8, 

which was the pH of the Bioglass-derived solutions in these experiments. In 

the previous chapter, the susceptibility of P. gingivalis and Prev. intermedia to 

the antibacterial effect of Bioglass was demonstrated. This appears to rule out 

any possibility that Bioglass could favour the presence of such Gram negative 

anaerobes, in its immediate vicinity, at least while the surface reactions are 

occurring.

7.4.5 The effect of filtration on the antibacterial activity of Bioglass supernates 

The insoluble particles present in the Bioglass supernates did not appear to 

have any effect on the antibacterial activity of the solutions. Stoor et al (1996), 

suggested that P. gingivalis was agglutinated by interaction with calcium ions 

in aqueous mixtures of granules of the bioactive glass S53P4. This was found 

to occur without contact between the granules and bacteria. These workers 

suggested that agglutination was one mechanism by which this bioactive 

glass exerted an antibacterial effect. The term antibacterial however, does not 

seem to be applicable in this instance. Agglutination would be unlikely to 

affect the viability of the bacteria. It could, however, reduce the colony forming 

units (CFU) measured by agar plate culturing techniques i.e. one large clump 

of cells could have the same CFU as one bacterium. In addition, agglutination

215



could render bacteria more susceptible to removal from a site through 

increased shear forces and subsequent removal by GCF flow and swallowing.

7.5 Conclusions

The antibacterial activity of Bioglass was further demonstrated. The 

experiments with the ATP bioprobe indicated that the antibacterial activity 

increased with increasing surface area. Supernates produced from Bioglass 

particulates in liquid medium were shown to possess antibacterial activity. 

This demonstrated that direct contact between bacteria and Bioglass was not 

necessary for antibacterial activity. The reduction of the pH of the supernates 

removed the antibacterial activity. This suggested that the antibacterial effect 

was a pH-related phenomenon.

In the next chapter, the first stage in the potential colonisation of a Bioglass 

implant i.e. bacterial adhesion to its surface, was investigated.
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Chapter 8

Adhesion of Streptococcus sanguis to Bioglass
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8.1 Aim

In chapters 3,4 and 5, biofilm formation on bulk Bioglass in the CDFF was 

described. Biofilms formed on substrata that were situated in recessed 

depressions, relative to the PTFE pans that supported them. This may have 

provided conditions similar to those in stagnant sites in the mouth, such as 

approximal surfaces and the gingival crevice, where thick plaques can 

develop (Marsh and Bradshaw, 1995). In the CDFF, biofilm formation may 

have occurred through deposition of bacteria from the salivary inoculum, by 

gravity, onto the substrata, with subsequent bacterial growth. Consequently, 

little was known about the affinity of the biofilm for that surface, and in 

particular, the ability of primary colonising bacteria to adhere to Bioglass in 

non-stagnating conditions. It was decided, therefore, to develop a system that 

would allow the observation and quantification of bacterial adherence to the 

surface of Bioglass, under the influence of liquid flow. Flow cells similar to 

those described by Busscher and Van der Mei (1995) were used for this 

purpose.

8.2 Materials and methods

8.2.1 Preliminary experiments to establish working flow cell system 

The early flow cells contained only one disk. The diameter of the central 

channel in these flow cells was 7 mm. This narrower channel allowed for 

faster liquid flow through the flow cell. However, this was offset by the 

disadvantage of having to use separate flow cells to examine different 

substrata. This was undesirable as air bubbles were often produced when 

changing flow cells. Air bubbles have been found to remove adherent bacteria
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from surfaces (Pitt et al, 1993). Displacement of bacteria by air bubbles was 

observed in this study.

Of fundamental importance to the adhesion experiments was the nature of the 

inoculum. In initial experiments, a 24 h batch culture (i.e. closed system with 

finite nutrient source) of S. sanguis in artificial saliva was used. This had the 

advantage of being simple and relatively quick to prepare, with good 

reproducibility (in terms of viable counts). The culture was passed through the 

flow cell at a rate of 0.1 ml / min. The bacteria were typically found in short 

chains or as discrete cells. However, surface coverage was found to be 

extremely high with almost complete surface coverage after 24 hours. These 

bacteria were easily removed by increasing the flow rate through the flow cell, 

indicating that they had merely settled on the substratum through deposition 

by gravity, and were not truly adherent. A further problem associated with the 

use of batch cultures is that the metabolic state of the bacteria varies greatly 

with time. As nutrients decrease and waste products increase, the metabolism 

of the bacterial cells will change considerably (Wilson and Dick, 1984). Thus, 

any adhesion studies must be timed very carefully to allow reproducible 

results. In addition, one must also decide which state of the growth phase to 

examine.

Since batch cultures appeared to be unsuitable, it was decided to investigate 

the suitability of using a continuous culture system. Continuous cultures are 

balanced systems where bacterial viability and physiological state remain 

constant. The rate of inflow of fresh medium to the system is equal to the 

effluent flow. In the system used in these studies, fresh medium was supplied 

in the form of an 8 litre reservoir of artificial saliva. Downstream from this, was
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a flask containing a 500 ml volume of artificial saliva, which acted as the 

culture vessel. The tubing exiting this flask contained ‘Y’ connectors, allowing 

downstream attachment to two flow cells and an effluent bottle for collecting 

waste when the flow cells were bypassed during non-experimental conditions. 

A peristaltic pump was installed downstream of the flow cells. The culture 

vessel was inoculated with S. sanguis and incubated in a water bath at 37°C 

overnight. The purity of the culture was checked by Gram staining before 

initiating the continuous culture phase. To initiate flow, air was drawn out of 

the culture vessel by a vacuum pipette via the air filters. The air filters were 

then clamped off, creating a negative pressure in the culture vessel. At the 

same time, the downstream pump was activated drawing liquid from the 

culture vessel at a rate of 0.5 ml/min. This caused fresh medium to be drawn 

into the culture vessel at the same rate. The residence time of the bacteria in 

the culture vessel was thus 16.67 hours. The viability of the culture was 

checked after 24, 48 and 96 hours. Sampling was via a universal connected 

to a junction of the tubing downstream from the culture flask. The viable 

counts after 48 and 96 hours were found to be 1.7 x108 CFU/ml and 1.4 x 108 

CFU/ml respectively. Thus, bacterial growth appeared to have reached 

equilibrium.

The adhesion of the bacteria to Bioglass was examined microscopically. It 

was found that the bacteria were in the form of very long chains. The chains 

were compared to those found in human saliva and appeared to be much 

longer. It seems likely that these chains would have been much more easily 

dislodged from the Bioglass surface than shorter chains. Longer chains would 

present a greater surface area to the flowing liquid and thus would be subject
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to greater shear forces. However, this could have been compensated for by 

increased area of contact with the substratum surface, with the formation of 

more adhesive bonds with that surface. However, adherent chains were 

observed being dislodged by collision with chains in planktonic form in the fast 

flowing suspension. Attempts were made to reduce the size of the chains by 

passing the tubing through a sonicating bath. Surprisingly, this had no effect 

on the chain size.

It was decided therefore to produce an inoculum more representative of the 

conditions likely to be found in vivo. As already discussed (section 1.6.3), 

saliva aids in the removal of bacteria from the mouth. Thus, bacteria would 

not be expected to remain in the mouth for extended periods in planktonic 

form. It seems likely, therefore, that those bacteria present in saliva are 

derived from biofilms (plaque) not removed by swallowing. Thus, any 

adhesion experiments involving oral bacteria should aim to produce an 

inoculum of similar origin to the bacteria present in saliva i.e. one derived from 

a biofilm. This was attempted in the experiments described below using the 

GPT device (see section 2.5.3), which produced an inoculum of biofilm- 

derived cells. Adhesion of S. sanguis to untreated Bioglass, Bioglass 

containing an HCA layer, and glass (Pyrex) was examined. These 

experiments are further described below.

8.2.2 Finalised flow cell system

The specifications for the final flow cell design, which housed two disks of the 

desire substratum, were described in section 2.5.1.

221



It was desirable to establish the nature of the flow through the flow cell, in 

particular, to determine whether the flow was laminar. Bos et al (1999) 

described certain criteria that have to be met to achieve laminar flow. These 

were:

1) a Reynold’s number of less than 2000

2) a flow cell of sufficient length to eliminate effects from the inlet

3) width to height ratio greater than 5 to eliminate side wall effects (i.e. 

turbulence)

1) Calculation of Reynold’s number (Re)

p = fluid density g ml ~1 (artificial saliva = 0.99)

Q = flow rate ml s'1 (0.0083) 

w = width of chamber cm (2.6) 

b = half depth of chamber cm (0.055) 

p = absolute viscosity g cm'1 s'1 (Artificial saliva = 0.984)

Re = p Q
(w + 2b) p

= 0.003

Therefore in these experiments, Re < 2000.

2) Minimum flow cell length

Le = (Proportionality constant*) 2b (Re)

* Proportionality constant = 0.044 Bos et al (1999)

Le = 0.000014

In these experiments the flow cell length was 7.6 cm. Therefore, the flow cell 

was of sufficient length.
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3) Width to height ratio

Width = 2.6 cm, height = 0.11 cm

Ratio = 23.6

Since the ratio is greater than 5 the flow should not be influenced by side wall 

effects.

The above calculations establish that the fluid flow in these experiments was 

laminar.

8.2.3 Disk preparation

Disk surfaces were prepared as described in section 2.5.2.

8.2.4 Inoculum

The inoculum was provided by a glass packed tubing device (GPT), described 

in section 2.5.3.

8.2.5 Experimental conditions

The operation of the flow cell was described in section 2.5.4.
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8.2.6 Image analysis

Image capture and analysis for quantification of bacterial adhesion was 

described in section 2.5.5. Images 8.1 and 8.2 show the conversion of a 

photographic image to a threshold image in which the bacterial cells are white 

against a black background.

Image 8.1 Example of adhesion of S. sanguis to untreated Bioglass after 4 

hours

The bacteria can be seen as dark clumps against the light background and 

appear to be in the form of large aggregates of cells.



Image 8.2 (threshold conversion of image 8.1)

By converting the previous image (8.1) to grayscale, it was possible to 

differentiate the cells from the background by altering the threshold until cells 

appeared white against a black background. This allowed the calculation of 

surface coverage by bacteria, by conversion to a histogram.
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8.2.7 Adhesion of S. sanguis to Bioglass using final flow cell design 

The adhesion experiments were divided into two categories:-

1) The adhesion of S. sanguis to untreated Bioglass and Pyrex disks.

Images were taken at 1, 4 and 24 hours. Live/dead staining was carried out 

after 24 hours. This was done by cutting the tubing just above the entrance to 

the flow cell and immersing the remaining tubing in a bijoux containing 

live/dead stain (1.5 pi reagent A, 1.5 pi reagent B) in 10 ml PBS (see section 

2.6.2) and pumping into the flow cell as above.

2) The adhesion of S. sanguis to untreated Bioglass and HCA-coated 

Bioglass. The HCA-coated Bioglass was produced by incubating in tris-buffer. 

These adhesion experiments were carried out using the same procedure as 

above.
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8.3 Results

8.3.1 Preliminary experiment

Adhesion of S. sanguis in batch culture to Bioqlass

Figure 8.1 shows the high coverage of S. sanguis to Bioglass when the 

inoculum was in the form of a batch culture. After 4 hours, the surface 

coverage was approximately 6%. This had increase to approximately 12% 

after 6 hours. After 24 hours, the bacteria almost completely covered the 

surface of the disk (99.9% coverage).

Figure 8.1 Surface coverage of S. sanguis in batch culture on Bioglass
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8.3.2 Adhesion of S. sanguis to untreated Bioglass and Pyrex disks

All photomicrographs shown below are x 250 magnification. The bars (top left)

represent 50 pm.

Figure 8.2 shows the surface coverage of S. sanguis on Bioglass and glass 

substrata. This figure contains the surface coverage data from each individual 

image (i.e. unprocessed data). The data are presented in this way due to the 

high standard deviations produced when calculating the mean surface 

coverage. The graphical presentation of the means was judged to have little 

merit. The mean surface coverage of S. sanguis on Bioglass and glass and 

standard deviations from all of the runs are therefore displayed in table 8 1.

