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ABSTRACT

Dental caries is a chronic invasive disease of the mineralised tissues of the teeth. 
The organisms reported to be responsible include Streptoœœus mutans, S. 
sobrinus, Lactobacillus easel and Actinomyces species. Current methods of 
treatment involve mechanical removal of large amounts of healthy, as well as 
diseased, tissue. Killing of the causative bacteria in situ would reduce the need to 
remove sound tissue resulting in a better prognosis for affected teeth. A possible 
approach to achieving this may be the use of lethal photosensitisation. This 
involves treating the target bacteria with photosensitising compounds and 
exposing them to laser light resulting in the generation of cytotoxic species such 
as singlet oxygen and free radicals.

The purpose of this study was to investigate the lethal photosensitisation of 
cariogenic bacteria in vitro. Toluidine blue O (TBO) and aluminium disulphonated 
phthalocyanine (AIPCS2) were used in conjunction with a helium neon (HeNe) 
laser and a gallium aluminium arsenide (GaAIAs) laser respectively. Parameters 
such as photosensitiser concentration, pre-irradiation time, light dose, pH and the 
physiological state of the bacteria were studied. In order to determine the 
mechanism of kill, attempts were made to identify the photochemically-induced 
mediators of cell damage and their targets. Lethal photosensitisation of bacteria 
in biofilms and in plaque samples was also carried out and the effect of dentine 
and collagen was also determined to mimic more closely the conditions in vivo.

Large numbers of the target bacteria were killed at energy doses of less than 0.6 
J of HeNe laser light and 0.9 J of GaAIAs laser light in the presence of the 
appropriate photosensitiser and this was unaffected by pre-irradiation time. 
Exposure of the sensitised target bacteria to both HeNe and GaAIAs laser light 
for varying exposure times resulted in an energy dose related decrease in their 
viability. Lcasei appeared to be slightly more resistant at pH 4.5, and in it's lag 
phase, requiring twice the energy dose to kill appreciable numbers. Membrane 
damage occurred in photosensitised S. mutans cells and the mediators of this 
reaction appeared to be reactive oxygen species. All four bacteria could be killed 
in biofilms when sensitised by TBO or AIPCS2 following exposure to 0.2 J or 0.9 J 
of HeNe or GaAIAs laser light respectively. Following irradiation of sensitised 
supragingival plaque samples substantial reductions in the total anaerobic count, 
as well as the viable streptococci and actinomyces, were observed. Substantial 
kills (10f cfu) were also achieved when dentine slices were interposed between 
S. mutans and the laser light and when the sensitised bacteria were embedded in 
a collagen matrix.

The results of this in vitro study imply that lethal photosensitisation, if effective in 
vivo, may be useful in the treatment of caries.
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CHAPTER ONE - INTRODUCTION
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1.1 - AN INTRODUCTION TO DENTAL CARIES

1.1.1 - A DEFINITION OF DENTAL CARIES

Dental caries, or tooth decay, can be defined as a pathological process of 

localised destruction of the tissues of the teeth by micro-organisms. Dental 

caries is a multifactoral disease in which there is an interplay of four factors. 

Diagramatically they can be portrayed as four overlapping circles (Fig 1.1). 

For caries to occur there must therefore be a susceptible host, a cariogenic 

oral flora and a suitable substrate which must be present for an adequate 

length of time.

Micro-
Organisms

No
Caries

No
Caries

Host & 
Teeth Caries Substrate

No
Caries

No
Caries

Time

Figure 1.1 - factors involved in dental caries

The earliest clinical indication of enamel caries is the appearance of a white 

spot lesion. Cavities begin as small demineralised areas on the surface of 

the enamel and can progress through the dentine and in to the pulp. During 

it's early stages the disease can be arrested as it is possible for
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remineralisation to occur in enamel and superficially in dentine. The initial 

demineralisation is followed by cavitation of the enamel. The lesion enlarges 

and reaches the enamel/dentine junction and here there is a lateral spread 

and further demineralisation occurs prior to invasion by 

bacteria.

 —  eramsl caries

pulp
root Surface 
c a rie s ____

gum
irrfecied pulp

^  oementum

Figure 1.2 - Sites of dental caries

Buccal and lingual smooth surfaces of the teeth are easy to clean and 

therefore suffer from decay only rarely. Pit and fissure caries are the most 

common carious lesions in man and are more difficult to diagnose than 

smooth surface lesions. Approximal lesions are discovered at a relatively 

late stage and have usually progressed into the dentine. Root caries is a 

soft, progressive lesion of the root surface involving plaque and microbial
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invasion (Hazen et al, 1973) and, unlike enamel caries, is a disease of the 

middle-aged and elderly caused by gingival recession exposing the 

cementum of the root to microbial colonisation. Deep dentinal caries can 

occur by a variety of different routes including direct progression of enamel 

caries or from caries of the root surface.

1.1.2 - THE HISTORY AND EARLY THEORIES OF DENTAL CARIES

A few cases of caries have been found in fossil teeth of dinosaurs, reptiles 

and early mammals and appears to be evident in Homo sapiens since 

Paleolithic times. In ancient man, caries was usually located in the cemento- 

enamel junction or in the cementum whereas in modern man grooves and 

fissures are the most common site of decay.

A wide range of theories have been proposed to account for the cause of 

dental caries. According to an Assyrian legend, toothache was caused by a 

worm which drank the blood of the teeth and fed on the roots of the jaw. Guy 

de Chauliac, the greatest surgeon of the middle ages, believed that worms 

caused dental decay and advocated fumigation with seeds of leek, onion 

and hyoscamine as a cure. Antony van Leeuwenhoek, the father of modern 

microscopy was known in the 1700’s to write a letter describing the little 

worms which caused the pain in toothache (Ring, 1971).

The ancient Greeks considered that a person's constitution was determined 

by the relative proportions of blood, phlegm, black bile and yellow bile in the 

body and explained all diseases including caries as an imbalance in the 

proportions of these bodily fluids. Hippocrates drew attention to the
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stagnation of food and suggested that both local and systemic factors were 

related to the cause of caries.

The vital theory, proposed at the end of the eighteenth century, regarded 

dental caries as originating within the tooth, analogous with gangrene 

(Bibby, 1958). Parmly (1819) rebelled against the vital theory and proposed 

that an unidentified ‘chymical’ agent was responsible for caries. Support for 

the chemical theory came from Robertson and Regnart who carried out 

experiments with different concentrations of inorganic acids and found that 

they corroded enamel and dentine. The parasitic theory described the 

filamentous parasites found in the ‘surface membrane' (plaque) of teeth and 

Ficinus, a Dresden physician, described the presence of filamentous micro

organisms in the material taken from dental cavities.

In the last century Leber and Rottenstein in 1867 and Miller in 1890 

deduced the fundamental principles involved in dental caries which involved 

a combination of the two latter theories in that caries is caused by acids 

produced by micro-organisms of the mouth. This is known as the chemico- 

parasitic theory. Miller suggested that oral bacteria converted dietary 

carbohydrates into acids which dissolve the calcium phosphate of the 

enamel to produce a caries lesion. Although Clarke isolated an organism 

from a human caries lesion in 1924, proof for the causative role of bacteria 

came only in the 1960’s following experiments with germ-free animals. It was 

shown that germ-free animals developed caries following infection with 

bacteria described as enterococci and evidence for the transmissibility of 

caries came when caries-inactive hamsters only developed caries when 

caged with caries-active hamsters. It is this chemico-parasitic theory which
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forms the basis of modern medicine’s understanding of dental caries (Ellen, 

1961).

However, the chemico-parasitic theory has not been universally accepted 

and other theories have been proposed including the proteolytic theory, 

which suggests that organic or protein elements are the initial pathway of 

bacterial invasion, as well as the proteolysis-chelation theory which 

postulates that décalcification is mediated by a variety of complexing agents 

which are microbial breakdown products of enamel, dentine or food. Both 

these theories however remain unproven due to lack of supporting data.

1.1.3 - EPIDEMIOLOGY OF DENTAL CARIES

In industrialised societies of the Western World the vast majority of 

individuals under the age of 20 are affected by enamel caries. However, 

evidence which has been accumulated indicates that the incidence of caries 

in this part of the world has declined in the past 20 years. Generally this 

decline appears to have ceased and there appears to be an increase in the 

incidence of caries particularly in specific ethnic communities. Moreover, the 

incidence of root caries is becoming an increasing problem in the elderly 

due to gingival recession. Despite possible differences in diagnostic 

standards, caries levels among children in the U.S.A are generally lower 

than in Europe and this has been connected with an increase in the use of 

fluoridated water in the U.S.A.. (Brunelle etal, 1982 and Easley, 1995). 

However, in underdeveloped countries dental caries still remains a major 

problem and this coincides with an increase in sugar consumption in these
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countries. In some underdeveloped countries dental caries is a disease of 

the very young and the middle aged, coronal caries occurring in the young 

and root caries in the older group (Powell et al, 1981 and Sheiham at si, 

1979). There is also evidence of untreatable caries in the western world 

particularly in the U.K.

1.1.4-HOST FACTORS

As mentioned previously, a susceptible host is one of the major factors 

required for caries to occur and the composition of saliva and the 

morphology and structure of teeth have been recognised as important 

determinants.

1.1.4.1 - Saliva

Saliva refers to the mixture of secretions in the oral cavity. It consists of 

fluids derived from the major salivary glands (parotid, submandibular and 

sublingual), minor glands of the oral mucosa and traces from the gingival 

exudate. There is no doubt that saliva significantly influences the carious 

process as evidenced by animal experiments in which the salivary glands 

are surgically extracted (Finn et el, 1955). Xerostomia (drymouth) was first 

described in 1868 by Bartley and in the 1900’s Miller recorded the fact that 

humans suffering from decreased, or lack of, salivary secretion often 

experience an increased rate of dental caries and rapid tooth destruction. 

Under normal conditions the teeth are bathed in saliva and the normal
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stimulated secretion rate in adults is 1-2 ml per minute. In adults suffering 

xerostomia, however, the rate is reduced to 0.1 ml per minute.

Identification of the specific properties of saliva which might be involved in 

protecting against or limiting caries attack has remained undetermined. 

Some role is explained simply by the mechanical washing away of food 

debris, bacteria and their products by saliva. Some investigators claim a 

relationship exists between caries prevalence and salivary amylase, urea, 

ammonia, calcium phosphate, pH etc. and others find no such relationship. It 

is the presence of the calcium and phosphate ions which are thought to be 

responsible for remineralisation of early carious lesions (Edgar et al, 1994). 

A major problem in studying saliva is that it's composition varies with flow 

rate, nature of stimulation, duration of stimulation and the plasma 

composition. A major inverse relationship between salivary flow rate and 

caries may exist but the literature is conflicting on this point. The salivary 

flow rate itself influences the salivary NaVhCOs'ratio. At a higher flow rate 

there is an increased buffer capacity due to increased bicarbonate and 

therefore the pH is increased. Evidence of the importance of saliva as a 

buffer was demonstrated when the pH of carious lesions and of dental 

plaque was studied. Within active carious lesions a pH gradient exists. In 

enlarged and exposed cavities that are emptied of their contents, the carious 

layer is shallower and the pH closer to neutrality probably because of the 

better access to saliva (Dirksen at al, 1953). Several different antibacterial 

factors have been isolated and identified in individual secretions but to what 

extent the antibacterial action of saliva contributes to caries prevention is 

not clear. The antibacterial components of saliva include lysozyme,
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peroxidase and immunoglobulins. The predominant immunoglobulin is 

secretary IgA but IgG and IgM are also present (Hahn et al, 1992). 

Antibodies specific to S. mutans have been detected in increased amounts 

in saliva from children found to be more resistant to caries (Rose at al, 

1992).

1.1.4.2 - Teeth

The mouth is the only part of the body which has hard non-shedding 

surfaces for microbial colonisation. The structure of the tooth is first 

determined during development and undoubtedly prevention of dental caries 

must be concerned with the development of teeth of sound structure 

(Darling, 1959).

Tooth morphology has long been recognised as an important determinant 

for caries to occur. For example, attempts to induce caries in dogs has been 

mainly unsuccessful due to the wide spacing and conical shape of their 

teeth.

Certain surfaces of the teeth are more prone to caries than others and also 

variation exists in susceptibility to caries between different tooth types. The 

most susceptible permanent teeth are the lower molars closely followed by 

the upper molars.

There is also good evidence to suggest that the enamel surface is more 

caries resistant than subsurface layers (Newbrun at al, 1959). The surface 

enamel has a high mineral content and more organic matter but has 

relatively less water. In addition, elements including fluoride, iron and zinc
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accumulate in the enamel surface lending it some resistance to caries 

(Newbrun, 1960).

1.1.5-DIET

Since the time of the early Greek philosophers diet has been suspected of 

influencing the aetiology of caries. Despite the complexity of the diet, the 

only class of compounds that has been found to influence markedly the 

ecology of the mouth are fermentable carbohydrates. A recent editorial in 

the British Dental Journal (1995) emphasised this link between sugars, in 

particular, sucrose and the incidence of caries. Circumstantial evidence 

linking sucrose consumption and prevalence of caries can readily be found 

in several epidemiological studies (Holbrook et al, 1995). The prevalence of 

caries among native populations such as Australian aborigines was also 

shown to be very low prior to their exposure to European-type diets (Barrett, 

1972).

Various attempts have been made with humans to positively prove the role 

of diet in caries. Adult patients in Vipeholm, a mental institution in Sweden, 

were followed for several years on a nutritionally adequate diet and found to 

develop caries at a slow rate. However, following the introduction of sucrose 

in various forms to the diet, caries increased significantly (Birkhed, 1989 and 

Newbrun, 1989). In another study, institutionalised children at Hopewood 

House in Australia were fed a diet which excluded sugar. The prevalence of 

caries in these children was 10 % of that in the general population (Harris, 

1967,1963 and Lilenthial etal, 1953).
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Many investigators use animals for experiments on dental caries and much 

useful information has come out of these studies. Rodents, especially 

hamsters and rats, have been most commonly used. Stephan (1966) has 

compared the cariogenicity of a wide range of human foods fed to rats in 

addition to their basic diet and showed that foods containing sucrose were 

most cariogenic.

1.1.6 - MICROBIAL ASPECTS OF DENTAL CARIES

Preventive and curative regimens for caries and other oral diseases would 

be more precise if the particular micro-organism causing the disease was 

known. It is generally accepted that two or three organisms are likely to be 

responsible for caries and other opportunistic infections of the oral cavity. 

However, more than 300 species of bacteria have been isolated from the 

oral cavity of man making identification of the causative organisms difficult. 

Furthermore, the causative organisms are present in a biofilm, dental 

plaque, which demonstrates both spatial and temporal heterogeneity with 

regard to it's bacterial composition. Dental plaque is defined as an adherent 

deposit of bacteria and their products. The formation of dental plaque on the 

surface of teeth occurs in a sequence of steps and initial colonisation is 

primarily by cocci (Listgarten, 1994). These cocci are adsorbed onto the 

enamel. These pioneer species are generally streptococci (predominantly S. 

sanguis, S. oralis and S. mitis) and Neisseria. The pioneer populations 

multiply forming microcolonies which are embedded in bacterial extracellular 

slimes, polysaccharides and salivary proteins (Theilade, 1977). Continued
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growth results in the formation of a confluent film of micro-organisms and the 

plaque develops until conditions become suitable for growth of bacteria 

which require more demanding atmospheric conditions such as anaerobic 

rods and filaments (Listgarten, 1975). The climax community composition 

varies depending on the site of colonisation.

The microflora of fissure plaque is mainly Gram-positive and is dominated 

by streptococci (Thott ef a/,1974 and Theilade et al, 1982) and in pit and 

fissure caries there is a strong association between mutans streptococci and 

dental decay. Numerous longitudinal studies have shown correlations 

between the mutans streptococci count and the occurrence of dental caries 

in pre-school children (Roeters at a/, 1995, Thibodeau at al, 1995, Kohler at 

al, 1995).

A limited number of organisms have proved capable of colonising smooth 

surfaces in large enough numbers to cause decay in test animals.

A wide range of bacteria can be cultivated from approximal plaque and 

include high numbers of streptococci although Gram-positive rods, 

particularly Actinomyces species, are commonly dominant. The more 

reduced nature of this site compared to that of fissures can be demonstrated 

by the recovery of anaerobes such as Fusobactaium spp. (Bowden at al, 

1975). A recent longitudinal study found a correlation between elevated 

levels of mutans streptococci and lesion formation at these sites (Sijourns at 

al, 1995).

Direct evidence for the role of organisms in root surface caries came from 

animal studies in the 1960's when filamentous bacteria were found to invade 

the root surfaces of hamsters. Microbial sampling of softened human dentine
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from root caries have also revealed the presence of Actinomyces species as 

well as Rothia and Nocardia species (Syed at al, 1975). Since then most 

studies have been designed to look at the role of Gram-positive filamentous 

rods and in particular Actinomyces species in root surface caries. A recent 

study by Beighton et al (1993) determined that a higher number of yeasts 

were isolated from root caries lesions but found no pathogenic role for these 

organisms in root surface caries. Also, in a study of primary root caries 

lesions from 169 patients, mutans streptococci were isolated less frequently 

from root caries lesions which required no treatment compared to those 

requiring treatment (Lynch etal, 1993).

Because the environment in deep dentinal lesions is different from that at 

other locations it is not unexpected that the flora here is also different. 

Dentine can be invaded by a number of routes including direct progression 

of an enamel caries lesion, from caries of the root surface, from a 

periodontal pocket or as a result of fracture or trauma. The microbial 

community of a dentinal lesion is therefore diverse, containing bacteria such 

as Actinomyces, Eubacterium, Lactobacillus and Propionibacterium as well 

as some Gram-negative species (van Strijp et al, 1994). The predominant 

organisms are however lactobacilli and the incidence of Gram-positive cocci 

is low (Edwardsson, 1974). In summary we can say that a positive 

relationship between mutans streptococci and the development of caries 

exists and that this is strongest in fissure caries. Actinomyces species have 

been implicated in root surface caries while lactobacilli have been 

associated with more progressive lesions. The next section will therefore

34



discuss these groups of bacteria in further detail and wherever possible 

implicate possible determinants of pathogenicity.

1.1.6.1 - Oral streptococci

Irrespective of the age of plaque and the previous diet, the predominant 

organisms are Gram-positive cocci of the genus Streptococcus (Ritz at al, 

1967 and Sockransky at al, 1977). Streptococci have been isolated from all 

sites in the mouth and comprise a large proportion of the resident oral 

microflora. The majority are alpha-haemolytic on blood agar although many 

oral species contain strains showing all three types of haemolysis (alpha, 

beta and gamma).

The oral streptococci have been divided into four main groups and the 

species belonging to each group are shown in table 1.

More is known about the mutans streptococci than any other group because 

of their role in the aetiology of dental caries. S. mutans was originally 

isolated in 1924 by Clarke from carious human teeth and later from a case of 

bacterial endocarditis. For the next 40 years it was virtually ignored until in 

the 1960’s it was demonstrated that caries could be induced and 

transmitted in animals infected with strains resembling S. mutans. Eight 

serotypes (a-h) were recognised based on the serological specificity of 

carbohydrate antigens in the cell wall (Bratthal, 1970, Perch at al, 1974 and 

Beighton at al, 1981). As a result of further work showing differences 

between clusters of these serotypes in a number of physiological 

characteristics and in cell wall protein profiles as well as in DNA base
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Table 1.1 - Currently recognised species of oral streptococci

Group

mutans group

Species 

S. mutans 

S. sobrinus 

S. cricetus 

S. rattus 

S. ferus 

S. macacae 

S. downei

salivarius group S. salivarius 

S. vestibularis

milleri group S. constellatus 

S. intermedius 

S. anginosus

oralis group S. sanguis 

S. gordonii 

S. parasanguis 

S. oralis 

S. mitis
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composition (Coykendale et al, 1978), seven distinct species of mutans 

streptococci have been described as shown in table 1. S. mutans is now 

limited to human isolates belonging to the serotypes c,e and f and is the 

most commonly isolated species of mutans streptococci from dental plaque. 

The next most commonly isolated species of the mutans streptococci is S. 

sobrinus (S. mutans serotypes d or g) but there is less known about its role 

in caries. Some studies have suggested that the presence of S. mutans is 

similar on all teeth but it is found more frequently and in higher numbers 

than S. sobrinus in fissures while S. sobrinus is isolated preferentially from 

posterior rather than anterior teeth (Lindquist, 1991). S. cricetus and S. 

rattus, the other two serotypes of S. mutans associated with humans (a and 

b respectively) are recovered only rarely from dental plaque. Some subjects 

harbour more than one species of mutans streptococci in their mouth. 

Mutans streptococci possess cell carbohydrate antigens, lipotechoic acids 

and cell wall proteins. The antigen which has been studied the most (antigen 

PI) is a high molecular weight protein which may be involved in initial 

adherence of S. mutans to the tooth surface. A similar protein Spa A has 

been demonstrated in S. sobrinus (Tokuda,1991).

Mutans streptococci are capable of making both soluble and insoluble 

extracellular polysaccharides from sucrose that are associated with plaque 

formation. They produce acids at a rapid rate from fermentable 

carbohydrates and are capable of growing and surviving in acid conditions. 

Within the S. salivarius group are the species S. salivarius and S. 

vestibularis. S. salivarius can be isolated from all areas of the mouth but is 

isolated only occasionally from diseased sites and is not considered a
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significant opportunistic pathogen. S. vestibularis is isolated mainly from the 

mucosa of the mouth. S. salivarius produces a polymer of fructose from 

sucrose which may be metabolised in the mouth by other oral micro

organisms while S. vestibularis strains are unable to produce extracellular 

polysaccharides from sucrose but do produce a urease and hydrogen 

peroxide.

Species from the S. milleri group are isolated from dental plaque and 

mucosal surfaces and are known to be opportunistic pathogens. However, 

no strains from this group are capable of making extracellular 

polysaccharides from sucrose although S. intermedius, isolated mainly from 

liver and brain abscesses, has been shown to produce a range of 

glycosidase enzymes thought to play a role in facilitating their growth in vivo 

(Homer ef a/, 1994).

The S. oralis group contains opportunistic pathogens associated with 

infective endocarditis which are assumed to have originated from the mouth. 

S. sanguis produces extracellular polymers of glucose from sucrose and is 

involved in the development of plaque. S. gordonii can bind a-amylase to 

breakdown starch (Scanapecio ef al, 1995) and S. oralis is capable of 

producing neuraminidase. S. mitis produces IgA protease, especially in 

strains found in early plaque formation or those colonising the buccal 

mucosa. S. parasanguis can bind salivary a-amylase but cannot produce 

extracellular polysaccharides from sucrose.

1.1.6.2 - Oral Actinomyces

38



Actinomyces are good plaque formers, capable of adhering to wires (Keyes 

at al, 1973) and forming tenacious deposits on the teeth of infected animals 

(Jordan at al, 1972). They form a major portion of the flora of dental plaque, 

particularly at approximal sites and are the most common group of 

organisms found in plaque from human root surface caries (Syed at al, 

1975).

Strains of A. viscosus characteristically produce an extracellular slime and 

fructans from sucrose and of the two serotypes described originally the 

human serotype of A. viscosus (II) has many similarities with A. naaslundii 

serotypes II and III resulting in the formation of a single group known as A. 

naaslundii genospecies 2 (Putnins at al, 1993). Also recently A. israelii 

serotype ii has been designated as a separate species A. garancsariaa. Two 

serotypes of A. odontolyticus have been reported and an association exists 

between this and early stages of enamel demineralisation.

1.1.6.3 - Oral lactobacilli

Although commonly isolated from the oral cavity lactobacilli usually comprise 

less than 1 % of the total cultivable microflora. The idea that lactobacilli 

played the major role in the carious process dominated dental literature for 

over 30 years. It was argued that lactobacilli are both acidogenic and 

aciduric and could therefore multiply in the low pH of plaque and carious 

lesions. As more information on the composition of dental plaque became 

available it was found that lactobacilli were present in plaque in relatively 

small numbers although there was heavier growth in active carious lesions.
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Subsequent research has shown that they are associated with carious 

dentine and the advancing front of a caries lesion (Nancy et al, 1992).

The most common species of lactobacilli isolated include L. case/, L  

fermentum and L  acidophilus as well as L. salivarius and L  brevis also 

reported (Carlsson et al, 1975). Recently further classification work has 

subdivided the L  acidophilus and L. case/ groups into distinct species but 

preliminary studies suggest that the majority of oral isolates are L  

rhamnosus and L. case/. However, little is known on the preferred habitat of 

these species in the mouth and most studies still identify them in general 

terms as lactobacilli.

1.1.7- CONTROL AND PREVENTION

As mentioned earlier, dental caries is a complex disease involving the 

interplay of several factors. Therefore it is unlikely that any one approach 

will lead to its control and prevention. Mechanical removal of plaque by oral 

hygiene procedures can prevent caries, especially when combined with a 

reduction in the intake of sugars. However, alternative measures are 

required as long term eating habits are difficult to change and effective oral 

hygiene requires a considerable degree of motivation.

Fluoride therapy continues to be the cornerstone of any caries preventative 

program. Fluoride exerts it's main anticaries effect following its incorporation 

into enamel but it may also have an antimicrobial effect. Following a wide 

range of studies on the effect of fluoride (Margolis et al, 1975, Petersson, 

1975 and Beighton et al, 1977,1980,), the use of fluoridated water over 40
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years has reduced the incidence of caries by 50 % (Easley, 1995). Fluoride 

has also been incorporated into toothpastes and mouthwashes and has 

more recently been incorporated into films used to coat the teeth. 

Incorporation of fluoride results in the formation of crystalline apatite in 

enamel containing high levels of fluoride which is more stable and resists 

acid dissolution to a greater extent. Fluoride also has antibacterial activity by 

inhibiting a number of bacterial processes including glycolysis (Beighton, 

1980), sugar transport and membrane permeability (Hamilton, 1990 and 

Sturr, 1990). Concern has been expressed as to whether bacteria become 

resistant to fluoride (Treasure, 1986 and Bowden, 1990) but laboratory 

studies suggest that there would be no increase in caries risk if the bacteria 

were fluoride resistant (van Loveren etal, 1989).

A wide range of antimicrobial agents have been used to control plaque and 

these include chlorhexidine, triclosan, enzymes and metal ions. These can 

function in a number of ways including reducing existing plaque, preventing 

the formation of new plaque or selectively inhibiting those bacteria 

associated with disease (Marsh, 1993). The most effective of these appears 

to be chlorhexidine which has been shown to have antiplaque activity 

(Gjermo, 1989) and can suppress the growth of mutans streptococci. 

Another application for chlorhexidine has been in reducing plaque in 

disabled individuals for whom conventional plaque control measures are 

inappropriate (Francis at al, 1987). However, one side effect is that staining 

of the teeth can occur after prolonged use. One consequence of using these 

antimicrobial agents for long periods of time may be a disruption of the oral 

or gut microflora or the development of resistance in target organisms.
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Sugar substitutes have also been suggested as a means of controlling 

dental caries (Imfield, 1993). However some oral bacteria can metabolise 

some of these substitutes for example, mannitol and sorbitol can be 

fermented to acids by mutans streptococci (Birkhed et al, 1985). Xylitol 

however is not metabolised by oral bacteria and can be inhibitory to the 

growth of mutans streptococci and has been shown to interfere with sugar 

metabolism of S. sobrinus by consuming phosphoenolpyruvate and MAO'" 

and inhibiting glycolysis.

Immunisation against mutans streptococci is also a potential route for 

protection against caries and a number of animal studies have shown this to 

be feasible (Walker at al, 1981 and Nair at al, 1983). However, no major 

trials to assess the efficacy of these vaccines have been carried out as yet. 

Despite the decrease in the incidence of caries over the past twenty years 

enamel caries still remains a highly prevalent disease in young people while 

in older people root surface and recurrent caries are still a problem.

There is, therefore, a need to continue investigating current strategies 

designed to control and/or prevent dental caries as well as to develop new 

approaches to solving these problems. As there is general agreement 

regarding the causative organisms of dental caries, one feasible approach 

would be to try and kill the bacteria in the carious lesion. The purpose of this 

study was to determine whether light-activated antimicrobial agents were 

capable of killing cariogenic bacteria in vitro and so might, eventually, prove 

to be useful in eliminating these organisms from caries lesions.
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1.2 - AN INTRODUCTION TO PHOTO DYNAMIC THERAPY

1.2.1 - A HISTORY OF PHOTODYNAMIC THERAPY

Several ancient cultures are known to have used light to treat various 

illnesses such as vitiligo, psoriasis and rickets. The use of an exogenous 

sensitiser to absorb photons of light resulting in a therapeutic effect began in 

1400 BO with the Hindus who treated vitiligenous skin with psoralens and in 

1200 80 the Egyptians used a similar technique.

At the beginning of this century (1903) Niels Finsen won the Nobel prize for 

his work involved in the treatment of lupus vulgaris, a dermatological 

manifestation of tuberculosis, with light from an arc lamp. At the same time 

Oscar Raab, a student working with Professor von Tappeiner, observed that 

paramecia treated with acridine orange were killed on exposure to light and 

proposed that conversion of light energy to chemical energy occurred 

(Raab, 1900). Further studies by von Tappeiner and Jesionik in 1905 

showed some success in the treatment of skin cancers with eosin and 

sunlight and subsequently showed that the effect was dependent on the 

presence of oxygen and termed it photodynamic action. Von Tappeiner 

proposed that this phenomenon might have a therapeutic application (von 

Tappeiner ef a/, 1903, 1904).

Since these early studies, interest has focused on haematoporphyrin (Hp) 

as a photosensitiser. This was derived from treating dried blood with 

sulphuric acid to remove the iron from haem. In 1911 Hausmann 

demonstrated that animals given Hp and exposed to sunlight developed
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photosensitive reactions and those that were not exposed to sunlight were 

unaffected. Friedrich Meyer-Betz injected himself with 200 mg Hp and, 

shortly after injection, swelling and pain occurred but only in those areas 

exposed to light (Meyer-Betz, 1913). In 1942 Auler and Banzer described 

the preferential uptake of Hp in neoplastic tissues and noted that these 

tumours were more necrotic. Figge et al (1948) also demonstrated that Hp 

concentrated in malignant tissues using a mouse tumour model. They 

followed this up by injecting a series of patients with Hp and demonstrating 

red fluorescence in lymphatic and malignant tissues. Lipson (1960) purified 

the sensitiser by synthesising a complex porphyrin mixture he termed 

haematoporphyrin derivative (HpD). This compound was more photoactive, 

more water soluble and significantly reduced the photosensitivity seen with 

the crude precursor. HpD was used effectively to localise tumours of the 

bronchus, oesophagus and cervix. Further refinement of HpD resulted in the 

synthesis of a combination of ethers and esters known as 

polyhaematoporphyrin ester which was claimed to have an improved 

photodynamic effect and reduced side effects. Lipson was one of the first to 

attempt the treatment of tumours with photodynamic therapy by treating a 

large ulcerating breast cancer with HpD and light from a Xenon arc lamp 

(1966). HpD mediated photodynamic therapy has been attempted in 

bladder, lung, stomach, gynaecological and other tumours with varying 

degrees of success.