Figure 8.2 Adhesion of S. sanguis to untreated Bioglass and glass substrata
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Table 8.1 Mean % surface coverage of S. sanguis (s.d. = standard deviation)

1 h 4 hrs 24 hrs

Bioglass 3.7 7.2 1.3

s.d. 5.5 8.3 1.7

Glass 7.4 6.3 3.0

s.d. 7.9 6.3 1.4

Due to the very high standard deviations encountered, it was decided that 

statistical analysis was not applicable. However, from visual inspection of the 

data, no quantitative differences were evident. Surface coverage tended to 

vary markedly between experiments. On the Bioglass surface, coverage of S. 

sanguis ranged from approximately 0.1 -  16% after 1 hour, 0.7 -  25% after 4 

hours, and 0 -  5% after 24 hours. On glass, the surface coverage ranged 

from approximately 0.4 -  27% after 1 hour, 1.7 -  19% after 4 hours, and 0.1 -  

4% after 24 hours.

Qualitative differences were observed between the adhesion of S. sanguis on 

untreated Bioglass and to glass. Images 8.7 - 8.12 show examples of the 

surface coverage of S. sanguis on untreated Bioglass and glass substrata 

after 1, 4 and 24 hours.

Live/dead staining of the bacteria revealed that the cells were live after 24 

hours.
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Image 8.3

Surface coverage of S. sanguis on Bioglass after 1 h (Surface coverage =

0.9%)

This image shows relatively low surface coverage, with bacteria in the form of 

dark clumps on a lighter background.
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Image 8.4

Surface coverage of S. sanguis on glass after 1 h (Surface coverage = 3.0%)

In this image, S. sanguis is predominantly adherent to the substratum in the 

form of chains, rather than in aggregates of cells.
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Image 8.5

Surface coverage of S. sanguis on Bioglass after 4 hrs (Surface coverage = 

4.8%)

In this image, the bacteria are again in the form of large aggregates on 

Bioglass. Note also the mottled effect on the background, which was not 

present on the previous Bioglass image (8.3) after 1 hour. This effect may 

have been caused by the developing HCA layer.
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Image 8.6

Surface coverage of S. sanguis on glass after 4 hrs (Surface coverage =

3.0%)

In this image after 4 hours, S. sanguis is again adhering to glass in the form of 

chains.
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Image 8.7

Surface coverage of S. sanguis on Bioglass after 24 hrs (Surface coverage =

0 .6%)

After 24 hours, fewer aggregates of cells were present on the Bioglass 

surface. The mottled effect can be seen to be more developed than after 4 

hours (image 8.5).
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Image 8.8

Surface coverage of S. sanguis on glass after 24 hrs (Surface coverage =

3.7%)

,  t l *v

■ v » i-

This image from 24 hours, shows chains of streptococci adhering to the glass 

surface.
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8.3.3 The adhesion of S. sanguis to untreated Bioglass and HCA-coated 

Bioglass

It was not possible to visualise the adherence of bacteria to the HCA-coated 

Bioglass, as bacteria could not be distinguished from the background. 

Consequently, no data are available for discussion.

8.4 Discussion

In these studies, it was observed that the adhesion and subsequent surface 

coverage of S. sanguis did differ between Bioglass (untreated) and glass. 

However, these differences were qualitative rather than quantitative. It was 

observed that large aggregates of cells tended to adhere to Bioglass. This 

was particularly noticeable after 4 hours. In contrast, chains of cells of variable 

length were associated with glass. While these did not appear to be present 

on the Bioglass after 1 and 4 hours, it could not always be determined 

whether they were present after 24 hours. This was due to the reaction at the 

Bioglass surface, which obscured the image, to the extent that only larger 

masses of cells could be observed.

The percentage surface coverage data did not reveal numerical differences 

between the two substrata. Differences in attachment were observed between 

runs and this may have been due to differences in the inocula. Cells flowing 

out of the GPT appeared to increase in chain length over time and seemed to 

adhere more readily with age. While the surface coverage was always below 

30%, variations did occur within runs, leading to high standard deviations on 

most occasions. A number of factors contributed to this. While four 

photographs were taken at each time point for each substratum, the
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subsequent prints were not always of sufficient quality to allow image 

analysis. Clumping of cells into large aggregates in otherwise barren areas 

also produced variable coverage measurements. Another problem frequently 

encountered was the development of gas bubbles in the system between 4 

and 24 hours. These may have been caused by slight changes in 

temperature, or more likely, pressure during the experiments. Pitt et al (1993) 

described how gas bubbles could nucleate on a surface due to pressure 

changes in the liquid phase. Perhaps in these experiments, the peristaltic 

pump created a pressure differential that caused the formation of gas 

bubbles. These bubbles resulted in removal of adhering cells. This was also 

observed by the above workers when examining the adherence of 

Staphylococcus epidermidis to glass slides. All data from runs in which gas 

bubbles were observed were omitted from the final results.

By application of the live/dead differential stain the cells were found to be live 

after 24 hours. This was not surprising given the relatively low antibacterial 

activity found with bulk Bioglass in the previous chapters (3, 4 and 5). It was 

not certain how long the adherent bacteria on the surface after 24 hours had 

actually been exposed to the Bioglass surface. The surface was exposed to a 

continuous inoculum and bacteria can also detach from surfaces. Therefore, 

the bacteria present after 24 hours were not necessarily exposed to Bioglass 

for 24 hours. The rate of flow may also have influenced the conditions at the 

Bioglass surface. In chapter 7, the antibacterial activity of solutions in which 

Bioglass had been immersed was demonstrated. Under conditions of flow, the 

antibacterial agents would be rapidly swept downstream from the substratum
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surface upon their release, and thus the area immediately above the 

substratum diluted.

It was notable that the large clumps responsible for the relatively high surface 

coverage on Bioglass after 4 hours were absent after 24 hours. Bos et al 

(1999) stated that shear forces in laminar flow on a micrometre-sized 

microorganism are relatively low. Forces either act to lift the cell from the 

surface (Saffman force) or roll it over the surface (Stokes drag force). Perhaps 

the relatively low surface area of the chains on glass compared to the large 

clumps on Bioglass, favoured their retention on the substratum surface. 

Alternatively, the clumping frequently observed with Bioglass may have been 

due to stronger attractive forces being present between Bioglass and the 

bacteria, than with glass. If high shear forces are required to remove clumps, 

then it is conceivable that the relative absence of large clumps with glass was 

as a result of developing clumps being removed more easily due to weaker 

adhesive forces. Thus, the glass would only be able to support the adherence 

of chains.

The surface reactions of Bioglass may also provide another explanation for 

the large aggregates of cells found on its surface. These reactions, including 

the formation of the HCA layer, would have been initiated at the onset of the 

experiment (i.e. when Bioglass was exposed to aqueous conditions). The 

formation of apatite crystals would have greatly increased the surface area of 

the polished (3 pm finish) Bioglass surface. These crystals may have created 

areas where bacteria adhered preferentially, perhaps because of a decrease 

in shear forces. In a similar manner, it has been suggested that bacteria in
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plaque are less easily removed from pits and fissures in enamel than on the 

smoother areas on teeth (Newman, 1972). In addition, Taylor et al, (1998) 

found that an increase in surface roughness (difference in magnitude of peaks 

and troughs on a surface) increased the retention of adherent Candida 

albicans (a relatively large oral microorganism).

It is important to note that the development of the HCA layer would have also 

changed the nature of the Bioglass surface. This has implications for the 

subsequent adhesion of bacteria. Soderling et al (1996) found that a bioactive 

glass (S53P4) with an HCA layer on its surface bound a wider range of 

proteins than in its unreacted form. These proteins, in turn, may provide a 

greater range of potential sites for bacterial adherence, and in vivo, a wider 

range of organisms.

One also has to consider the influence of the surface reactions on already 

adherent bacteria. In the mouth, salivary conditioning films are laid down on 

tooth surfaces in a matter of seconds (Liljemark and Bloomquist, 1996), 

although the adsorption of molecules has been reported to take 9 0 - 1 2 0  

minutes to reach a peak (Marsh and Bradshaw, 1995). The surface of a 

bioactive glass is known to dissolve at the onset of the surface reactions, prior 

to formation of the Si-rich and HCA layers (Andersson et al, 1993). Soderling 

et al (1996) found that the binding of proteins was unaffected by the dissolving 

of the outer layer. These workers examined the adsorption of serum proteins 

onto untreated bioactive glass without an HCA layer. It was found that the 

protein concentrations on the untreated glass were similar after 1 and 30 

minutes. It was concluded that, since ions begin to dissolve from the glass 

surface immediately in an aqueous environment, the ions must have diffused
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through the protein layer covering the glass. However, this may not 

necessarily be the case. If turnover of proteins occurred as the surface 

dissolved, the 30 minute reading could merely have been a measurement of 

the proteins adhering in the final moments prior to sampling. This point may 

be very important when considering the fate of an adherent bacterium on 

protein-coated, unreacted Bioglass. If the protein layer is disturbed by the 

dissolving of the surface layer, then the bacterium, which may be adherent to 

the protein and not the glass, may also be removed.

Another explanation for the clumping of bacteria on the Bioglass surface is 

calcium ion mediated autoagglutination of S. sanguis. The calcium ions would 

have been released from the surface of the Bioglass at the onset of the 

experiment (as described in section 1.3.1) as part of the surface reactions 

associated with this material when exposed to an aqueous environment. In 

the experiment described in section 7.2.5, where Bioglass supemates were 

filtered to remove a white cloudy material, possibly calcium phosphate, the 

antibacterial effect of the supernates was undiminished. This suggested that 

either autoagglutination did not occur or that the antibacterial effect was 

independent of this process.

In adhesion studies that examine the inherent ability of a bacterium to adhere 

to a surface, it is necessary to know the precise nature of the flow regime to 

allow comparison of data between laboratories (Bos et al, 1999). While this 

would also be desirable when examining a substratum, it has to be bome in 

mind that flow conditions over an implant site would be virtually impossible to 

reproduce. Flow conditions in vivo, could be altered by such factors as the
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dimensions of the implant, positioning of the implant relative to fluid flow (if 

any), the degree of inflammation, and the composition (e.g. viscosity) of the 

tissue fluid. With respect to the latter, tissue fluids could vary in their ionic 

strength, depending on the type of fluid present. This has been found to 

influence the spatial arrangement of adhering microorganisms through 

electrostatic acceleration i.e. in low ionic strength solutions the charges on 

bacterial surfaces may repel one another. This effect is diminished with 

increasing ionic strength (Bos et al, 1999). The viscosity of the tissue fluids 

will also affect the flow conditions over an implant, and the deposition of 

bacteria on the substratum. The rate of deposition of bacteria on a surface 

decreases with increased viscosity of suspending fluid, due to a reduction in 

mass transport to the surface (Bos et al, 1996).

In this study, the substrata were of primary interest, rather than the bacterium. 

Consequently, it was not necessary to have ‘ideal’ flow conditions i.e. laminar 

flow (although this was achieved). However, with respect to these in vitro 

studies, the symmetry of the flow cell should have ensured that the flow 

conditions were the same over both substrata.

8.5 Conclusions

A system was developed to allow the visualisation and quantification of 

adherence of bacteria to bulk Bioglass.

No quantitative differences were found between adhesion of S. sanguis to 

Bioglass compared to adhesion to glass. However, the spatial arrangement of 

adhering S. sanguis on Bioglass tended to be in the form of large aggregates
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of cells, whereas on glass, the adherent bacteria tended to be in the form of 

chains.
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Chapter 9

Use of the CDFF to model the use of particulate 

Bioglass in periodontal repair
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9.1 Aim

In chapters 6 and 7, particulate Bioglass was shown to exert an antibacterial 

effect against certain supra- and subgingival bacteria. However, these 

experiments were carried out against planktonic bacteria, which are more 

susceptible to antibacterial agents than their biofilm-grown counterparts. The 

aim of this part of the study was to investigate the ability of bacteria to form 

biofilms on particulate Bioglass in vitro, under conditions similar to those 

encountered when this material is used in the repair of periodontal defects.