Light with a wavelength of greater than 600 nm exhibits the deepest 

penetration of tissues. As haematoporphyrin absorbs light above 600 nm 

weakly, a second generation of sensitisers has been developed and this
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includes chlorins, phthalocyanines, purpurins and pheophorbides which 

absorb more strongly in the red region of the spectrum.

Although most work has focused on the use of photosensitisation for the 

treatment of cancer, more recently interest is growing in alternative uses for 

photosensitisation and many studies have centred on the antibacterial and 

antiviral effect of photosensitisation. The first photodynamic inactivation of 

viruses was reported by Perdrau and Todd (1933) using methylene blue and 

recently Matthews et al (1993) explored the inactivation of HSV-1 and HIV 

with HpD. A clinical phototherapeutic procedure using neutral red to treat 

Herpes simplex virus was in use by the early seventies based on the ability 

of dyes to sensitise the photodynamic inhibition of viral replication. In 1960 

Mathews and Sistrom demonstrated the killing of Sard nia lutea by 

sensitisation with toluidine blue and exposure to visible light and this 

triggered interest in the lethal photosensitisation of bacteria. MacMillan et ai 

(1966) sensitised a wide range of bacteria, as well as yeasts, with toluidine 

blue to killing by light from a continuous wave gas laser and in the 1980’s 

many studies were carried out on the lethal photosensitisation of bacteria 

using HpD as a photosensitiser (Nitzan et ai, 1983, 1987, 1989, 1992, 

Venezio et ai, 1985, Bertoloni et ai, 1983,1984 and Malik et ai 1990).

1.2.2 - FUNDAMENTALS OF PHOTODYNAMIC THERAPY

Photodynamic therapy involves the administration of a drug, termed a 

photosensitiser, which is inert in it's natural form but which, when illuminated 

with light of an appropriate wavelength (normally from a laser), is excited to
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a higher energy state (triplet state). The interaction of this triplet state with 

other molecules via intermolecular energy transfer results in the formation of 

cytotoxic species such as free radicals, ions and singlet oxygen. The two 

major components of the system are therefore the photosensitiser and the 

light source.

1.2.2.1 - Photosensitisers

The ideal properties of a photosensitiser (MacRobert et al, 1989) for use in 

the therapy of cancers include:

•absorption of red or near infrared light

•lack of toxicity

•fluorescence

•selectivity for target tissues 

•low  skin photosensitivity 

•efficient generation of cytotoxic species 

•water solubility

Similar properties would also be sought after in sensitisers for use in lethal 

photosensitisation of bacteria.

In the following discussion the most widely used photosensitisers will be 

described in detail.

1. Haematoporphyrin derivative

When the ideal properties of a photosensitiser are considered, HpD does 

not appear to be a model photosensitiser even though it is the most 

frequently used drug in the photosensitisation of tumours. It has only a weak
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molar absorptivity in the red region of the spectrum and sensitises skin to 

sunlight for a period of several weeks (Moan et al, 1987). However, there is 

a degree of selective uptake of HpD by tumours. Gomer and Dougherty 

(1979) demonstrated uptake of HpD in a mouse tumour compared with skin 

and muscle. However, the selective uptake by malignant cells seen in vivo is 

not so clear in vitro. Moan at si (1982) showed slightly higher uptake of 

porphyrins in malignant cells but the degree of photosensitisation was 

comparable in both malignant and non-malignant cell types. This suggested 

that tumour-localising properties were due to some extracellular factors. 

Many possibilities have been hypothesised and include tumour pH (Pottier 

and Kennedy, 1990). Loss of fluorescence has been demonstrated in vitro 

and in vivo with illumination following sensitisation with HpD (Dougherty, 

1987). This is independent of the sensitiser concentration. It may be 

possible therefore to destroy the smaller amount of HpD in normal tissue by 

photobleaching while the target tissue could be destroyed.

HpD is now commonly used as a photosensitiser in clinical trials for the 

treatment of cancers and has been shown in vitro to successfully sensitise a 

range of bacteria to killing by light (Venezio at ai, 1985, Nitzan at ai, 1983, 

1992, Malik ef a/, 1990, Bertoloni ef a /1983, 1984).
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Figure 1.3 - Basic structure of haematoporphyrin

2. Thiazins

These dyes are members of the quinone-amine group and contain two 

chromophore groups, the indamine group and the quinoid benzene ring. 

They are formed of a triple ring structure and include dyes such as 

methylene blue and it’s derivatives toluidine blue, thionin and azures A, B 

and C. Most of the thiazins are strongly basic and therefore water-soluble 

and their characteristic colour is caused by the dominating influence of the 

strong absorption band in the 550 - 700 nm region (Tuite and Kelly, 1993). 

Methylene blue and toluidine blue have been shown to selectively stain 

bladder tumour cells (Williams et al, 1989) and in 1961 tumour cell lines 

were shown in vitro to be susceptible to killing by light following sensitisation 

with methylene blue (Beilin at al, 1961). However, methylene blue at high 

concentrations can damage cells and mutagenicity is observed in micro
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organisms although toluidine blue and other thiazins are not mutagenic. The 

fluorescence of each of the thiazin dyes can readily be detected although in 

general the quantum yield is quite low (Schafer et al, 1979).

Many studies have demonstrated thiazin dye-sensitised photodynamic 

inactivation of mouse ascites, bladder tumour cells and human carcinoma 

cells (Hunter at al 1967, Gill at al 1987, Darzynkiewicz at al 1988) and 

methylene blue has been shown to be an effective agent against mouse 

carcinomas in vivo (Koenig et al, 1987) although in vivo studies on bladder 

cancer patients proved unsuccessful (Williams at al, 1989). The thiazin dyes 

have been widely studied as suitable photosensitisers for photosensitsation 

of bacteria and toluidine blue, thionin and methylene blue have been shown 

to be active against a number of bacteria including E. coli, S. auraus, P. 

mirabilis and many others.

M X
+

N

CH.

N 
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Figure 1.4 - Structure of methylene blue
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Figure 1.5 - Structure of thionin

3. Phthalocyanines

Phthalocyanines are azoporphyrin derivatives which mimic naturally- 

occurring porphyrins in many aspects. They have a strong absorption band 

in the red region of the spectrum and form stable complexes with many 

metal ions and most studies have been carried out on the aluminium 

sulphonated phthalocyanines which are water-soluble. These sulphonated 

phthalocyanines are known to sensitise both type i  and type i i  reactions 

producing efficient generation of reactive species (Ambroz et al 1991) and 

have been shown to selectively stain tumour tissue to a greater extent than 

adjacent normal tissue (Chan at ai, 1988).

The phthalocyanines have been shown to be effective photosensitisers of 

mammalian cells, tumours (Barr at ai, 1987) and some studies have shown 

it's success in killing bacteria (Bertoloni ef a /1990, Wilson at ai, 1992).
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Figure 1.6 - Structure of aluminium disulphonated phthalocyanine

4. meso-tetra (m-hydroxyphenyl)chlorin (m-THPC)

A large number of studies have shovvn that tetra(hydroxyphenyl)porphyrin 

isomers are effective tumour photosensitisers (Berenbaum et al, 1986). 

Studies using m-THPC, often known as Temoporfin, are relatively limited as 

this is a fairly new ‘second generation’ sensitiser. They have a strong 

absorption peak in the red region of the spectrum (Kisslinger at ai, 1995) 

and intracellular absorption and action spectra of m-THPC are similar to 

those in vitro (Grahn at ai, 1995) but they are insoluble in water. Early 

squamous cell carcinomas of the mouth, and oesophagus have been
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successfully treated using m-THPC and skin photosensitivity has been 

found to be shorter than in first generation sensitisers (Savary et al, 1995).

HO

OHHN

HO NH

OH

Figure 1.7- Structure of m-tetrahydroxyphenylchlorin 

1.2.2.2 - Lasers and light sources

Light delivery is a crucial factor in the success of photodynamic therapy and 

of critical importance is that the light source must be of a suitable 

wavelength and intensity to excite the sensitiser.

The propagation of light in tissue is dominated by it's optical behaviour 

which is defined by two measurable parameters, the scattering coefficient 

and the total attenuation coefficient. Both of these parameters are 

wavelength-dependent but only absorption varies significantly among 

tissues due to the presence of various chromophores. The penetration depth
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of light into tissue is typically 1-2 mm at 630 nm while penetration is almost 

doubled at longer wavelengths of 700-800 nm.

Generally lasers are used in the photodynamic therapy of cancers and in 

other photosensitisation studies although light sources such as mercury 

vapour lamps have also been used. This is due to the fact that lasers are 

capable of producing a beam of light at a high intensity with a specific 

wavelength. This allows the use of a laser with a specific wavelength which 

matches the absorbance of the sensitiser. Laser light also has an advantage 

in that lasers operating in the visible region of the spectrum can be passed 

through thin flexible fibres allowing its use in sites of the body to which 

access is difficult. Lasers are described in terms of the lasing medium used 

which may be a gas, dye, crystal or semi-conductor diode.

A wide range of lasers have been used in photosensitisation studies. 

Tuneable dye lasers are most frequently used as the wavelength of light can 

be varied depending on the sensitiser in use and, in general, the energy for 

the laser comes from an argon laser. Another frequently used laser is the 

helium neon laser and, more recently, a wide range of diode lasers have 

become available including the gallium aluminium arsenide laser and the 

indium gallium arsenide phosphide laser which emit light at wavelengths of 

660 and 675 nm respectively.
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Table 1.2 - The range of lasers used in PDT and photosensitisation studies

Laser type Wavelength (nm) Lasing medium

Copper vapour pumped dye 

Argon ion-pumped dye 

Gold vapour 

Helium neon

Gallium aluminium arsenide 

Indium gallium arsenide 

phosphide

<900 tuneable 

<900 tunable 

628 

633

660-830

670-675

dye

dye

gas

semi-conductor

semi-conductor

1.2.3 - MECHANISM OF LETHAL PHOTOSENSITISATION

Many of the studies on the mechanism of light-induced killing have been 

carried out using mammalian cells in respect of photodynamic therapy of 

cancer and very little information is available on the mechanism of killing in 

bacteria. The following discussion will therefore be of a general nature 

describing the photochemical and photophysical aspects of cell killing and 

the possible sites of action.

1.2.3.1 - The photochemistry of lethal photosensitisation

On absorbing light of a suitable wavelength, the sensitiser in its stable 

electronic ground state is converted to an excited state known as the singlet 

state. This is a relatively short-lived state and can undergo conversion to a
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longer-lived state known as the triplet state (MacRobert et al, 1989). To 

activate the photochemical generation of cytotoxic species the sensitiser 

must be in its excited state. The lifetime of the singlet state is generally less 

than 1 ps and its main role is to act as a precursor of the triplet state. 

However, its involvement should not be overlooked as competing processes 

such as fluorescence decay of the singlet state may also occur and this has 

relevance in the photosensitisation mechanism in that if fluorescence is 

quenched through binding of the sensitiser to a substrate then the overall 

excitation efficiency from the ground state to triplet state will be reduced. 

The lifetime of the triplet state can, depending upon environmental 

conditions, be up to a millisecond and its interaction with cell or tissue 

components may be via a type i  or a type i i  mechanism or a combination 

of both (Foote, 1990). A type i  process involves hydrogen abstraction from 

the sensitiser to produce free radicals or electron transfer resulting in the 

production of radical ions. A type i i  process exclusively involves an 

interaction between the sensitiser and molecular oxygen to form an 

electronically excited state of oxygen known as singlet oxygen. This is 

known to be a highly reactive species in biological systems and is widely 

thought to be the dominant cytotoxic species in the photodynamic therapy of 

cancers. Many studies have used quenchers of reactive oxygen species to 

determine the role of various species in photosensitisation reactions. Martin 

and Logsdon (1987) demonstrated protection by quenchers of hydroxyl 

radicals in E. coli B as did many other workers (Nitzan at a/, 1989, Dahl at ai, 

1987) but also showed that induction of superoxide dismutase afforded 

protection. Also, in S. lutaa the use of quenchers indicated a type i i
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mechanism. However, some of the quenchers used in these studies are 

known to have scavenging properties which are relatively unspecific and 

therefore the true cytotoxic species involved can not be conclusively 

determined by this means. On transfer of energy the triplet state sensitiser, 

which remains chemically unchanged, then returns to it's ground state which 

can absorb another photon of light and generate further cytotoxic species.

1.2.3.2 - Cellular site of action

Many studies have postulated the site of action for photochemically- 

generated cytotoxic species but, as yet, the site of cellular damage has not 

been conclusively determined. The three main sites are thought to be the 

cell membrane, the nucleus and organelles. One factor which may influence 

the site of action of photosensitisation could be whether uptake of the 

sensitiser occurs. If, for example, the sensitiser remains bound to the cell 

membrane but does not enter the cell it could be proposed that the site of 

action would be the cell membrane. It is believed that the reactive species 

which are generated are capable of acting on cell components including 

proteins, lipids, amino acids and nucleic acids.

It is widely believed that lipid peroxidation of biomembranes is a possible 

mechanism of photosensitisation. However, protein damage may also play 

an important role in membrane damage. Damage to the cell membrane 

following photosensitisation has been demonstrated in a number of studies 

using microscopy and other techniques and recent advances in membrane 

biochemistry have allowed the demonstration of the importance of the cell 

membrane as a target for photosensitisation. Bertoloni et al (1987) used an
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ATPase marker of membrane competence and demonstrated a reduction in 

this in cells which were sensitised with phthalocyanine and irradiated. 

Dubbleman et al (1984) described a range of parameters for assessing 

membrane damage and these were primarily based on assaying for changes 

in membrane permeability and leakage of intracellular materials, including 

potassium loss and rubidium uptake. More specifically, many studies have 

looked at the occurrence of lipid peroxidation in photosensitised cells 

primarily assaying for the presence of peroxidative products. Agarwal at a! 

(1992) demonstrated peroxidative damage of lipid-rich membranes and Ito 

and Kobayashi (1977) determined membrane damage as a crucial step in 

the lethal photosensitisation of yeasts. Ehrenburg at a! (1993) however 

suggested that damage to proteins rather than lipid peroxidation may result 

in membrane damage.

The synthesis of DNA in mammalian cells has been shown to be very 

sensitive to photosensitisation. In 1983 Moan at a! demonstrated that low 

doses of HpD and light could cause a reduction in DNA synthesis with no 

effect on cell survival. However, this was dependent on the cells being in the 

DNA synthesis phase of growth. The inactivation of ^H-thymidine 

incorporation was also observed in mouse embryo and fibroblasts cells 

following sensitisation with methylene blue and exposure to light (Litwin at 

a/, 1973). Nitzan at a! (1983) demonstrated that in S. auraus cells exposed 

to light in the presence of HpD, DNA synthesis was immediately arrested 

and methylene blue treatment of several strains of S. typhimurium was 

reported to produce base substitution mutations in the DNA (Gutter at ai,
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1977). Several investigators have also shown DNA-protein crosslinks 

induced by photosensitisation of cells (Dubbleman et a /1982).

Enzymes known to be associated with the mitochondria such as cytochrome 

c oxidase and malate dehydrogenase have been shown to be very sensitive 

to photodynamic treatment whereas cytosol enzymes including pyruvate 

kinase and lactate dehydrogenase are unaffected (Dubbleman at al 1982). 

Kosaki at al in 1956 first demonstrated uptake of porphyrins by mitochondria 

and since then much work has supported this finding. Toluidine blue is 

known to localise in the mitochondria of live human epidermoid carcinoma 

cells (Darzynkiewicz and Carter, 1988) and a study on the phototoxic effect 

of thionin on isolated respiring mitochondria showed that 1 0  % of the dye 

interacted with the mitochondrial membrane. E. coli ribosomes have also 

been shown to be inactivated following photosensitisation with methylene 

blue (Singh atal, 1978).

Even though a large spectrum of specific types of cellular damage have 

been reported, the actual target site or sites has not been satisfactorily 

identified. However, each sensitiser may act on each cell type in a different 

way and localisation of the sensitiser, and therefore uptake, must affect the 

eventual target site. Regardless of the site of action, the common resulting 

effect is a degeneration in cell integrity and finally cell death.

1.2.4 - PRESENT AND POSSIBLE FUTURE USES OF PHOTO DYNAMIC 

THERAPY

The use of photosensitising agents for eradication of neoplastic tissue has
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become a topic of great interest in the medical field. Although most use has 

been found in the treatment of bulky tumours, a small number of localised, 

superficial cancers have been successfully treated by photodynamic 

therapy. Studies involving treatment of a wide range of tumours have been 

carried out and clinical trials of photodynamic therapy of cancers of the lung, 

oesophagus and bladder using HpD as the photosensitiser are underway in 

a number of countries. Other studies are investigating photodynamic therapy 

for the treatment of early stage lung cancer, basal cell carcinoma, tumours 

involving the eye and many others.

As well as the treatment of carcinomas, the treatment of a wide range of 

non- malignant disorders have been suggested as potential applications for 

photodynamic therapy and these include psoriasis and endometriosis. At 

least two studies (Diezel, 1980 and Berns, 1984) have shown the successful 

treatment of psoriasis using photosensitisation. Endometriosis, a common 

gynaecological disorder, has been treated with some success in rabbits 

using photofrin photosensitisation (Manyak, 1989). Ortu et al (1992) have 

also shown in rats that photosensitisation with aluminium sulphonated 

phthalocyanine can inhibit intimai hyperplasia which occurs as a result of 

smooth muscle cell proliferation in blood cells.

The antimicrobial application of photosensitisation is an area which has 

received a great deal of interest in recent years. A clinical phototherapeutic 

procedure using neutral red to treat Herpes simplex virus has been in use 

since the early seventies and clinical trials are underway with hypercin, for 

the treatment of patients with HIV (North, 1993). Many more studies in vitro 

have investigated the possible use of photosensitisation for the treatment of
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viral infections. Neyndorff (1990) used a benzoporphyrin and achieved 100 

% inactivation of vesticular stomatitis virus and Horowitz et al (1991) used a 

phthalocyanine to kill the human immunodeficiency virus in whole blood. 

The red cell integrity was unaffected by photosensitisation. A wide range of 

sensitisers have been used in the photosensitisation of microbes including 

rose bengal, toluidine blue, hematoporphyrin and phthalocyanines. The 

majority of the studies on the use of lethal photosensitisation for the 

treatment of bacterial infections have been carried out in vitro and only a few 

in vivo applications have been attempted. Martinetto at al (1985) inoculated 

the cisterna magna of sheep with Staphylococcus aureus and then gave 

haematoporphyrin followed by laser irradiation using an optical fibre 

introduced into the spinal channel and this had a successful bactericidal 

effect. A small trial of patients with staphylococcal brain abscesses treated 

with photodynamic therapy using topical haematoporphyrin demonstrated 

sterilisation of the abscess cavity. MacMillan et al (1966) have also shown in 

vitro that a wide variety of bacteria and yeasts were susceptible to killing by 

photosensitisation and many studies have followed this confirming the 

susceptibility of bacteria to lethal photosensitisation (Nitzan et al, 1983, 

1987, 1989, Venezio et al, 1995 , Bertoloni et a/,1983, 1984, Malik et al, 

1990 and Wilson et al, 1992,1995 ).
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1.3 - LETHAL PHOTOSENSITISATION FOR THE TREATMENT OF 

DENTAL CARIES

1.3.1 - CURRENT STATUS OF PHOTO DYNAMIC THERAPY

As discussed earlier in this chapter, most work on photodynamic therapy 

has focused on the treatment of cancer, the target cells being malignant 

tumour cells. In the past fifteen years several thousand cancer patients have 

undergone porphyrin-mediated photodynamic therapy, although the majority 

have not been part of prospective clinical trials (Spikes and Jori, 1987). 

Following the completion of ongoing Phase III randomised trials, the status 

of PDT in comparison with conventional oncology treatment modalities will 

be known. The first product license approvals have been granted for 

treatment of endobronchial, oesophegal and superficial bladder cancers. 

Development of resistance has not been observed in any patient tumours 

which is a distinct advantage over some other anticancer modalities (Fisher 

etal, 1995).

As well as the treatment of cancers there, are a number of non-oncological 

applications for which photodynamic therapy is being investigated, many of 

which have been discussed earlier and most of which are at the pre-clinical 

stage of investigation.

The development of second generation photosensitisers is continuing and 

dyes have already been designed with improved photodynamic properties. 

The development of user-friendly light sources is also an important factor 

towards the improvement of PDT.
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Approaches to improve the selective localisation of photosensitisers in 

tumours involve binding the dye to targeting molecules such as antibodies, 

liposomes and lectins, and together with updated sensitisers and light 

sources, will contribute to a continually improving treatment modality.

1.3.2 - CONTROL OF CARIES USING LETHAL PHOTOSENSITISATION

Dental caries has responded to some extent to the preventative measures 

which have been applied to it. However, there is increasing evidence that 

these measures have now produced their full benefit in the industrial world. 

Also, in the less industrialised countries the incidence of caries is high, 

particularly in urban areas, as a result of an increase in the availability of 

foodstuffs containing sucrose.

Many different methods of treatment of caries have been attempted but 

these have been specifically designed to prevent the disease process 

developing and inhibit initiation of the lesion. Once the advancing front has 

become established within the dentine, preventative measures are of very 

limited use. This means that there is a need for a method of treating more 

advanced lesions. Conventional methods involve the mechanical removal of 

diseased tissue and the replacement of tooth tissue with a substitute 

material. Few aids to indicate whether the bacteria have been eliminated 

exist and the efficacy of those available is dubious. The replacement of tooth 

tissue is further complicated by the limitations of restorative materials 

available. Frequently, large amounts of tooth tissue have to be removed to 

construct a satisfactory restoration and currently there is no adequate long
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term seal between the restorative material and the tooth which will inhibit 

bacterial entry so preventing recurrence of the infection. It would be a great 

advantage if, instead of relying on mechanical removal of infected dentine, 

bacteria could be killed in situ.

One possible approach to killing the bacteria in situ could be lethal 

photosensitisation. This technique has applications both in conventional 

cavity preparation and also as a technique where access to the lesion is via 

a tunnel prepared using a high power (hard) laser. In the conventional mode 

of treatment the sensitiser could be applied to the caries lesion following 

removal of the interlying enamel and dentine with a turbine handpiece. The 

laser light could then be applied directly to the carious site. If a tunnel could 

be prepared using a laser emitting high energy photons (Moss et al, 1994), it 

would be possible to inject the sensitiser into the carious lesion and after 

diffusion, an optic fibre would be passed down the tunnel to deliver the light. 

The potential advantage of this over conventional treatments would be that 

the site could be restored without the removal of softened and infected 

dentine. Thus, it would be clinically attractive as the amount of tooth tissue 

removed could be reduced hence improving the prognosis for the involved 

tooth.

1.3.3-AIMS OF THE STUDY

The purpose of this in vitro investigation was to determine whether the 

bacteria responsible for caries were susceptible to lethal photosensitisation 

and to study a number of relevant parameters including sensitiser
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concentration, light dose, pre-irradiation time (the time that the sensitiser is 

present before exposure to the laser light), pH and the physiological state of 

the bacteria. In an attempt to determine the mechanism of kill, identification 

of the photochemically-induced mediators and the target for these mediators 

were studied. To mimic the situation in vivo more closely, lethal 

photosensitisation of bacteria in biofilms and in plaque samples was carried 

out and the effect of the presence of dentine and collagen was also studied.
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CHAPTER TWO - MATERIALS AND METHODS
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2.1 - BACTERIOLOGICAL MEDIA

Most of the bacteriological media were purchased from Unipath Limited. 

Basingstoke, Hampshire, UK with the exception of mitis salivarius agar which 

was supplied by Difco Ltd., UK and cadmium fluoride acriflavin tellurite (CFAT) 

agar (Zylber and Jordan (1982) which was prepared as detailed below. The 

chemicals were purchased from Sigma Chemical Company Limited, Poole, UK 

or Merck Limited, Poole, UK unless otherwise stated.

2.1.1 - CADMIUM FLUORIDE ACRIFLAVIN TELLURITE AGAR

Tryptone soya broth 30.0 g/l

Glucose 5.0 g/l

Agar 15.0 g/l

Cadmium sulphate 13.0 mg/l

Sodium fluoride 80.0 mg/l

Neutral acriflavin 1 . 2 0  mg/l

Potassium tellurite 2.50 mg/l

Basic fuschin 0.25 mg/l

Defibrinated sheep blood 50.0 ml

2.2 - SALINE AND BUFFER SOLUTIONS

2.2.1 - SALINE

0.85 % saline was prepared by dissolving sodium chloride in single distilled 

water.
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2.2.2 - TRIS BUFFER (pH 7.3)

Ths(hydroxymethy!)methyiamine 12.14 g/l

Sodium chloride 8.76 g/l

Calcium chloride 0.29 g/l

2.2.3-pH BUFFERS

The pH 5.9 and 4.5 buffers were prepared using buffers supplied by Merck 

Ltd.

2.3 - LASERS

Both lasers were low power class 3b lasers emitting red collimated light in the 

visible region of the spectrum.

2.3.1 - HELIUM NEON LASER

The HeNe gas laser (NEC Corporation, Japan) had a power output of 7.3 mW 

and light was emitted at a wavelength of 633 nm. The beam diameter was 1.3 

mm giving an area of 0.013 cm .̂ The power density was therefore 0.56 W/cm^.

2.3.2 - GALLIUM ALUMINIUM ARSENIDE LASER

The GaAIAs diode laser (Omega Universal Technologies. London. UK) had a 

power of 11 mW and light was emitted at a wavelength of 660 nm. The beam 

diameter was 9 mm with an area of 0.64 cm .̂ The laser was operated in a 

pulsed mode with a frequency of 20 kHz and the power density was 0.017 

W/cm^.
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Figure 2.1 - Diagram of HeNe laser application
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Figure 2.2 - Diagram of GaAIAs laser application
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The energy doses and energy densities for each of the lasers were calculated 

as follows:

energy dose (mJ) = power (mW) x exposure time (s) 

energy density (J/cm^) = energy dose (J)

area of laser beam (cm^)

2.4 - SENSITISERS

The structures of the sensitisers are shown in figures 2.3 and 2.4.

2.4.1 - TOLUIDINE BLUE 0

TBO (Cl 52040) was supplied by Sigma Chemical Company Ltd, Poole, UK. 

This is a thiazin dye belonging to the quinone-imine family. It is a basic dye 

with a molecular formula of C15H16N3SCI and a formula weight of 305.82

Figure 2.3 - Structure of TBO
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2.4.2 - ALUMINIUM DISULPHONATED PHTHALOCYANINE

AIPCS2 was supplied by the Department of Chemistry, Imperial College of

Science, Technology and Medicine, London UK.

,N— -Al— N S0o“

Figure 2.4 - Structure of AIPCS2 

2.5 - ORGANISMS

The bacteria used in this study were Streptoccus mutans NCTC 10449, 

Streptococcus sobrinus NCTC 10921, Lactobacillus easel NCTC 10302 and 

Actinomyces naeslundii NCTC 10951. These were maintained by subculturing 

on Wilkins Chalgren (WC) agar every 7 days. Cultures grown for 16 hours in 

TSB at 37°C in an anaerobic chamber (Don Whitley Scientific, Shipley, UK) 

were generally used for experimental purposes

2.6 - QUANTITATIVE ASSAY

Equal volumes of a bacterial suspension and the sensitiser (100 pi) were mixed 

in wells of a microtitre plate (Sterilin Ltd, Hounslow, UK). Controls received only 

the diluent used in preparation of the sensitiser. 4 mm magnetic stirrer bars

70



(Camlab Ltd, Cambridge UK) were added, the plate was placed on a magnetic 

stirrer and the suspensions were exposed to light from the laser. To determine 

the effect of the sensitiser alone, the wells were prepared with the bacterial 

suspension in the presence of the sensitiser but this was not exposed to the 

laser light. Additional control wells contained the bacterial suspension to which 

only the diluent had been added without the sensitiser and these were not 

exposed to the laser light. Survivors were enumerated by preparing 10 fold 

serial dilutions of 100 pi of the suspension from the well in TSB and plating on 

to TSA plates.

2.7 - PHOSPHATE ASSAY

The amount of phosphate in the cell free supernatants was detected using the 

method of Fiske and Subbarow (1925). The reagents for this assay were 

supplied as a kit from Sigma Chemicals Ltd., Poole, UK. 100 pi of the cell free 

supernatants were added to 60 pi of trichloracetic acid (20 %). These were 

mixed by inversion and incubated for 10 mins at 37°C. The samples were then 

centrifuged and 1 0 0  pi of the supernatant was added to 2 0  pi of acid molybdate 

in a microtitre plate. To this, 5 pi of Fiske and Subbarow reducer was added 

and these were incubated for a further 10 mins. The optical density at 650 nm 

was recorded on a microtitre plate reader. Using a standard curve the amount 

of phosphate in each sample was determined.

2.8 - B-GALACTOSIDASE ASSAY

100 pl of cell free supernatants were added to 217 pi of o-nitrophenyl-p-D- 

galactopyranoside (ONPG) reagent. These were incubated at 37°C for 30 mins
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and then 500 |il of 1M N8 2 C0 3  was added to stop the reaction. The optical 

density of the samples at 420 nm were then recorded and using a standard 

curve the amount of ONPG hydrolysed was determined.

2.8.1 - ONPG Reagent

This was prepared by dissolving 4 mg/ml of ONPG in 0.1 M sodium phosphate 

buffer (pH 7.5).

2.9 - LIPID PEROXIDATION ASSAY

The method used to determine lipid peroxidation was a modified method of 

Placer et al (1966). This method involved detection of a by-product of lipid 

peroxidation (malondialdehyde). 1 ml of sample was added to 1 ml of 

thiobarbituric acid (TBA) reagent and boiled for 15 mins. After cooling, 1 ml of 

ethanol/butanol (1:1, v:v) was added followed by 1ml of IN NaOH. The 

samples were then centrifuged at 4000 rpm for 15 mins and the optical density 

of the supernatants were recorded at 534 nm and, using a standard curve, the 

amount of malondialdehyde (MDA) was determined.

2.9.1 - TBA reagent

A 0.8 % solution was prepared by dissolving 2-thiobarbituric acid in a small 

amount of 0.1 M NaOH. This was then neutralised using 7 % perchloric acid. 2 

volumes of TBA were then added to 1 volume of 7 % perchloric acid to give the 

working reagent.

2.9.2 - MDA standards

MDA standards were prepared by dissolving 1,1,3,3-tetraethoxypropane 

(Sigma) in saline.
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2 .1 0 -ANALYSIS OF DATA

In chapters 3-5 and 9 the quantitative assay (as described in 2.6) was used to 

determine the effect of various parameters and conditions on the 

photosensitisation of the target bacteria. Each test condition was carried out in 

duplicate and duplicate bacterial counts were obtained from each of these. 

Therefore, the figures illustrate the mean viable count of the 4 counts and the 

standard deviation. If a treatment reduced the mean viable count to less than 

the control mean value minus twice the standard deviation the reduction was 

assumed to be significant.