9.2 Methodology

9.2.1 General set up

Both single and multispecies biofilms were grown in the CDFF. The single 

species biofilms were S. sanguis and the multispecies biofilms were grown 

from a salivary inoculum. 0.1 g of Bioglass particulate (355 -  500 pm diameter 

grain size) was dispensed onto the PTFE plugs of the CDFF and recessed to 

a depth of 100 pm. The control was 0.1 g glass particulates of grain size 425 

-  600 pm. The particulates were sterilised separately from the CDFF due to 

their continual displacement during autoclaving. A spare turntable was 

obtained and the pans inserted as normal. The tops of the pans containing the 

particulates were then covered with aluminium disks, which in turn, were 

secured in place by covering with aluminium foil. The turntable was then 

autoclaved at 135°C (Little Sister), without penetration of steam into the pans. 

It was necessary to autoclave the pans in the turntable because they 

expanded when autoclaved out-with the turntable, and hence could not be re

inserted easily. The pans were aseptically removed in a level 2 sterile flow
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cabinet using a sterile sampling tool and inserted into the turntable of an 

autoclaved CDFF. As in the previous CDFF experiments, inoculation was 

carried out 3 hours after onset of sterilisation of the Bioglass.

9.2.2 Single species experiments

For the inoculation procedure in the single species experiments, a 1 ml 

volume of a thawed culture of S. sanguis was dispensed into a flask 

containing 2 litres of nutrient broth. This was pumped through the fermenter 

(with re-circulation) at a rate of 0.5 ml / min for 24 hours. The CDFF was then 

connected to a 5 litre reservoir which was pumped into the fermenter at 0.5 ml 

/ min. The CDFF was operated aerobically. Viable counts were performed on 

TSA plates. pH measurements of the biofilm/particulates were recorded at 

each sampling time. The sampling times were 3, 24 and 48 hours (after 24 

hours re-circulation of the inoculum).

9.2.3 Multispecies experiments - 40% horse serum in RPMI

The inoculation procedure and operating conditions of the CDFF were the 

same as those described for the experiments in chapter 5 i.e. a flow rate of 

0.1 ml / min with an anaerobic atmosphere. The pH was at measured at each 

sampling time. Sampling times were 24, 48, 96 and 168 hours. The procedure 

for viable counting of selected bacteria was the same as that described in 

chapter 5.
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9.2.4 Multispecies experiments - 40% horse serum in RPMI + vit K and hemin 

The medium was altered for these experiments by the addition of hemin and 

menadione (a source of vitamin K) at concentrations of 5 pg / ml and 0.5 pg / 

ml respectively. The flow rate was increased to 0.5 ml / min. These changes 

were made to simulate the conditions at a surgical site where blood is 

present All other operating and sampling procedures were the same as 

above.

9.2.5 Statistical analyses

For the multispecies experiments, the total aerobic and anaerobic counts on 

Bioglass and glass particulates were analysed using the Student’s t-test (two 

tail, two sample, equal variance) to determine whether any differences were 

statistically significant. The total aerobic and anaerobic counts were chosen 

because these would have been representative of the total viability of the 

biofilms. The single species biofilms were also analysed using the Student’s t- 

test.
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9.3 Results

The experiments with both single and multispecies inocula produced biofilms 

whose morphology to the naked eye was the same as that produced on the 

solid substrata (chapters 3,4 and 5). The multispecies biofilms were a pale 

brown colour with a viscous, slimy consistency and bore a resemblance to 

dental plaque.

9.3.1 Single species experiments

Figure 9.1 shows the viability of biofilms of S. sanguis grown on Bioglass and 

glass particulates. At all 3 sample times, the viable counts for S. sanguis were 

significantly lower on Bioglass particulates compared to glass particulates 

(p<0.01). After 3 hours, the biofilms on Bioglass had a viable count of 

approximately 5.4 ± 1.4 x 103 CFU/mm2, and glass, 2.7 ± 1.2 x 104 CFU/mm2. 

At 24 hours, the counts were approximately 2.2 ± 0.6 x 104 CFU/mm2 on 

Bioglass and 9.5 ± 2.5 x 104 CFU/mm2 on glass. After 48 hours, the counts on 

Bioglass had increased to approximately 3.8 ± 1.3 x 104 CFU/mm2, while on 

glass the counts had decreased slightly to approximately 9.3 ± 1.9 x 104 

CFU/mm2.

Live/dead staining appeared to show a greater proportion of dead cells from 

the Bioglass biofilms, although this was not quantified, as the cells were in the 

form of large aggregates. As the viable counts suggest, numerous live cells 

were also present from the disrupted biofilms grown on Bioglass.
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Figure 9.1 Viability of S. sanguis biofilms per unit area of Bioglass and glass

particulates
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Table 9.1 shows the pH values of the single species biofilms on particulate 

Bioglass and glass substrata. The pH of Bioglass and associated biofilms was 

higher than glass initially and then decreased to the same pH as glass at the 

last time point. The pH of glass and associated biofilms increased with time. 

The effluent pH was 7.2 at the last time point.

Table 9.1 pH measurements of single species biofilms/substrata

pH

Age of biofilms (hours) Bioglass Glass

3 9.0 7.9

24 8.7 8.1

48 8.4 8.4
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9.3.2 Multispecies experiments - 40% horse serum in RPMI 

Figures 9.2 and 9.3 show the viability of the biofilms per unit area of Bioglass 

and glass particulates respectively. Figures 9.4 and 9.5 show the relative 

proportions of certain bacterial groups with respect to the total anaerobic 

counts on Bioglass and glass respectively.

Figure 9.2 Viability of subgingivally-modeiled biofilms per unit area of glass
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Figure 9.3 Viability of subgingivally-modelled biofilms per unit area of Bioglass
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Figure 9.4 Relative proportions of anaerobic genera to total anaerobic counts 

of subgingivally-modelled biofilms grown on glass particulates
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Figure 9.5 Relative proportions of anaerobic genera to total anaerobic counts 

of subgingivally-modelled biofilms grown on Bioglass particulates
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In general, the viable counts on particulate glass were slightly higher than 

those of particulate Bioglass. The viable counts amongst the various 

groupings of bacteria on both substrata did however, follow very similar trends 

over time.

After 24 hours, the total aerobic count on Bioglass was approximately 1 ± 0.5 

x 105 CFU/mm2, and on glass, 2 ± 0.8 x 105 CFU/mm2. After 96 hours the 

counts reached a maximum on both substrata, with approximately 5.4 ± 0.9 x

105 CFU/mm2 on Bioglass and 8.5 ± 1.6 x 105 CFU/mm2 on glass. The total 

aerobic counts were found to be significantly lower on Bioglass at 24 h 

(p<0.05), 48 h (p<0.01) and 96 h (p<0.01). No significant difference was found 

at 168 hours (p<0.05).

The total anaerobic count was approximately 1.1 ± 0.5 x 105 CFU/mm2 on 

Bioglass and 3.3 ± 1.4 x 105 CFU/mm2 on glass, after 24 hours. After 168 

hours, the counts had increased to a maximum of approximately 2.1 ± 0.7 x

106 CFU/mm2 and 2.4 ± 1.7 x 106 CFU/mm2, on Bioglass and glass 

respectively. Figure 9.6 shows a graphical representation of the total 

anaerobic counts on both particulate Bioglass and glass. It was found that the 

total viable anaerobic counts on Bioglass, were significantly lower (p<0.01) 

than those on glass, at 24, 48 and 96 hours. No significant difference was 

found at 168 hours (p<0.05).
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Figure 9.6 Total anaerobic counts of subgingivally-modelled biofilms grown on

Bioglass and glass particulates
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The streptococcal counts were 3.8 ± 2.8 x 103 CFU/mm2 on Bioglass, 

compared to 1.3 ± 0.3 x 104 CFU/mm2 on glass, after 24 hours. These counts 

represented approximately 3.5 and 3.9% of the total (facultative) anaerobic 

counts of the biofilms, on Bioglass and glass particulates respectively. The 

maximum counts on both substrata were recorded at the 96 hour sample 

time, with approximately 7 .6 ± 4 .0 x  104 CFU/mm2 on Bioglass, and 1.3 ± 0.3 x 

105 CFU/mm2 on glass, representing approximately 10.8 and 11.1% of the 

total (facultative) anaerobic counts respectively.

On Bioglass, the viable count for Veiilonella species after 24 hours was 

approximately 1.4 ± 0.7 x 103 CFU/mm2, while on glass the count was 

approximately 2.3 ± 1.9 x 103 CFU/mm2, constituting approximately 1.3 and
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0.7% of the total anaerobic counts respectively. On both substrata, the viable 

counts for Veilonella species increased between 24 and 48 hours. However, 

after 96 hours, the counts were found to decrease, and after 168 hours had 

fallen to levels below those found at 24 hours, with counts on Bioglass of 

approximately 72.9 ± 53.7 CFU/mm2 and on glass, 74.3 ± 32.8 CFU/mm2. 

These counts represented less than 0.01% of the total anaerobic counts on 

both substrata.

The Gram negative anaerobe counts were very low on both substrata after 24 

hours. On Bioglass, the viable count was approximately 51.6 ± 16.1 CFU/mm2 

and on glass, 105.3 ± 49.8 CFU/mm2. However, at the last time point of 168 

hours, the counts on both substrata had increased to the extent that only the 

total anaerobic counts were higher. On Bioglass, the viable count was 

approximately 1.8 ± 0.4 x 106 CFU/mm2, constituting approximately 89% of 

the total anaerobic count. On glass, the count was approximately 1.1 ± 0.4 x 

106 CFU/mm2, which was approximately 47% of the total anaerobic count on 

this substratum.
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Table 9.2 shows the pH values of the biofilms and associated substrata at 

each time interval. In general, the pH increased with time for biofilms grown 

on Bioglass particulates, while there was an overall decrease with glass 

particulates.

Table 9.2 pH measurements of multispecies biofilms/substrata (40% HS in 

RPMI)

pH

Age of biofilms (hours) Bioglass Glass

24 8.4 8.4

48 8.4 7.8

96 8.5 8.1

168 8.8 7.9
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9.3.3 Multispecies experiments - 40% horse serum in RPMI + vit K and hemin 

Figures 9.7 and 9.8 show the viable counts of the biofilms per unit area of 

Bioglass and glass particulates respectively. Figures 9.9 and 9.10 show the 

relative proportions of particular bacterial groups with respect to the total 

anaerobic counts on both substrata.

Figure 9.7 Viability of subgingivally-modelled biofiims (vit K + hemin) per unit 

area particulate glass
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Figure 9.8 Viability of subgingivally-modelled biofilms (vit K + hemin) per unit

area of particulate Bioglass
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Figure 9.9 Relative proportions of anaerobic genera to total anaerobic counts 

of subgingivally-modelled biofilms (vit K + hemin) grown on particulate glass
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Figure 9.10 Relative proportions of anaerobic genera to total anaerobic counts 

of subgingivally-modelled biofilms (vit K + hemin) grown on particulate 

Bioglass
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The total aerobic counts, after 24 hours, were approximately twice as high on 

glass as they were on Bioglass, with counts of approximately 5.2 ± 1.1 x 105 

CFU/mm2 on glass and 2.6 ± 0.8 x 105 CFU/mm2 on Bioglass. After 48 hours, 

the counts were more than four times greater on glass, with approximately 8.8 

± 1.8 x 105 CFU/mm2 on glass and 2.1 ± 0.8 x 105 CFU/mm2 on Bioglass. It 

was found that these differences were significant (p<0.01). However, at 96 

and 168 hours, where the mean counts on Bioglass were slightly higher than 

those on glass, no significant difference was found (p<0.05).