In chapter 6  the above analysis was applied to the results of figures 6.1, 6.5, 

6 .6 , 6 .8 , 6.13 and 6.14. Pearson correlation coefficients of the standard curves 

for phosphate, B-galactosidase and MDA were also calculated to determine the 

linearity of the assays.

As with chapters 3 - 5  each plaque sample in chapter 7 was exposed to each 

test condition in duplicate and duplicate bacterial counts were obtained from 

each of these yielding four viable counts for which the mean viable count was 

determined. For each test condition there are 10 means (arising from each 

plaque sample) and comparison of these values required a more complex 

method of analysis. Friedman two-way analysis of variance was used to 

determine whether significant differences between the test conditions were 

obtained.

A regression analysis was carried out on the data obtained when the biofilms 

were exposed to laser light and sensitiser to determine if a significant linear 

response was demonstrable between energy dose and bacterial kill (figures 8 . 2  

and 8.3).
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CHAPTER THREE - PRELIMINARY STUDIES ON THE LETHAL 

PHOTOSENSITISATION OF CARIOGENIC BACTERIA
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3.1 - INTRODUCTION AND AIMS

In order to determine whether lethal photosensitisation of the target bacteria in 

vitro was at all possible, initially a range of parameters had to be established. 

The photosensitiser alone may effect bacterial viability as may the laser light 

alone. Also, the concentration of photosensitiser which would be effective at 

sensitising the bacteria to killing was unknown as was the light dose and the 

effect of pre irradiation time. Initial studies therefore, had to incorporate a large 

number of permutations and thus required the use of simple screening 

methods. The primary aim of this part of the study was, therefore, to assess, in 

vitro, the ability of two compounds to sensitise the target bacteria to killing by 

low power laser light. Experiments were carried out to determine the effect of 

light energy dose, photosensitiser concentration and pre-irradiation time on the 

lethal photosensitisation of the four target species.

3.2 - MINIMUM BACTERICIDAL CONCENTRATION OF SENSITISERS

As no data were available regarding the toxicity of the photosensitisers to the 

target organisms in the absence of laser light a preliminary study was carried 

out to determine the MBCs of these sensitisers for the organisms.

3.2.1 - METHODS

TBO, or AIPCS2 , in TSB was added to 16 h cultures of the bacteria to give final 

concentrations of 0.1 -1000 pg/ml. These were incubated for 1 h, the maximum 

period of time for which the organisms would be exposed to the sensitiser in all 

subsequent experiments, and survivors enumerated by viable counting on TSA.
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3.2.2 - RESULTS
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Figure 3.1 - Effect of TBO on the viability of S. mutans
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Figure 3.2 - Effect of TBO on the viability of S. sobrinus
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Figure 3.3 - Effect of TBO on the viability of L  case/
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Figure 3.4 - Effect of TBO on the viability of A. naeslundii
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TBO caused a dose related decrease in the viability of the target bacteria. On 

exposure to 10 pg/ml TBO for 1 h there was a small difference in the viabilty of 

S. sobrinus. L  case/ and A. naeslundii were less susceptible requiring a 

concentration of 1 0 0  pg/ml to produce a similar effect. S. mutans was the least 

susceptible requiring exposure to 1000 pg/ml TBO to produce an effect on its 

viability.
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Figure 3.5 - Effect of AIPCS2 on the viability of S. mutans

v ia b le  c o u n t  (c fu )

1 OOOE +  0 8

1 .OOOE +  0 7

A IP C S 2  (u g /m l )

Figure 3.6 - Effect of AlPcSz on the viability of S. sobrinus
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Figure 3.7 - Effect of AlPcSz on the viability of L  case/
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Figure 3.8 - Effect of AlPcSz on the viability of A. naeslundii
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AIPcS2 exhibited a low toxicity towards the four target bacteria. At 

concentrations up to and including 1 0 0  pg/ml there was no significant decrease 

in the viable count compared to that of sensitiser-free suspensions. S. mutans 

and S. sobrinus were least susceptible to the sensitiser as no significant 

decrease in their viability was detectable on exposure to 1 0 0 0  pg/ml AIPCS2 . 

Significant differences in the viability of L .easel and A. naeslundii were 

detected on exposure to 1 0 0 0  pg/ml AIPCS2 for 1 h.

3 .3-SCREENING ASSAY

A simple screening assay was used to determine if lethal photosensitisation of 

the target bacteria was at all possible. No data were available on the sensitiser 

concentration or the light dose which would be required for bacterial killing and 

this assay allowed a wide range of sensitiser concentrations and light doses to 

be tested in a quick and simple manner.

3.3.1 - METHODS

TBO and AIPCS2 were added to 16 h cultures of the test bacteria to give final 

concentrations ranging from 10-100 pg/ml. Controls received only TSB. These 

were incubated for 15 min (pre-irradiation time-PIT) at room temperature. 1 ml 

of each was poured over a TSA plate which was agitated to give an even 

distribution of the suspension of sensitised bacteria over the entire surface, the 

excess removed, and the plate dried for 1 h at 37°C. Different areas of the plate 

were then exposed in duplicate to 0.11 - 2.20 J or 0.14 - 2.95 J of HeNe or
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GaAIAs laser light respectively. Following exposure to the laser light, the plates 

were incubated anaerobically for 24 h. Additional control plates contained the 

bacteria in the presence of the sensitiser but these were not exposed to laser 

light to determine the effect of the sensitiser alone. The plates were examined 

for a growth-free zone in the region of laser light exposure, then reincubated for 

a further 48 h and examined for growth within these zones.
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3.3.2 - RESULTS

Table 3.1 - Screening for lethal photosensitisation of target bacteria on the 

surfaces of agar plates when sensitised by TBO and exposed to HeNe laser 

light.

Organism TBO

pg/ml

Energy dose (J)

0.11 0.22 0.33 0.44 0.88 1.32 1.76 2.20

S. mutans 

S. sobrinus 1 0 0

L. easel 

A. naeslundii

S. mutans 

S. sobrinus 50

L  case/

A. naeslundii

S. mutans 

S. sobrinus 25

L  case/

A. naeslundii

+ denotes the presence of a growth-free zone 

- denotes the absence of a growth-free zone
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s. mutans, S. sobrinus and A. naeslundii were killed following exposure to 0.11 

J of HeNe laser light using a sensitiser concentration of 100 pg/ml. However, 

with the same concentration of TBO. L  case/ was killed only after exposure to 

0.33 J of HeNe light. With a TBO concentration of 50 pg/ml, L  case/ again 

appeared to be less susceptible requiring exposure to 0.33 J of HeNe laser 

light for bacterial killing to be detectable. When sensitised by 25 pg/ml TBO, S. 

mutans required an energy dose of 0.22 J of HeNe laser light for a bactericidal 

effect to be detected, whereas the other organisms required 0.44 J of HeNe 

laser light. In the control plates where the bacteria were exposed to the laser 

light in the absence of the sensitiser there was no detectable effect on the 

viability of the target bacteria. Similarly no effect on the viability of the bacteria 

was detected on the control plates which were sensitised with TBO but not 

exposed to laser light.
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Table 3.2 - Screening for lethal photosensitisation of target bacteria in the 

presence of AIPCS2 following exposure to light from the GaAIAs laser.

Organism AIPCS2 

pg/ml

Energy dose (J)

0.14 0.29 0.42 0.59 1.18 1.77 2.36 2.95

S. mutans 

S. sobrinus 1 0 0

L  easel 

A. naeslundii

S. mutans 

S. sobrinus 50

L  easel 

A. naeslundii

S. mutans 

S. sobrinus 25

L. easel 

A. naeslundii

+ denotes the presence of a growth-free zone 

- denotes the absence of a growth-free zone
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Figure 3.9 - TSA plate of S. mutans exposed to GaAIAs laser light in the 

presence of AlPcSz. -4 indicate growth-free zones.

When sensitised by 100 pg/ml AIPCS2, L  case/ and A. naeslundii could be 

killed at a lower energy dose of 0.14 J of GaAIAs laser light compared to the 

0.29 and 0.59 J required to kill S. sobrinus and S. mutans respectively. Killing 

of S. sobrinus, L  case/ and A. naeslundii was detectable at energy doses of 

0.42, 0.29 and 0.14 J respectively but S. mutans again appeared to be less 

susceptible, requiring exposure to 0.59 J of GaAIAs laser light to achieve kills 

with a sensitiser concentration of 50 pg/ml. When the target bacteria were 

sensitised by 10 pg/ml AIPCS2 the streptococci required a higher energy dose 

of at least 1.18 J of GaAIAs laser light for killing to be detectable compared to 

0.29 J required by L. case/ and A. naeslundii.

When the target bacteria were exposed to 0.14-2.95 J of GaAIAs laser light in 

the absence of AIPCS2 there was no detectable effect on the viability of the

8 6



bacteria. The sensitiser alone also had no detectable effect on bacterial 

viability.

3.4 - EFFECT OF SENSITISER CONCENTRATION

The results from the screening assay suggested that all four target bacteria 

could be killed following their sensitisation with the appropriate photosensitiser 

and exposure to low power laser light. All three concentrations of sensitiser 

tested were capable of sensitising the bacteria to killing by low power laser 

light. The purpose of this part of the investigation was to further determine the 

influence which photosensitiser concentration may have on the bacterial kill 

observed. The screening assay is limited in that no indication of the numbers 

killed could be determined, therefore, a quantitative assay was carried out to 

determine the effect of photosensitiser concentration on lethal 

photosensitisation.

3.4.1 - METHODS

100 pi aliquots of S.mutans were added to an equal volume of either TBO or 

AIPCS2 in a microwell plate to give final concentrations of 50 and 25 pg/ml. The 

assay was then carried out as detailed in 2.6 and the bacteria were exposed to 

0.44 J of HeNe laser light or 0.87 J of GaAIAs laser light.
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3.4.2 - RESULTS
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Figure 3.10 - Effect of various concentrations of TBO on the lethal 

photosensitisation of S. mutans with HeNe laser light

L-S-: exposure to neither laser light nor sensitiser (control); L-S+; exposure to

sensitiser but not laser light; L+S-; exposure to laser light but not sensitiser;

L+S+; exposure to both laser light and sensitiser.
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Figure 3.11 - Effect of various concentrations of AIPCS2 on the lethal 

photosensitisation of S. mutans with GaAIAs laser light

L-S-; exposure to neither laser light nor sensitiser (control); L-S+: exposure to

sensitiser but not laser light; L+S-; exposure to laser light but not sensitiser;

L+S+: exposure to both laser light and sensitiser.
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Exposure of suspensions of S. mutans sensitised by 50 pg/ml TBO to 0.44 J of 

HeNe laser light resulted in a kill of 1.13 x 10® cfu (76.3 %). Neither the laser 

light alone nor the photosensitiser alone had a significant effect on the viability 

of the bacteria. Following their sensitisation with 25 pg/ml TBO a reduction of

1.03 X 10® cfu (66.4 %) in the viable count of S. mutans suspensions were 

observed. Again, neither the laser light alone nor the sensitiser alone had a 

significant effect on bacterial viability.

Similar results were obtained with S. mutans suspensions which were 

sensitised by 50 and 25 pg/ml AIPCS2 to killing by exposure to GaAIAs laser 

light. With a sensitiser concentration of 50 pg/ml 3.44 x 10  ̂cfu (61.3 %) were 

killed and following sensitisation with 25 pg/ml 2.23 x 10  ̂ cfu (49 %) were 

killed. In all cases neither the sensitiser nor the laser light had a significant 

effect on bacterial viability.

In all subsequent experiments a photosensitiser concentration of 50 pg/ml was 

used except where otherwise specified

3.5 - EFFECT OF LIGHT DOSE

The results of the screening assay indicated that killing of the four target 

bacteria with low power laser light was possible following their sensitisation 

with TBO or AIPCS2 . However, as mentioned in section 3.4 the screening assay 

is limited in that no indication of the numbers of bacteria killed could be 

determined. A quantitative assay was therefore carried out on each 

sensitiser/laser combination for the four test bacteria and the effect of varying 

light doses on the viability of the bacteria was determined using this assay.
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3.5.1 - METHODS

100 |j| aliquots of each bacterial suspension were added to an equal volume of 

either TBO or AIPCS2 in a microwell plate. The assay was then carried out as 

detailed in 2.6. The bacteria were exposed to HeNe light doses of 0.44, 0.88 

and 1.76 J and to 0.87, 1.77 and 3.54 J of GaAIAs laser light.
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3.5.2 - RESULTS
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Figure 3.12 - Effect of HeNe laser light on the viabilty of S. mutans in the 

presence of TBO.

L-S-: exposure to neither laser light nor sensitiser (control); L-S+: exposure to

sensitiser but not laser light; L+S-; exposure to laser light but not sensitiser;

L+S+; exposure to both laser light and sensitiser.
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Figure 3.13 - Effect of HeNe laser ligtit on ttie viability of S. sobrinus in the 

presence of TBO.

L - s -  exposure to neither the laser light nor the sensitiser (control); L-S+: 

exposure to the sensitiser but not the laser light; L+S-; exposure to the laser 

light but not the sensitiser; L+S+; exposure to both the laser light and the

sensitiser.
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Figure 3.14 - Effect of HeNe laser light on the viability of L  case/ in the 

presence of TBO.

L-S-; exposure to neither the laser light nor the sensitiser (control); L-S+: 

exposure to the sensitiser but not the laser light; L+S-; exposure to the laser 

light but not the sensitiser; L+S+. exposure to both the laser light and 

sensitiser.
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Figure 3.15 - Effect of HeNe laser light on the viability of A. naeslundii in the

presence of TBO.

L-S-: exposure to neither the laser light nor the sensitiser (control); L-S+: 

exposure to the sensitiser but not the laser light; L+S-; exposure to the laser 

light but not the sensitiser; L+S+: exposure to both the laser light and the 

sensitiser.
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Exposure of suspensions of the target bacteria to laser light, following 

sensitisation with TBO, for various periods of time resulted in an energy dose 

related decrease in their viable counts. Substantial reductions, amounting to 

6,7 X 10® cfu (67 %), 1.0 X lO’’ cfu (100 %) and 1.0 x 10  ̂ cfu (100 %), in S. 

mutans resulted from exposure to 0.44, 0.88 and 1.76 J of HeNe laser light 

respectively. However, the sensitiser alone caused a significant decrease in 

the viable count of S. mutans amounting to reductions of 21, 36 and 34 % 

respectively. Therefore the actual kills due to lethal photosensitisation were 4.6 

X 10® cfu, 6.4 X 10® cfu and 6.6 x 10® cfu, respectively. The laser light alone had 

no effect on bacterial viability. The mean lethal dose of laser light was therefore 

1.66 X 10'  ̂ ± 8.9 X 10'® J/cell. Substantial reductions in the viable count of S. 

sobrinus also resulted from exposure to various doses of HeNe laser light. Kills 

of 6.59 X 10  ̂ cfu (99.9 %), 6.6 x 10  ̂ cfu (100 %) and 6.6 x 10  ̂ cfu (100 %) 

respectively, were achieved on exposure to 0.44, 0.88 and 1.76 J of HeNe 

laser light. However, a statistically significant reduction in the viable count was 

observed with the sensitiser alone and accounted for kills of 3.8 x 10  ̂cfu, 1.4 x 

10  ̂ cfu and 1.9 x 10  ̂ cfu respectively. Therefore, kills due to lethal 

photosensitisation amounted to 2.79 x 10  ̂ cfu (42.9 %), 5.2 x 10  ̂ cfu (79 %) 

and 4.7 x 10  ̂cfu (71 %) respectively with a mean lethal dose of laser light of

2.2 X 10® ± 1.2 X 10‘® J/cell. TBO-sensitised L  case! also exhibited a dose 

related decrease in viability with reductions of 4.4 x 10  ̂cfu (54 %), 8.09 x 10  ̂

cfu (99.9 %) and 8.1 x 10  ̂cfu (100 %) on exposure to 0.44, 0.88 and 1.76 J of 

HeNe laser light. Neither the sensitiser nor the laser light alone had any effect 

on the viable count and the mean lethal dose of laser light was 1.36 x 10 ® ±

6.3 X 10'® J/cell. An energy dose related decrease in the viabilty of sensitised A.
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naeslundii was also observed. Following sensitisation with TBO and exposure 

to 0.44, 0.88 and 1.76 J of HeNe laser light kills of 7.1 x 10® cfu (68 %), 1.03 x 

10  ̂ cfu (99.8 %) and 1.04 x 10  ̂ cfu (100 %) respectively were achieved. 

Neither the sensitiser nor the laser light alone had a significant effect on the 

viability of the organism and the mean lethal dose of laser light was 1.05 x 10'  ̂

±5 .7x10  ® J/cell.
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Figure 3.16 - Effect of GaAIAS laser light on the viability of S, mutans in the 

presence of AIPCS2 .

L-S-; exposure to neither laser light nor sensitiser (control); L-S+: exposure to 

sensitiser but not laser light; L-rS-; exposure to laser light but not sensitiser; 

L+S+: exposure to both sensitiser and laser light.
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Figure 3.17 - Effect of GaAIAs laser light on the viability of S. sobrinus in the 

presence of AIPCS2

L-S-; exposure to neither laser light nor sensitiser (control); L-S+: exposure to

sensitiser but not laser light; L+S-: exposure to laser light but not sensitiser;

L+S+: exposure to both sensitiser and laser light.
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Figure 3.18 - Effect of GaAlAs laser light on the viability of L. case/ in the 

presence of AIPCS2

L-S-; exposure to neither laser light nor sensitiser (control); L-S+: exposure to

sensitiser but not laser light; L+S-: exposure to laser light but not sensitiser;

L+S+: exposure to both sensitiser and laser light.
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Following exposure of S. mutans to 0.87, 1.77 and 3.54 J of GaAIAs laser light, 

reductions of 4.1 x 10  ̂cfu (91.7 %), 4.49 x 10  ̂cfu (99.99 %) and 4.5 x 10  ̂cfu 

(100 %) respectively were observed in bacterial viability. Neither the sensitiser 

nor the laser light alone resulted in a statistically significant reduction in the 

viable count and the mean lethal dose of laser light was 4.6 x 10’® ± 2.9 x 10'® 

J/cell. Following exposure to 0.87, 1.77 and 3.54 J of GaAIAs laser light, 

significant reductions in the viabilty of S .sobrinus amounting to 2.35 x 10  ̂cfu 

(73 %), 3.2 X 10  ̂ cfu (100 %) and 3.2 x 10  ̂ cfu (100 %) respectively were 

achieved. Neither the sensitiser nor the laser light alone had any effect on the 

viable count of suspensions of S. sobrinus. The mean lethal dose of laser light 

was 6.7 X 10‘® ± 3.8 x 10'® J/cell. Kills of 2.7 x 10® cfu (74 %), 3.68 x 10  ̂ cfu 

(99.5 %) and 3.7 x 10  ̂ cfu (100 %) were obtained on exposure of AIPc$2- 

sensitised L. case/to 0.87, 1.77 and 3.54 J of laser light respectively. In the 

absence of laser light, the sensitiser alone did not cause a statistically 

significant reduction in the viable count and the mean lethal dose of laser light 

was 1.55 X 10'  ̂± 1.4 X 10^ J/cell. The laser light alone had no significant effect 

on the viability of the organism. Reductions of 1.13 x 10  ̂cfu (99 %), 1.14x 10  ̂

cfu (100 %) and 1.14 x 10  ̂ cfu (100 %) resulted from exposure of AIPCS2- 

sensitised A. naeslundii to 0.87, 1.77 and 3.54 J of GaAIAs laser light 

respectively. Neither the sensitiser nor the laser light alone had a significant 

effect on the viable count and the mean lethal dose of laser light was 1.8 x 10'  ̂

± 1.1 X 10'  ̂J/cell.

3.6 - EFFECT OF PRE-IRRADIATION TIME
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The time required to sensitise the bacteria prior to their exposure to laser light 

(PIT) was not determined for the test bacteria with the two sensitiser/ laser 

combinations used in this study. In the screening assay the bacteria were 

exposed to the sensitiser for 15 minutes prior to irradiation whereas in the 

previous experiments to determine the effect of light dose a PIT of only 30 s 

was used. Therefore, it was important to determine if PIT time had any effect 

on the lethal photosensitisation of the bacteria. Rather than carry out the study 

on all four test bacteria, S. mutans alone was used.

3.6.1 - METHODS

100 pi aliquots of a S. mutans suspension were added to an equal volume of 

TBO or AIPCS2 in a microwell plate. These were then incubated for various 

times ranging from 15 to 720 s and exposed to 0.44 J of HeNe laser light or 

0.59 J of GaAIAs laser light. These were then assayed as in 2.6. A relatively 

low light dose was used, to avoid 100 % kill, so that any effect (either increase 

or decrease in kill) due to PIT could be easily observed.

103



3.6.2- RESULTS

viable count (cfu)
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Figure 3.20 - Viable counts of S. mutans suspensions before and after 

exposure to HeNe laser light. Suspensions were incubated with TBO for 15- 

720 s prior to exposure to laser light.
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Figure 3.21 - Viable counts of S. mutans suspensions before and after

exposure to GaAIAs laser light. Suspensions were incubated with AIPCS2 for 15

to 720 s prior to exposure to laser light.
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PIT had little or no effect on the lethal photosensitisation of S. mutans with 

either the HeNe or the GaAlas lasers. The viable count decreased by 8.5 x 10® 

cfu (94 %) using a PIT of 15 s and by 8.52 x 10® cfu (95 %) with a PIT of 720 s. 

Neither the TBO (25 pg/ml) alone nor the HeNe laser light (energy dose = 0.44 

J) alone had a significant effect on bacterial viability. When exposed to 0.59 J 

of GaAIAs laser light following sensitisation with 25 pg/ml AIPCS2 and a PIT of 

15 s a reduction of 3.06 x 10  ̂cfu (95 %) in the viable count of S. mutans was 

observed. With a PIT of 720 s a reduction of 3.05 x 10  ̂cfu (94 %) in the viable 

count was achieved. Neither the laser light alone nor the sensitiser alone had a 

significant effect on the viability of the bacteria.

3 .7-DISCUSSION

In the absence of laser light, L  case/ and S. sobrinus were most susceptible to 

TBO following exposure for one hour. Although AIPCS2 exhibited low toxicity 

towards the four target bacteria L  easel and A. naeslundii were most 

susceptible

The screening assay indicated that L  case/ was the least susceptible to light- 

activated killing following sensitisation with TBO and that S. mutans was the 

most susceptible. However, S. mutans was less susceptible to killing when 

sensitised by AIPCS2 and exposed to GaAIAs laser light and L. case/ was most 

susceptible. The screening assays also suggest that 25 pg/ml TBO and 0.44 J 

of HeNe laser light were sufficient for killing of all four target bacteria as was 10 

pg/ml AIPCS2 and 1.18 J of GaAIAs laser light. However, this may not represent 

a major bactericidal effect as a zone can occur from the killing of only a small
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number of bacteria. Irradiation of the bacteria alone and exposure of the 

bacteria to the sensitiser alone did not have any detectable effect on bacterial 

viability. Bedwell et al (1990) used a similar screening technique to test 

phthalocyanine against Helicobacter pylori and found an energy density of only

1.5 J/cm^ to be successful with a concentration of only 20 pg/ml. However the 

light source was a copper vapour pumped dye laser at a wavelength of 675 nm 

(the absorption peak of the sensitiser) whereas in this study the wavelength of 

laser light used was 660 nm which is not perfectly matched to the absorption 

peak of the sensitiser and may explain why slightly higher energy doses and 

sensitiser concentrations are required for successful killing.

Substantial kills (approximately 10  ̂ cfu) of all four target bacteria were 

achieved with both sensitiser/laser combinations. Variation of the light dose 

applied to the sensitised bacteria had an effect on the kills attained. Increasing 

the light dose resulted in an increase in the bactericidal effect. Variations in 

susceptibility were observed and, on the basis of light dose per cell, S. 

sobrinus appeared more susceptible than S. mutans to HeNe laser light and L. 

case/ and A. naeslundii were the least susceptible. S. mutans was more 

susceptible to GaAIAs laser light following sensitisation with AIPCS2 under the 

conditions employed in this study. However, direct comparisons are difficult 

due to unavoidable differences in initial cell density.

Okamoto et al (1992) have also demonstrated killing of sensitised strains of S. 

mutans various sensitisers using a HeNe laser as the light source. Initially 

they studied various strains of mutans streptococci by pouring suspensions of 

the bacteria over mitis salivarius agar plates and then exposing these to light 

from a 6 mW HeNe laser. Inhibitory zones were present in all cases although

107



when crystal violet and trypan blue, which are found in mitis salivarius agar, 

were extracted, no effect on the bacteria was observed. Following this a range 

of dyes were tested on S. sobrinus using mitis salivarius agar plates with both 

crystal violet and trypan blue removed. 10 of the 17 dyes tested were found to 

be effective including toluidine blue O, crystal violet and bromophenol blue. 

Quantitative experiments then demonstrated that S. sobrinus, but not E. coli, 

could be killed on exposure to light from a 30 - 40 mW HeNe laser following 

sensitisation with crystal violet at a concentration of 8 pg/ml. Similar energy 

densities to those used in this study were required for killing of S. sobrinus. In 

an early study MacMillan et a! (1966) demonstrated the effective killing of 

seven species of bacteria following sensitisation with toluidine blue and 

irradiation with light at a wavelength of 632.8 nm. In the presence of toluidine 

blue alone, the viability of the cells remained unaffected. In 1977 I to at a! also 

demonstrated the killing of yeast cells (Saccharomyces cerevisiae) with various 

sensitisers, of which toluidine blue was one of the most effective, and recently 

Paarderkooper at a! (1992) have successfully treated the yeast Kluyvaromycas 

marxianus with toluidine blue and light as well as with a chloroaluminium 

phthalocyanine sensitiser (Paarderkooper at a/, 1995). Wilson at a! (in a 

number of studies) have also shown TBO and AIPCS2 to be successful 

photosensitisers of a wide range of both oral and non-oral bacteria at energy 

densities comparable to those found succesful in this study with similar 

concentrations of sensitiser.

For clinical convenience, an ideal photosensitiser would rapidly sensitise the 

bacteria to light-induced killing. Both AIPCS2 and TBO meet this requirement by 

sensitising S. mutans to killing within 15 seconds. In a study to determine the
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effect of TBO and HeNe laser light on Candidia albicans (Wilson and Mia, 

1994) it was seen that the numbers killed increased with increasing pre

irradiation time between 1 and 3 minutes but increasing the pre-irradiation time 

to greater than 3 minutes did not increase the kill. However, in another study 

concerned with the photosensitised killing of S. aureus, increasing the time the 

sensitiser was in contact with the bacteria before irradiation did not effect 

bacterial killing (Wilson and Pratten, 1995).

This in vitro work has shown that cariogenic organisms can be sensitised by a 

low concentration of photosensitiser to killing by low doses of low power laser 

light within clinically-acceptable times.
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CHAPTER FOUR - EFFECT OF pH ON THE LETHAL 

PHOTOSENSITISAION OF CARIOGENIC BACTERIA
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4.1-INTRODUCTION

The results presented so far have shown that all four target organisms were 

susceptible to killing by light-activated TBO or AIPCS2 . However, for lethal 

photosensitisation to be of use in the killing of cariogenic bacteria in vivo it 

must be demonstrated that killing of target bacteria can be achieved under 

environmental conditions likely to be encountered in the carious lesion. One of 

the most striking features of these lesions is their low pH (Stephan, 1940). It 

was essential therefore, to determine whether killing could be achieved at 

acidic pHs.

4.2-AIM

As pH may also be an important factor influencing the binding of sensitisers to 

target cells, the purpose of this part of the study was to investigate any effect 

that acidic conditions may have on the lethal photosensitisation of the four 

target bacteria.

4.3 - METHODS

4.3.1 - LETHAL PHOTOSENSITISATION OF TARGET BACTERIA 

16 h cultures in TSB were centrifuged at 4000 rpm for 10 mins and the 

supernatants were removed.The bacteria were resuspended in 0.85 % saline 

(pH 7.4) or buffers at pH 5.9 and 4.5. The bacteria were resuspended in 0.85 % 

saline rather than TSB as there was concern that some broth constituents may 

be capable of quenching the reactive species involved in lethal 

photosensitisation. The bacteria at each pH were then sensitised with either 

TBO or AIPCS2 to give a final concentration of 50 pg/ml and assayed as
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detailed in 2.6. The bacteria were exposed to 0.88 J of HeNe light and 1.18 J of 

GaAIAs light, light doses known not to give 100 % kills so enabling the effect of 

pH to be more easily discernible.

4.3.2 - DETERMINATION OF SENSITISER BINDING TO BACTERIAL CELLS 

Aliquots of the bacterial suspensions at each pH were added to the sensitiser 

and these were incubated for 120 s (the exposure time used in the above 

experimental protocol). Following centrifugation, the supernatants were 

measured at 633 nm or 675 nm respectively (the peak absorbtion for each of 

the sensitisers) using an SP8-400 uv/visible spectrophotometer (Pye Unicam) . 

In the controls buffers at pH 7.4, 5.9 and 4.5 replaced the bacterial 

suspensions and these were treated as above. Uptake of the sensitiser by the 

bacteria at each pH was determined as the OD of the control samples minus 

the OD of the samples containing the bacteria.
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4.4 - RESULTS

viable count (cfu)
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Figure 4.1 - Effect of pH on the viable counts of S. mutans suspensions

exposed to 0.88 J of HeNe laser light in the presence of 50 ug/ml TBO.

l-s- : exposure to neither the sensitiser nor the laser light (control)

I-S +  ; exposure to the sensitiser but not the laser light, 

l+s- : exposure to the laser light but not the sensitiser.

I+ S +  ; exposure to both the laser light and the sensitiser.
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Figure 4.2 - Effect of pH on the viable counts of S. sobrinus suspensions

exposed to 0.88 J of HeNe laser light in the presence of 50 ug/ml TBO.

l-s- : exposure to neither the sensitiser nor the laser light (control)

I-S+ : exposure to the sensitiser but not the laser light, 

l+s- : exposure to the laser light but not the sensitiser.

I+S+ : exposure to both the laser light and the sensitiser.
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Figure 4.3 - Effect of pH on the viable counts of L  case/ suspensions exposed

to 0.88 J of HeNe laser light in the presence of 50 ug/ml TBO.

l-s- ; exposure to neither the sensitiser nor the laser light (control)

I-S+ : exposure to the sensitiser but not the laser light, 

l+s- ; exposure to the laser light but not the sensitiser.

I+S+ ; exposure to both the laser light and the sensitiser.
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Figure 4.4 - Effect of pH on the viable counts of A. naeslundii suspensions

exposed to 0.88 J of HeNe laser light in the presence of 50 ug/ml TBO.

l-s- ; exposure to neither the sensitiser nor the laser light (control)

I-S+ ; exp o su re  to the sensitiser but not the laser light, 

l+s- ; exp o su re  to the laser light but not the sensitiser 

I+S+ : exposure to both the laser light and the sensitiser.
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Exposure of sensitised S. mutans suspensions, at pH 7.4, 5.9 and 4.5, to 0.88 

J of HeNe laser light resulted in significant reductions in the viable count 

amounting to 2.9 x 10® cfu (99.8 %), 9.9 x 10® cfu (99.3 %) and 3.6 x 10® cfu (99 

%) respectively.

When S. sobrinus at a pH of 7.4 was exposed to 0.88 J of HeNe laser light 1.4 

X 10  ̂cfu (99 %) were killed. At a pH of 5.9 a reduction of 9 x 10® cfu (99 %) in 

the viable count of sensitised S. sobrinus was observed and at pH 4.5 ,1.2 x 

10  ̂cfu (99 %) were killed.

Lethal photosensitisation of L  case/ was only attained at a pH of 7.4 and not at 

pH 5.9 or 4.5. A reduction of 5 x 10  ̂cfu (99 %) in the viable count of sensitised 

L. case/ suspensions at pH 7.4 was observed.

Killing of TBO-sensitised A.naeslundii was attained at all three pH's following 

exposure to 0.88 J of HeNe laser light. At pH 7.4, 6.4 x 10  ̂ cfu (99 %) were 

killed, 5x10^ cfu (99 %) at pH 5.9 and at pH 4.5 a reduction of 5.5 x 10  ̂ cfu 

(99 %) in the viable count was achieved.

In all cases neither the sensitiser alone nor the laser light alone had a 

significant effect on the viable count.
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Figure 4.5 - Effect of pH on the viable counts of S. mutans suspensions

exposed to 1.18 J of GaAIAs laser light in the presence of AIPCS2

l-s- : exposure to neither the laser light nor the sensitiser 

I-S+ ; exposure to the sensitiser but not the laser light 

l+s- ; exposure to the laser light but not the sensitiser 

I+S+ ; exposure to both the laser light and the sensitiser
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Figure 4.6 - Effect of pH on the viable counts of S. sobrinus suspensions

exposed to 1.18 J of GaAIAs laser light in the presence of AIPCS2

l-s- : exposure to neither the laser light nor the sensitiser 

I-S+ : exposure to the sensitiser but not the laser light 

l+s- ; exposure to the laser light but not the sensitiser 

I+S+ : exposure to both the laser light and the sensitiser
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Figure 4.7 - Effect of pH on the viable counts of L  case/ suspensions exposed

to 1.18 J of GaAIAs laser light in the presence of AIPCS2 .

l-s- ; exposure to neither the laser light nor the sensitiser 

I-S+ : exposure to the sensitiser but not the laser light 

l+s- ; exposure to the laser light but not the sensitiser 

I+S+ : exposure to both the laser light and the sensitiser
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Figure 4.8 - Effect of pH on the viable counts of A. naeslundii suspensions

exposed to 1.18 J of GaAIAs laser light in the presence of AIPCS2

l-s- : exposure to neither the laser light nor the sensitiser 

I-S+ : exposure to the sensitiser but not the laser light 

l+s- : exposure to the laser light but not the sensitiser 

I+S+ ; exposure to both the laser light and the sensitiser
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Only lethal photosensitisation of the streptococci by AIPCS2 was unaffected by 

pH. Lethal photosensitisation of L. case/ and A. naeslundii was not possible at 

acidic pHs using a light dose of 1.18 J.

The GaAlas/AIPcS2 combination killed large numbers of S. mutans at all three 

pH's tested. Reductions of 6.8 x 10® cfu (99.9 %), 8.2 x 10® cfu (99.9 %) and

3.4 X 10® cfu (100 % ) in the viable count were observed at pH 7.4, 5.9 and 4.5 

respectively.

When S. sobrinus was sensitised by AIPCS2 and exposed to 1.18 J of GaAIAs 

laser light, kills of 1.4 x 10  ̂cfu (99.9 %), 1.01 x lOf  cfu (100 %) and 1.18x10^ 

cfu (99.99 %) were achieved at pH 7.4, 5.9 and 4.5 respectively. However, in 

the absence of laser light, AIPCS2 had a significant effect on the viable count of 

S. sobrinus at pH 7.4 and caused a reduction of 9 x 10® cfu (21 %).

At pH 7.4, a reduction of 5.2 x 10® cfu (99.8 %) in the viable count of L. case/ 

was observed. However, AIPCS2 in the absence of laser light caused a 

significant reduction (2x10® cfu) in the viable count indicating that 97.8 % of 

the observed kill was in fact due to lethal photosensitisation. At pH 5.9 and 4.5 

the sensitiser/laser combination had no significant effect on the viability of L. 

casei.

At pH 5.9 and 4.5 significant killing of AIPcS2-sensitised A. naeslundii was not 

attained. However, at pH 7.4 a reduction of 1.0 x 10  ̂cfu (100 %) was observed 

following exposure of sensitised A. naeslundii to 1.18 J of GaAIAs laser light. 

Neither the sensitiser nor the laser light alone had any effect on the viable 

count.
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Table 4.1. Detection of TBO (maximum absorbance = 633 nm) or AIPCS2 

(maximum absorbance = 675 nm) respectively, in samples at pH 7.4, 5.9 and

4.5 in the presence or absence of the target bacteria. Values represent the 

mean optical density measurements at 633nm and 675 nm respectively and the 

percentage uptake is given in parentheses.

pH

ODeSSnm 

absence presence

ODezSnm 

absence presence

7.4 1.72 1.50 (12.7) 1.83 1.54 (15.8)

S. mutans 5.9 1.71 1.52 (11.1) 1.82 1.55 (14.8)

4.5 1.69 1.50 (11.2) 1.81 1.56 (13.8)

7.4 1.72 1.50 (12.2) 1.82 1.60 (12.1)

S. sobrinus 5.9 1.69 1.50 (11.2) 1.82 1.55 (14.8)

4.5 1.72 1.52 (11.6) 1.85 1.61 (11.3)

7.4 1.72 1.42 (17.4) 1.85 1.64 (11.3)

L  casei 5.9 1.74 1.40 (19.5) 1.81 1.54 (14.9)

4.5 1.69 1.44 (14.8) 1.82 1.60 (12.1)

7.4 1.71 1.51 (11.6) 1.82 1.62 (10.9)

A. naeslundii 5.9 1.70 1.52 (10.5) 1.80 1.59 (11.7)

4.5 1.68 1.44 (14.2) 1.85 1.62 (12.4)
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In all cases the optical density measurements of the supernatants for TBO and 

AIPCS2 were less in the presence of the test bacteria than those in their 

absence. Also uptake by each of the target bacteria was similar at the three 

pH's and ranged from 1 0 - 2 0  % with TBO and 10 - 16 % with AIPCS2 . 

Therefore uptake of the sensitiser by all four of the target bacteria was 

unaffected by pH which implies that the absence of bacterial kill observed 

under acidic conditions with L. casei and A. naeslundii was not in fact related to 

uptake of the sensitiser.

4.5 - EFFECT OF INCREASING LIGHT DOSES ON THE LETHAL. 

PHOTOSENSITISATION OF L  case/AND A. naeslundii AT pH 4.5

4.5.1 - AIM AND METHODS

The results of the previous experiments showed that using a light dose of 0.88 

J of HeNe laser light and 1.18 J of GaAIAs laser light lethal photosensitisation 

of L. casei was only possible at a neutral pH, and not under acidic conditions, 

when the bacteria were sensitised by both TBO and AIPCS2 . Similarly A. 

naeslundii could only be sensitised by AIPCS2 to killing by 1.18 J of GaAIAs 

laser light when at a neutral pH. This set of experiments was carried out to 

determine if a bactericidal effect could be achieved at a low pH by increasing 

the light dose. Bacterial suspensions at pH 4.5 were sensitised with either TBO 

or AIPCS2 and exposed to 0.88 - 4.40 J of HeNe laser light or 1.18 - 5.90 J of 

GaAIAs laser light respectively. The numbers of surviving bacteria were 

determined by viable counting as detailed in 2.6. As the previous studies 

showed that the laser light in the absence of the sensitiser had no effect on the
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bacterial viability these controls were omitted from this part of the study. Also 

as the sensitiser alone had little or no effect on the bacterial viability these 

controls were also omitted.

4.5.2 - RESULTS
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Figure 4.9 - Effect of increasing light doses on the lethal photosensitisation of

L casei with TBO and HeNe laser light at pH 4.5.

L-S- : exposure to neither the laser light nor the sensitiser 

L+S+ : exposure to both the laser light and the sensitiser
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Figure 4.10 - Effect of increasing light doses on the lethal photosensitisation of

L. case/ with AIPCS2 and GaAIAs laser light at pH 4.5.

L-S- : exposure to neither the laser light nor the sensitiser

L+S+ : exposure to both the laser light and the sensitiser
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Figure 4.11 - Effect of increasing light doses on the lethal photosensitisation of

A. naeslundii with AIPCS2 and GaAIAs laser light at pH 4.5.

L-S- ; exposure to neither the laser light nor the sensitiser

L+S+ : exposure to both the laser light and the sensitiser
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No bacterial kill was observed on exposure of TBO sensitised L  case/ at pH

4.5 to 0.88 J of HeNe laser light. However, exposure to 1.32 J of HeNe laser 

light resulted in a kill of 1.5 x 10® cfu (26 %). On exposure of TBO sensitised L. 

case/ at pH 4.5 to 1.76 J of HeNe laser light a reduction of 5.7 x 10® cfu (99.8 

%) was observed, a kill similar to that achieved at a neutral pH (see Figure 

5.3). When the bacteria were exposed to energy doses higher than 1.76 J 

(2.64 - 4.44 J) no survivng bacteria were detected.

When AlPcSa sensititised L  case/were exposed to 1.18 J of GaAIAs laser light 

at pH 4.5 a very small and insignificant kill of 8 % was observed. Increasing the 

energy dose to 1.77 J resulted in an increased kill of 1.3 x 10® cfu (14 %). This 

however was statistically insignificant and only exposure to 2.36 J of GaAIAs 

laser light resulted in a significant kill (9.1 x 10® cfu (99.9 %) similar to that 

observed at a neutral pH (see Figure 5.7). Increasing energy doses resulted in 

an increase in bacterial kill and on exposure of the sensitised bacteria to 5.9 J 

no surviving bacteria were detected.

A similar pattern of results was observed on exposure of AIPCS2 sensitised A. 

naeslundii at pH 4.5 to increasing doses of GaAIAs laser light. On exposure of 

the bacteria to 1.18 and 1.77 J of GaAIAs laser light all the bacteria survived. 

However, on exposure to 2.36 J of laser light a kill of 6.4 x 10  ̂cfu (98 %) was 

observed and increasing light doses caused increasing bacterial kill.

4 .6 -DISCUSSION

These results have shown that all four target bacteria could be killed by lethal 

photosensitisation at acidic pHs. However, L .case/ and A. naeslundii appeared 

to be less susceptible to lethal photosenstisation under acidic conditions and
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required exposure to a higher energy dose for a significant bactericidal effect to 

be achieved. As in other parts of the study, the laser light in the absence of the 

sensitiser was found to have no effect on bacterial viability.

Other studies have also shown that the kills achieved by lethal 

photosensitisation are pH dependent. Ito et a! (1977) demonstrated that the 

inactivation of yeast cells by toluidine blue increased in the neutral pH region. 

The effect of pH on the killing of yeasts cells was shown to be similar to the pH 

dependent quantum yield of sensitised singlet oxygen production. Nitzan at al 

(1987) have shown that at pH 6.5 photodynamic killing of S. aureus was at a 

maximum compared to that achieved at pH 7.6. They have also shown in the 

same study that binding of the sensitiser (haematoporphyrin derivative) was 

also at a maximum at pH 6.5 with only minor binding at pH 7.6. They proposed 

several reasons for the pH dependence of bacterial killing. The first was that 

singlet oxygen production could be affected by pH, secondly that the 

haematoporphyrin derivative may be in a monomeric or dimereric form at pH

6.5 rather than in an oligomeric form which could occur at a pH below 6. They 

also suggested that as bacterial membrane fluidity changes as a function of 

pH, perhaps at pH 6.5 membrane fluidity is appropriate for good penetration of 

reactive species. Lastly they suggest that the bacterial cells bind more 

porphyrin at pH 6.5. Pottier et al (1975) have also demonstrated singlet oxygen 

generation in an aqueous system to be largely pH dependant when toluidine 

blue was used as a sensitiser and this has been attributed to the protonation of 

the triplet state sensitiser in acidic conditions. The efficiency of the triplet state 

in its reaction with oxygen is affected which in turn affects singlet oxygen 

production. The lifetime of triplet state methylene blue, a commonly used
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sensitiser, has also been shown to be pH dependent (Kelly and Tuite (1993). 

As an analogue of methylene blue, TBO may also be affected in the same 

manner. This could be a possible explanation for the reduced susceptibility of 

L. case/ to photosensitised killing with TBO under acidic conditions. pH affects 

the triplet state of AIPCS2 in that as the pH is lowered the lifetime of the triplet 

state sensitiser is shortened. However, effects of pH caused by changes in the 

triplet state and effects caused by aggregation of the sensitiser are difficult to 

differentiate as AIPCS2 is prone to aggregation at low pHs. However, it would 

be expected that any effect on the singlet oxygen generation by pH would be 

observed with all four target bacteria yet the results of this study have shown 

that killing of only two species was affected by pH. This therefore suggests that 

some other factor may also contribute to the pH effect observed in this study. 

Nitzan also suggested that pH may cause the formation of an oligomeric 

haematoporphyrin derivative. In aqueous solution the spectrum of 

phenothiazinium dyes such as TBO is markedly affected by dimérisation and 

oligomerisation (Lai et al (1984). Therefore if the spectrum becomes altered so 

too does the maximum absorbtion of the sensitiser shifting it away from the 

wavelength of the laser light used. Phthalocyanines are analogues of 

porphyrins and therefore may be affected in a similar manner by pH, resulting 

in the formation of an oligomeric sensitiser which would be less effective. The 

suggestion that membrane fluidity is affected by pH may account for the 

differences in susceptibility of the four target bacteria to killing by low power 

laser light. If under acidic conditions the membranes of L  easel and A. 

naeslundii are altered so that penetration of reactive oxygen species and 

radicals is not possible then bacterial killing will not occur. This may be
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dependent on the location of the sensitiser in the cell and whether the 

dominant mechanism is mediated by radicals or by singlet oxygen. With a 

radical mechanism the sensitiser must be in close contact with the substrate 

(site of action) whereas a unique feature of singlet oxygen involvement is that 

reactive species are capable of acting at sites other than those at which they 

are produced. Binding of the sensitiser to the target cell is also suggested as a 

possible reason for pH affecting the killing of bacteria. However in this study it 

appears from the spectrophotometric measurements that pH does not affect 

binding of the sensitiser to the target cells. The fact that L  case/ and 

A.naeslundii appear slightly less susceptible to lethal photosensitisation under 

acidic conditions does not therefore appear to be related to binding of the 

sensitiser. The more likely explanation may be that changes in membrane 

permeability as a result of pH could have affected the penetration of reactive 

species.
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CHAPTER FIVE - EFFECT OF THE PHYSIOLOGICAL STATE OF THE 

BACTERIA ON LETHAL PHOTOSENSITISATION
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5.1 - INTRODUCTION

In order to persist in the mouth oral bacteria depend on their ability to obtain 

nutrients and grow. The concentration of nutrients available will affect the 

growth rate and physiology of the oral flora. Bacteria in the mouth are subject 

to fluctuations in the supply of dietary carbohydrates and other nutrients and 

therefore to survive must possess biochemical flexibility. The resident oral 

microflora is also dependent on the utilisation of endogenous nutrients.

5.2-AIM

It was therefore important to determine if lethal photosensitisation was affected 

by the physiological state of the target bacteria. This was determined by 

preparing the bacteria at different growth phases, to represent the different 

physiologies resulting from nutrient excess or limitation, and to expose these to 

laser light in the presence of the appropriate sensitiser.

5.3 - METHODS

5.3.1 - LETHAL PHOTOSENSITISATION OF TARGET BACTERIA

1.0 ml of a 16 h culture of each organism was innoculated into tubes containing 

10 ml TSB, and a growth curve constructed by measuring the optical density of 

the suspensions at 540 nm. Using these growth curves, cultures of the bacteria 

from the lag, mid-logarithmic and stationary phases of growth were prepared. 

Viable counts of the cultures showed far greater numbers of bacteria in the 

mid-logarithmic and stationary phase cultures than in the lag cultures. 

Therefore, before assaying for the effect of photosensitisation, dilutions were 

carried out to ensure that any noted effect was as a result of the physiological
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State of the bacteria and not due to differences in the initial bacterial numbers. 

Following dilution the suspensions were centrifuged at 4000 r.p.m for 10 mins, 

the supernatants removed and the bacteria were resuspended in 0.85 % 

saline. Aliquots of these suspensions were added to equal volumes of 

sensitiser and exposed to 0.88 and 1.18 J of HeNe and GaAIAs laser light 

respectively. These were then assayed as detailed in 2.6. Once again relatively 

low light doses were used to avoid 100 % kills so that any effect due to the 

growth phase of the bacteria would be apparent.

5.3.2 - DETERMINATION OF SENSITISER BINDING TO BACTERIAL CELLS 

Aliquots of the bacterial suspensions in the lag, mid-logarithmic and stationary 

phases of growth were added to the sensitiser and incubated for 120 s. These 

were then assayed as detailed in 4.3.2.
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5.4 - RESULTS

viable count (cfu)
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Figure 5.1 - Effect of physiological state on the viable counts of S. mutans

suspensions exposed to 0.88 J of HeNe laser light in the presence of TBO.

L-S- : exposure to neither the laser light nor the sensitiser(control)

L-S+ ; exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the sensitiser and the laser light
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Figure 5.2 - Effect of physiological state on the viable counts of S. sobrinus

suspensions exposed to 0.88 J of HeNe laser light in the presence of TBO

L-S- : exposure to neither the laser light nor the sensitiser(control)

L-S+ ; exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the sensitiser and the laser light
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Figure 5.3 - Effect of physiological state on the viable counts of L  case/

suspensions exposed to 0.88 J of HeNe laser light in the presence of TBO.

L-S- : exposure to neither the laser light nor the sensitiser(control)

L-S+ : exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the sensitiser and the laser light
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Figure 5.4 - Effect of physiological state on the viable counts of A. naeslundii

suspensions exposed to 0.88 J of HeNe laser light in the presence of TBO.

L-S-. exposure to neither the laser light nor the sensitiser(control)

L-S+ ; exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ ; exposure to both the sensitiser and the laser light
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When the bacteria in lag, logarithmic and stationary phases of growth were 

exposed to HeNe laser light in the presence of TBO significant kills were 

achieved at all growth phases.

When S. mutans in the lag phase was exposed to HeNe laser light a reduction 

of 7 . 9  X  1 0 ^  cfu ( 9 8  %) in the viable count was observed . Kills of 2 . 2  x 1 0 ^  cfu 

( 8 2  %) and 2 . 5  x 1 0 ^  cfu ( 9 2  %) were observed when the bacteria were in the 

logarithmic and stationary phases of growth.

Similar results were observed with S. sobrinus and kills of 4.9 x 10® cfu (100 

%), 6.02 X 10® cfu (99.9 %) and 5.09 x 10® cfu (99.9 %) were obtained with the 

bacteria in the lag, logarithmic and stationary phases of growth, respectively. 

With L  easel, again significant kills were observed at each growth phase. 

When TBO sensitised L. case! in the lag phase was exposed to 0.88 J of HeNe 

laser light the viable count was reduced by 6.99 x 10  ̂ cfu (99 %). In the 

logarithmic and stationary phases of growth kills of 4.3 x 10® cfu (99 %) and 

2.48 X 10® cfu (99 %) respectively were achieved.

A. naeslundii could also be killed at all growth phases on exposure to HeNe 

laser light. Kills of 6.37 x 10  ̂cfu (98 %), 1.5 x 10  ̂cfu (98 %) and 2.5 x 10  ̂cfu 

(99 %) were achieved at the lag, logarithmic and stationary phases of growth.
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Figure 5.5 - Effect of physiological state on the viable counts of S. mutans

suspensions exposed to 1.18 J of GaAIAs laser light in the presence of AlPcSz

L-S- ; exposure to neither the laser light nor the sensitiser(control)

L-S+ : exposure to the sensitiser but not the laser light 

L+S- ; exposure to the laser light but not the sensitiser 

L+S+ ; exposure to both the sensitiser and the laser light
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viable count (cfu)
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Figure 5.6 - Effect of physiological state on the viable counts of S. sobrinus

suspensions exposed to 1.18 J of GaAIAs laser light in the presence of AlPcSz

L-S- ; exposure to neither the laser light nor the sensitiser(control)

L-S+ : exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ ; exposure to both the sensitiser and the laser light
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Figure 5.7 - Effect of physiological state on the viable counts of L. case/

suspensions exposed to 1.18 J of GaAIAs laser light in the presence of AIPCS2 .

L-S- ; exposure to neither the laser light nor the sensitiser(control)

L-S+ : exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the sensitiser and the laser light
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Figure 5.8 - Effect of physiological state on the viable counts of A. naeslundii

suspensions exposed to 1.18 J of GaAIAs laser light in the presence of AlPcS]

L-S- : exposure to neither the laser light nor the sensitiser(control)

L-S+ : exposure to the sensitiser but not the laser light 

L+S- ; exposure to the laser light but not the sensitiser 

L+S+ ; exposure to both the sensitiser and the laser light
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When bacteria in different growth phases were sensitised by AIPCS2 and 

exposed to GaAIAs laser light, significant kills were achieved with the exception 

of L  case/ where lethal photosensitisation of lag-phase cultures was not 

possible. Also, although killing of S. sobrinus at the lag phase was attained, 

this was very small and was not statistically significant. In all other cases, kills 

of approximately 10  ̂cfu (89 - 99.8 %) were achieved.
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Table 5.1. Detection of TBO (maximum absorbance = 633 nm) or AIPCS2 

(maximum absorbance = 675 nm) in the presence or absence of the target 

bacteria in the lag, mid-logarithmic and stationary phases of growth. Values 

represent the mean optical density measurements at 633nm and 675 nm 

respectively and the percentage uptake is given in parentheses.

ODesSnm

absence presence

ODerSnm

absence presence

lag 1.71 1.00 (42.0) 1.83 1.15 (37.1)

S. mutans log 1.72 1.00 (41.8) 1.87 1.14 (39.0)

stat 1.71 0.95 (44.4) 1.89 1.10 (41.8)

lag 1.70 0.97 (42.9) 1.89 1.17 (38.0)

S. sobrinus log 1.77 1.01 (40.3) 1.88 1.13 (39.8)

stat 1.71 0.99 (42.1) 1.89 1.10 (41.7)

lag 1.76 1.04 (40.9) 1.87 1.39 (25.6)

L  easel log 1.76 1.02 (42.0) 1.85 1.17 (36.8)

stat 1.75 0.99 (43.4) 1.88 1.12 (40.4)

lag 1.70 0.96 (43.5) 1.89 0.93 (50.7)

A. naeslundii log 1.74 0.98 (43.7) 1.89 0.98 (48.1)

stat 1.74 0.93 (46.5) 1.90 0.98 (48.4)
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In all cases the optical density was less in the presence of the bacteria than in 

the absence indicating uptake of the sensitiser by the bacteria. With TBO the 

uptake ranged from 40 to 46.5 % and with AIPCS2 from 25 to 50.7 %. However, 

less AIPCS2 was taken up by L  case/ in the lag phase than in the logarithmic 

or stationary phases of growth.

5.5 - EFFECT OF INCREASED LIGHT DOSES ON THE LETHAL 

PHOTSENSITISATION OF Lease/AND S.sobrinus IN THE LAG PHASE

5.5.1 - AIM AND METHODS

This set of experiments was carried out to determine if lethal photosensitisation 

of AIPcS2-sensitised L. case/ and S. sobrinus when in the lag phase of growth 

was possible when the energy dose was greater than 1.18 J. Bacterial 

suspensions in the lag phase were sensitised with AIPCS2 and exposed to 1.18 

- 5.90 J of GaAIAs laser light. These were then assayed as detailed in 2.6. 

Previous studies have shown that the laser light alone and the sensitiser alone 

had no significant effect on the bacterial viability therefore these controls were 

omitted from these experiments.
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5.5.2-RESULTS

viable count (cfu)
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Figure 5.9 - Effect of increasing light doses on the lethal photosensitisation of

S. sobrinus in the lag phase when sensitised by AIPCS2 to GaAIAs laser light. *

denotes that the viable count was significantly different from the control.

L-S- ; exposure to neither the laser light nor the sensitiser

L+S+ : exposure to both the laser light and the sensitiser
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Figure 5.10 - Effect of increasing light doses on the lethal photosensitisation of

L case/ in the lag phase when sensitised by AIPCS2 to GaAIAs laser light. *

denotes that the viable count was significantly different from the control.

L-S- ; exposure to neither the laser light nor the sensitiser

L+S+ ; exposure to both the laser light and the sensitiser
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Both L  case/ and S. sobrinus could be killed by exposure to GaAIAs laser light 

when in the lag phase when the light dose was increased to 2.36 J. At light 

doses lower than this only a very small and insignificant effect on the viable 

count was observed. Kills of approximately 8 x 10  ̂ cfu (99 - 100 %) were 

achieved on exposure of AIPCS2 sensitised L. easel to 2.36 - 5.90 J of GaAIAs 

laser light when the bacteria were prepared in the lag phase. On exposure of 

AIPCS2 sensitised lag phase S. sobrinus to 2.36 - 5.90 J of laser light kills of 

approximately 7.4 x 10  ̂cfu (99 -100 %) were observed.

5.6 - DISCUSSION

The results of this part of the study indicate that lethal photosensitisation of the 

four target bacteria was possible when in various growth phases. However, L. 

case/ and S. sobrinus were less susceptible to killing by low power laser light in 

the lag phase when sensitised by AIPCS2 and required exposure to twice the 

energy dose for a significant effect on the viable count to be attained.

Wilson and Pratten (1995) demonstrated that lethal photosensitisation of a 

methicillin-resistant strain of Staph, aureus with GaAIAs laser light following 

sensitisation with AIPCS2 was unaffected by growth phase. At all three phases 

of growth large numbers of bacteria were killed on exposure to low doses of 

laser light. Venezio et ai (1985) also demonstrated that lethal 

photosensitisation of a range of bacteria including Staph, aureus and S. 

mutans was possible at both the logarithmic and stationary phases of growth 

when the bacteria were sensitised with haematoporphyrin and exposed to a 

300 W projector light.
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In contrast Nitzan et al (1987) demonstrated that kills of Staph, aureus 

achieved by lethal photosensitisation were affected by growth phase. They 

found that Staph, aureus suspensions in the mid-logarithmic phase were most 

susceptible to killing with deuteroporphyrin and exposure to tungsten lamps, 

and that bacterial suspensions in the stationary and lag phases were less 

susceptible with 90 % survival in the stationary phase. They proposed that the 

fluidity of the bacterial membrane was several times greater when the bacteria 

were in the logarithmic phase. The permeability of a bacterial cell membrane to 

a given solute can be influenced by a number of different factors. The cell 

membrane has a high protein content with lipids (predominantly phospholipids) 

mostly in a semi-fluid state forming a two dimensional fluid. The phospholipids 

of bacterial membranes consist of hydrophilic head regions and hydrophobic 

tail regions. Changes in the hydrophobicity of the membrane can result in 

alterations in membrane fluidity and in turn affect the permeability of the 

membrane. The membrane hydrophobicity of Staph, aureus has been shown to 

increase during the logarithmic phase of growth and decrease during the 

stationary phase of growth (Malmqvist, 1983) which would cause changes in 

membrane permeability. Changes in membrane permeability during the 

logarithmic phase of growth could affect the uptake of the sensitiser or the 

penetration of reactive species, which may have been produced externally but 

act either on the cell membrane or on intracellular components. Therefore, if 

the permeability of the membrane is greater in cells in the logarithmic phase of 

growth then lethal photosensitisation would be expected to be more successful 

due to either an increased uptake of the sensitiser or increased penetration of 

reactive species. Only 10 % of S. aureus could be killed in the stationary phase
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and Nitzan et al propose that this is related to low membrane fluidity of cells in 

this phase of growth.

The results from this series of experiments have shown that killing of all four 

target species with lethal photosensitisation was equally effective when the 

bacteria were in the stationary phase or the logarithmic phase of growth. 

However, the uptake of AIPCS2 does appear to be less in lag phase cells of L  

case/ compared to logarithmic and stationary phase cells. It may be that in lag- 

phase cells of L. case/ the membrane permeability is also affected by 

hydrophobicity and fluidity changes which may result in a decreased uptake of 

the sensitiser explaining why lag-phase cells of L. case/ are less susceptible to 

killing on exposure to GaAIAs laser light in the presence of AIPCS2 . However 

uptake of TBO by L  case/ is unaffected by growth phase. As TBO is a slightly 

smaller molecule than AIPCS2 in terms of mass and dimension its movement 

across the cell membrane can occur more rapidly and therefore it's uptake may 

be less affected by changes in membrane permeability. This may explain why 

L. case/ does not exhibit reduced susceptibility to lethal photosensitisation with 

TBO and HeNe laser light but does so with AIPcS2 and GaAIAs laser light. Also, 

TBO is a positively charged molecule whereas AIPCS2 is negatively charged 

and the movement of molecules across membranes are influenced by their 

charge. In general negatively charged ions move more rapidly across 

membranes than positively charged ions. However, this is generally observed 

for small ions such as sodium and chloride and not for larger molecules for 

which size would be the major factor in determining their movement across the 

membrane.

151



Uptake of AIPCS2 by S. .sobrinus in the lag phase however was similar to the 

uptake by bacteria in the logarithmic and stationary phases of growth yet there 

was a reduced kill of S. sobrinus in the lag phase. Therefore some other 

property of lag-phase cells of S. sobrinus must make them less susceptible to 

lethal photosensitisation with AIPCS2 and GaAIAs laser light. Lag-phase cells 

represent cells which, following a prolonged period of starvation, are 

responding to the addition of fresh nutrients. RNA synthesis restarts almost 

immediately while protein synthesis lags for a short time (Alberston et al, 1990). 