After 24 hours, the total anaerobic counts on glass were approximately 6.4 ±

2.1 x 105 CFU/mm2 and on Bioglass 3.1 ± 1.2 x 105 CFU/mm2. On both
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substrata, the maximum counts were observed after 168 hours, with 

approximately 2.1 ± 1.3 x 106 CFU/mm2 on Bioglass, and 2.2 ± 0.8 x 106 

CFU/mm2 on glass. Figure 9.11 shows the total anaerobic counts on Bioglass 

and glass particulates. These counts were found to be significantly lower on 

Bioglass compared to glass, after 24 and 48 hours (p<0.01), but not after 96 

and 168 hours (p<0.05).

Figure 9.11 Total anaerobic counts of subgingivally-modelled biofilms grown 

on Bioglass and glass particulates in a hemin + vit K-containing medium
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Relative to the total aerobic and anaerobic counts, the streptococcal counts 

were very high on both substrata after 24 hours. The Bioglass grown biofilms 

had viable counts of approximately 3.4 ± 1.3 x 105 CFU/mm2 and glass, 7.1 ±

2.2 x105 CFU/mm2. These actually accounted for greater than 100% of the 

total (facultative) anaerobic counts on either substrata (possibly due to 

differences in affinity for media and/or zones of inhibition around colonies). 

The streptococcal counts on both substrata dropped after 48 hours and 

remained relatively constant at the next time points, with final counts at 168 

hours of approximately, 4.8 ± 2.5 x 105 CFU/mm2 on Bioglass, and 4.9 + 2.1 x 

105 CFU/mm2 on glass. These counts constituted approximately 23 and 22% 

of the total facultative and obligate anaerobic counts on Bioglass and glass 

respectively.

After 24 hours, the Bioglass biofilms contained approximately 2.3 x 103 ± 0.6 

CFU/mm2 Veiilonella species, while the biofilms on glass had approximately 

1.5 ± 0.9 x 103 CFU/mm2. These counts constituted approximately 0.7 and 

0.2% of the total anaerobic counts respectively. The counts on both substrata 

sharply increased between 24 and 48 hours, and at 96 hours, reached 

maximums of approximately 1.2 ± 0.3 x 105 CFU/mm2 on Bioglass and 1.1 ± 

0.2 x 105 CFU/mm2 on glass. These constituted approximately 6.2 and 5.2% 

of the total anaerobic counts respectively.

The Gram negative anaerobe counts were very low on both substrata after 24 

hours with approximately 55.8 ± 45.5 CFU/mm2 on Bioglass and 30.4 ± 37.9 

CFU/mm2 on glass. These accounted for less than 0.1% of the total anaerobic 

counts. However, the viable counts steadily increased with time, to final 

numbers of approximately 8.4 ± 2.6 x 104 CFU/mm2 on Bioglass and 1.5 ± 0.7
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x 105 CFU/mm2 on glass after 168 hours. These counts represented 

approximately 4 and 7% of the total anaerobic counts of the biofilms on 

Bioglass and glass respectively.

Table 9.3 shows the pH values of the biofilms and associated substrata at 

each time interval. The Bioglass particulates/biofilms had higher pH’s at all 

time points compared to those of glass particulates/biofilms.

Table 9.3 pH measurements of multispecies biofilms/substrata (40% HS in 

RPMI + hemin + vit K)

pH

Age of biofilms (hours) Bioglass Glass

24 8.4 7.5

48 8.1 7.2

96 8.1 7.3

168 8.1 7.3

9.4 Discussion

The viabilities of the S. sanguis biofilms grown on particulate Bioglass were 

significantly lower than those grown on glass particulates at all time points. S. 

sanguis is a primary coloniser of dental plaque (Addy et al, 1992) and thus is 

an important bacterium in the establishment of a biofilm. In the case of 

Bioglass, it is possible that this bacterium could be present at the material’s 

surface after its insertion at an implant site. The ability to kill this organism
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may be beneficial in preventing secondary colonisation of the material. It is 

unclear whether the viability of adhering bacteria has any effect on the ability 

of subsequent bacteria to colonise a material.

In the multispecies experiments, the total aerobic counts (which would have 

consisted of facultatively anaerobic species) and anaerobic counts were of 

particular significance as these, theoretically, should have been 

representative of the majority of the bacteria present in the biofilm. Since 

these were relatively non-specific counts, they would have been less likely to 

be affected by variations in the numbers of particular species within the biofilm 

populations.

The biofilms grown in 40% horse serum in RPMI on glass particulates 

contained approximately two times as many viable facultative anaerobes and 

three times as many anaerobes as those on Bioglass, 24 hours after 

connection to the main medium supply. This suggested that the Bioglass 

particulates had a degree of resistance to bacterial colonisation, or killed 

adherent organisms. Significant differences remained after 48 and 96 hours. It 

is unclear whether these differences represented continued antibacterial 

activity by the Bioglass particulates, or whether they merely reflected the initial 

differences in the viability of the biofilms. Interestingly, after 24 hours, similar 

differences were found with the biofilms grown in 40% horse serum in RPMI 

with added hemin and vitamin K, where the aerobic and anaerobic counts on 

glass particulates were approximately double those on Bioglass. However, 

further significant differences were only found after 48 hours, unlike the 

previous experiments where differences were found after 96 hours. This may

264



have been because of the increased flow rate of the latter experiments and 

the more nutritious medium used. These factors may have led to increased 

biofilm growth on the substrata. Provided that the glass particulate biofilms 

had reached maximum dimensions (i.e. were subject to shearing by the 

scraper blade), increased growth would explain why the biofilms on Bioglass 

particulates attained similar viable counts to the biofilms on glass particulates 

more rapidly in the latter experiments. This may also suggest that the 

antibacterial activity of the Bioglass particulates had ceased, or at least biofilm 

growth was occurring at a greater rate than particulate Bioglass induced cell 

death.

The experiments described here were repeated once. It was found that the 

relative proportions of the bacterial genera varied between runs. This was not 

necessarily surprising given the numerous bacterial species present in saliva. 

The broad capacity of bacteria to co-aggregate with adjacent bacteria of 

differing species (Kolenbrander and London, 1993) suggests that plaque 

development could be extremely variable, certainly at a localised level. 

However, reductions in viability in the total aerobic and anaerobic counts on 

Bioglass were still observed in these runs, suggesting a broad antibacterial 

activity, independent of biofilm composition.

On all substrata, and in both medium types, the Gram negative anaerobes 

were initially recovered at low levels. However, their numbers gradually 

increased. It was notable that the viable counts of these bacteria were greater 

(approximately 1 log™ higher) on both substrata in the medium without hemin 

and vitamin K, which was pumped into the CDFF at a lower flow rate. The 

Gram negative anaerobes also accounted for much higher proportions of the
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biofilms when grown in this medium. This was surprising as it was anticipated 

that the inclusion of hemin and viatamin K would have favoured the growth of 

Gram negative anaerobes. Perhaps in the experiments with the lower flow 

rate without hemin and vitamin K, the Gram negative anaerobic population 

increased through better utilisation of the relatively scarce nutrient supply.

In all the experiments, the biofilms associated with the Bioglass particulates 

had higher pH’s than those biofilms on glass particulates. The biofilms on 

Bioglass particulates had pH’s in the range of 8.1 - 9.0. These were lower 

than the pH’s of the planktonic bacterial suspensions mixed with Bioglass 

particulates, described in chapters 6 and 7. It seems likely that the pH within 

the biofilms would have been dependent on the proximity to the Bioglass 

particulates. Those bacteria closest to the particulates may well have been 

subjected to higher pH levels than those located in the centre of a bacterial 

aggregate or microcolony. The measurements obtained here were relatively 

crude, although were probably close to the mean values within the biofilms, 

with fluctuations at the micrometer scale.

In chapters 6 and 7, particulate Bioglass was shown to have substantial 

antibacterial activity against a range of oral bacteria. The experiments 

described here showed that, despite this antibacterial activity, biofilm 

formation on Bioglass was possible. In the previous experiments, the 

inoculum consisted of a relatively small volume of bacteria, unlike the 

experiments described in this chapter, in which the substrata were challenged 

with a continually replenished inoculum for several hours. Perhaps those
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bacteria, which first came into contact with particulate Bioglass were killed in 

the same manner as those in the planktonic experiments, described in 

chapter 6. If this was the case, one would expect a layer of dead cells to cover 

the particulates. Perhaps this served to protect bacteria that were 

subsequently transferred to the substrata from the inoculum flask, by 

diminishing the antibacterial effects of the particulates through physical 

interference. In chapter 6, it was speculated that the cations released from 

Bioglass could be bound by proteinaceous molecules present in the growth 

medium. Such molecules would not have been present in the single species 

experiments, where nutrient broth was the growth medium. Perhaps the 

cations could also be bound or blocked by an adherent layer of non-viable 

bacteria. This would account for the ability of bacteria to form biofilms on the 

Bioglass particulates, despite their apparently substantial antibacterial activity. 

Another explanation for the failure of the particulates to demonstrate kills of 

the same magnitude as those found with planktonic bacteria, is that the 

experiments described in this chapter were carried out over a longer time 

period. The surface reactions associated with Bioglass are known to occur 

most rapidly over the first hour of exposure to an aqueous environment 

(Greenspan et a/, 1994). In these experiments, the particulates were covered 

with aluminium disks and then foil, in an effort to prevent the intrusion of 

moisture onto the particulates during the autoclaving process. It was hoped 

therefore, that the surface reactions occurred when the particulates were in 

contact with bacteria, not during the sterilisation process. If this occurred, then 

one would expect that the bacteria in the CDFF would have been exposed to 

initial, unfavourable, and possibly bactericidal conditions. However, the
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surface reactions would then be expected to diminish, possibly to the extent 

that the conditions were no longer bactericidal; particularly if the blocking 

hypothesis suggested above, occurred.

Traditionally, antimicrobial agents, such as those used in anti-plaque 

mouthwashes, have been described on the basjs of their minimum inhibitory 

concentration i.e. the concentration required to prevent the growth of a 

particular bacterium. However, such concentrations have been determined 

against planktonic bacteria, failing to take into account the recalcitrant nature 

of biofilms, which tend to be more resistant to antimicrobials (Costerton et al, 

1987). Wilson et al (1996), demonstrated that S. sanguis was more resistant 

to the antimicrobial agents; 0.2% (w/v) chlorhexidine gluconate (CX), and 

0.05% (w/v) cetylpyridinium chloride (CPC), in the form of biofilms than in 

planktonic form. In addition, Pratten et al (1998), found that a six-membered 

community of oral bacteria commonly found in supragingival plaque, was 

resistant to a 0.2% (w/v) CX solution (the maximum concentration used in 

mouth wash), after 5 minutes exposure. These studies suggest that these 

agents would be ineffective at eradicating dental plaque at the concentrations 

described. However, they may be effective in preventing plaque formation for 

a limited time (depending on their substantivity) on tooth surfaces where 

mechanical plaque removing procedures have been effective (e.g. brushing), 

since biofilms will be absent. Pratten et al (1998), showed that biofilm 

formation of S. sanguis was undetectable after 8 hours, on HA disks pre

treated with CX, CPC or triclosan. In the experiments in this study, biofilm 

formation was not prevented, however it was significantly reduced for at least

268



48 hours. The use of Bioglass particulates in vivo in periodontal applications 

has mainly been in the repair of osseous defects (Zamet et al, 1997, Lovelace 

et al, 1998). In this procedure, diseased periodontal bone is debrided and the 

particulate Bioglass packed into the resultant hole. The mucoperostial flaps 

are then re-attached (Zamet et al, 1997), thus separating the Bioglass from 

the fluids of the oral cavity. It seems unlikely therefore that in vivo, the

particulates would come into contact with bacteria in the numbers

encountered in these experiments, where the inoculum was replenished for 

several hours. A surgical site may only be exposed to limited amounts of 

bacteria if the wound is closed following surgery (Brown et al, 1998). Whereas 

anti-plaque agents are continually challenged with bacteria from the oral 

cavity, Bioglass may only be required to kill the limited numbers of bacteria 

infiltrating the implant site. In chapter 6, the particulate studies on planktonic 

bacteria involved the use of a limited inoculum, and kills approached, and on 

some occasions reached 100%. These results, together with the evidence of 

anti-biofilm forming properties found in this chapter, suggest that the

application of particulate Bioglass to facilitate periodontal bone repair, may 

also serve to kill bacteria in the vicinity and, in doing so, may aid

osseointegration.