Increases in cell mass, the rate of DNA synthesis and cell number follow the 

reinitiation of RNA and protein synthesis (KoIter at si, 1993). Cells start to 

increase in size relatively soon after the addition of nutrients while the initiation 

of DNA synthesis lags. At some point after resuming growth, cells lose their 

enhanced resistance to various challenges characteristic of stationary phase 

cells. Perhaps lag-phase cells of S. sobrinus have increased in size but have 

yet to begin macromolecular synthesis and replication and therefore although 

they are larger may still have some of the features of stationary phase cells 

which afford protection to antimicrobials. Although these features did not 

render stationary-phase cells of L  case/ less susceptible to lethal 

photosensitisation perhaps the combination of these features with an increase 

in cell size could render them less susceptible to lethal photosensitisation. If 

the cells are larger and lethal photosensitisation acts by damaging the cell 

membrane then it may be that a larger energy dose would be required for cell 

killing because larger cells would require more membrane damage before cell 

lysis occurred. However, if it was the cell size which was responsible for the 

reduced susceptibility of S. sobrinus lag-phase cells to lethal photosensitisation
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with AIPCS2 and GaAIAs laser light then it would be expected that this property 

would also render the cells less susceptible to lethal photosensitisation with 

TBO and HeNe laser light which is not apparent from the results. One of the 

interesting findings of chapter six was that lethal photosensitisation with AIPCS2 

did not involve lipid peroxidation of the membranes as seen with TBO. It was 

proposed that membrane protein damage could be responsible for the loss of 

membrane integrity demonstrated. It may be that lag-phase cells of S.sobrinus 

also exhibit a different protein profile from stationary phase cells and that the 

membrane proteins of these cells are less susceptible to lethal 

photosensitisation. Such differences in protein composition have been reported 

for other bacteria. Lag-phase cells of the marine Vibrio sp. 814 have been 

shown to have a differing protein profile from that of stationary phase cells 

(Alberston, 1990).
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CHAPTER SIX - MECHANISM OF LETHAL PHOTOSENSITISATION OF 

Streptococcus mutans
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6.1 - INTRODUCTION

As discussed in chapter one, two processes may be involved in the lethal 

photosensitisation of tumour cells. The first (type I) involves a direct interaction 

between the excited triplet state of the sensitiser with biomolecules, via either 

hydrogen abstraction or electron transfer, resulting in the formation of ions and 

radicals. The type II process involves energy transfer from the triplet state 

sensitiser to oxygen molecules resulting in the formation of singlet oxygen. It 

has been suggested that these reactive species interact with cell components, 

in particular the cell membrane, causing cell damage and ultimately cell death.

6 .2-AIM

As very little information was available on the mechanism of photosensitisation 

of bacteria the purpose of this study was to determine the mechanism by which 

the two sensitiser/laser combinations kill S. mutans. The role of oxygen and 

reactive oxygen species was determined and membrane damage was also 

assessed.

6.3 - METHODS

6.3.1 - MEMBRANE DAMAGE ASSAY

15 ml of a 16 h culture of S. mutans was added to 15 ml of either TBO or 

AIPCS2 in a sterile glass beaker. The final concentration of sensitiser was 50 

pg/ml. A magnetic stirrer bar was added and the beaker placed on a magnetic 

stirrer and exposed to laser light for a total of 30 mins (13.2 J of HeNe laser 

light or 17.7 J of GaAIAs laser light). A control beaker was not exposed to the 

laser light to study the effect of the sensitiser alone and an overall control
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contained the bacterial culture to which saline had been added and this was 

not exposed to laser light. The laser light was passed through a beam 

expanding lens so that the entire area at the top of the beaker was exposed to 

laser light. The beam diameter was increased from 1.3 mm to 3 mm with the 

HeNe laser and from 5 mm to 9 mm with the GaAIAs laser. As the power 

density was lowered considerably by doing this, exposure to the laser light for 

longer periods of time was required to elicit a similar effect as seen in the 

bacterial kill studies. At 5 minute intervals, 100 pi was removed for viable 

counting and 1 ml was filtered. The cell free filtrates were assayed for the 

intracellular enzyme R-galactosidase and phosphate as detailed in 2.7 and 2.8.

6.3.2 - LIPID PEROXIDATION ASSAY

In order to determine whether membrane damage occurred as a result of lipid 

peroxidation, bacteria were sensitised by TBO or AIPCS2 and exposed to laser 

light as detailed above. Samples were removed every 5 mins and assayed for 

malondialdehyde (MDA), a by-product of lipid peroxidation, by the method of 

Placer etal, 1966 as detailed in 2.9.

6.3.3 - THE ROLE OF OXYGEN AND REACTIVE OXYGEN SPECIES

1. Lethal photosensitisation under different atmospheric conditions

Equal volumes (100 pi) of S. mutans and TBO or AIPCS2 were mixed in a 

microwell plate and exposed to 0.22 J or 0.29 J of HeNe or GaAIAs laser light 

respectively. The assay was carried out as detailed in 2.6. A relatively low light 

dose was used to avoid 100 % kills so that any effect due to oxygen could be
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easily observed. This was also repeated except that the entire experiment was 

carried out in a compact anaerobic work station (Don Whitley Ltd., UK)

2. Lethal photosensitisation in the presence of deuterium oxide

The assay was carried out as detailed in 2.6 except that the bacteria were 

resuspended in saline prepared with deuterium oxide (D2O) and incubated at 

room temperature for 3 h before sensitisation with either TBO or AIPCS2 , which 

was also prepared in D2O, and exposure to 0.07 J or 0.09 J of HeNe or GaAIAs 

laser light respectively. The lifetime of singlet oxygen is known to be enhanced 

in the presence of D2O (Merkel et al, 1972). The bacteria were exposed to low 

light doses to avoid 100 % kills so that any enhanced killing due to D2 O could 

be easily observed.

3. Lethal photosensitsation in the presence of inhibitors of reactive 

oxygen species

The experiment was carried out as detailed in 2.6 except that the sensitised 

bacteria were exposed to 0.11, 0.22, 0.44 and 0.66 J or 0.59, 0.87, 1.18 and 

1.77 J of HeNe or GaAIAs laser light respectively. Also the experiment was 

repeated when the bacteria were incubated at room temperature for 3 h with 

sodium azide or methionine (scavengers of singlet oxygen) (Hasty at al, 1972), 

at concentrations ranging from 0.005 M to 0.5 M, before being exposed to laser 

light.
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6 . 4 -  RESULTS
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Figure 6.1 - Viable counts of S. mutans suspensions exposed to 0 - 13.2 J of HeNe 

laser light in the presence of TBO.

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ : exposure to both the laser light and the sensitiser

Exposure of TBO-sensitised S. mutans to HeNe laser light resulted in a reduction in 

the viable counts. Increasing the light dose resulted in increases in the kill achieved. 

Exposure to a total of 13.2 J of HeNe laser light resulted in a 68 % reduction in the 

viable count of S. mutans. However, the sensitiser alone caused a reduction of 8.35 x 

10® cfu (46 %) in the viable counts. Therefore kills of 3.25 x 10® cfu (22 %) were 

attributable to lethal photosensitisation.
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Figure 6.2 - Phosphate detection from S. mutans cells exposed to 13.2 J of HeNe 

laser light in the presence of TBO.

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ : exposure to both the laser light and the sensitiser

A correlation coefficient of 0.991 was obtained from regression analysis of the 

phosphate standard curve.

The amount of phosphate detected in cell free filtrates of samples exposed to HeNe 

laser light following sensitisation with TBO was greater than those which were not 

exposed to laser light and the phosphate detection increased as the light dose was 

increased. Following exposure to 13.2 J of HeNe laser light, 2.6 nmoles of phosphate 

were detected. However, in the samples in which S. mutans were sensitised but not 

exposed to laser light there was in fact a similar detection of phosphate (2.2 nmoles) 

compared to only 0.8 nmoles detected in the control.
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Figure 6,3 - G>-galactosidase detection from S. mutans cells exposed to 13.2 J of 

HeNe laser light in the presence of TBO.

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

The standard curve for ONPG hydrolysis by (l-galactosidase had a correlation 

coefficient of 0.995.

The (l-galactosidase detected from samples in which S. mutans were exposed to 

HeNe laser light in the presence of TBO increased as the light dose increased.

Following exposure to 13.2 J of HeNe laser light 106 pmoles of ONPG were

hydrolysed. The sensitiser alone had little effect on the amount of R-galactosidase 

detected compared to the overall control.
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Figure 6.4 - Detection of lipid peroxidation products from S. mutans cells exposed to

13.2 J of HeNe laser light in the presence of TBO.

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ : exposure to both the laser light and the sensitiser

A correlation coefficient of 0.81 was obtained for the standard curve.

Following exposure of S. mutans to 4.4 J of HeNe laser light in the presence of TBO, 

10 pmoles of the lipid peroxidation by-product, MDA, were detected compared with 2 

pmoles in the presence of the sensitiser alone. The amount of MDA detected 

increased as the light dose increased but reached a maximum at 4.4 J. Increasing the 

light dose above 4.4 J did not result in increasing levels of MDA. In the samples 

which had been exposed to TBO alone only 2 - 2.5 pmoles of MDA were detected 

regardless of the light dose.
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Figure 6.5 - Viable counts of S. mutans suspensions exposed to 0.22 J of HeNe laser

light in the presence of TBO under aerobic (O2) or anaerobic (AnO]) conditions.

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S- ; exposure to the laser light but not the sensitiser 

L+S+ ; exposure to both the laser light and the sensitiser

When S. mutans suspensions were exposed to 0.22 J of HeNe laser light in the 

presence of TBO under aerobic conditions a reduction of 1 x 10® cfu (60 %) in the 

viable count was observed. When the same experiment was carried out under 

anaerobic conditions there was no significant reduction in the viable count. However 

when the bacteria under anaerobic conditions were sensitised by an unreduced TBO, 

this resulted in a kill similar to that achieved under aerobic conditions (68 %).
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Figure 6.6 - Viable counts of S. mutans suspensions exposed to 0.07 J of HeNe laser

light in the presence of TBO prepared in either H2O or deuterium oxide.

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

Exposure of TBO sensitised S. mutans to 0.07 J of HeNe laser light resulted in a kill of 

only 3 %. However, when the same experiment was carried out following replacement 

of the H2O by D2O, a 15 fold increase in the kill (46 %) was observed. Neither the 

sensitiser nor the laser light alone had any significant effect on the viable counts.

163



% survival
1 20

1 GO -

8 0  -

4 0  -

20  -

O .  1 1 0.22 0 .4 4 0.66

e n e rg y  d o s e  (J)

0 .0 0 1 M  -»i«-0.005M —  0.01 IVI q .OSM -4 -0 .1M  TB O

Figure 6.7 - Effect of various concentrations of methionine on the % survival of S. 

mutans suspensions exposed to HeNe laser light in the presence of TBO.

Exposure of TBO sensitised S. mutans to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser 

light resulted in kills of 2 x 10̂  cfu (42 %), 3x10? cfu (52 %), 4.9 x 10  ̂cfu (90 %) and

6.5 X 10  ̂ cfu (99.9 %). However, in the presence of methionine these kills were 

reduced in a dose dependent manner. In the presence of 0.001 M methionine kills of 

32 %, 47 %, 97 % and 99.7 % were obtained and reductions of 1.7 x 10  ̂ cfu (30 %),

2.2 X 10  ̂cfu (38 %), 4.1 X 10  ̂cfu (72 %) and 4.9 x 10  ̂ cfu (93 %) were observed in 

the presence of 0.005 M methionine following exposure to 0.11, 0.22, 0.44 and 0.66 J 

of HeNe laser light respectively. Increasing concentrations of methionine afforded 

increasing protection against lethal photosensitisation. In the presence of 0.01 M, 0.05 

M and 0.1 M methionine 14 %, 68 % and 98 % of S. mutans survived exposure to 

0.66 J of HeNe laser light.
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Figure 6.8 - Effect of various concentrations of sodium azide on the % survival of S. 

mutans suspensions exposed to HeNe laser light in the presence of TBO.

When the bacteria were sensitised to 0.11 - 0.66 J of HeNe laser light, again the % 

survival decreased as the light dose increased. 0.0005 M sodium azide did not afford 

S. mutans any protection against lethal photosensitisation and kills of 2.3 x 10® cfu (38 

%), 4.7 X  10® cfu (74 %), 5.6 x 10® cfu (91 %) and 5.9 x 10® cfu (95 %) were observed 

following exposure to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser light. However, in the 

presence of 0.005 M - 0.5 M sodium azide the kills were reduced in a dose dependent 

manner. In the presence of 0.5 M sodium azide kills of only 6 %, 1 %, 0 % and 0 % 

were observed following exposure to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser light.
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Figure 6.9 - Viable counts of S. mutans suspensions exposed to 0 - 35.5 J of GaAIAs 

laser light in the presence of AIPCS2 .

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

Following exposure of AIPcS2-sensitised S. mutans to increasing doses of GaAIAs 

laser light the viable counts decreased. Exposure to a total of 35.5 J of GaAIAs laser 

light resulted in a kill of 3 x 10® cfu (75 %). However, when the bacteria were exposed 

to AIPCS2 alone for 60 mins (exposure time equivalent to 35.5 J) a reduction in the 

viable count of 1.5 x 10® cfu (37.5 %) was observed. Therefore the kill attributable to 

lethal photosensitisation was 1.5 x 10® cfu (37.5 %).
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Figure 6.10 - Phosphate detection from S. mutans cells exposed to 35.5 J of GaAIAs 

laser light in the presence of AIPCS2.

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

The correlation coefficient of the phosphate standard curve was 0.99.

Exposure of AIPcS2-sensitised S. mutans to increasing doses of GaAIAs laser light 

resulted in increasing detection of phosphate in cell free filtrates. Following exposure 

to a total of 35.5 J of GaAIAs laser light 6.6 pmoles of phosphate were detected in the 

cell free filtrates compared to only 1.8 pmoles detected in the filtrates from cells 

exposed to the sensitiser alone. The amount of phosphate detected increased as the 

light dose increased and was always greater in samples from cells exposed to both 

the sensitiser and laser light than those exposed to the sensitiser alone.
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Figure 6.11 - l^-galactosidase detection from S. mutans cells exposed to 35.5 J of 

GaAIAS laser light in the presence of AIPCS2 .

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

A correlation coefficient of 0.999 was obtained from regression analysis of the 

standard curve.

The li-galactosidase activity in cell free filtrates from samples exposed to both the 

laser light and the sensitiser increased as the light dose increased and was greater 

than the R-galactosidase detected in filtrates from samples exposed to the sensitiser 

alone. Following exposure to a total of 35.5 J of GaAIAs laser light, 9.58 pmoles of 

ONPG were hydrolysed. However, in samples exposed to the sensitiser alone 4.85 

pmoles of ONPG were hydrolysed compared to no hydrolysis of ONPG in the controls 

(L-S-).
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Figure 6.12 - Detection of lipid peroxidation products from S. mutans cells exposed to

35.5 J of GaAIAs laser light in the presence of AIPCS2 .

L-S- ; exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S+ ; exposure to both the laser light and the sensitiser

The correlation coefficient for the standard curve was 0.91.

No malondialdehyde was detected following exposure of AIPcS2-sensitised S. mutans 

to a total of 35.5 J of GaAIAs laser light. The amount of MDA detected in samples 

exposed to GaAIAs laser light in the presence of AIPCS2 was similar to those exposed 

to the sensitiser alone and was in fact similar to the overall control at all light doses. 

The total MDA detected was only 0.75 pmoles following exposure to GaAIAs laser 

light compared to 10 pmoles detected following exposure to HeNe laser light.
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Figure 6.13 - Viable counts of S. mutans suspensions exposed to 0.29 J of GaAIAs 

laser light in the presence of AlPcS] under aerobic (O2) or anaerobic (AnOz) 

conditions.

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ ; exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the laser light and the sensitiser

Exposure of AIPcS2-sensitised S. mutans to 0.29 J of GaAIAs laser light under aerobic 

conditions resulted in a kill of 1.2 x 10 °̂ cfu (52 %). Neither the sensitiser nor the laser 

light alone had any effect on the viable counts. When the same experiment was 

carried out under anaerobic conditions no effect on the viable counts of S. mutans 

was observed in the presence of AIPCS2 and exposure to GaAIAs laser light.
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Figure 6.14 - Viable counts of S. mutans suspensions exposed to 0.09 J of GaAIAs 

laser light in the presence of AIPCS2 prepared in either H2O or deuterium oxide.

L-S- : exposure to neither the laser light nor the sensitiser 

L-S+ : exposure to the sensitiser but not the laser light 

L+S- : exposure to the laser light but not the sensitiser 

L+S+ : exposure to both the laser light and the sensitiser

Following exposure of AIPcS2-sensitised S. mutans to 0.09 J of GaAIAs laser light a 

kill of 6.7 X 10® cfu (8 %) was achieved. However, when the H2O, used to prepare the 

sensitiser and bacterial suspension, was replaced with deuterium oxide (D2O) and the 

experiment repeated a kill of 1.35 x 10  ̂ cfu (45 %) was attained. Therefore 

replacement of H2O with D2O resulted in a 6 fold increase in the kill. In both 

experiments neither the sensitiser nor the laser light had any effect on bacterial 

viability.
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Figure 6.15 - Effect of various concentrations of methionine on the % survival of S. 

mutans suspensions exposed to GaAIAs laser light in the presence of AIPCS2 .

Exposure of AIPcS2-sensitised S. mutans to 0.59, 0.87, 1.18 and 1.77 J of GaAIAs 

laser light resulted in kills of 4 x 10® cfu (5.2 %), 7.39 x 10® cfu (97.3 %), 7.58 x 10® cfu 

(99.7 %) and 7, 59 x 10® cfu (99.98 %) respectively. In the presence of 0.005 M 

methionine no protection was observed and kills of 1.36 x 10® cfu (90 %), 1.49 x 10® 

cfu (99.7 %), 1.499 x 10® cfu (99.97 %) and 1.499 x 10® cfu (99.99 %) were observed 

on exposure to 0.59, 0.87, 1.18 and 1.77 J of GaAIAs laser light respectively. 

However, in the presence of 0.01 - 0.1 M methionine the kills were reduced in a dose 

dependent manner. Kills of 99.9 %, 93.1 % and 66.6 % were obtained on exposure of 

AIPcS2-sensitised S. mutans to 1.77J in the presence of 0.01 M, 0.05 M and 0.1 M 

methionine respectively.
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Figure 6.16 - Effect of various concentrations of sodium azide on the % survival of S. 

mutans suspensions exposed to GaAIAs laser light in the presence of AIPCS2

Exposure of S. mutans to 0.59, 0.87, 1.18 and 1.77 J of GaAIAs laser light following 

sensitisation with AIPCS2 resulted in kills of 2 x 10® cfu (10 %), 1.87 x 10  ̂cfu (98 %), 

1.9 X 10  ̂ cfu (100 %) and 1.9 x 10  ̂ cfu (100 %) respectively. However, in the 

presence of sodium azide the kills were reduced in a dose dependent manner. Kills of 

5 X 10® cfu (21 %), 9 X  10® cfu (39 %), 2.29 x 10  ̂cfu (99.8 %) and 2.29 x 10  ̂cfu (99.9 

%) were attained in the presence of 0.0005 M sodium azide and in the presence of 

0.005 M sodium azide 46 %, 11 %, 91 % and 99.9 % were killed following exposure to 

0.59, 0.87, 1.18 and 1.77 J of GaAIAs laser light. 0.05 M and 0.5 M sodium azide also 

afforded S. mutans protection against lethal photosensitisation and kills of 99.9 % and 

86 % were attained on exposure to 1.77 J of GaAIAs laser light.
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6 .5 -DISCUSSION

As described previously in section 1.2.3, light-induced generation of cytotoxic 

species is thought to involve the interaction of the triplet state sensitiser with 

cell components or oxygen via either a type I or type II mechanism respectively 

or both. The type I process results in the production of free radicals and ions 

while the type II process results in the formation of singlet oxygen. These 

species are highly reactive in biological systems and their site of action has 

been postulated as being the cell membrane, the nucleus or the organelles. 

However, most studies have shown the cell membrane as the primary target for 

the photochemically-generated reactive species.

The results from this study have shown that intracellular materials from TBO- 

sensitised S. mutans cells exposed to HeNe laser light were present in the 

supernatants indicating that damage to membrane integrity occurred allowing 

leakage of intracellular phosphate and p-galactosidase. Also, the presence of 

lipid peroxidation by-products suggests that membrane damage occurred by 

lipid peroxidation. Lipid peroxidation occurs when the reactive species 

generated attack the fatty acid side chains of the membrane phospholipids. In 

the case of photochemically-generated hydroxyl radicals (OH ) a hydrogen 

atom is pulled from one of the carbon atoms in the side chain to form water. 

The remaining carbon side chain is most likely to combine with oxygen creating 

the peroxyl radical which is highly reactive and can attack adjacent fatty acid 

side chains resulting in the formation of lipid hydroperoxides. The major chain- 

propagating step in lipid peroxidation is the formation of peroxyl radicals. 

Accumulation of lipid hydroperoxides in a membrane can disrupt its functioning 

and cause it to collapse. With singlet oxygen mediated lipid peroxidation the
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photochemically generated singlet oxygen is capable of reacting directly with 

fatty acid side chains and with cholesterol to produce lipid hydroperoxides.

The results of this part of the study also suggest that the mediators of this 

process are reactive oxygen species, as the absence of kill under anaerobic 

conditions indicates a vital role for oxygen and the increase in kill in the 

presence of deuterium oxide indicates an important role for singlet oxygen. 

Both methionine and sodium azide afforded S. mutans protection against lethal 

photosensitisation with HeNe laser light and TBO and both of these 

scavengers have been implicated as quenchers of singlet oxygen (Nitzan et al, 

1989). Similar results were obtained when S. mutans was exposed to GaAIAs 

laser light in the presence of AIPCS2 with the exception that lipid peroxidation 

was not detected although membrane damage was. In this case membrane 

damage may have been due to protein damage rather than lipid peroxidation 

as suggested by Ehrenburg at al (1995).

Most investigations have been concerned with the mechanism of cell damage 

in tumour cells with relevance to the treatment of cancer. Structures such as 

liposomes and artificial membranes have also been utilised to investigate the 

mode of action. Only a small number of studies have been carried out to 

determine the mechanism of photosensitisation in microorganisms.

Numerous studies on yeasts have demonstrated the membrane as the site of 

action for lethal photosensitisation. I to at al (1977) showed that the action of 

toluidine blue on Saccharomycas caravisiaa primarily targeted the plasma 

membrane. Paarderkooper at al (1993) have also shown that photodynamic 

treatment of the yeast Kluyvaromycas marxianus resulted in extensive damage 

of the plasma membrane. Decreased transport capacity of the plasma
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membrane was demonstrated, which was shown to be caused by damage of 

transport carriers by treatment with TBO and light and not by changes in 

membrane potential or transmembrane pH. Paarderkooper et al (1995) have 

also demonstrated that treatment of yeast with toluidine blue and light resulted 

in extensive damage to the plasma membrane followed by damage to the 

intracellular enzymes such as alcohol dehydrogenase and cytochrome c 

oxidase.

Lipid peroxidation has been assumed in recent years to be the major factor 

contributing to lethal photosensitisation of cell membranes. Agarwal at a! (1991 

and 1992) demonstrated lipid peroxidation of hepatic microsomal membranes 

and epidermal microsomes following their sensitisation with a phthalocyanine 

and in both cases this appeared to be mediated by singlet oxygen. Athar at a!

(1988) and Dixit ef a /(1983) also showed similar lipid peroxidation of epidermal 

microsomes using a porphyrin as the photosensitiser and employed a range of 

scavengers to demonstrate a role for singlet oxygen. However, in more recent 

years, as demonstrated by the work of Paarderkooper, other forms of 

membrane damage have been investigated. Damage to protein sites in the 

membrane has also been proposed as the major factor contributing to cell 

membrane damage and Ehrenburg at a! (1993) demonstrated that leakage of 

intracellular material from bacteria such as S. auraus occurred at a much 

slower rate than cell killing. Protein damage however, was shown to progress 

at a similar rate to cell killing indicating that proteins were the primary target of 

photosensitisation which then resulted in damage to membrane integrity.

Moan at a! (1979) have shown that haematoporphyrin photosensitisation of 

human NIHK cells could be enhanced in the presence of deuterium oxide and
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Anderson and Krinsky (1973) also demonstrated that carotenoid pigments, 

which are quenchers of singlet oxygen, can protect liposome membranes 

against photosensitisation. Martin and Logsdon (1987) also demonstrated that 

a wide variety of dyes including thionin and methylene blue acted via an 

oxygen-dependent mechanism in eliciting a photodynamic effect on E. coli B 

and Nitzan et al (1989) have also shown an oxygen-dependent mechanism in 

the lethal photosensitisation of S. aureus with deuteroporphyrin using a range 

of scavengers and quenchers. Ito and Kobayashi (1974) also demonstrated 

that yeast were protected against lethal photosensitisation with acridine orange 

in the presence of azide and that deuterium oxide enhanced the killing effect 

and Matthews-Roth (1977) demonstrated that azide afforded S. lutea against 

lethal photosensitisation with toluidine blue and that deuterium oxide enhanced 

the effect.

This part of the study therefore suggests that the mechanism of lethal 

photosensitisation of S. mutans with TBO involves lipid peroxidation of the cell 

membrane and suggests a key role for singlet oxygen. Lethal 

photosensitisation of S.mutans with AIPCS2 , however, appears to involve 

membrane damage by some other means which is also mediated by singlet 

oxygen.
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CHAPTER SEVEN - LETHAL PHOTOSENSITISATION OF SUPRAGINGIVAL 

PLAQUE SAMPLES
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7.1 - INTRODUCTION

Most microorganisms in nature attach to surfaces and oral organisms are 

attached to the tooth surfaces in the form of plaque. As soon as the teeth are 

cleaned, salivary glycoproteins are adsorbed forming the acquired enamel 

pellicle to which bacteria adhere. As a bacterium approaches a surface a 

number of interactions occur which determine whether attachment and 

colonisation will occur. These include van der Waals attractive forces and the 

interaction of these with electrostatic repulsion forces. Once attached, the 

bacteria multiply forming microcolonies embedded in bacterial extracellular 

slimes and polysaccharides together with salivary proteins and glycoproteins. 

The resulting structure is a complex microbial community embedded in a matrix 

of polymers of bacterial and salivary origin. The accumulation of dental plaque 

on teeth is as a result of the balance between deposition, growth and removal 

of micro-organisms. Dental plaque has structural features in common with other 

naturally-occurring biofilms and it is well known that a biofilm mode of growth 

renders organisms less susceptible to antimicrobials than when in aqueous 

suspensions (Costerton et al (1987), Brown at a! (1988) and Wilson et a! 

(1996)).

7 .2 -AIM

All previous experiments were carried out on pure cultures of laboratory- 

maintained strains and the susceptibility of clinical isolates to lethal 

photosenstisation has not been determined, especially when they compromise 

the mixed microflora characteristic of dental plaque. The purpose of this part of
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the study was therefore to determine if bacteria in supragingival plaque 

samples were susceptible to lethal photosensitisation.

7.3 - MATERIALS AND METHODS

7.3.1 - PLAQUE SAMPLES

Samples of supragingival plaque samples were taken from volunteers in the 

Biomaterials and Microbiology Departments of the Eastman Dental Institute. A 

total of 1 0  subjects were investigated and none had used antibiotics in the 6  

months prior to sampling. Each sample was taken from the entire dentition 

using a small swab formed from calcium alginate wool (Medical Alginates Ltd., 

UK) wound on a barbed endodontic broach (Ash Dentsply Ltd., UK). The swab 

was then placed into 0.5 ml pre-reduced Calgon Ringer’s solution (Unipath Ltd, 

UK).

7.3.2 - SAMPLE PROCESSING

Each sample was vortexed until the calcium alginate had dissolved and 50 pi 

aliquots were added to wells of a microtitre plate. These were then assayed as 

detailed in 2 . 6  except that each series of bacterial suspensions was plated onto 

a range of media rather than TSA alone. As previous experiments had shown 

that the laser light in the absence of the sensitiser had no effect on the viability 

of the bacteria this control was omitted from these experiments to reduce the 

number of plates to manageable numbers. The sensitised samples were 

exposed to 0.44 and 1.32 J of HeNe laser light in the presence of 50 pg/ml 

TBO or 0.59 and 1.77 J of GaAIAs laser light in the presence of 50 pgml
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AIPcS2 . Samples were also treated with each photosensitiser in the absence of 

laser light. The media used were;

(i) TSA - to obtain the total viable count

(ii) Mitis salivarius (MS) agar (Difco Ltd., UK) - to obtain the total streptococcal 

count

(iii) Rogosa agar - for the detection of Lactobacillus species

(iv) CFAT agar - for the detection of Actinomyces species

All plates were incubated anaerobically for up to 5 days. Colonies on TSA were 

enumerated and designated the total viable count. Colonies growing on the MS 

plates were enumerated, Gram-stained and tested for catalase production. 

Colonies consisting of catalase-negative. Gram-positive cocci were considered 

to be streptococci and colonies growing on Rogosa agar which were Gram- 

positive rods were considered to be lactobacilli. Colonies growing on the CFAT 

plates were also enumerated and Gram-stained. Those colonies which 

consisted of Gram-positive rods were considered to be Actinomyces species.
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7.4 - RESULTS
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Figure 7.1 - Effect of 0.44J of HeNe laser light on the total viable count of 

supragingival plaque samples in the presence of TBO.
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Figure 7.2 - Effect of 0.44 J of HeNe laser light on the total streptococcal count 

of supragingival plaque samples in the presence of TBO.

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ ; exposure to both the laser light and the sensitiser
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Figure 7.3 - Effect of 0.44 J of HeNe laser light on the number of viable 

Actinomyces spp. in supragingival plaque samples in the presence of TBO.
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Figure 7.4 - Effect of 1.32 J of HeNe laser light on the total viable count of 

supragingival plaque samples in the presence of TBO.

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ ; exposure to the sensitiser but not the laser light

L+S+ : exposure to both the laser light and the sensitiser
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Figure 7.5 - Effect of 1.32 J of HeNe laser light on the total streptococcal count 

of supragingival plaque samples in the presence of TBO
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Figure 7.6 - Effect of 1.32 J of HeNe laser light on the number of viable 

Actinomyces spp. in supragingival plaque samples in the presence of TBO

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ : exposure to both the laser light and the sensitiser
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Table 7.1. Median viable counts of bacteria in supragingival plaque samples 

before and after exposure to laser light in the presence of TBO.

Organism Energy 

Dose (J)

Median viable 

(xlOf cfu)

L-S- L-S+

count

L+S+

Logio reduction 

in viable count

L-S+ L+S+

0.44 1.13 1.28 0.26 0 0.65

Total Count

1.32 4.02 4.34 0.005 0 2.95

0.44 0.49 0.72 0.009 0 1.75

Streptococci

1.32 2 . 2 2 1.67 0 0 . 1 2 5.40

0.44 0.65 0.90 0.09 0 0 . 8 6

Actinomyces

1.32 3.24 3.13 0 . 0 0 1 0 . 0 2 3.34

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ : exposure to both the sensitiser and the laser light
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When plaque samples were exposed to TBO in the absence of laser light for 60 s 

(exposure time equivalent to 0.44 J) no decrease in the total count or the number of 

streptococci and Actinomyces spp. were detected. However, when the plaque 

samples were exposed to TBO for 180 s (exposure time equivalent to 1.32 J) in the 

absence of laser light median reductions of 5.5 xIO^ cfu and 1.1 x lO'* cfu in the 

viable count of the streptococci and Actinomyces spp. respectively were observed. 

When the TBO-treated plaque samples were exposed to 0.44 J of HeNe laser light 

there were reductions in the viable counts of all groups of organisms amounting to

1.02 X 10® cfu, 7.11 X 10"* cfu and 8.1 x 10̂* cfu in the total viable count, the 

streptococcal count and the number of Actinomyces spp respectively. The Friedman 

test statistic and corresponding P values were 15.8 (P<0.001), 15.8 (P<0.001) and

12.2 (P=0.002) respectively. Following exposure of TBO-treated plaque samples to 

0.44 J of HeNe laser light no bacteria were detectable on the non-selective plates in 

one of the samples, streptococci were undetectable in four samples and actinomyces 

were undetectable in one sample. No bacteria were detectable on the non-selective 

plates in three of the samples, streptococci were undetectable in six of the samples 

and actinomyces were undetectable in four of the samples following exposure to 1.32 

J of HeNe laser light in the presence of TBO. In the only plaque sample to contain 

lactobacilli, exposure to 1.32 J of HeNe laser light in the presence of TBO resulted in 

a 2.7 logio reduction. Exposure of all TBO-treated plaque samples to 1.32 J of HeNe 

laser light resulted in median reductions of 4.33 x 10® cfu, 1.67 x 10® cfu and 3.129 x 

1 0 ® cfu in the total viable count, the streptococcal count and the number of 

Actinomyces spp respectively with corresponding Friedman test statistics of 15.2 

(P=0.001), 16.3(P=0.001) and 15.0 (P=0.001).
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Figure 7.7 - Effect of 0.59 J of GaAlAS laser light on the total viable count of 

supragingival plaque samples in the presence of AIPCS2
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Figure 7.8 - Effect of 0.59 J of GaAIAs laser light on the total streptococcal 

count of supragingival plaque samples in the presence of AIPCS2 .

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ : exposure to both the laser light and the sensitiser
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Figure 7.9 - Effect of 0.59 J of GaAIAs laser light on the number of viable 

Actinomyces spp. in supragingival plaque samples in the presence of AIPCS2 .
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Figure 7.10 - Effect of 1.77 J of GaAIAs laser light on the total viable count of 

supragingival plaque samples in the presence of AIPCS2

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ : exposure to both the laser light and the sensitiser
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Figure 7.11 - Effect of 1.77 J of GaAIAs laser light on the total streptococcal 

count of supragingival plaque samples in the presence of AIPCS2
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Figure 7.12 - Effect of 1.77 J of GaAIAs laser light on the number of viable 

Actinomyces spp. in supragingival plaque samples in the presence of AIPCS2 .

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ : exposure to the sensitiser but not the laser light

L+S+ : exposure to both the laser light and the sensitiser
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Table 7.2 - Median viable counts of bacteria in supragingival plaque samples 

before and after exposure to laser light in the presence of AIPCS2 .

Organism Energy 

Dose (J)

Median viable count 

(x1 0  ̂cfu)

L-S- L-S+ L+S+

Logio reduction 

in viable count

L-S+ L+S+

0.59 0.56 0.74 0.006 0 0.94

Total Count

1.77 5.19 6.96 0.17 0 1.49

0.59 0 . 1 2 0.19 0.03 0 0.62

Streptococci

1.77 1.59 1 . 8 8 0.003 0 2.71

0.59 0 . 2 0 0.16 0.03 0.09 0.78

Actinomyces

1.77 7.28 4.59 0 . 0 2 0 . 2 2.61

L-S- : exposure to neither the laser light nor the sensitiser

L-S+ ; exposure to the sensitiser but not the laser light

L+S+ : exposure to both the sensitiser and the laser light
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When the plaque samples were exposed to AIPCS2 for 60 s in the absence of laser 

light no decrease in the total viable count or the streptococcal count was detected. 

However, there was a small decrease in the number of Actinomyces spp. in the 

samples (a reduction of 4 x 10̂  cfu). On exposure of the plaque samples to AIPCS2 for 

180 s in the absence of laser light, there was no detectable effect on the total viable 

count or the streptococcal count but the actinomyces in the samples were reduced by 

37 % (a reduction of 2.69 x 10® cfu). Exposure of the plaque samples to both 0.59 

and 1.77 J of GaAIAs laser light in the presence of AIPCS2 resulted in kills of all 

groups of organisms.

Exposure of AIPcS2-treated plaque samples to 0.59 J of GaAIAs laser light resulted in 

streptococci being undetectable in four samples and Actinomyces in three samples. 

When the energy dose was increased to 1.77 J, streptococci were undetectable in 

one sample and Actinomyces in four samples. In the sample which contained 

lactobacilli, a 100 % reduction in the viable count was obtained on exposure to 1.77 J 

of GaAIAs laser light in the presence of AIPCS2 .

Median reductions of 7.34 xIO* cfu, 1.6 x lO'* cfu and 1.3 x 10"* cfu in the total viable 

count, the streptococcal count and the number of Actionmyces spp. respectively were 

observed on exposure of the AIPcS2-treated plaque samples to 0.59 J of GaAIAs 

laser light and using a higher light dose of 1.77 J median reductions of 6.79 x 10® cfu, 

1.87 xIO^ cfu and 4.57 x 10® cfu respectively were obtained.

Friedman two way analysis of variance was carried out on the data and the resulting 

test statistics and P values for the total count, streptococci and actinomyces were 

15.2(P=0.001), 12.2(P=0.002) and 15.5(P=0.001) respectively for an energy dose of 

0.59 J and 15.0(P=0.001), 15.2(P=0.001) and 18.0(P=0.001) for the higher energy 

dose of 1.77J
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7.5 - DISCUSSION

The results of this part of the study have shown that substantial kills of bacteria in 

supragingival plaque samples can be achieved by low doses of light from a HeNe or 

GaAIAs laser in the presence of an appropriate sensitiser. In general, greater kills 

were achieved by the HeNe/TBO combination than by the GaAIAs/AIPcS2 

combination. The lethal doses of laser light based on the total viable counts were 

0.004 mJ /cfu and 0.008 mJ/cfu for the HeNe and GaAIAs laser light respectively. For 

the streptococci, the lethal dose of laser light was 0.008 mJ/cfu and 0.038 mJ/cfu 

respectively while the killing of each actinomyces required 0.006 mJ of HeNe laser 

light or 0.019 mJ of GaAIAs laser light.

In the only other comparable study reported in the literature (Sarkar (1992) 20 

subgingival plaque samples from patients with chronic periodontitis were exposed to 

light from a 7.3 mW HeNe laser in the presence of TBO. In samples containing black 

pigmented anaerobes these organisms were eliminated in 94 % of the samples. In 55 

% of the samples containing Fusobacterium nucleatum the bacteria were eliminated 

by exposure of the samples to 0.22 J of laser light in the presence of TBO. The lethal 

dose of laser light was 0.003 mJ/cell for the total viable count, 0.004 mJ/cell for the 

black-pigmented anaerobes and the streptococci and fusobacteria required 0.004 

mJ/cell and 0.03 mJ/cell for killing. Comparison of these values with those for the total 

count and streptococcal counts of supragingival plaque samples suggests that in 

general bacteria in supragingival plaque samples are more susceptible to killing on 

exposure to HeNe laser light following sensitisation with TBO whereas streptococci in 

supragingival plaque samples are slightly less susceptible than those in subgingival 

samples. The Gram-positive bacteria in supragingival plaque samples are slightly 

more susceptible to killing than fusobacteria in subgingival plaque samples although 

they are slightly less sensitive than the black pigmented anaerobes found in 

subgingival plaque samples. The results from chapter 4 demonstrated that killing of
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laboratory strains of streptococci required 0.004 mJ/cell of HeNe laser light and 

0.0002 mJ of GaAIAs laser light. Therefore streptococci appeared to be slightly less 

susceptible to lethal photosensitisation when grown as a biofilm in vivo. The lethal 

light dose per cell for laboratory strains of actinomyces were 0.008 mJ and 0.007 mJ 

for the HeNe and GaAIAs lasers respectively therefore actinomyces in plaque 

samples appeared slightly less sensitive to lethal photosensitisation with the GaAIAs 

laser but were more susceptible to killing with the HeNe laser.

In the few other studies which have determined the effect of antimicrobials on the 

bacteria found in plaque most work has concentrated on chlorhexidine. Neutschil et a!

(1989) showed that 80 - 85 % of bacteria in plaque samples were viable. However, 1 

hour after the use of 0.1 % of chlorohexidine only 19-34 % of the plaque bacteria 

were viable. Wilson at al (1990) also demonstrated that exposure of subgingival 

plaque samples to chlorohexidine for 15 mins in vitro resulted in a 99.9 % kill of the 

bacteria. However in the present study similar kills of the plaque bacteria could be 

achieved using much shorter exposure times and the advantage of lethal 

photosenstisation over these conventional antimicrobials is that there would be no 

need to maintain high concentrations of the photosensitiser in the lesion for long 

periods of time.

The reasons why biofilm grown bacteria differ from planktonic cells in their 

susceptibility to antimicrobials are not well understood. One possibility is that the 

biofilm matrix acts as a diffusion barrier but this is not applicable to all antimicrobials 

(Wilson et al, 1996). However in this study the structure of the biofilm was disrupted 

before the bacteria were sensitised and exposed to laser light. A more likely 

explanation is that when grown as a biofilm, bacteria have a much slower rate of 

growth resembling stationary phase cells which are less susceptible to antimicrobial 

agents. The decreased growth rate of bacteria in plaque may be due to their micro

environment in which, because of the high cell density, a depletion of exogenous
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nutrients and oxygen occurs together with a build up of metabolic end products. It has 

also been suggested (Brown et al, 1993) that altered gene expression may occur in 

biofilm (plaque) grown bacteria, which could result in a phenotype which has reduced 

susceptibility to antimicrobials.

The results of this study have shown that bacteria in plaque samples could be killed 

on exposure to low doses of low power laser light following sensitisation with the 

appropriate sensitiser. Although the structure of the biofilm (plaque) was disrupted, 

before sensitisation and exposure to laser light, the bacteria would have a similar 

physiology to those of an undisturbed biofilm and therefore this part of the study has 

demonstrated that biofilm-grown bacteria can be killed by lethal photosensitisation. It 

has also been demonstrated that bacteria within the mixed microflora of supragingival 

plaque could be killed by lethal photosensitisation. By comparing the lethal dose for 

each bacterial group it appeared that both the streptococci and the actinomyces in 

plaque samples were equally susceptible to lethal photosensitsation with TBO and 

HeNe laser light whereas the streptococci were much less susceptible than the 

actinomyces to AlPcSa and GaAIAs laser light. This difference in susceptibility may be 

as a result of differing preponderances in the uptake of the sensitiser by the bacteria.
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CHAPTER EIGHT - LETHAL PHOTOSENSITISATION OF ORAL BACTERIA 

IN BIOFILMS
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8.1 - INTRODUCTION

As discussed earlier (chapter 7), a biofilm mode of growth renders organisms 

less susceptible to antimicrobial agents and several suggestions have been 

proposed to account for this reduced susceptibility. For example, the 

extracellular matrix of the biofilm may act as a barrier to an antimicrobial agent 

or activity of the agent may be reduced by micro-environmental factors. Brown 

et al (1988) have also proposed that cells in a biofilm grow only very slowly and 

resemble stationary phase cultures which are known to be less susceptible to 

antimicrobial agents because of changes in surface components.

8.2-AIM

The experiments carried out in chapter 7 determined the susceptibility of 

bacteria grown in a biofilm (plaque) to lethal photosensitisation but before 

being sensitised and exposed to the laser light the plaque samples were 

disrupted. The purpose of this part of the study was to determine whether 

biofilms of the target bacteria could be killed by lethal photosensitisation.

8.3 - LETHAL PHOTOSENSITISATION OF A CONFLUENT LAWN OF 

BACTERIA

One of the simplest models of a biofilm consists of a lawn of bacteria grown on 

an agar plate and this resembles a biofilm to some extent in that the cells are 

tightly packed and embedded in an extracellular matrix and will be slow 

growing because of nutrient limitation.

8.3.1 - METHODS
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16 h cultures of the target bacteria were spread over a TSA plate, excess 

culture was removed and the plates were incubated for 24 h at 37°C to 

establish the biofilms. TBO or AIPCS2 was then carefully added dropwise to 

ensure minimum disturbance of the layer of bacteria. The plates were then 

dried at 37°C. The plates were then exposed to 0.11 - 1.32 J of HeNe laser 

light or 0.14 -1.77 J of GaAIAs laser light. Sterile nitrocellulose membranes (25 

mm) with a pore diameter of 0 . 2 2  pm were carefully placed over the area of the 

plate which had been exposed to laser light and left in place for 5 min. They 

were then removed, inverted and placed on the surface of fresh TSA plates. 

Following incubation for 48 h, the membranes were examined for the presence 

of a growth-free zone.

8.3.2 - RESULTS

Table 8.1 - Effect of HeNe laser light on bacterial biofilms sensitised by TBO.

Organism TBO(|ag/ml) 0 . 1 1

light
0 . 2 2

dose
0.33

(J)
0.44 0 . 6 6 0 . 8 8 1 . 1 0 1 .

S. mutans 12.5 + +
25.0 - - - - - + + +
50.0 - - - - + + + +
1 0 0 - + + + + + + +

S.sobrinus 12.5 + +
25.0 - - - - - + + +
50.0 - - - - + + + +
1 0 0 - - - - + + + +

L  case/ 12.5 +
25.0 - - - + + + + +
50.0 - - - - + + + +
1 0 0 + + + + + + + +

A.naeslundii 12.5 + +
25.0 - - - - - + + +
50.0 - - - - + + + +
1 0 0 - - - + + + + +

Key: + the presence of growth free zone, - the absence of growth free zone
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Table 8.2 - Effect of GaAIAs laser light on biofilms of the target bacteria which have 
been sensitised by AIPCS2 .

light dose (J)
Organism AlPcSj (|ag/ml) 0.14 0.29 0.33 0.59 0.87 1.18 1.47 1.77

S. mutans 12.5
25.0
50.0 
100

+ +
+ +
+ +

S.sobrinus 12.5
25.0
50.0 
100

L. easel 12.5
25.0
50.0 
1 0 0

A. naeslundii 12.5
25.0 - - - -  + + +
50.0 - - - -  + + +
100 -  - -  +  +  +  +

Key: + the presence of growth free zone, - the absence of growth free zone

Figure 8 . 1  - Membrane filter transfer of S. mutans biofilm which has been 

exposed to HeNe laser light and TBO. -Vindicate growth-free zones.
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Following sensitisation of the biofilms with 12.5 |jg/ml TBO, L  case/ was the 

least susceptible requiring an energy dose of at least 1.32 J for bacterial killing 

within the biofilm to be observed. The streptococci and A. naeslundii biofilms 

were more susceptible requiring exposure to only 1.10 J of laser light for 

bacterial killing to be observed. However, when a slightly higher concentration 

of TBO (25 pg/ml) was used L  case/ biofilms appeared more susceptible than 

the other biofilms as bacterial killing was detectable following exposure to at 

least 0.44 J of HeNe laser light whereas the streptococci and A. naeslundii 

required a higher energy dose of 0.88 J All four bacterial biofilms were equally 

susceptible to HeNe laser light following their sensitisation with 50 pg/ml TBO 

requiring exposure to at least 0.66 J of light for bacterial killing to be 

detectable. In the presence of 100 pg/ml TBO L. case/ was the most 

susceptible as killing within the biofilm was observed on exposure to only 0 . 1 1  

J of HeNe laser light. Energy doses of 0.22, 0.66 and 0.44 J were required for 

killing to be detectable in biofilms of S. mutans, S. sobrinus and A. naeslundii 

respectively.

No detectable bacterial killing was observed when the biofilms were sensitised 

by 12.5 pg/ml AIPCS2 and exposed to 0.14 - 1.77 J of GaAIAs laser light. 

Following sensitisation with 25 pg/ml AIPCS2 , again no bacterial killing could be 

observed with L  case/ biofilms. However, S. sobrinus and A. naeslundii biofilms 

required exposure to at least 1.18 J of GaAIAs laser light for bacterial killing to 

be detected while S. mutans was slightly less susceptible requiring exposure to 

at least 1.47 J of GaAIAs laser light. When biofilms of the target bacteria were 

exposed to laser light following sensitisation with 50 pg/ml AIPCS2 , the A. 

naeslundii biofilm required a slightly higher energy dose of 1.18 J for killing to
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be observed whereas the other three required exposure to only 0.87 J of 

GaAIAs laser light. S. mutans was the most susceptible to GaAIAs laser light 

following sensitisation with 100 pg/ml AIPCS2 and required exposure to 0.33J of 

light whereas S. sobrinus and A. naeslundii required exposure to at least 0.87 J 

for killing to be detectable while L. case/ required an energy dose of 0.59 J.

8.4 - LETHAL PHOTOSENSITISATION OF S. sanauis BIOFILMS GROWN ON 

HYDROXYAPATITE

The previous experiments demonstrated that lethal photosensitisation of 

cariogenic bacteria, when in the form of a biofilm, was possible. However, no 

indication of the numbers of bacteria killed could be obtained and the influence 

of environmental factors similar to those existing in vivo could not be 

determined. The purpose of this series of experiments was to investigate 

quantitatively the lethal photosensitisation of Streptococcus sanguis when it 

was grown in a biofilm, using hydroxyapatite as the substratum and an artificial 

saliva as the nutrient source.

8.4.1 - METHODS

8 .4.1.1 - Production of biofilms

The biofilms were provided by Mr. J Pratten, Department of Microbiology, 

Eastman Dental Institute. A constant depth film fermenter (CDFF) was used to 

grow biofilms of S. sanguis NCTC 10904 on hydroxyapatite discs. The CDFF is 

described in greater detail by Wilson et al (1995) and Wimpenny et al (1989). 

75 hydroxyapatite discs (5 mm diameter) were used in each run and the
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biofilms were kept at a constant depth of 300 pm with a constant supply of 

artificial saliva. S. sanguis biofilms produced by this method were used in a 

number of different studies within the department and were therefore used in 

this study due to their easy availability. Unfortunately biofilms of the cariogenic 

organism were not grown in this way.

8.4.1.2 - Lethal photosensitisation of biofilms

Once the biofilms had reached a steady state (after 4 days) these were 

removed and their susceptibility to lethal photosensitisation determined. 8  pi of 

either TBO or AIPCS2 (100 pg/ml) was added to the biofilms which were then 

exposed to 0.27 -18.9 J of HeNe laser light or 0.2 -14.0 J of GaAIAs laser light 

respectively. Immediately after exposure to laser light the hydroxyapatite discs 

were vortexed for 60 s in 10 ml phosphate buffered saline (PBS) to remove the 

biofilm and survivors were enumerated by viable counting. Additional biofilms 

were treated with the sensitiser but were not exposed to laser light and overall 

control biofilms had 8  pi of saline added and were also not exposed to laser 

light.
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8,4.2 - RESULTS

biofilm viable count (cfu)
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Figure 8.2 - Viable counts of S.sanguis biofilms (i) prior to exposure to HeNe 

laser light or TBO(L-S-), (ii) following sensitisation with TBO in the absence of 

HeNe light (L-S+) and (iii) following sensitisation with TBO and exposure to 

HeNe laser light(L+S+).
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Figure 8.3 - Viable counts of S.sanguis biofilms (i) prior to exposure to GaAIAs 

laser light or AIPcS2(L-S-), (ii) following sensitisation with AlPcSz in the 

absence of GaAIAs light (L-S+)and (iii) following sensitisation with AIPCS2 and 

exposure to GaAIAs laser light(L+S+).

The viable count of 4 day old biofilms of S. sanguis was approximately 10' cfu 

when grown in the constant depth film fermenter (CDFF). In the absence of 

laser light the sensitiser alone had no significant effect on the viability of the
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biofilms. Following their sensitisation with TBO and exposure to increasing 

doses of HeNe laser light, a reduction in the viable count of the S. sanguis 

biofilms occurred and this decrease was light energy dose related (r = -0.99). 

Following exposure to 18.9 J of HeNe laser light no viable streptococci were 

detectable. Exposure of AIPcS2-treated biofilms to light from a GaAIAs laser 

also resulted in significant decreases in the viable count of streptococci (r = - 

0.98) and no viable S. sanguis were detected following irradiation with 12 J of 

GaAIAs laser light.

8 .5 -DISCUSSION

The results of this part of the study have shown, using a simple model of a 

biofilm, that the cariogenic bacteria could be killed by lethal photosensitisation 

when in the form of a biofilm. Using TBO at a concentration as low as 12.5 

pg/ml all four test bacteria could be killed when in the form of a biofilm on 

exposure to 1.32 J of HeNe laser light. The biofilms appeared slightly less 

susceptible to GaAIAs laser light and killing was detected following 

sensitisation with 25 pg/ml AlPcSz and exposure to 1.77 J of laser light. 

However, using this simple model the numbers of bacteria killed could not be 

determined and the biofilms had been grown under conditions unlike those in 

vivo. The organisms were grown in a nutrient-rich environment as opposed to 

saliva which does not have a high nutrient content, the organisms were grown 

at a solid/air interface rather than the solid/liquid interface that the bacteria 

would grow at in vivo and thirdly the biofilms were not exposed to any shearing 

forces as they would be in the oral cavity. The S.sanguis biofilms from the 

CDFF were grown under conditions more closely resembling those to be found
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in vivo and irradiation of these biofilms following sensitisation with either TBO 

or AIPCS2 resulted in substantial reductions in the viable count of the 

constituent organism, and at light doses of 18.9 J of HeNe light and 14 J of 

GaAIAs light, viable bacteria could not be detected in the biofilms.

The susceptibility of biofilm-grown bacteria to antimicrobial agents has been 

assessed using a number of different methods. However, most studies have 

been concerned with the effect of antbiotics such as tobramycin, p-lactam 

compounds and cephalosporins on biofilms of non-oral bacteria such as E. coli 

and Pseudomonas aeruginosa (Nichols, 1989, Ashby et al, 1994 and Anwar, 

1992).

However, a few studies have looked at the effect of antimicrobial agents on 

biofilms of oral bacteria. Larsen et a! (1995) demonstrated that when S. sanguis 

was grown on silcone disks using a modified Robbins Device that there was 

increased resistance to chlorhexidine gluconate and Li et a! (1994) determined 

that oral bacterial biofilms could be affected by fluoride from the substratum 

when under conditions of glucose excess and low pH. Marsh et a! (1993) used 

a mixed culture chemostat system to grow biofilms on hydroxyapatite discs and 

noted that triclosan caused a reduction in the viable count of around 40 % and 

when combined with zinc citrate or pyrophosphated caused a reduction of 80 % 

in the viable count of the biofilms. Biofilms of periodontal anaerobes grown 

using a membrane transfer assay have also been shown to be less susceptible 

to antimicrobial agents (Caufield etal, 1987).

Using a similar technique to that used in this study, Dobson and Wilson et al 

(1992) screened a range of sensitisers in combination with a HeNe laser 

against a number of oral bacteria grown as a biofilm on the surface of an agar
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plate. Using a light dose as low as 0.07 J, crystal violet, toluidine blue O, 

methylene blue and aluminium disulphonated phthalocyanine could sensitise 

biofilms of S. sanguis to killing. Methylene blue was also capable of sensitising 

Porphyromonas gingivalis, Actinobacillus actinomycetomcomitans and 

Fusobacterium nucleatum, as was TBO. Haematoporphyrin and AIPCS2 were 

not capable of sensitising A. actinomycetomcomitans or F. nucleatum to killing 

but were capable of sensitising P. gingivalis to killing at a light dose of 0.22 J. 

Using a concentration of 50 ng/ml TBO, the four Gram-positive bacteria 

required exposure to 0.66 J of HeNe laser light, whereas the Gram-negative 

bacteria required a light dose of only 0.07 J of HeNe laser light for bacterial 

killing to be observed in the biofilms. P gingivalis biofilms also appeared more 

susceptible to killing than the Gram-positive bacteria when sensitised by 

AIPCS2 requiring exposure to only 0.07 J of light compared to the 0.87 J 

required by the Gram-positive bacteria.

Comparisons between killing of planktonic cells and sessile cells is difficult due 

to the fact that the numbers of initial bacteria in both the biofilms and the 

screening assays in chapter 4 have not been determined. However, 100% kills 

of the four cariogenic bacteria in suspension were achieved on exposure to at 

least 1.76 J of HeNe laser light or 3.54 J of GaAIAs laser light and kills in the 

biofilms were detected on exposure to at least 0.66J of HeNe laser light or 

0.87J of GaAIAs laser light. The S. sanguis biofilms grown in the CDFF were 

however much less susceptible to lethal photosensitisation, requiring exposure 

to 18.9 J of HeNe laser light or 14 J of GaAIAs laser light for 100 % kills to be 

achieved. This therefore indicates that biofilms of oral bacteria are less 

susceptible to lethal photosensitisation by an order of magnitude of 20. It may
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be that the laser light is prevented from penetrating the biofilm by the 

sensitised cells, even when they have been killed, and therefore only the 

surface cells can be killed and the inner cells remain protected. Laser 

penetration may also be affected by the extracellular matrix which may cause 

some dissipation of laser light. The reduced susceptibilty of biofilms to lethal 

photosensitisation does not necessarily pose a problem clinically as disruption 

of plaque could occur to some extent following the injection of the sensitser or 

by using the tip of the optical fibre delivering the laser light. Also a higher light 

dose could be applied to the bacteria in the plaque, without increasing the 

exposure time, by using higher powered lasers.
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CHAPTER NINE - EFFECT OF DENTINE AND COLLAGEN ON THE LETHAL 

PHOTOSENSITISATION OF Streptococcus mutans
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9.1 - INTRODUCTION

As previously described in chapter one, in a carious lesion in vivo initial 

breakdown of the enamel is followed by bacterial invasion of the demineralised 

dentine and at this stage the organic component, collagen, is broken down. 

Therefore, if lethal photosensitisation is to be effective in vivo laser light may 

have to penetrate tooth tissues such as demineralised dentine and collagen.

9 .2 -AIM

In order to ascertain whether lethal photosensitisation of S. mutans was 

possible under conditions more closely resembling those found in vivo, laser 

light was passed through demineralised dentine slices and the bacteria were 

exposed to laser light when embedded in a collagen matrix.

9.3 - LETHAL PHOTOSENSITISATION OF BACTERIA THROUGH DENTINE 

SLICES

Following initial dissolution and breakdown of enamel the next stage in the 

progression of the caries lesion is a demineralisation of the dentine, van Strijp 

et a! (1994) have shown streptococci to be the predominant species colonising 

the decalcified dentine matrix. Therefore it was important to determine whether 

lethal photosensitisation was possible in this environment.

9.3.1 - METHODS

150 pm dentine slices from a human molar were demineralised in 0.1 M EDTA 

for 8, 16, 24 and 32 h. The assay was carried out as described in 2.6 except 

that the demineralised dentine slices were interposed between the laser light
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and S. mutans suspensions. The bacteria were exposed to 0.88, 1.76 and 3.52 

J of HeNe laser light or 1.18, 2.36 and 4.72 J of GaAIAs laser light.

The power density of the laser light was measured in the presence and 

absence of the dentine slices using an Ophir (model PD-2A) laser power meter.
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9.3.2-RESULTS

% reduction in viable count
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Figure 9.1 - Effect of 0.88 J of HeNe laser light, which has been passed

through demineralised dentine slices, on the viabilty of S. mutans.

I-S+ : exposure to the sensitiser but not the laser light

l+s- : exposure to the laser light but not the sensitiser

I+S+ ; exposure to both the sensitiser and the laser light
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Figure 9.2 - Effect of 1.76 J of HeNe laser light, which has been passed

through demineralised dentine slices, on the viabilty of S, mutans.

I-S+ : exposure to the sensitiser but not the laser light

l+s- ; exposure to the laser light but not the sensitiser

I+S+ : exposure to both the sensitiser and the laser light
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Figure 9.3 - Effect of 3.52 J of HeNe laser light, which has been passed

through demineralised dentine slices, on the viabilty of S. mutans.

I-S+ ; exposure to the sensitiser but not the laser light

l+s- : exposure to the laser light but not the sensitiser

I+S+ : exposure to both the sensitiser and the laser light
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When suspensions of TBO-sensitised S. mutans were exposed to 0.88 J of 

HeNe laser light through 8, 16, 24 and 32 h demineralised dentine slices, 

reductions in the viable count amounting to 2.8 x 10® cfu (26 %), 7x10® cfu (47 

%),  1.4 X 10® cfu (18 %) and 1.1 x 10® cfu (17 %) respectively, were achieved. 

However the kill obtained through the 24 h demineralised slice was not 

statistically significant (p=0.14). In all cases neither the sensitiser alone nor the 

laser light alone had a statistically significant effect on the viable count.

When the light dose was increased to 1.76 J the numbers of S. mutans killed 

also increased. Significant reductions in the viable count amounting to 1.1 x 10® 

cfu (86 %), 2.1 X 10® cfu (57 %), 4x10® cfu (53 %) and 4.7 x 10® cfu (91 %) 

respectively were observed using dentine slices demineralised for 8, 16, 24 

and 32 h (p=0.001, 0.004, 0.003 and 0.0015, respectively). Again neither the 

sensitiser alone nor the laser light alone had any effect on the viable count of 

S. mutans.

When S. mutans was exposed to 3.52 J of HeNe laser light through dentine 

slices demineralised for 8, 16, 24 and 32 h, reductions in the viable count of 

8.5 X 10’’ cfu (99.99 %), 4.3 x 10° cfu (99.99 %), 5.4 x 10° cfu (99.99 %) and 4.3 

X 10° cfu (99.99 %) respectively were obtained. However, in all cases the 

sensitiser alone had a significant effect (p= 0.028, 0.025, 0.05 and 0.07 ) on 

the viability of the bacteria amounting to kills of 11, 32, 18 and 15 % 

respectively. Therefore lethal photosensitisation was in fact responsible for kills 

of 7.54 X 10’’ cfu (88.99 %), 2.89 x lO’’ cfu (67.99 %), 4.39 x lO’’ cfu (81.99 %) 

and 4x10°  cfu (84.99 %) in the presense of dentine demineralised for 8, 16, 24 

and 32 h respectively.
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Control experiments carried out in the absence of dentine resulted in kills of 3.3 

x10® cfu (79 %) 3 X 10® cfu (100 %) and 2.8 x 10® cfu (100 %) following 

exposure to 0.88, 1.76 and 3.52 J of HeNe laser light respectively.
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Figure 9.4 - Effect of 1.18 J of GaAIAS laser light, which has been passed

through dennineralised dentine slices, on the viability of S. mutans.

I-S 4 - : exposure to the sensitiser but not the laser light

|4-s- : exposure to the laser light but not the sensitiser

I4-S4- ; exposure to both the sensitiser and the laser light
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Figure 9.5 - Effect of 2.36 J of GaAIAS laser light, which has been passed

through demineralised dentine slices, on the viability of S. mutans.

I-S+ : exposure to the sensitiser but not the laser light

l+s- : exposure to the laser light but not the sensitiser

I+S+ ; exposure to both the sensitiser and the laser light
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Figure 9.6 - Effect of 4.75 J of GaAIAS laser light, which has been passed

through demineralised dentine slices, on the viability of S. mutans.