9.5 Conclusions

Significant differences were found in the viability of biofilms formed on 

particulate Bioglass and glass. After 24, 48 and on most occasions, 96 hours, 

biofilms that formed on particulate Bioglass had reduced viability compared to
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those on particulate glass. However, after 168 hours, no significant 

differences were found.
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Chapter 10

Summary and conclusions

271



Bioactive materials have been successfully used in periodontal applications 

where bone fill is required. They have demonstrated improved 

osseointegration compared to inert materials. In addition, the use of bioactive 

materials in bone repair negates the threat of viral infection associated with 

the use of freeze-dried bone, which has been found to possess similar 

osseointegrating qualities. The bacterial colonisation of implant materials, 

including bioactive materials, is associated with the symptoms of periodontal 

disease and can result in failure of osseointegration.

45S5 Bioglass has been found to have superior bone bonding qualities 

compared to other bioactive materials, such as HA and tricalciuim phosphate. 

In addition, any antibacterial activity exerted by this material would provide it 

with a further advantage over other bioactive materials, as any recalcitrance 

to bacterial infection would be of obvious benefit.

The aims of this investigation therefore, were to examine the ability of oral 

bacteria to form biofilms on the bioactive glass, 45S5 Bioglass, and to 

investigate the antibacterial potential of this material.

The Constant-Depth Film Fermenter was used to grow biofilms in vitro. Initial 

experiments examined the growth of single species biofilms of S. sanguis on 

Bioglass and HA, with artificial saliva and nutrient broth growth media. HA 

was chosen as it is a bioactive implant material used in the repair of osseous 

defects. Synthetic HA implanted in vivo, slowly undergoes acidic dissolution 

leading to the precipitation of HCA on its surface (Cao and Hench, 1996). 

However, it does not undergo the dramatic surface reactions associated with 

Bioglass in an aqueous environment. The results of these experiments 

revealed little difference between the viability of S. sanguis biofilms grown on
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Bioglass and HA, with either culture medium. The experiments did however, 

establish the suitability of the CDFF for growing reproducible biofilms. 

Consequently, experiments utilising the CDFF were carried out to model the 

colonisation of the supra- and subgingival portions of implants.

Bacterial colonisation of the supragingival portion of dental implants was 

modelled by the growth of biofilms on Bioglass and HA from a salivary 

inoculum. An aerobic atmosphere was used, with an artificial saliva growth 

medium, which provided a conditioning film and nutrient supply to facilitate 

adherence and growth of bacteria on these substrata under conditions similar 

to those found in vivo. The viabilities of selected genera of oral bacteria, within 

the resultant biofilms, were examined. These were found to be similar on both 

substrata. Scanning electron microscopy revealed that the biofilms were 

similar in appearance to dental plaque.

To model the conditions found at the subgingival portion of a dental implant, a 

serum-containing medium was used to mimic gingival crevicular fluid. An 

anaerobic atmosphere was included, as gingival pockets are associated with 

anaerobic conditions. These conditions, while intended to model the 

subgingival environment, may also have provided a model for the conditions 

found in closed surgical sites following implant insertion i.e. with no direct 

contact with the external environment. In these sites, conditions would be 

anaerobic, with implants bathed with tissue fluids, possibly containing serum, 

which is associated with inflammation. In these experiments, few differences 

were found in the viabilities of selected bacterial genera. Transmission 

electron microscopy revealed that the biofilms contained bacteria with 

spirochaete-like morphologies, filamentous bacteria and structures similar to
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test-tube brush formations, all of which have been associated with plaques 

from patients suffering from periodontal disease. Such plaques have been 

found to be very similar to those associated with failing dental implants. Thus, 

the experimental model was found to produce biofilms similar to those found 

in vivo. Horizontal sectioning of these biofilms after growth for over 400 hours, 

revealed some evidence of antibacterial activity close to the Bioglass surface. 

The antibacterial activity of Bioglass was further examined by incubating 

various supra- and subgingival bacteria in planktonic culture, with Bioglass in 

particulate form. Bioglass in this form was found to exert antibacterial activity 

against all the bacteria tested. The nature of this antibacterial activity was 

further investigated, and it was found that the antibacterial effect was not 

dependent on contact between bacteria and the surface of Bioglass. 

Furthermore, experimental evidence suggested that the antibacterial activity 

was dependent on the high pH of the solutions in the vicinity of Bioglass, 

following initiation of the surfaces reactions of this material. Reduction of the 

pH of these solutions was found to eliminate their antibacterial activity, while a 

non-Bioglass derived solution of equivalent pH to those associated with 

Bioglass, was found to exert a similar antibacterial effect.

Other studies revealed that the antibacterial activity of Bioglass was 

dependent on both its surface area, and the volume of solution in which it was 

immersed.

Flow cell studies revealed qualitative differences in the adhesion of the 

primary plaque forming bacterium, S. sanguis, on Bioglass compared to glass 

(Pyrex). On Bioglass substrata, large aggregates of cells were attached after 

1 and 4 hours. After 24 hours, these aggregates had been removed. In
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contrast, S. sanguis was found to adhere to glass in the form of long chains of 

cells.

In the latter part of the study, bacterial biofilm formation on particulate 

Bioglass was examined using the CDFF. In these studies, biofilms of S. 

sanguis were grown under aerobic conditions. In addition, biofilms from a 

salivary inoculum grown under anaerobic conditions in a serum-containing 

medium (40% horse serum in RPMI), with or without hemin and vitamin K, 

were grown to mimic subgingival conditions. As a control, biofilms were also 

grown on particulate glass. Particulate Bioglass was found to significantly 

reduce the viable counts of S. sanguis biofilms, up to a final sample time of 48 

hours. The total viable anaerobic counts of the subgingivally-modelled biofilms 

were significantly reduced up to 96 hours, in the runs with the 40% HS in 

RPMI medium. In those runs using this medium supplemented with hemin and 

vitamin K, significant reductions in the total anaerobic counts were found in 

the first 48 hours.

In vivo, both supra- and subgingival plaque forms on the exposed parts of 

permucosal implants (Nakou et al, 1987). The formation of these plaques was 

modelled in the CDFF experiments. On Bioglass, the base of these biofilms 

would have been exposed to the region of highest potential antibacterial 

activity. This may have implications for the potential recalcitrance of these 

biofilms. One mechanism that has been proposed to be involved in the 

recalcitrance of bacterial biofilms to antimicrobials, is the prevention of 

penetration of antimicrobial agents into the biofilm by the exopolymer matrix 

(glycocalyx) (Gilbert et al, 1997). In dental plaque, this matrix is produced by 

the action of bacterial enzymes, such as glucosylytransferases and
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fructosyltransferases, on dietary sucrose (Marsh and Bradshaw, 1995). The 

polymers of the glycocalyx may act as an ion-exchange resin, removing 

charged molecules from solution (Gilbert et al, 1997). If such molecules are 

antimicrobial agents, then they will have to saturate the glycocalyx before 

penetrating into its constituent bacteria. It has been proposed that the 

glycocalyx may mediate the adhesion of bacteria to a substratum (Costerton 

et al, 1987). Alternatively, bacteria may adhere directly to a surface or a 

conditioning film coating the surface. In any of these scenarios, it is 

reasonable to suppose that those bacteria closest to the substratum will be 

less protected by the glycocalyx than those further from the surface, as more 

exoplysaccharide would require to be saturated. As previously discussed 

(section 1.3.2), sodium, calcium and silica ions are among those released 

from the surface of Bioglass, and these may be involved in the antibacterial 

activity of this material. One would imagine that the exopolymer matrix would 

be effective in binding such ions. One could speculate that, in the case of 

biofilms forming on Bioglass implants however, the protective properties of the 

glycocalyx would be reduced, as antibacterial substances are accessing the 

cells from the substratum without having to pass through an extensive 

exopolysaccharide matrix.

The precise mechanism of the antibacterial activity of Bioglass has yet to be 

elucidated. High pH per se does, however, seem to be an important factor. 

However, as already suggested, pH may also affect the ionic state or solubility 

of particular ions in solution. Consequently, it cannot be ruled out that 

particular ions are responsible for the antibacterial effect. This could be further 

investigated by measuring the concentration of ions in the solutions
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surrounding Bioglass. One method used for such a procedure is that of direct 

current plasma atom emission spectroscopy (Andesson et al, 1993). 

Unfortunately, the facilities for this procedure were not available. Separate 

solutions (made up in deionised water), each containing a particular type of 

ion at the same concentration as that found in the Bioglass supernates, could 

be tested for antibacterial activity, as described in section 7.3.3. In addition, 

solutions of equivalent osmotic concentrations to Bioglass supernates 

(perhaps containing sucrose) could be tested for antibacterial activity, to 

determine whether the antibacterial effect is dependent on osmotic pressure, 

and thus, not ion-specific. Salts have been reported to be unsuitable for 

creating solutions of particular osmotic pressures, partly because of their 

smaller molecular mass (in comparison to sugars) and capacity to ionise, both 

of which increases the relative osmotic concentration of a solution (Lamanna 

and Mallet, 1965).

Normal clinical practice when implanting foreign materials at a surgical site is 

to apply antimicrobial agents or antibiotics to the site in an effort to maintain 

sterility in the region e.g. Anderegg et al (1999), Zamet et al, (1997). While the 

application of bioactive glasses, such as 45S5 Bioglass, in periodontal repair 

has been successful, it is unclear what influence the application of 

antimicrobials and antibiotics has on the process of osseointegration. Given 

the antibacterial nature of Bioglass (especially in particulate form), it would be 

interesting to determine the outcome of implantation without the application of 

such agents. Perhaps the degree of bone and soft tissue bonding would be 

enhanced without the use of substances that could potentially interfere with 

this process. However, there may also be a case for the continued use of
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such agents. The release of soluble silica from Bioglass has been proposed to 

enhance osteoblast proliferation (Cao and Hench, 1996). It would be 

interesting to determine the effect of such ions on bacterial metabolism. As 

previously stated (section 1.5.7), studies have shown that one factor 

influencing biofilm recalcitrance to antimicrobial agents may be reduced 

bacterial growth rate. If soluble silica enhanced the growth rate of bacteria, 

then this could increase their susceptibility to antimicrobial agents.

This study has demonstrated that the bioactive glass, 45S5 Bioglass, in its 

particulate form, possesses antibacterial activity against a wide range of oral 

bacteria. As it is often used in this form, such a property has the potential to 

aid osseointegration of the material by reducing its susceptibility to bacterial 

colonisation.

278



References



Aitasalo K, Peltola M, Suonpaa J, Yli-Urpo A, Andersson OH, Varpula M and 

Happonen RP (1994). In Bioceramics Volume 7, Anderson OH and Yli-Urpo A 

(eds). Butterworth-Heinemann Ltd, Oxford pp 409-414

Addy M, Slayne MA and Wade WG (1992). The formation and control of 

dental plaque -  an overview. Journal of Applied Bacteriology 73, 269-278

Allison DG and Gilbert P (1995). Modification by surface association of 

antimicrobial susceptibility of bacterial populations. Journal of Industrial 

Microbiology 15, 311-317

Anderegg CR, Alexander DC and Freidman M (1999). A bioactive glass 

particulate in the treatment of molar furcation invasions. Journal of 

Periodontology 70, 383-387

Andersson OH, Rosenqvist J and Karlsson KH (1993). Dissolution, leaching 

and AI2O3 enrichment at the surface of bioactive glasses studied by solution 

analysis. Journal of Biomedical Materials Research 27, 941-948

Andersson OH, Vahatalo K, Yli-Urpo A and Karlsson KH (1994). Short-term 

reaction kinetics of bioactive glass in simulated body fluid and in 

suncutaneous tissue. Bioceramics vol. 7. Andersson OH and Yli-Urpo A (ed). 