\-s+ : exposure to the sensitiser but not the laser light

l+s- : exposure to the laser light but not the sensitiser

I+S+ : exposure to both the sensitiser and the laser light
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When suspensions of AIPcS2-sensitised S .mutans were exposed to 1.18 J of 

GaAIAs laser light through dentine slices demineralised for 6, 16, 24 and 32 h 

kills of 2 X 10® cfu (23 %), 7 x 10® cfu (79 %), 3.4 x 10® cfu (49 %) and 3.6 x 10® 

cfu (42 %) respectively were achieved. Neither the laser light alone nor the 

sensitiser alone had a significant effect on the viable count of S. mutans.

As with the HeNe laser, when the light dose was increased so too were the 

percentage kills. Exposure of the sensitised bacteria to 2.36 J of GaAIAs laser 

light through dentine demineralised for 8, 16, 24 and 32 h resulted in kills of 8 x 

10® cfu (38 %), 5.2 X 10® cfu (96 %), 5.4 x 10® cfu (90 %) and 5.3 x 10® cfu (88 

%) respectively. Again, neither the laser light alone nor the sensitiser alone 

had a statistically significant effect on the viable count.

Kills of 7.86 X 10® cfu (99.99 %), 5.34 x 10® cfu (99.99 %), 5.49 x 10® cfu (99.99 

%) and 5.29 x 10® cfu (99.99 %) were achieved on exposure of sensitised S. 

mutans to 4.72 J of GaAIAs laser light which had been passed through dentine 

slices demineralised for 8, 16, 24 and 32 h respectively. In all cases neither the 

sensitiser alone nor the laser light alone had any effect on the viable count..

In control experiments carried out in the absence of dentine kills amounting to 

3.33 X 10® cfu (77 %), 3 x 10® cfu (100 %) and 1.7 x 10® cfu (100 %) were 

achieved at light doses of 1.18, 2.36 and 4.72 J respectively.
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Table 9.1 - Effect on the power density of interposing demineralised dentine 

slices between the light source and the bacterial suspension.

Demineralisation 

time (h)

Power density

mW/cm'

% reduction in 

power

HeNe GaAIAs HeNe GaAIAs

Absence of dentine 561 17.4

8 230 6.2 59 65

16 307 7.1 45 59

24 200 5.2 64 70

32 254 6.5 55 63

Interposing the 150 pm dentine slices between the HeNe laser light source and 

the bacteria produced a reduction of 45 -64 % in the power density. Reductions 

in the power density of the GaAIAs laser in the presence of the demineralised 

dentine slices were greater than those with the HeNe laser and ranged from 59 

- 70 %.
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9.4 - LETHAL PHOTOSENSITISATION OF BACTERIA EMBEDDED IN A 

COLLAGEN MATRIX

In a carious lesion, bacterial invasion of the organic component, collagen, 

occurs after déminéralisation of the dentine. Therefore a study was undertaken 

to determine if lethal photosensitisation of S. mutans was possible when the 

bacteria were embedded in a collagen matrix.

9.4.1 - METHODS

Rat tail collagen (provided by Dr. S Meghji, Department of Oral and 

Maxillofacial Surgery, Eastman Dental Institute, UK) was dissolved in 0.5 M 

acetic acid at a concentration of 20 mg/ml and dialysed in 0.1 M tris buffer for 3 

h. 100 pi of collagen was added to 50 pi of bacterial suspension in a microwell 

plate. This was then dried at 37°C for 16 h, resulting in the formation of a gel

like matrix. TBO or AIPCS2 was added dropwise and allowed to be absorbed 

through the collagen plug. Other control wells were set up as in 2.6 and the 

assay carried out in the same way except that the collagen matrix was digested 

with 50 pi of 0.5 mg/ml Type 1A collagenase (Sigma Chemical Company 

Limited, Poole, UK) for 3 h to liberate the survivors and enable their 

enumeration by viable counting. The bacteria-containing collagen was exposed 

to 0.44 and 1.32J of HeNe laser light or 0.59 and 1.77 J of GaAIAs laser light. 

To determine whether the collagenase alone had any adverse effect on 

bacterial viability, collagenase was added to 16 h cultures to give final 

concentrations of 0.01 to 1 mg/ml. These were then incubated for 2 h and the 

surviving bacteria enumerated by viable counting.
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9.4.2 - RESULTS
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Figure 9.7 - Effect of various concentrations of collagenase on the viability of S. 

mutans , Error bars represent standard deviations and * denotes that the viable 

count is significantly different from that of the control (p<0,05).

Only exposure to 1 mg/ml of collagenase for 2 h caused a statistically 

significant decrease (p = 0.012) in the bacterial viability. At all other 

concentrations tested there was no significant difference in their viabilty. 

Therefore a concentration of 0.5 mg/ml was used to digest the collagen matrix 

containing the bacteria.
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Table 9.2 - Effect of low power laser light on the viability of S. mutans 

embedded in a collagen matrix.

*Viable Count (cfu) x 10®

HeNe/TBO GaAIAs/AIPcSz

0.44 J 1.32 J 0.59 J 1.77 J

l-s- 5.4±0.5(100) 30±5.0(100) 0.32±0.01(100) 0.21 ±.002 (100)

1-8+ 4.3±0.9(80) 28±2.0 (94) 0.32±0.02 (100) 0.18±0.04 (86)

l+s- 4.9±0.1 (91) 22±3.0 (92) 0.32±0.03 (100) 0.19±0.02 (91)

I+S+ 2.7±0.1 (50) 12±4.0(40) 0.02±0.006 (7) 0.001 ±0.003 (3)

l-s- : exposure to neither the laser light nor the sensitiser 

I-S +  : exposure to the sensitiser but not the laser light 

l+s- : exposure to the laser light but not the sensitise 

I+ S +  : exposure to both the sensitiser and the laser light

* mean values ± standard deviations; percentage survival in parentheses
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Significant numbers of S. mutans were killed in the collagen matrix following 

sensitisation with either TBO or AIPCS2 and exposure to light from the 

appropriate laser. Following irradiation of the bacteria-containing plug with 0.44 

J of HeNe laser light, 2.7 x 10® cfu (50 %) were killed. When the light dose was 

increased to 1.32 J, 1.73 x 10^° cfu (60 %) were killed. Neither the sensitiser 

alone nor the laser light alone had a significant effect on the viable count. 

Exposure of the bacteria-containing plug to 0.59 J of GaAIAs laser light 

resulted in a kill of 2.9 x 10® cfu (92 %) . With an increased light dose of 1.77 J,

2.1 X 10® cfu (99 %) of the bacteria in the collagen matrix were killed. Again 

neither the sensitiser nor the laser light alone had any effect on the viabilty of 

the S. mutans.

9 .5 -DISCUSSION

Although substantial numbers of S. mutans were killed following sensitisation 

and exposure to either HeNe or GaAIAs laser light through demineralised 

dentine slices, there was a decrease compared to the kills achieved in the 

absence of dentine, indicating that the dentine reduces the amount of light 

reaching the bacteria. Dissipation of light was also evident in that the power 

density measurements were also reduced in the presence of demineralised 

dentine.

The interaction of a beam of light with dentine is complex. It is likely to involve 

the refraction and reflection of the beam at the surface of the hydroxyapatite 

crystals in the peritubular and intertubular dentine, ten Bosch and Zijp (1990) 

have shown a low degree of light scattering at the enamel - dentine junction 

where there is a low tubule density and small tubular size, and that the
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scattering coefficient was not related to the mineral content indicating that 

scattering of light was mainly due to the large dentinal tubules. With neither the 

HeNe nor the GaAIAs laser was there any relationship between the 

demineralisation time and the decreases in the power density measurements. 

Also, no direct relationship between the demineralisation time of the dentine 

and the extent of killing was observed. This indicates that the HeNe and 

GaAIAs laser light scattering is not directly related to the mineral content of the 

dentine. However, in a screening assay carried out using fully mineralised 

dentine there was no detectable effect on the viability of the sensitised bacteria 

on exposure to laser light indicating that the mineral content of the dentine 

does play some role in light scattering by dentine. It may also be that the plane 

of dissection through the dentine and the orientation of the dentinal tubules will 

influence the scattering effect.

The reduced killing in the presence of dentine was more evident at the lower 

light doses indicating that increasing the light energy dose applied could 

overcome the light-masking effect. This could be done by either increasing the 

exposure time or increasing the power of the laser. It is important for clinical 

convenience to have a short exposure time therefore using a laser of a higher 

power would be preferred.

ten Bosch and Zijp (1990) also suggested that some light scattering may be 

due to the collagen scaffolding which supports the crystal structure of the 

hydroxyapatite. However, in this study we have shown that high numbers of S. 

mutans were killed by exposure to low doses of laser light when the organism 

was embedded in a collagen matrix.

225



The results of this part of the study, therefore, indicate that S. mutans can be 

killed in an environment resembling that found in the caries lesion.
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CHAPTER TEN - DISCUSSION AND CONCLUSIONS
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10.1 - INTRODUCTION

Although the incidence of caries has decreased in the industrialised world in 

the past twenty years there is evidence that the current treatment strategies for 

dental caries have reached their full potential in the western world. Another 

increasing problem is the incidence of root caries, particularly in the elderly. In 

a recent study in the U.S.A 21 % of employed adults experienced root caries 

while 63 % of adults over the age of 65 suffered from root caries (NIH 

publication). This, combined with the increasing incidence of caries in the less 

industrialised areas of the world, has meant that there is a need to review 

current treatments and to attempt to formulate new approaches to these.

Most preventative measures are specifically designed to inhibit disease 

initiation and development, and are of very little use in treating established 

lesions. Current methods of treatment involve the mechanical removal of large 

amounts of both sound tissue, to gain access to the lesion, as well as the 

softened and infected dentine. The major disadvantage is that large amounts of 

tooth tissue are lost, leaving a structure which has reduced strength for which 

only a limited number of restorative materials are suitable. These materials 

themselves may require substantial tooth tissue removal in order to be retained 

in the prepared cavity. One possible solution to this would be to kill the 

causative bacteria in situ, the major advantage of this approach being to 

decrease the amount of tooth tissue removed. Decreases in the amount of 

tissue loss may in turn permit the use of a wider range of filling materials which 

may be more cost-effective.

An infectious process occurs when the causative organism is present in 

numbers sufficient to overcome the host defences. Therefore, strategies to
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prevent a plaque-related disease such as caries can involve either reducing 

the number of micro-organisms, building up the host defences (i.e. the tooth 

structure) or enhancing the repair process. Control of plaque can be achieved 

by a number of methods including mechanical or chemical removal, the use of 

fluorides, or changes in diet. A number of longitudinal studies have shown an 

association between plaque micro-organisms and the incidence of dental 

caries (Loesche, 1986, Boyar et al, 1985 and Keyes, 1960). Caries may be 

considered as a two-stage process with S. mutans implicated in the initiation of 

a carious lesion while Lactobacillus species have been associated with it's 

progression. Actinomyces species have also been associated with disease 

progression as well as with the initiation of root caries. Antimicrobial strategies 

for the treatment of dental caries are therefore targeted at these groups of 

bacteria.

This thesis has tested the hypothesis that the causative bacteria in dental 

caries could be killed in vitro by lethal photosensitisation. The aims of this study 

were therefore to determine if killing of the target bacteria was possible using 

this approach and to study the effect of a range of parameters such as light 

dose and sensitiser concentration on cell killing. The effect of a number of 

environmental factors on the efficacy of lethal photosensitisation were also 

determined.

Lethal photosensitisation, if effective in vivo, may have applications both as an 

adjunct to mechanical methods of plaque control during oral prophylaxis, 

generally carried out by hygienists or dentists, or in the killing of bacteria in situ 

in advanced caries lesions.
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10.2 - BACTERIAL KILL STUDIES

The preliminary studies revealed that, in the presence of the appropriate 

sensitiser. exposure to low power laser light resulted in substantial kills of all 

four target bacteria. Increasing light doses resulted in increasing kills. With 

both TBO and AIPCS2 . sensitisation of S. mutans occurred within 15 seconds. 

Therefore, it has been demonstrated that the bacteria implicated in dental 

caries can be rapidly sensitised by low concentrations of sensitiser to killing by 

low doses of low power laser light. One interesting finding of this part of the 

study was that the target bacteria exhibited differing susceptibilities to lethal 

photosensitisations. S. mutans appeared more susceptible to lethal 

photosensitisation than any of the other species tested.

10.3 - MECHANISM OF LETHAL PHOTOSENSITISATION

Although the site of action for photochemically-generated cytotoxic species has 

been postulated as being the cell membrane, the nucleus or organelles in 

eukaryotic cells, it is widely believed that the cell membrane is the primary 

target. However very little information was available on the mechanism of kill of 

prokaryotes.

These studies revealed that lethal photosensitsation of S. mutans with TBO 

and HeNe laser light does appear to be as a result of membrane damage due 

to lipid peroxidation and that the mediators of this reaction are reactive oxygen 

species, in particular singlet oxygen. Lethal photosensitisation of S. mutans 

with AIPCS2 and GaAIAs laser light also appears to be mediated by singlet 

oxygen and membrane damage also occurs, although this does not appear to 

be from lipid peroxidation. This raises the question of how membrane damage
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does occur when S. mutans is sensitised by AIPCS2 In section 6.5 protein 

damage in the membrane has been suggested as a possible cause of cell 

membrane damage. Membrane protein damage can be investigated by a 

number of methods. Feix et al (1991) investigated the photodynamic effect of 

merocyanine on the lipid and protein compartments of human erythrocyte 

membranes. Damage to proteins was exhibited as a loss of sulfhydryl groups, 

intermolecular cross-linking of major polypeptides and loss of ATPase 

activities. Photochemically-induced damage to proteins of the cytoplasmic 

membrane could also be investigated by comparing 2D-PAGE profiles of 

membranes obtained from irradiated and un irradiated sensitiser-treated cells. 

Merville at a! (1983) demonstrated covalent cross-linking of proteins revealed 

by a progressive decrease in the amounts of proteins separable by 

electrophoresis following sensitisation of erythrocyte ghost membranes and 

exposure to near-UV light. Riccheli at a! (1994) also demonstrated partial 

localisation of zinc phthalocyanine in protein binding sites and Timmins at a! 

(1994) have shown that the photodynamic action of haematoporphyrin upon 

bovine serum albumin increases it's susceptibility to proteolysis and 

dénaturation. Protein alterations in the membrane of bacteria have also been 

postulated as responsible for cell death following their sensitisation with 

haematoporphyrin (Ehrenburg atal, 1993).

One area which requires further investigation is the effect of photosensitisation 

on cellular macromolecules and their synthesis e.g. DNA and RNA. Nitzan at a! 

(1989) used radiolabelled leucine, uridine and thymidine to monitor the effect of 

lethal photosensitisation of S. auraus on protein, RNA and DNA synthesis and 

demonstrated that inhibition of protein and RNA synthesis did not occur but
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that DNA synthesis was arrested completely. Numerous studies have also 

demonstrated the effect of photosensitisation on other cellular systems. 

Paarderkooper et al (1993) have shown an inhibition of transport systems in 

yeast following sensitisation with TBO and exposure to light and have also 

shown inhibition of plasma membrane ATPase activity using chloroaluminium 

phthalocyanine as the sensitiser (Paarderkooper at ai, 1995)

One important factor which affects the target site for photosensitisation is the 

localisation of the sensitiser in the cell and further studies have to be carried 

out to determine the exact location of both TBO and AIPCS2 in these target 

bacteria. One way of determining this would be to use radiolabelled sensitisers 

and determine the amount of sensitiser in cell fractions.

10.4 - EFFECT OF pH AND GROWTH PHASE

If lethal photosensitisation is to be employed successfully in the treatment of 

advancing caries lesions it is essential that the acidic environment of the lesion 

does not represent a problem by reducing the efficacy of lethal 

photosensitisation to kill the causative bacteria.

Although L  case/ and A. naeslundii were slightly less susceptible under acidic 

conditions, all of the target bacteria could be killed by low doses of laser light 

following their sensitisation with either TBO or AIPCS2 . The reduced 

susceptibility of L  case/ and A. naeslundii to lethal photosensitisation was not 

as a result of reduced sensitiser uptake and was initially thought to be due to 

the pH dependence of singlet oxygen generation and triplet state formation of 

the sensitiser. However, if this was true it would be expected that all four target 

bacteria would exhibit reduced susceptibility under acidic conditions. The
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suggestion, made in section 4.5, that membrane permeability is affected by pH 

may explain the differing susceptibilities exhibited by the bacteria at pH 4.5 as 

the penetration of reactive species may be altered. Different bacteria may 

exhibit different membrane permeability under acidic conditions.

All four target bacteria could also be killed by lethal photosensitsation when 

prepared at various growth phases although S. sobrinus and L  case/ were 

slightly less susceptible when in the lag phase. An unusual finding from this 

part of the study was that stationary-phase bacteria were not less susceptible 

to lethal photosensitisation. In general stationary-phase cells are less sensitive 

to antimicrobials than those in the logarithmic phase of growth. During the 

stationary phase of growth E. coli have been shown to lose their familiar rod 

shape and the cells become much smaller (Kolter et al, 1993) and the 

cytoplasm becomes condensed (Reeve et ai, 1984). Starved cells are covered 

with more hydrophobic molecules and the membranes become less fluid and 

less permeable as a result of changes in the fatty acid composition (Kjelleberg 

et al, 1987). In addition, the cell wall undergoes structural changes when cells 

are starved and these alterations may be correlated with increased resistance. 

However these features, which generally render bacterial cells more resistant 

to antimicrobials, do not appear to influence the susceptibility of the target 

bacteria to lethal photosensitisation.

10.5 - LETHAL PHOTOSENSITISATION UNDER CONDITIONS RESEMBLING 

THOSE FOUND IN VIVO

Dental caries results when species such as S. mutans within plaque reach 

critical proportions and therefore any proposed treatment of caries, involving
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elimination of the causative bacteria, must be capable of killing the bacteria in 

the form of a biofilm.

Large numbers (10^ - 10® cfu) of bacteria in supragingival plaque samples 

could be killed by lethal photosensitisation and the HeNe/TBO combination 

appeared to be more effective resulting in 79 - 100 % kills . Using a simple 

model of a biofilm all four target bacteria could be killed when in the form of a 

biofilm and substantial reductions of S. sanguis biofilms grown on 

hydroxyapatite were achieved. Therefore the effectiveness of lethal 

photosensitisation at killing the target organisms when in a biofilm has been 

demonstrated by these studies.

To be effective in vivo lethal photosensitisation must also be effective in the 

presence of tooth tissues such as dentine and collagen.

Substantial numbers of S. mutans were killed when dentine slices were 

interposed between the bacteria and the laser light. However, the presence of 

dentine reduced the kills attained and dissipation of laser light was evident 

from the reduction in the power density measurements in the presence of 

dentine. Large kills were also obtained when S. mutans were embedded in a 

collagen matrix.

10.6 - FUTURE INVESTIGATIONS

Although the results of in vitro studies of lethal photosensitisation of oral 

bacteria are encouraging, research in this field is still in its infancy and more 

extensive investigations are needed before this approach could be applied to 

plaque-related diseases. The effect of photosensitisation on normal adjacent 

tissue and cells, especially of the oral cavity, remains relatively unknown. The
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non-specificity of the killing, which is of advantage in killing a broad range of 

bacteria in the lesion, may be a disadvantage if dye diffusion is extensive, as 

this may result in the death of underlying cellular components of the pulp. This 

problem may however be offset by the intrapulpal pressure which has been 

measured by Johnson et al (1973). They demonstrated a fluid outflow from cut 

dentinal tubules of the order of 0.6 pi mm'^ day'V This should reduce the rate of 

diffusion of the dye in a pulpal direction.

Meyer at a! (1991) determined the effect of various doses of photodynamic 

therapy on tissues of the oral cavity of the rabbit including the mandible and 

gingiva. Bone was shown to be extremely resistant to PDT while muscle and 

salivary glands demonstrated a dose-related susceptibility. All tissues however 

were shown to heal or regenerate well following PDT injury. Soukos at a! 

(1996) also investigated the effect of sensitisation of human gingival 

kératinocytes and fibroblasts in an attempt to determine if a therapeutic window 

existed where bacteria could be killed without adjacent normal tissue damage. 

No effect on either cell line was demonstrated following sensitisation with 2 or 5 

pg/ml TBO and exposure to 0.87 J of HeNe laser light while killing of S. sanguis 

could be detected at light doses as low as 0.54 J following sensitisation with

2.5 pg/ml TBO.

The combining of photosensitisers with antibodies specific to target cells could 

significantly increase the selectivity of lethal photosensitisation thus reducing 

any risk to adjacent tissues. A number of studies have linked monoclonal 

antibodies to sensitisers in attempts to improve selectivity for tumour cell lines 

Ozeroff at a/, 1987 and Mew at a/, 1987). Bachor at a! (1991) conjugated 

chlorin e6  to latex microspheres and compared the efficiency of this with free
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chlorin e6  in the photosensitisation of cells derived from human bladder 

carcinoma. It was demonstrated that the conjugated sensitiser was in fact more 

efficient than free chlorin e6 . Berki et al (1992) also demonstrated selective 

killing of target cells both in vitro, using a mixed cell population, and in vivo, 

using a nude mice xenograft tumour model, when a monoclonal antibody was 

conjugated to haematoporphyrin. Selective killing of E.coli has been 

demonstrated when fluorescein isothiocyanate was conjugated to anti-E. coli 

antibodies (Devanathan etal, 1990).

10.7-CONCLUSIONS

This study has therefore demonstrated that four of the bacterial species 

involved in dental caries can be killed in large numbers on exposure to low 

doses of laser light following their sensitisation with low concentrations of the 

appropriate sensitisers. Substantial kills could be achieved when the bacteria 

were in an environment similar to that found in vivo and the mechanistic studies 

indicate that lethal photosensitisation occurred due to membrane damage 

mediated by reactive oxygen species. The mechanism of kill suggests bacterial 

resistance would be highly unlikely as this would have to involve bacterial 

resistance to free radicals and reactive oxygen species.

This thesis has therefore positively demonstrated the lethal photosensitisation 

of cariogenic bacteria in vitro and has answered several key questions relating 

to the efficacy of this approach as a new treatment modality.

It is envisaged that this technique could be employed both in conventional 

cavity preparation and also where access to the lesion is via a tunnel prepared 

using a high power laser. In the conventional treatment the sensitiser could be
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applied to the caries lesion following removal of the interlying enamel and 

dentine with a turbine handpiece. The laser light could then be applied directly 

to the carious site. If a tunnel could be prepared using a hard laser (Moss et al, 

1994), it would be possible to inject the sensitiser into the carious lesion and 

after diffusion, an optic fibre would be passed down the tunnel to deliver the 

light. The reduction in cavity size may permit the use of materials which 

previously have been regarded as unsuitable for use in the posterior segments 

of the mouth. These are the metacrylate based restoratives with glass or silica 

fillers which were introduced as direct posterior restoratives in the early 1950’s 

(Glenn, 1982). Since then improved resins and fillers have been introduced so 

that they match amalgam flexural strength. However, these materials undergo 

shrinkage on setting, resulting in a poor seal at the cavity margin. In the 1970’s 

glass ionomer restoratives were introduced and these materials have the 

advantage that they give rise to much less shrinkage (Pearson at ai, 1993). 

Although initially these materials had poor mechanical properties the addition 

of metal fillers has improved their performance and recently materials of this 

type with stiff condensable consistency have been reported to have high 

strength (Williams at ai, 1992). In addition, glass ionomers release fluoride 

which may be expected to provide cariostatic action in susceptible areas such 

as root surfaces.

If effective in vivo this technique may provide a useful approach to the control 

and treatment of dental caries which could bring about a healthier outcome for 

the patient and a reduction in the costs of treatment.
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This technique is of course not limited to oral infections and could be used in 

the treatment of other infectious conditions in man and has already been 

successfully employed to treat neurosurgical infections (Lombard ef a/,1985).
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Sensitisation of cariogenic bacteria to killing by light from 
a helium-neon laser
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Summary. Suspensions o f  the cariogenic bacteria Streptococcus mutans, S . sobrinus, 
Lactobacillus casei and Actinom yces viscosus were exposed to  lig h t fro m  a 7-3-mW  helium - 
neon laser in  the presence o f  to lu id ine  blue O. A  substantia l k ill in g  rate (c. 10® cfu ) o f  all fo u r 
species was achieved w ith  a dye concentra tion o f  50 p g /m l  and a lig h t energy dose o f  
33-6 J /cm ^. Th is was achieved in  60 s, an exposure tim e tha t is c lin ica lly  acceptable. Exposure 
to laser lig h t in  the absence o f  the dye d id no t s ign ificantly  affect the v ia b ility  o f  any o f  the 
organisms. This approach may be useful in  den tis try  to  sterilise a carious lesion p r io r to its 
repair.

Introduction

D ental caries is a chronic invasive disease which 
involves in itia l dem ineralisation o f  the too th  fo llow ed 
by destruction o f  the organic phase o f  the dentine. The 
organisms reported to be responsible include Strep
tococcus m utans, S . sobrinus, Lactobacillus casei and 
Actinom yces viscosus.^ C urren t methods o f  treating 
the resulting dentina l lesion invo lve  the mechanical 
rem oval o f  sound to o th  tissue, to  gain access to  the 
carious lesion, as w ell as the rem oval o f softened and 
infected dentine. The methods o f  removal are re la tive ly  
unsophisticated and there is no objective m ethod to 
assess whether sufficient infected tissue has been 
removed to prevent re -infection. I t  w ould  be ad
vantageous, therefore, i f  bacteria could be k ille d  in 
situ, reducing the am ount o f  tissue needing to  be 
removed. This cou ld  be achieved by the use o f  lethal 
photosensitisation, which involves treating target 
organisms w ith  photosensitising agents, e.g., various 
dyes, thus rendering them susceptible to  k illin g  by ligh t 
fro m  low -pow er lasers.®''* Recently, i t  has been shown 
tha t several species o f  ora l bacteria, includ ing a m a jo r 
p laque-form ing organism , S. sanguis, can be k ille d  in 
this way.®'® The purpose o f  th is investigation was to 
determ ine whether cariogenic bacteria could be killed 
by this technique w ith  to lu id ine  blue O (T B O ) as a 
sensitiser and a helium -neon (H eN e) laser as the ligh t 
source.

Received 8 Oct. 1992: accepted 28 Oct. 1992.

Materials and methods

Organisms

S. mutans N C T C  10449, S. sobrinus N C T C  10921, 
L. casei N C T C  10302 and A. viscosus N C T C  109451 
were used. These were m ainta ined by subculture on 
b lood agar (O xo id ) 5 % every 7 days. Cultures grow n 
fo r  16 h in  T ryp ton e  Soya B ro th  (TSB ; O xo id ) a t 37°C 
in  an anaerobic ja r  were used fo r  the experiments.

Laser

A  helium -neon (HeNe) gas laser (N E C  C orp o ra tion , 
Japan) w ith  a power ou tpu t o f  7 3 m W  at a wavelength 
o f  632-8 nm was used. The beam diam eter was 13 mm.

D etermination o f  m inimum bactericidal concentration 
o f  dye

T B O  (C l 52040) in  TSB was added to  16-h cultures 
to  give fina l concentrations o f  0-1-1000 /rg /m l. These 
were incubated fo r 1 h at 37°C and surviv ing bacteria 
were counted a fte r p la ting  samples on to  tryp tone  soya 
agar (TSA ) and anaerobic incubation  at 37°C fo r  24 h.

Letha l photosensitisation o f  target organisms

Screening assay. TB O  was added to 16-h cultures to 
give fina l concentrations o f  100, 50 and 25 /zg /m l. 
C on tro ls  received on ly  TSB. These were incubated at 
ro om  tem perature fo r 15 m in. A  1-ml vo lum e was 
poured over a T S A  plate, the excess was removed, and 
the plate was dried  at 37°C fo r 1 h. D iffe ren t areas o f 
the plate were then exposed in  duplicate to  laser ligh t 
fo r  periods o f  15-300 s. A fte r anaerobic incuba tion  fo r
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24 h at 37°C, the plates were examined fo r  growth-free 
zones, then re-incubated fo r 48 h and examined fo r 
growth w ith in  these zones.

Quantitative assay. Equal volumes (100 /j \) o f each 
bacterial suspension and various concentrations o f  
TB O  in TSB were mixed in wells o f  a m icro titra tion  
plate (S terilin  L td , H ounslow ); controls received on ly 
TSB. M agnetic stirrer bars (4 mm) were added to the 
wells, the plate was placed on a magnetic stirrer and 
the suspensions were exposed to light from  the HeNe 
laser. To  determine the effect o f the dye alone, the wells 
were prepared w ith  the bacterial suspension in the 
presence o f  the dye but not exposed to the laser light. 
A dd itiona l con tro l wells contained the bacterial sus
pension to which TSB had been added w ithou t the dye 
and these were not exposed to the laser. Survivors were 
enumerated by viable counting on TS A  plates.

Results

M inimum bactericidal concentrations o f  dye in the 
absence o f  laser light

TBO caused a dose-related decrease in  the v iab ility  
o f the target organisms in the absence o f  laser light (fig. 
la -d ). O f the four organisms tested, 5. sobrinus and L. 
casei were the most sensitive to TBO. On exposure to

1 n g /m l  o f  the dye fo r 1 h there was a statistically 
significant decrease in  the ir v iab ility  (S tudent’s t test, 
p < 0 05). S. mutans and A. viscosus were more 
resistant, and a TB O  concentration o f  100/rg /m l 
was required to produce a sim ilar decrease in v iab ility  
(fig. la -d ).

Lethal photosensitisation

Screening assay. S. mutans, S. sobrinus and A. 
viscosus were killed a fter a m inim um  exposure time o f 
15 s (energy density =  8-4 J/cm^) w ith  a dye concen
tra tion o f  100 pg /m \ (table). However, when the same 
concentration o f  dye was used, L. casei was killed on ly 
after exposure to the laser light fo r at least 45 s (energy 
density =  25 2 i / c n f ) .  A t  a TBO concentration o f 
50 ug /m l. L . casei again appeared to be less sensitive 
to the laser light in tha t it  was killed on ly after an 
exposure time o f at least 45 s, although k illin g  was 
observed w ith  S. mutans, S. sobrinus and A. viscosus 
after exposure for 30 s (energy density =  16 8 J/cm *). 
When sensitised by T B O  25 //g /m l, S. mutans required 
an exposure time o f on ly  30 s fo r a bactericidal effect to 
be detectable whereas the other organisms required 
60 s (energy density =  33 6 J/cm^), indicating that S. 
mutans was more sensitive to the laser ligh t (table). 
Neither the dye nor the laser alone had any de-
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Fig. 1. Effect o f TB O  on the viability o f a. 5  muian.':: b. S sohriniis: c. L. la c c  d I ,  liscosin . Error bars represent 9 5%  confidence intervals 
(C l). *The viable count was significantly different t'rom that o f the dye-free control (Student's i  test, p <  0 005).
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Table. Screening for lethal photosensitisation o f target bacteria on the surfaces of 
agar plates when sensitised by TBO and exposed to light from a 7-3-mW HeNe laser

O r g a n is m

T B O

c o n c e n t r a t io n

W / m l )

K i l l in g  a f te r  e x p o s u re  t im e  (s ) o f

15 30 45 60 120 180 240 300

S. mutans + + 4- 4- 4- 4- 4- 4-
S. sobrinus too -t- + 4- 4- 4- 4- 4- 4-
L. casei — — 4- 4- 4- 4- 4- 4-
A. viscosus 4- 4- 4- 4- 4- 4- 4- 4-

S. mutans - 4- 4- 4- 4- 4- 4- 4-
S. sobrinus 50 - ■ 4- 4- 4- 4- 4- 4- 4-
L. casei - - 4- 4- 4- 4- 4- 4-
A. viscosus - 4- 4- 4- 4- 4- 4- 4-

S. mutans - 4- 4- 4- 4- 4- 4- 4-
S. sobrinus 25 - — - 4- 4- 4- 4- 4-
L. casei - — - 4- 4- 4- 4- 4-
A. viscosus — — - 4- 4- + 4- 4-

+ ,  Presence o f a growth-free zone. 
—, Absence o f a growth-free zone.