Butterworth-Heinemman Ltd, Oxford pp 67-72

280



Anwar H, Dasgupta MK and Costerton JW (1990). Testing the susceptibility of 

bacteria in biofilms to antibacterial agents. Antimicrobial Agents and 

Chemotherapy 34, 2043-2046

Ashby MJ, Neale JE, Knott SJ and Critchley IA (1994). Effect of antibiotics on 

non-growing cells and biofilms of Eschirichia coli. Journal of Antimicrobial 

Chemotherapy 33, 443-452

Barbosa SV, Spangberg SW, Almedia D (1994). Low surface tension calcium 

hydroxide solution is an effective antiseptic. International Endodontics Journal 

2 7 ,6 -1 0

Becker W, Becker BE, Newman MG and Nyman S (1990). Clinical and 

microbiologic findings that may contribute to dental implant failure. 

International Journal of Oral and Maxillofacial Implants 5, 31-38

Bickel M and Cimasoni G (1985). The pH of human crevicular fluid measured 

by a new microanalytical technique. Journal of Periodontal Research 20, 35- 

40

Bickel M, Cimasoni G and Andersen E (1985). Flow and albumin content of 

early (pre-inflammatory) gingival crevicular fluid from human subjects. 

Archives of Oral Biology 30, 599-602

281



Bloomquist CG, Reilly BE and Liljemark WF (1996). Adherence, accumulation 

and cell division of a natural adherent bacterial population. Journal of 

Bacteriology 178, 1172-1177

Borden SM, Golub LM and Kleinberg I (1977). The effect of age and sex on 

the relationship between crevicular fluid flow and gingival inflammation in 

humans. Journal of Periodontal Research 12, 160-165

Bos R, van der Mei HC and Busscher HJ (1996). Co-adhesion of oral 

microbial pairs under flow in the presence of saliva and lactose. Journal of 

Dental Research 75, 809-815

Bos R, van der Mei HC and Busscher HJ (1999). Physico-chemistry of initial 

microbial adhesive interactions -  its mechanisms and methods for study. 

FEMS Microbiology reviews 23, 179-230

Bowden GH (1996). Mutans streptococci caries and chlorhexidine. Journal 

Canadian Dental Association 12, 700-707

Bradshaw DJ (1995). Metabolic responses in biofilms. Microbial Ecology in 

Health and Disease 8, 313-316

Bradshaw DJ, Marsh PD, Schilling KM and Cummins D (1996). A modified 

chemostat system to study the ecology of oral biofilms. Journal of Applied 

Bacteriology 80, 124-130

282



Bradshaw DJ, McKee AS and Marsh PD (1989). Effect of pH on the stability 

of a microbial community (abstract). Journal of Dental Research 68, 930

Bright JJ and Fletcher M (1983). Amino acid assimilation and respiration by 

attached and free-living populations of a marine Pseudomonas species. 

Microbial Ecology 9, 215-226

Brown MRW and Gilbert P (1993). Sensitivity of biofilms to antimicrobial 

agents. Journal of Applied Bacteriology Symposium Supplement 74, 87s-97s

Brown GD, Mealey BL, Nummikoski PV, Bifano SL and Waldrop TC (1998). 

Hydroxyapatite cement implant for regeneration of periodontal osseous 

defects in humans. Journal of Periodontology 69, 146-157

Busscher HJ, Doornbusch Gl and van der Mei (1992). Adhesion of mutans 

streptococci to glass with and without a salivary coating as studied in a 

parallel-plate flow chamber. Journal of Dental Research 71, 491-500

Busscher HJ, Geertsema-Doombusch Gl and van der Mei HC (1993). On 

mechanisms of oral microbial adhesion. Journal of Applied Bacteriology 

(Symposium supplement) 74, 136s-142s

Busscher HJ and van der Mei (1995). Use of flow chamber devices and image 

analysis methods to study microbial adhesion. Methods in Enzymology 253, 

455-477

283



Busscher HJ and van der Mei (1997). Physico-chemical interactions in initial 

microbial adhesion and relevance for biofilm formation. Advances in Dental 

Research 11, 24-32

Cao W and Hench LL (1995). Bioactive materials. Ceramics International 22, 

493-507

Carlson J. Bacterial metabolism in dental biofilms (1997). Advances in Dental 

Research 11, 75-80

Characklis WG (1980). Fouling biofilm development: a process analysis. 

Biotechnology and Bioengineering 23, 1923

Characklis WG (1990). Microbial fouling. In: Biofilms (Characklis WG and 

Marshall KC, eds) John Wiley and Sons, New York pp 523-584

Cimasoni G (1983). In Myers H, editor. Crevicular fluid updated. 2nd ed. Basel: 

Karger pp 70-1

Cisar JO, basumian EL, Curl SH, vatter AE, Sandberg AE and Siraganian RP 

(1981). Detection and localisation of a lectin on Actinomyces viscosus T14V 

by monoclonal antibodies. Journal of Immunology 127, 1318-1322

Clark AE, Pantano CG and Hench LL (1976). Auger spectroscopic analysis of 

Bioglass corrosion films. Journal of American Ceramics Society 59, 37-39

284



Cole AS and Eastoe JE (1988). Biochemistry and Oral Biology, Wright, Kent, 

UK p479

Costerton JW (1995). Overview of microbial biofilms. Journal of Industrial 

Microbiology 15, 137-140

Costerton JW, Cheng HJ, Geesey KG, Ladd PI, Nickel JC, Dasgpta M and 

Marie TJ (1987). Bacterial biofilms in nature and disease. Annual Reviews in 

Microbiology 41,435-464

Costerton JW, Lewandowski Z, DeBeer D, Caldwell DE, Korber DR and 

James GA (1994). Biofilms: the customised microniche. Journal of 

Bacteriology 176, 2137-2142

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR and Lappin-Scott HM 

(1995). Microbial biofilms. Annual Review of Microbiology 49, 711-745

Curtis MA, Griffiths GS, Price SJ, Coulthurst SK and Johnson NW (1988). The 

total protein concentration of gingival crevicular fluid. Variation with sampling 

time and gingival inflammation. Journal of Clinical Periodontology 15, 628-632

Curtis MA, Sterne JAC, Price SJ, Griffiths GS, Coulthurst SK, Wilton JMA and 

Johnson NW (1990). The protein composition of gingival crevicular fluid 

sampled from male adolescents with no destructive periodontitis: Baseline 

data of a longitudinal study. Journal of Periodontal Research 25, 6-16

285



Davies DG, Chakrabarty AM and Geesey GG (1993). Exoploysaccharide 

production in biofilms: substratum activation of alginate gene expression by 

Pseudomonas aeruginosa. Applied and Environmental Microbiology 59, 1181- 

1186

DeBeer D, Stoodley P and Lewandowski Z (1994a). Liquid flow in 

heterogenous biofilms. Biotechnology and Bioengineering 44, 636-641

DeBeer D, Stoodley P, Roe FL and Lewandowski Z (1994b). Effects of biofilm 

structures on oxygen distribution and mass transport. Biotechnology and 

Bioengineering 43, 1131-1138

Demuth DR, Lammey MS, Huck M, Lally ET and Malamud D (1990). 

Comparison of Streptococcus mutans and Streptococcus sanguis receptors 

for human salivary agglutinin. Microbial Pathogenesis 9, 199-211

Dickinson GM and Bisno AL (1989). Infections associated with indwelling 

devices: infections related to extravascular devices. Antimicrobial agents and 

chemotherapy 33, 602-607

Dobson J and Wilson M (1992). Sensitisation of oral bacteria in biofilms to 

killing by light from a low-power laser. Archives of Oral Biology 37, 883-837

286



Drake DR, Vargas K, Cardenzana A and Srikantha R (1995). Enhanced 

bactericidal activity of Arm and Hammer Dental Care. American Journal of 

Dentistry 8, 308-312.

Eggert FM, Drewell L, Bigelow JA, Speck JE and Goldner M (1991). The pH 

of gingival crevices and periodontal pockets in children, teenagers and adults. 

Archives of Oral Biology 36, 233-238

Ellek SD and Conen PE (1957). The virulence of Staphylococcus pyogenes 

for man: a study of the problems of wound infection. British Journal of 

Experimental Pathology 38, 573-586

Embleton JV, Newman HN and Wilson M (1998). Influence of growth mode 

and sucrose on susceptibility of Streptococcus sanguis to amine fluorides and 

amine fluoride-inorganic fluoride combinations. Applied and Environmental 

Microbiology 64, 3503-3506

Estreicher A, Broggiato A, Duroux P, Andersen E and Cimasoni G (1996). 

Low molecular weight proteins in human gingival crevicular fluid. Archives of 

Oral Biology 41, 733-738

Evans RC and Holmes CJ (1987). Effect of vancomycin hydrochloride on 

Staphylococcus epidermidis biofilm associated with silicone elastomer. 

Antimicrobial Agents and Chemotherapy 31, 889-894

287



Evans E, Brown MR and Gilbert P (1994). Iron chelator, exoploysaccharide 

and protease production on Staphylococcus epidermidis’, a comparative study 

of the effects of specific growth rate in biofilm planktonic culture. Microbiology 

140, 153-157

Fletcher M (1996). Bacterial attachment in aquatic environments: a diversity of 

surface and adhesion strategies. In Bacterial Adhesion: Molecular and 

ecological diversity. Wiley-Liss, New York pp 1-24

Fuqua WC, Winans SC and Greenberg EP (1994). Quorum sensing in 

bacteria: the lux R-Iuxl family of cell density-reponsive transcriptional 

regulators. Journal of Bacteriology 176, 269-275

Gibbons RJ (1984). Adherent interactions which may affect microbial ecology 

in the mouth. Journal of Dental Research 63, 378-385

Gibbons RJ (1989). Bacterial adhesion to oral tissues: a model for infectious 

diseases. Journal of Dental Research 68, 750-760

Gibbons RJ, Cohen L and Hay Dl (1986). Strains of Streptoccocus mutans 

and Streptococcus sobrinus attach to different pellicle receptors. Infection and 

Immunity 52, 555-561

Gibbons RJ, Hay Dl, Cisar JO and Clark WB (1988). Adsorbed salivary 

proline-rich protein 1 and stratherin: receptors for type I fimbriae of

288



Actinomyces viscosus T14VJ1 on apatitic surfaces. Infection and Immunity 

56, 2990-2293

Gibbons RJ, Hay Dl and Schlesinger DH (1991). Delineation of a segment of 

adsorbed salivary acidic proline-rich proteins which promotes adhesion of 

Streptococcus gordonii to apatitic surfaces. Infection and Immunity 59, 2948- 

2954

Gilbert P, Das J and Foley I (1997). Biofilm susceptibility to antimicrobials. 

Advances in Dental Research 11, 160-167

Glassman MD and Miller IJ (1984). Antibacterial properties of one 

conventional and three high-copper dental amalgams. Journal of Prosthetic 

Dentistry 52, 199-203

Glenister DA, Salamon K, Smith D, Beighton D and Keevil CW (1988). 

Enhanced growth of complex communities of dental plaque bacteria in mucin- 

limited continuos culture. Microbial Ecology in Health and Disease 1, 31-38

Greenspan DC, Zhong JP and LaTorre GP (1994). Effect of surface area to 

volume ratio on in vitro surface reactions of bioactive glass particulates. 

Bioceramics vol. 7. Andersson OH and Yli-Urpo A (ed). Butterworth- 

Heinemman Ltd, Oxford pp 55-60

289



Gristina AG (1987). Biomaterial-centred infection: Microbial adhesion versus 

tissue integration. Science 237, 1588-1595

Gross U and Struntz V (1985). The interface of various glasses and glass 

ceramics with a bony implantation bed. Journal of Biomedical Materials 

Research 19, 251-271

Guyton AC (1982). Human Physiology and Mechanisms of Disease (5th ed). 

VVC Saunders Co, Pennsylvania, USA p 486

Hamilton WA (1994). Industrial problems due to biofilms. In, Bacterial biofilms 

and their control in medicine and industry. Wimpenny J, Nichols W, Stickler D 

and Lappin-Scott H, editors. Bioline (UK) pp 109 -  111

Hardie M (1992). Oral microbiology: current concepts in the microbiology of 

dental caries and periodontal disease. British Dental Journal 171, 271-278

Hench LL (1991). Bioceramics: from concept to clinic. Journal of American 

Ceramics Society 74, 1487-1510

Hench LL (1994). Bioactive ceramics: Theory and Clinical Applications. In 

Bioceramics, vol 7, ed Anderson OH and Yli-Urpo A. Butterworth-Heinemann, 

Oxford pp 3-14

290



Hench LL, Splinter RJ, Allen WC and Greenlee TK Jr (1972). Bonding 

mechanisms at the interface of ceramic prosthetic materials. Journal of 

Biomedical Materials Research 2,117-141

Hench LL and Paschall HA (1974). Histochemical responses at a biomaterials 

interface. Journal of Biomedical Materials Research 5,49-64

Hillman JD, van Houte J and Gibbons RJ (1970). Sorption of bacteria to 

human enamel powder. Archives of Oral Biology 15, 899-903

Hoyle BD, Wiiliams LJ and Costerton WJ (1993). Production of mucoid 

exopolysaccharide during development of Pseudomonas aeruginosa biofilms. 

Infection and Immunity 61, 777-780

Hulbert SF, Bokros JC, Hench LL, Wilson J and Heimke G (1987). Ceramics 

in clinical applications: Past, present and future. In High Tech Ceramics, ed. 

Vincenzini P. Elsevier, Amsterdam, The Netherlands pp 189-213

Imazato S, Russel RRB and McCabe JF (1995). Antibacterial activity of 

MDPB polymer incorporated in dental resin. Journal of Dentistry 23, 177-181

Jenkins WMM and Allan CJ (1994). Guide to Periodontics 3rd ed. Butterworth- 

Heinemann Ltd, Oxford pp 6-12

291



Kagermeier AS and London J (1986). Identification and preliminary 

characterisation of a lectin-like protein from Capnocytophaga gingivalis. 

Infection and Immunity 51, 490-494

Kaiser D and Lossick R (1993). How and why bacteria talk to each other. Cell 

73, 873-885

Kenney EB, Lekovic V, Han T, Carranza FA and Dimitrijevic B (1985). The 

use of a porous hydroxy la patite implant in periodontal defects. Clinical results 

after 6 months. Journal of Periodontology 56, 82-88

Keeting PE, Oursler MJ, Wiegand KE, Bonde SK, Spelsberg TC and Riggs BL 

(1992). Zeolite A increases proliferation, differentiation and transforming 

growth factor beta production in normal adult osteoblast-like cells in vitro. 

Journal of Bone and Mineral Research 7, 1281-1289

Keevil CW, Bradshaw DJ, Dowsett AB and Feary TW (1987). Microbial film 

formation: dental plaque deposition on acrylic tiles using continuous culture 

techniques. Journal of Applied Bacteriology 62, 129-138

Khardori N and Yassien M (1995). Biofilms in device-related infections. 

Journal of Industrial Microbiology 15, 141-147

292



Kinniment SI (1994). Cryosectioning of biofilm. In Bacterial Biofilms and their 

control in medicine and industry. Wimpenny J, Nichols W, Stickler D and 

Lappin-Scott H, eds. Bioline Cardiff pp 53-56

Kinniment S and Wimpenny JWT (1990). Biofilms and Biocides. International 

Biodeterioration 26, 181-194

Kolenbrander PE (1988). Intergeneric co-aggregation among human oral 

bacteria and ecology of dental plaque. Annual Review of Microbiology 42, 

627-656

Kolenbrander PE, Andersen RN and Holdeman LV (1985). Co-aggregation of 

oral Bacteroides species with other bacteria: central role in co-aggregation 

bridges and competitions. Infection and Immunity 48, 741-746

Kolenbrander PE, Andersen RN and Moore LVH (1989). Co-aggregation of 

Fusobacterium nucleatum, Selenomonas flueggei, Selenomonas infelix, 

Selenomonas naxia and Selenomonas sputigena with strains from 11 genera 

of oral bacteria. Infection and Immunity 57, 3194-3203

Kolenbrander PE, Andersen RN and Moore LVH (1990). Intrageneric co

aggregation among strains of human oral bacteria: potential role in primary 

colonisation of the tooth surface. Applied and Environmental Microbiology 56, 

3890-3894

293



Kolenbrander PE and London J (1992). Ecological significance of co

aggregation among oral bacteria. Advances in Microbial Ecology 12,183-217

Kolenbrander PE and London J (1993). Adhere today, here tomorrow: oral 

bacterial adherence. Journal of Bacteriology 175, 3247-3252

Lamb JF, Ingram CG, Johnston IA, Pitman RM (1991). Essentials of 

Physiology (3rd ed), Blackwell Scientific, Oxford, UK p93

Lamanna C and Mallette FM (1965). Physical factors affecting bacteria. In 

Basis Bacteriology 3rd ed Williams and Wilkins, Baltomore p443

Lambert PA, Giwercman B and Hoiby N (1994). Chemotherapy of 

Pseudomonas infections in cystic fibrosis. In Wimpenny J, Nichols W, Stickler 

D and Lappin-Scott H (eds). Bacterial biofilms and their control in medicine 

and industry. Cardiff, Bioline pp 151-153

Lantz MS, Allen RD, Vail TA, Switalski M and Hook M (1991). Specific cell 

components of Bacteroides gingivalis mediate binding and degradation of 

human fibrinogen. Journal of Bacteriology 173, 495-504

Lawrence JR, Wolfaart GM and Korber DR (1993) Diffusion of size fractioned 

dextrans in biofilm matrices by confocal laser microscopy, abstract. Canadian 

Society of Microbiology. Annual Meeting, Toronto.

294



Leondhart A, Olsson J and Dahlen G (1995). Bacterial colonisation on 

titanium, hydroxyapatite and amalgam surfaces in vivo. Journal of Dental 

Research 74, 1607-1612

Li YH and Bowden GH (1994). Characteristics of accumulation of oral Gram- 

positive bacteria on mucin-conditioned glass surfaces in a model system. Oral 

Microbiology and Immunology 9, 1-11

Liljemark WF and Bloomquist C (1996). Human Oral Microbial Ecology and 

Dental Caries and Periodontal Diseases. Critical Reviews in Oral Biology and 

Medicine 7, 180-198

Lindhe J, Liljenberg B and Listgarten MA (1980). Some microbiological and 

histopathological features of periodontal disease in man. Journal of 

Periodontology 51, 264-269

Lindquist LW, Rockier B and Carlsson GE (1988). Bone resorption around 

fixtures in endentulous patients treated with mandibular fixed tissue-integrated 

prostheses. Journal of Prosthetic Dentistry 59, 59-63

Listgarten MA (1976). Structure of the flora associated with periodontal health 

and disease in man; a light and electron microscopic study. Journal of 

Periodontology 47, 1-18

295



Listgarten MA (1986). A perspective on periodontal diagnosis. Journal of 

Clinical Periodontology 13, 175-181

Listgarten MA and Hellden L (1978). Relative distribution of bacteria at 

clinically healthy and periodontally diseased sites in humans. Journal of 

Clinical Periodontology 5, 115-132

Liu Y (1995). Adhesion kinetics of nitrifying bacteria on various thermoplastic 

supports. Colloids Surfaces B Biointerfaces 5 213-219

Loesche WJ, Gusberti F, Mettraux G, Higgins T, Syed S (1983). Relationship 

between oxygen tension and subgingival bacterial flora in untreated human 

periodontal pockets. Infection and Immunity 42, 659-667

Lovelace TB, Mellonig JT, Meffert RM, Jones AA, Nummikoski PV and 

Cochran DL (1998). Clinical evaluation of bioactive glass in the treatment of 

periodontal osseous defects in humans. Journal of Periodontology 69, 1027- 

1035

Lytle MS, Adams JC, Dickman DG and Bressler WR (1989). Use of nutrient 

response techniques to assess the effectiveness of chlorination of rapid sand 

filter gravel. Applied and Environmental Microbiology 55 29-32

Mandel ID (1976). Nonimmunological aspects of caries resistance. Journal of 

Dental Research 55, c22-c31

296



Marsh PD (1989). Host defnces and microbial homeostasis: role of microbial 

interactions. Journal of Dental Research 68, 1567-1575

Marsh PD (1994). Microbial ecology of dental plaque and its significance in 

health and disease. Advances in Dental Research 8, 263-271

Marsh PD and Bradshaw DJ (1995). Dental plaque as a biofilm. Journal of 

Industrial Microbiology 15, 169-175

Marsh PD and Bradshaw DJ (1997). Physiological approaches to the control 

of oral biofilms. Advances in Dental Research 11, 176-185

Marsh PD, Bradshaw DJ, Watson GK and Cummins D (1994). Factors 

affecting the development and composition of defined mixed culture biofilms 

of oral bacteria. In, Bacterial biofilms and their control in medicine and 

industry. Wimpenny J, Nichols W, Stickler D and Lappin-Scott H, editors. 

Bioline (UK) pp 13-17

Marsh PD and Bradshaw DJ (1995). Dental plaque as a biofilm. Journal of 

Industrial Microbiology 15, 169-175

Marsh P and Martin M (1992). Oral Microbiology (3rd ed). Chapman and Hall, 

London

297



Martin DW, Schurr MJ, Yu H and Deretic V (1994). Analysis of promoters 

controlled by the putative sigma factor AlgU regulating conversion to mucoidy 

in Pseudomonas aeruginosa: relationship to aE and stress response. Journal 

of Bacteriology 176, 6688-6696

McDermid AS, McKee AS and Marsh PD (1990). Interactions and pH optima 

for growth of three black-pigmented Bacteroides species. Journal of Dental 

Research 69, 999 (abstract).

McKee AS, McDermid AS, Baskerville A, Dowsett AB, Ellwood DC and Marsh 

PD (1986). Effect of hemin on the physiology and virulence of Bacteroides 

gingivalis w50. Infection and Immunity 52, 349-355

McKinney RV, Steflick DE, Koth DL and Singh BB (1988). The scientific basis 

for dental implant therapy. Journal of Dental Education 52, 696-704

Miller CH (1991). Periodontal Microbiology. In: Essential Dental Microbiology. 

Willet NP, White RR and Rosen S eds. Appleton and Lange, Norwalk, 

Conneticut/San Mateo, California p358

Millward TA and Wilson M (1989). The effect of chlorhexidine on 

Streptococcus sanguis biofilms. Microbios 58, 155-164

298



Mombelli A, van Oosten MAC, Schurch E and Lang NP (1987). The 

microbiota associated with successful or failing osseointegrated titanium 

implants. Oral Microbiology and Immunology 2,145-151

Moore WEC (1987). Microbiology of periodontal disease. Journal of 

Periodontal Research 22, 335-341

Moore WEC and Moore LVH (1994). The bacteria of periodontal disease. 

Periodontology 2000 5, 66-77

Morrier JJ, Rocca JP and Barsotti O (1995). Antibacterial action of dental 

cements. Bull Group Int Rech Sci Stomatol Odontol 38, 87-93

Murray PA, Levine MJ, Tabak LA and Reddy MS (1982). Specificity of 

salivary-bacterial interactions.il. evidence for a lectin on Streptococcus 

sanguis with specificity fpr a NeucAc alpha 2, 3, Gal. Beta 1, 3, GaHNac 

sequence. Biochemical and Biophysical Research Communications 106, 390- 

396

Myers RP (1929). The germicidal properties of alkaline washing solution with 

special reference to the influence of hydroxyl ion concentration, buffer index, 

and osmotic pressure. Journal of Agricultural Research 28, 521-563

299



Nakou M, Mikx FHM, Oosterwaal PJM and Kruijsen JCWM (1987). Early 

microbial colonisation of permucosal implants in endentulous patients. Journal 

of Dental Research 66, 1654-1657

Newman HN (1972). Structure of approximal human dental plaque as 

observed by scanning electron microscopy. Archives of Oral Biology 17, 

1445-1453

Newman MG and Flemmig TF (1988). Periodontal considerations of implants 

and implant associated microbiota. Journal of Dental Education 52, 737-744

Nickel JC, Ruseska I, Wright JB and Costerton JW (1985). Tobramycin 

resistance of cells of Pseudomonas aeruginosa growing as a biofilm on 

urinary catheter material. Antimicrobial agents and chemotherapy 27, 619-624

Nyvad B and Killian M (1987). Microbiology of the early colonisation of human 

enamel and root surfaces in vivo. Scandinavian Journal of Dental Research 

95, 369-380

Peters AC and Wimpenny JW (1988). A constant-depth laboratory model film 

fermenter. Biotechnology and Bioengineering 32, 263-270

Pitt WG, McBride MO, Barton AJ and Sagers RD (1993). Air-water interface 

displaces adsorbed bacteria. Biomaterials 14 605-607

300



Pratt-Terpstra IH, Weerkamp AH and Busscher HJ (1989). The effects of 

pellicle formation on streptococcal adhesion to human enamel and artificial 

substrata with various surface free-energies. Journal of Dental Research 68, 

463-467

Pratten J, Smith AW and Wilson M (1988). Response of single species 

biofilms and microcosm dental plaques to pulsing with chlorhexidine. Journal 

of antimicrobial chemotherapy 42, 453-459

Pratten J, Wills K, Barnett P and Wilson M (1998). In vitro studies of the effect 

of antiseptic-containing mouthwashes on the formation and viability of 

Streptococcus sanguis biofilms. Journal of Applied Microbiology 84, 1149- 

1155

Rams TE, Roberts TW, Tatum H and Keyes PH (1984). The subgingival 

microflora associated with human dental implants. The Journal of Prosthetic 

Dentistry 51, 529-534

Reinholdt J and Kilian M (1987). Interference of IgA protease with the effect of 

secretory IgA on adherence of oral streptococci to saliva-coated 

hydroxy apatite. Journal of Dental Research 66, 492-497

Richardson, AS and Boyd MA. Replacement of silver amalgam restorations 

by 50 dentists during 246 working days. Journal of the Canadian Dental 

Association (1973) 8, 556

301



Rosenberg M, Rosenberg E, Judes H and Weiss E (1983). Bacterial 

adherence to hydrocarbons and to surfaces in the oral cavity. FEMS 

Microbiol. Letters 20 1-5

Russel C and Coulter WA (1975). Continuos monitoring of pH and Eh in 

bacterial plaque grown on a tooth in an artificial mouth. Applied Microbiology 

29, 141-144

Salonen J, Tuomine U, Andersson OH (1996). Mineralisation of dentin by 

making use of bioactive glass S53P4. In: Anderson OH, Salonen J, Yli-Urpo 

A, editors. Biomaterials today and tomorrow. Proceedings of the Finnish 

Dental Society, Turku: Turku Centre for Biomaterials pp 25-6.

Sbordone L, Barone A, Ramaglia L, Ciaglia RN and lacono VJ (1995). 

Antimicrobial susceptibility of periodontopathic bacteria associated with failing 

implants. Journal of Periodontology 66, 69-74

Scannapieco FA, Bergey EJ, Reddy MS and Levine MJ (1989). 

Characterisation of salivary a-amylase binding to Streptococcus sanguis. 

Infection and Immunity 57, 2583-2563

Schaeken MJM, van der Hoeven JS and Franken HCM (1986). Comparative 

recovery of Streptococcus mutans on five isolation media, including a new 

simple selective medium. Journal of Dental Research 65, 906-908

302



Shellis RP (1978). A synthetic saliva for cultural studies of dental plaque. 

Archives of Oral Biology 23, 485-489

Sissons CH (1997). Artificial dental plaque biofilm model systems. Advances 

in Dental Research 11, 110-126

Slots J and Listgarten MA (1988). Bacteroides gingivalis, Bacteroides 

intermedius and Actinobacillus actinomycetemcomitans in human periodontal 

diseases. Journal of Clinical Periodontology 15, 85-93

Sordeling E, Herbst K, Larmas E and Yli-Urpo A (1996). Protein adsorption to 

a bioactive glass with special reference to precorrosion. Journal of Biomedical 

Materials Research 31, 525-531

Stanley HR, Hall MB, Clark AE, King CJ, Hench LL, Berte JJ (1997). Using 

45S5 Bioglass cones as endosseous ridge maintenance implants to prevent 

alveolar ridge resorption: a 5 year evaluation. International Journal of Oral and 

Maxillofacial Implants 12, 95-105

Stephan RM (1944). Intra-oral hydrogen-ion concentrations associated with 

dental caries activity. Journal of Dental Research 23, 257-266

Stoor P, Soderling E and Salonen J (1996). Antibacterial effects of bioactive 

glass S53P4 on oral microorganisms. Journal of Dental Research 75, 429 

(abstract)

303



Stoor P, Soderling E and Salonen Jl (1998). Antibacterial effects of a 

bioactive glass paste on oral microorganisms. Acta Odontol Scandinavia 56, 

161-165

Sundqvist G, Bloom GD, Enberg K and Johansson E (1982). Phagocytosis of 

Bacteroides melaninogenicus and Bacteroides gingivalis in vitro by human 

neutrophils. Journal of Periodontal Research 17,113-121

Taylor R, Maryan C and Verran J (1998). Retention of oral microorganisms on 

cobalt-chromium alloy and dental acrylic resin with different surface finishes. 

Journal of Prosthetic Dentistry 80, 592-597

Tempro P, Reynolds H and Slots J (1983). Microbial morphotypes in 

periodontal health and disease. Journal of Dental Research 62, 178

Tempro PF, Cassels F, Siraganin R, Hand AR and London J (1989). Use of 

adhesin-specific monoclonal antibodies to identify and localise an adhesin on 

the surface of Capnocytophaga ginivalis DR2001. Infection and Immunity 57, 

3418-3424

Ter Steeg PF, Van der Hoeven JS, De Hong MH, Van Munster PJJ and 

Jansen MJH (1987). Enrichment of subgingival microflora on human serum 

leading to accumulation of Bacteroides species, Peptostreptococci and 

Fusobacteria. Antonie van Leeuwenhoek 53, 261-271

304



Thelaide E and Thelaide J (1984). Formation and ecology of plaque at 

different locations in the mouth. Scandinavian Journal of Dental Research 93, 

90-95

Thomson, M E (1990). Effect of fruit juice, with or without 1% added whey 

mineral, on bovine dental enamel in intraoral experiments. Caries Research 

24, 334-336

van Houte J, Gibbons RJ and Banghart SB (1970). Adherence as a 

determinant of the presence of Streptococcus salivarius and Streptococcus 

sanguis on the human tooth surface. Archives of Oral Biology 15, 1025-1034

van Houte J, Gibbons RJ and Pulkkinen AJ (1971). Adherence as an 

ecological determinant for streptococci in the human mouth. Archives of Oral 

Biology 16, 1131-1141

van Winkelhoff AJ, van Steenbergen TMJ and de Graaf J (1988). The role of 

black-pigmented Bacteroides in human oral infection. Journal of Clinical 

Periodontology 15, 145-155

Verran J, Drucker DB and Taylor CJ (1980). Feasibility of using automatic 

image analysis for measuring deposition of Streptococcus mutans onto glass, 

in terms of percentage coverage and mean clump size. Microbios 29, 161-169

305



Visser J (1976). Adhesion of colloidal particles. In: Surface and Colloid 

Science, vol 8 (Marijevic, E., Ed), pp 3-84. John Wiley and Sons, New York.

Vrouwenvelder CA, Groot CG and de Groot K (1993). Histological and 

biochemical evaluation on osteoblasts cultured on bioactive glass, 

hydroxylapatite, titanium alloy, and stainless steel. Journal of Biomedical 

Materials Research 27, 465-475

Weiss El, London J, Kolenbrander PE and Andersen RN (1989). Fimbriae- 

associated adhesin of Bacteroides loeschii that recognises receptors on 

procaryotic and eucaryotic cells. Infection and Immunity 57, 2912-2913

Weiss El, Eli I, shenitzki B and Smorodinsky N (1990). Identification of the 

rhamnose-sensitive adhesin of capnocytophoga ochracea ATCC 33596. 

Archives of Oral Biology 35, 127s-130s

West JK and Hench LL (1993). Reaction kinetics of bioactive ceramics. Part 

V: Molecular orbital modelling of bioactive glass surface reaction. In: 

Yamamuro T, Kobonshi Y and Nakamura T (eds). Bioceramics 55. Kyoto, 

Japan: Kobonshi Kankokai pp75-86

Whittaker CJ, Klier CM and Kolenbrander PE (1996). Mechanisms of 

adhesion by oral bacteria. Annual Review of Microbiology 50, 513-552

306



White GF, Russel NJ, Marchesi JR and House WA (1994). Surfactant 

adsorption, bacterial attachment and biodegradation in river sediment: a 

three-way interaction. In, Bacterial biofilms and their control in medicine and 

industry. Wimpenny J, Nichols W, Stickler D and Lappin-Scott H, editors. 

Bioline (UK) pp 121-126

Wilson G and Dick HM. Principles of bacteriology, virology and immunity 7th 

ed. (1984) vol.1 Edward Arnold Ltd, London p59

Wilson M (1996). Susceptibility of oral bacterial biofilms to antimicrobial 

agents. Journal of Medical Microbiology 44, 79-87

Wilson J and Low SB (1992). Bioactive ceramics for periodontal treatment: 

comparative studies in the Patus monkey. Journal of Applied Biomaterials 3, 

123-129

Wilson J, Yli-Urpo A and Happonen RP (1993). Bioactive glasses: Clinical 

apllications. In An introduction to Bioceramics, ed. Hench LL and Wilson J. 

World Scientifiv, London pp 63-73

Wilson J, Clark AE, Douek E, Krieger J, King Smith W and Saville Zamet J 

(1994). Clinical applications of Bioglass implants. Bioceramics, vol 7, ed 

Anderson OH and Yli-Urpo A. Butterworth-Heinemann, Oxford pp 415-422

307



Wilson M, Patel H and Fletcher J (1996). Susceptibility of biofilms of 

Streptococcus sanguis to chlorhexidine gluconate and cetylpyridinium 

chloride. Oral Microbiology and Immunology 11, 188-192

Wirtanen G, Alanko T and Mattila-Sandholm T (1996). Evaluation of 

epifluorescence image analysis of biofilm growth on stainless steel surfaces. 

Colloids Surfaces B Biointerfaces 5, 319-326

Wolinsky LE, de Camargo PM, Erard JC, Newman MG (1989). A study of in 

vitro attachment of Streptococcus sanguis and Actinomyces viscosus to saliva 

treated titanium. International Journal of Oral Maxillofacial Implantology 4,27- 

SI

Yao ES, Lamont RJ, Leu SP, Weinberg A (1996). Interbacterial binding 

among strains of pathogenic and commensal oral bacterial species. Oral 

Microbiology and Immunology 11, 35-41

Yu FP and McFeters GA (1994). Physiological response of bacteria in biofilms 

to disinfection. Applied and Environmental Microbiology 60, 2462-2466

Zambon JJ, Grossi S, Dunford R, Haraszthy VI, Preus H and Genco RJ 

(1994). Epidemiology of subgingival bacterial pathogens in periodontal 

disease. In Molecular Pathogenesis of Periodontal Disease. Genco R (ed). 

American Society for Microbiology, Washington D.C. pp 3-12

308



Zambon JJ, Reynolds HS, Dunford RG, DeVizio W, Volpe AR, Berta R, 

Tempro JP and Bonta Y (1995). Microbial alterations in supragingival dental 

plaque in response to a triclosan-containing dentifrice. Oral Microbiology and 

Immunology 10, 247-255

Zamet JS, Darbar UR, Griffiths GS, Bulman JS, Bragger U, Burgin U, Burgin 

W, Newman HN: Particulate Bioglass as a grafting material in the treatment of 

periodontal intrabony defects (1997). Journal of Clinical Periodontology 24, 

410-418

309