L-D - L-D* LtO- U D * L-D- L-Dt U D - L*D* 
60

L-O- L-D* U D - L*Dt L-D- L-D* UD- UD* L-D- L-D t U t>  L*D*

L-D - L-D* L *0- L*D* L-D - L-D* L*D- L*D* 

30 60
L-D- L-D* L*D- L*D* 

90

8

7

6
L-D- L-D* L*D- L*D* 

906030

Exposure tim e (s )

Fig. 1. Elfect o f laser light on the viability o f bacterial suspensions in the presence o f T B O  50 /tg /m l : a, 5. mutans; b, 5. sobrinus; c, L. casei; 
d. A- viscosus. L —D — : exposure to neither laser light nor dye (control); L - D - t - .  exposure to the dye but not the laser light; L -t-D  —, 
exposure to laser light but not the dye; L -t -D -k , exposure to both the laser light and dye. Error bars represent 95%  CL 'T h e  viable count 
was significantly different from that o f the control (L  —D - ) .

monstrabie effect on the organisms because there was 
growth in the presence o f  the dye on areas o f  the plate 
not e.xposed to laser light, and on contro l plates 
exposed to  laser light in the absence o f the dye.

Qiiantitative assays. Exposure o f the fou r target

bacteria to the HeNe light fo r varying times fo llow ing 
sensitisation w ith  TBO 50 //g /m l caused an energy 
dose-related decrease in their v iab ility  (fig. 2a-d). 
Exposure fo r 30 s, 60 s and 90 s resulted in substantial 
reductions in the viable count o f S. mutans o f 3 37 x
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L - D -  L -D +  L + 0 -  L+D-»

S.mutans

L - D -  L - D *  L + D - L * 0 *  

S.sobrinus

Fig. 3. Effect o f laser light on the viability o f S. mutans and S. 
sobrinus suspensions in the presence o f T B O  25 f ig /m l.  E rror bars 
represent 9 5%  C l, ’ The viable count was significantly different from  
that o f the control (L  — D  —).

10® cfu (49%  o f orig inal count), 4 8 x 10® cfu (69%  
k ill)  and 6 98 x 10® cfu (100% k ill) , respectively. H ow 
ever, the dye alone caused a statistica lly significant 
reduction in the viable count o f  S. muians and 
accounted for 23% , 22% and 22%  o f the overall 
bactericidal effect. Taking in to  account this direct 
tox ic ity , the bactericidal effects a ttributab le  to lethal 
photosensitisation were 1-84x10® cfu, 3-27x10® cfu 
and 5-45 x 10® cfu, respectively. The mean lethal dose 
o f laser light was therefore 1-22 x 10 '‘ m J/cell. The 
laser light alone had no significant effect on the 
v iab ility  o f the organism.

A  substantial reduction in the v iab ility  o f dye- 
treated 5. sohrimis resulted from  exposure to the laser 
lig h t; the k illing  rate was 5-8 x 10® cfu (17% ), 1-54 x 
10" cfu (30% ) and 3-32x10’ cfu (62% ), fo llow ing  
exposure times o f  30, 60 and 90 s, respectively. 
However, a statistica lly significant effect was also 
observed with the dye alone and accounted for 
reductions o f 4-8 x 10® c fu (14% ), 161 x 10’ cfu (31 % ) 
and 6 8 x 10® cfu (12% ), respectively. Therefore, kills 
due to lethal photosensitisation amounted to 5-8 x 
10® cfu, 1-54 X 10’ cfu and 3-32 x 10’ cfu fo r exposure 
times o f  30, 60 and 90 s, respectively. The mean lethal 
dose o f  laser light was 2-87 x 10 ® m J/cell.

In view o f the tox ic ity  o f the dye to these organisms 
in the absence o f laser light, lethal photosensitisation 
was attempted w ith  a lower concentration o f TBO. 
W ith  a TBO concentration o f 25 /rg /m l followed by 
exposure to HeNe light fo r 60 s, a substantial reduction 
in the numbers o f viable bacteria was achieved (fig. 3). 
For S. muians this amounted to a k ill o f  1 03 x 10® cfu 
(66% ), o f which 99%  was attributable to lethal 
photosensitisation; the mean lethal dose o f laser ligh t 
was 4-3 X 10'^ m J/ce ll. A s im ilar reduction in the 
v iab ility  o f S. sobrinus was observed w ith  a k ill o f 
1-81 X 10® cfu a ttributab le  to lethal photosensitisation; 
the mean lethal dose o f laser ligh t was 2-42 x 
10^ mJ/cell. In both cases, the decrease in the v iab ility  
o f the organism was statistically significant (p =  0 003

for bo th  organisms). Neither the dye nor the laser light 
alone caused a significant decrease in the v iab ility  o f  
either streptococcal strain.

Dye-sensitised L. casei also exhibited a dose-related 
decrease in v iab ility  on exposure to the HeNe light 
w ith reductions o f 2-26 x 10® cfu (65% ), 6-2 x 10® cfu 
(81 % ) and 4-84x 10® cfu (99% ), fo llow ing  exposure 
fo r 30 s, 60 s and 90 s. respectively. Neither the dye nor 
the laser light alone had a statistically significant effect 
on the v iab ility  o f the organism. The mean lethal dose 
o f laser light was 1-04 x W  mJ/cell.

A n energy dose-related decrease in the v iab ility  o f 
dye-sensitised A. viscosus was also observed. F o l
low ing sensitisation w ith  TBO 50 / ig /m l and exposure 
to the HeNe laser fo r 30 s, 60 s and 90 s, reductions o f 
4 X 10® cfu (10% ), 3-7 X 10® cfu (56% ) and 8 x 10® cfu 
(82% ). respectively, were achieved. Neither the dye 
nor the laser light alone had an effect on the v iab ility  o f 
the organism that was statistically significant. The 
mean lethal dose o f  laser light was 2-55 x 10'^ m J/cell.

D iscussion

The results o f this in -v itro  investigation have de
monstrated that fo u r major cariogenic species o f 
bacteria can be killed by red light from  a low-power 
laser a fter having been sensitised w ith  TBO. In  the 
absence o f the photosensitising agent, the laser light 
had no effect on the v ia b ility  o f the target organisms.

F o r clin ical convenience, this technique should have 
a short laser exposure time and a low  dye concen
tra tion  to avoid problems o f tox ic ity  and staining o f 
the surrounding hard tissue. In  the present investi
gation results o f the prelim inary screening programme 
showed that the lowest dye concentration was 25 /zg/ 
ml and the shortest exposure time 60 s to achieve lethal 
photosensitisation o f  a ll four target organisms. H ow 
ever, this probably does not represent a m ajor bacterial 
k ill since a zone o f inh ib ition  on an agar plate can arise 
from  the k illing  o f  on ly  small numbers o f organisms.

In the quantita tive assays, a substantial bactericidal 
effect (c. 10’ cfu) on dye-sensitised S. mutans and S. 
sobrinus was achieved w ith laser exposure times o f 
60-90 s. but in both cases, the dye itself, when used 
at a concentration o f  50 //g /m l, exerted a m ajor 
bactericidal effect. However, a lower dye concentration 
(25 //g /m l)  had no significant effect on bacterial 
v iabilitx in the absence o f laser light yet was an 
effective lethal photosensitiser; k ills  o f the order o f 
10' cfu fo r both organisms were achieved fo llow ing 
exposure to laser ligh t fo r 60 s. On the basis o f  lethal 
light dose/cell, 5. sobrinus appeared to be more 
susceptible than S. mutans, but direct comparisons are 
d ifficu lt in view o f unavoidable differences in the in itia l 
cell density o f the irradiated suspensions.

In contrast to the streptococci, A. viscosus and L. 
casei appeared to be more resistant to the lethal effects 
o f TB O  at a concentration o f 50 //g /m l in the absence 
o f laser light. In neither case was v ia b ility  significantly
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decreased fo llow ing  exposure to this concentration o f 
the dye fo r up to 90 s. However, M B C  determ inations 
showed that the v iab ility  o f  L. casei was reduced by 
such concentrations fo llow ing exposure fo r 1 h. TBO 
was an effective photosensitiser o f both species en
abling substantial reductions in v iab ility  (c. 10® cfu) 
fo llow ing irrad ia tion  fo r 60 s ; the lethal ligh t dose/cell 
was sim ilar fo r bo th  species.

In a report concerning the lethal photosensitisation 
o f  a cariogenic organism, Venezio et al.^ reported that 
S. mutans could be killed by irrad ia tion w ith  po ly
chrom atic ligh t after the organisms had been sensitised 
w ith  a haematoporphyrin derivative. A n  exposure 
time o f 20 m in was required and no indication o f the 
numbers o f bacteria killed was given. It is known that 
TB O  can act as a lethal photosensitiser o f bacteria and 
Mathews^ and M acM illan  et al.^ have reported the use 
o f  this dye to sensitise bacteria to k illing  by white light 
and light from  HeNe laser, respectively. W ilson et

5.7.8 reported the use o f  TB O  and other dyes to 
sensitise 5. sanguis and a number o f periodontal 
bacterial pathogens to k illing  by light from  a HeNe 
laser. In the present investigation, the concentrations 
o f  TBO and the light energy densities needed to k ill 
cariogenic species were sim ilar to those found to be 
effective against S. sanguis and Porphyromonas gingi- 
calis, Fusobacterium nucleatum  and Actinobacillus 
actinomycetemcomitans that are pathogenic to the 
periodontium . The fact that TB O  can sensitise cario
genic bacteria to k illin g  by low  power laser ligh t may 
have clinical implications and in this regard bacteria 
on the cavity walls and floo r could be killed after 
m inim al cavity preparation p r io r to restoration o f the 
carious lesion. Bacteria in the partia lly  demineralised 
tissue may also be killed, the possible result o f  which 
may be that the amount o f  diseased too th  tissue

requiring to be removed may be reduced. A lthough the 
results o f this pre lim inary study are encouraging, 
further in -v itro  studies are needed to  determine 
whether lethal photosensitisation o f cariogenic bac
teria is possible under conditions more closely re
sembling those encountered in the carious lesion in 
vivo where intervening pa rtia lly  decalcified tissue may 
reduce its effectiveness.

We thank the Department o f Health for funding this research.
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Killing of cariogenic bacteria by light from 
a gallium aluminium arsenide diode laser
T. Burns, M. W ilson and G. J. Pearson*
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ABSTRACT
Suspensions of Streptococcus mutans. S. sobrinus. Lactobacillus casei and Actinomyces viscosus were 
exposed to light from a gallium aluminium arsenide laser in the presence of aluminium disulphonated 
phthalocyanine and the numbers of survivors determined. Exposure to the laser light in the absence of the dye. 
or the dye in the absence of the laser light, had no significant effect on the viability of the organisms. However, a 
light-dose-related decrease in the viable count of all four target organisms was found on exposure to the laser 
light in the presence of the dye. The kills attributable to lethal photosensitization amounted to approximately 
10* CFU in the case of each organism. As appreciable kills were achieved within clinically convenient 
exposure times (30-90 s). these results imply that lethal photosensitization may be a useful technique for 
eliminating bacteria from carious lesions prior to restoration.
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INTRODUCTION

Dental caries is a disease which, after dernineralization o f 
the enamel has occurred, progresses slowly down in to  the 
dentine. The lesion consists o f an advancing zone o f 
detnineralization behind which is a zone o f partia lly  
de m ineralized dentine infected w ith bacteria'. C lin ica lly 
the d iffe rentiation o f these two zones and the removal o f 
the contaminated dentine alone is d ifficu lt, consequently 
substantial amounts o f sound but demineralized tooth 
tissue are removed during cavity preparation. Dyes such 
as neutral red have been recommended to detect and 
mark the bacteria and these have aided clin icians in the 
removal o f infected dentine but no attempt has been made 
to k ill the bacteria w ithout dentine removal. It would be 
advantageous clin ically to maintain the partially dem iner
alized dentine i f  the bacteria could be elim inated. 
Previous attempts at steriliz ing dentine have involved the 
use o f phenolic material which had a deleterious effect on 
the pulp due to d iffus ion o f toxic material along the 
dentinal tubules^. Recently, it has been demonstrated that 
light from a low-power helium neon laser can k ill certain 
species o f oral bacteria includ ing a major constituent o f 
dental plaque. Streptococcus satiguis. once the organisms 
have been treated with certain dyes\ Furthermore.

cariogenic species have also been shown to be susceptible 
to k illing  in this way'* ’ . The aim o f this study was to 
determine whether a range o f cariogenic bacteria could be 
killed by light from a ga llium  alum inium  arsenide diode 
laser in the presence o f a known photosensitizing agent, 
a lum inium  disulphonated phthalocyanine.

MATERIALS AND METHODS  

Organisms

The bacteria used in this study were Streptococcus tnutans 
NCTC 10449. Streptococcus sohritius NCTC 10921. 
Lactobacillus casei NCTC 10302 and Actinom yces 
viscosus NCTC 10951. These were maintained by sub- 
cu ltu ring on 5% blood agar (Oxoid Ltd. Basingstoke. U K) 
every 7 days. 16 h cultures, grown in Tryptone Soya Broth 
(pH  7.4) at 37°C in an anaerobic ja r (Oxoid Ltd), were 
used for experimental purposes.

Laser and photosensitizer

The laser used was a ga llium  alum inium  arsenide (Ga.As) 
diode laser w ith a power output o f 11 mW (Omega

© 1994 Bunerw orth-H einem ann Ltd. 
0300-571: 94'050273-06
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Fig. 1. Effect of aluminium disulphonated phthalocyanine on the viability of: a. 
Streptococcus mutans; b, Streptococcus sobrinus; c, Lactobacillus casei; d, Actinomyces 
VISCOSUS. Bars represent the mean values ±  s.d. (n = 4) and * denotes that the viable count 
was significantly different from that of the dye-free control (Student's t-test, P < 0.05).

Universal Technologies Ltd, London. UK). The light 
emitted had a wavelength o f 660 nm and a beam diameter 
o f 9 mm. A lum in ium  disulphonated phthalocyanine 
(AD P) was used as a photosensitizer.

Determ ination of m inim um  bactericidal 
concentration of dye

AD P  in Tryptone Soya Broth (TSB) was added to 16 h 
cultures to give final concentrations ranging from 0.1 to 
1000 |ig m l" '.  These were incubated for 1 h at 37°C and 
survivors enumerated after plating o f samples on to 
Tryptone Soya Agar (TSA) and anaerobic incubation at 
3 7 for 24 h.

Lethal photosensitization of target 
organisms

a. Screening assay

AD P was added to 16 h cultures to give final concen
trations o f 100 gg m l" '.  50 gg m l" ' and 10 gg m l" '.  
Controls received on ly TSB. These were incubated at 
room temperature for 15 m. 1.0 ml was poured over a TS.A 
plate, the excess removed and the plate dried at 37°C for 
1 h. D ifferent areas o f the plate were then exposed in 
duplicate to laser light for varying times ranging from 15 
to 300 s. A fter 24 h anaerobic incubation at 37°C the 
plates were examined for growth-free zones. The plates

were then re-incubated for 48 h and examined for growth 
w ith in  these zones.

b. Quantitative assay

100 gl aliquots o f each bacterial suspension were added to 
an equal volume o f _\DP in TSB in wells o f a m icrotitre 
plate (S terilin  Ltd. Hounslow. UK). Controls received on ly 
TSB in place o f the dye solution. 4 mm magnetic stirrer 
bars were added to the wells, the plate was plaeed on a 
magnetic stirrer and the suspensions exposed to light from 
the G a As laser for 30. 60 or 90 s. To determine the effect o f 
the dye alone, a solution o f the dye in TSB was added to 
the bacterial suspensions and stirred w ithout exposure to 
the laser light for 30. 60 o r 90 s as appropriate. .Additional 
control wells contained the bacterial suspension to which 
TSB had been added in place of the dye solution and these 
were not exposed to the laser light. Survivors in each well 
were enumerated bv viable counting on TSA.

RESULTS 

M inim um  bactericidal concentrations of ADP

.ADP exhibited low toxicity towards the tour target 
organisms in the absence o f laser light (Fig. la-d). A t 
concentrations up to and includ ing 100 gg m l" ' there was 
no statistically significant decrease in viable count 
compared to dye-free cultures. L. case; and A. \iscosus
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Table I. Screening for lethal photosensitization of target bacteria on the surfaces of 
agar plates in the presence of aluminium disulphonated phthalocyanine (ADP)

ADP Exposure time (s)
Organism (\igm l ') 15 3 0 4 5 6 0 120 180 2 4 0 3 0 0

S. mutans 100 — — 4- + + * 4
S. sobrinus 100 - ■ + 4- 4- + * 4-
L. casei 100 + + + 4- 4- + 4
A. viscosus 100 4- 4- 4- 4- 4- + - 4

S. mutans 50 - - - 4- + + - +
S. sobrinus 50 - 4- 4- 4- + T 4-
L. casei 50 - • 4- 4- 4- 4- - 4-
A. viscosus 50 4- 4- 4- 4- 4- 4- + 4-

S. mutans 10 - - - - 4- 4- 4
S. sobrinus 10 - - - - 4- 4- 4-
L. casei 10 - 4- 4- 4- 4- 4- 4- 4
A. viscosus 10 - 4- 4- 4- 4- 4- +

+ , The presence of a growth-free zone; - ,  the absence of a growih-free zone.

were the most sensitive to the dye as there was a 
statistically s ignificant decrease in viable count fo llow ing 
exposure to 1000 pg m l“ ‘ ol the dye for 1 h (Student’s f test, 
P < 0.05). No significant decrease in the v iab ility  o f either 
S. mutans or S. sobrinus was detectable on exposure to 
A D P  at this concentration.

Lethal photosensitization

a. Screening assay

K illin g  o f L. case; and A. viscosus was observed after an 
exposure time o f at least 15 s (energy dose = 165 mJ, 
energy density = 0.25 J cm "^) when using an AD P  
concentration o f 100 pg m l" ' (Tabic I). However, when 
using the same dye concentration, k illin g  o f S. sobrinus 
was on ly observed after exposure times o f at least 30 s 
(energy dose = 330 mJ, energy density = 0.50 J cm “ ^), 
while in the case o f S. mutans k illin g  was on ly observed 
after at least 60 s (energy dose = 660 mJ. energy density = 
1.0 J cm -2).

W hen a lower concentration o f A D P  was used 
(50 pg mD').,S. mutairs again appeared to be less sensitive 
to the laser light in that k illin g  was observed on ly after 
exposure times o f at least 60 s. In contrast, k illin g  o f S. 
sobnnus. L. case; and A. viscosus was detectable after 
shorter exposure times o f 45 s, 30 s and 15 s respectively. 
When sensitized by 10 gg m l" ' ADP, S. mutans and S. 
sobrinus required a longer exposure time o f at least 120 s 
(energy dose = 1320 mJ, energy density = 2.0 J cm “ ^) for 
k illin g  to be detectable. L. case; and A. viscosus were more 
sensitive to the laser light as k illin g  was obsei'ved after 
exposure times o f at least 30 s (Tabic I). Neither the dye 
nor the laser alone appeared to have any effect on the 
v iab ility  o f the organisms in so far as growth was evident 
in the presence o f the dye in the areas o f the plate not 
exposed to the laser light and in control plates exposed to 
laser light in the absence o f the dye.

b. Quantitative assays

Exposure o f the four target bacteria to ligh t from the GaAs 
laser after sensitization w ith 50 gg m l~ ‘ AD P  resulted in 
an energy dose related decrease in the ir v iab ility  (Fig. 2a- 
d). Exposure of S. mutairs to the GaAs laser light for 30 s, 
60 s and 90 s caused substantial reductions in the viable 
count am ounting to 8.5 X 10*= 1.2 X 10* C FU (34 ±  5%), 
9.2 X 10* ±  3." X 10* C FU  (44 z  12%) and 1.96 X 10’  ±  
3 X 10* C FU (93 ±  2%) respectively. A lthough the dye 
alone d id  not cause a statistically s ignificant reduction in 
v iab ility , decreases in the viable count were observed 
an iounting to 14% and 8% after exposure for 30 s and 90 s 
respectively. Therefore, lethal photosensitization was 
responsible for reductions ol 5 X 10* ±  3 X 10* CFU 
(20 ±  10%),9.2 ■ 10* ±  3.7 X 10* C FU  (44 ±  12%) and 
1.78 X 10’ ± 3.1 X 10* CFU (85 = 1% ) and the mean lethal 
dose o f laser light was 7 X 10~- mJ c e ll" '.  The laser light 
alone had no significant effect on bacterial v iability.

Substantial reductions in the v iab ility  o f S. sobrinus 
resulted from exposure to the laser ligh t for 60 s and 90 s 
(F;g. 2b). These amounted to kills o f 3.38 X  10* = 1.2 X  10' 
CFU (58 ± 2 % )  and 5.43 - 10* ± 1 .2 X 1 0* CFU
(63 ± 14%) after 60s and 90s exposure respectively. 
Follow ing sensitization with 5 0 g g n il“ ' AD P and ex
posure to the laser light for 30 s a reduction o f 8.2 X 10-' ± 

5 X 10' CFU (14 ± 8 % ) was achie\ed but, as w ith S. 
mutans. this was not a statistically significant reduction. 
The mean lethal dose o f laser light was 3 X 10"-* mJ c e ll" '.  
Neither the dye nor the laser light alone had a significant 
effect on the v iability  o f the organism.

L. case; also exhibited an energy dose related decrease 
in v iab ility  on exposure to the Ga.As light with reductions 
o f 1 X 10’ ±  4.- X 10* CFU  (45 ± 20%), 1.03 X 10' ±  0 
CFU (48 ±  0 % I and 1.53 X  10' = 7 X 10' CFU (70 = 3%) 
follow ing exposure for 30 s, 60 s and 90 s respectively (Fig. 
2c). In the absence o f laser light the dye did not cause a 
statisticalh significant reduction in the viable count.
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Fig. 2. Effect of laser light on the viability of bacterial suspensions in the presence or absence of b O u g m T ’ aluminium 
disulphonated phthalocyanine. a, Streptococcus mutans; b. Streptococcus sobrinus; c, Lactobacillus casei; d, Actinomyces 
viscosus. L -  D - ,  exposure to neither laser light nor dye; L -  D +, exposure to the dye but not the laser light; L + D - ,  exposure to 
laser light but not the dye; L + D + , exposure to both the laser light and dye. Bars represent the mean values ± s.d. (n = 4) and 
* denotes that the viable count was significantly different from that of the control, dye-free, unirradiated suspensions (Student's 
t test, P < 0.05).

However, some toxicity was evident in that kills  o f 7 X  10̂  
CFU. 6.8 X  10'’ C FU  and 5.5 X 10'’ CFU were observed 
after exposure to the dye for 30 s. 60 sand 90 s respectively. 
Taking this into account, kills  o f 3 X 10'’ ± 1 X 10'’ CFU 
(15 ±  lo% ). 3.5 X 10'’ ± 0 CFU (17 ±  0%) and 9.8 X  10'̂  ±  

1 X 10'’ CFU  (48 ±  4%) could be attributed to lethal 
photosensitization and the mean lethal dose o f laser light 
was 1 X  10 '" mJ c e l l ' ' .  The laser ligh t alone had no 
signillcan t effect on the organism.

An energy do.se-related decrease in the v iab ility  o f A. 
viscosus was also observed. Follow ing sensitization with 
50 pg m l ' '  AD P  and exposure to the laser light for 30 s. 
60 and 90s respectively, reductions o f 1.21 X 10’ ±  

4.5 X  10" CFU (51 ±  19%). 2.13 X 10" ±  7.6 X  10" CFU 
(78 ±  2%) and 2.53 X  10" ± 1 X 10" CFU  (95 ±  1%) were 
achieved. The mean lethal dose o f laser light was 3 X 10 '"

mJ c e l l ' ' .  Neither the dye nor the laser light alone had a 
s ignificant effect on the v iab ility  o f the organism. 
Exposure o f the four target bacteria to the laser light 
resulted in energy dose-dependent responses indicated by 
correlation coefficients o f 0.949, 0.909, 0.966 and 0.919 for 
S. mutans. S. sobrinus. L  case; and.A. viscosus respecti\ely.

DISCUSSION

The k illin g  o f malignant mammalian cells by light from a 
low-power laser fo llow ing their sensitization w ith por
phyrins is the basis o f an accepted method for treating a 
variety o f tumours in m an'’. More recently, compounds 
other than porphyrins have received attention as potential 
photosensitizing agents in the P D T o f tumours and these
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have included phthalocyanines^ and chlorine e6*. W hile 
the potential c lin ica l applications o f light-induced k illing  
o f microbes using porphyrins as photosensitizers has 
been the subject o f a number o f investigations'^-'®, little  
attention has been given to the possible use o f the more 
recently developed photosensitizers in this respect. W ith 
regard to ADP, Bedwell et a /." reported that this could 
sensitize Helicobacter pylori to k illin g  by ligh t from a 
copper vapour dye-pumped laser, suggesting that this may 
be a useful approach to the treatment o f gastritis. W ilson 
et al.'^ have also shown AD P  to be an effective lethal 
photosensitizer o f a num berof oral bacteria. Hence, in the 
presence o f ADP. Actinobacillus actinomycetemcomitans. 
the causative organism o f localized juvenile periodontitis, 
and Porphyromonas gingivalis. an organism associated 
with chronic periodontitis, were susceptible to k illin g  by 
exposure to light from a helium/neon (HeNe) laser 
(wavelength = 632.8). The absorption m axim um  o f ADP 
is 675 nm and thus more closely matches the wavelength 
o f the light (660 nm) emitted by the GaAs laser. ADP, 
therefore, might be expected to be more effective when 
used in conjunction with the GaAs laser than with the 
HeNe laser. The results o f the present study have 
demonstrated that four cariogenic species o f bacteria can 
be k illed by light from a GaAs laser light in the presence o f 
ADP, the laser light having no detectable effect on 
bacterial v iab ility  in the absence o f the dye. Large 
numbers (approximately 10® C FU ) o f each species were 
killed using an energy dose o f 660 mJ at an energy density 
o f 1.0 J cm~L However, variation in susceptibility among 
the target organisms was apparent, w ith S. mutans 
appearing to be the most susceptible (mean lethal dose o f 
laser light = 7.39 X lO '^  mJ c e lC  ) under the experimen
tal conditions employed.

Few studies concerned with the lethal photosensitization 
o f a cariogenic organism have been published. Venezio c/ 

have shown that S. m it tans could be killed by 
polychromatic light after sensitization w ith haemato
porphyrin derivative. However, an exposure time o f 20 m 
was used and no indication o f the numbers killed was 
given. We have shown in a previous study" that the 
cariogenic species Streptococcus mutans. S. sobrinus. 
Lactobacillus ca.sei and Actinomyces viscosus can be 
killed by light from a HeNe laser follow ing sensitization 
w ith tolu id ine blue O. As in the present study, large 
numbers (approximately 10® C FU) were k illed  but the 
energy density employed was much greater (33 J c m '- )  
than that required by the GaAs laser (1 .0 Jcm “ ^). The 
relatively non-specific bactericidal effect o f the GaAs/ 
A D P com bination on a range o f cariogenic organisms 
which may be found w ith in  a carious lesion is o f clin ical 
signiHcance since the causative organisms in a particular 
lesion are invariably unknown. Targeting o f specific 
bacterial strains, while elegant, would in this case be less 
satisfactory and may result in a lim ited effect c lin ica lly.

A further advantage o f this technique, i f  extended to 
c lin ica l treatment, is that it could lead to a reduction in the 
amount o f demineralized dentine removed. The current

practice o f  removing grossly softened caries and the 
maintenance in  the deeper parts o f a cavity o f s lightly 
softer bacterially contaminated dentine is one which is 
subjective and requires considerable c lin ica l experience 
in its successful pursuit. The facilite for k illin g  the bacteria 
w ith in  the lesion would a llow  more objective decisions as 
to the am ount o f infected dentine which should be 
removed. Further factors must be considered before this 
method o f bacterial control could be used routinely in 
c lin ica l practice. The non-specificity o f the k illing , which 
is o f advantage in the targeting o f a broad range o f bacteria 
in the lesion, may be a disadvantage i f  dye diffusion is 
extensive as this may result in the death o f underlying 
cellu lar components o f the pulp. This problem may 
however be offset by the intrapulpal pressure which has 
been measured by Johnson et a/.‘ i  They demonstrated a 
flu id  outlJow from cut dentinal tubules o f the order o f 
0.6 |il mm~- d a y '.  This should reduce the rate o f diffusion 
o f the dye in  a pulpal direction.

The energy densities noted as being et'fective in this 
study are a result o f direct irradiation o f the bacteria. A 
further variable which should be considered is the effect 
on the laser light o f varying thicknesses o f partially 
demineralized dentine, the microscopic structure o f 
which w ill reduce and dissipate the laser light. This may 
be overcome by increasing the energy density applied to 
the sensitized bacteria. However, there are several aspects 
o f this approach which require further assessment p rio r to 
its e \a luation clin ically. It is important to determine the 
transmission characteristics o f the dentine fo r the particu
lar wavelength o f laser ligh t used. A solution to these 
specific problems would mean that practitioners could 
apply the dye to the carious lesion w ith in  the cavity and 
then irradiate the site, fo llow ing which a protective 
bacteriostatic lin in g  maybe placed. This would reduce the 
risk o f recurrent caries while providing the c lin ic ian  w ith a 
more objective means o f removing those bacteria which 
are known to contribute to the spread o f caries in dentine, 
at the same time m ain ta in ing the demineralized dentine 
stnicturc. Th is  in  turn would reduce the amount o f tissue 
to be remosed during cavity preparation.
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Book reviews
Colour Guide: Oral M edic ine,
C. Scully and R. A. Cawson. Pp. 1 63. 1 993. Edinburgh, 
Churchill Livingstone. Softback, £10.50.

Colour Guide; M edic ine and Surgery for Dentistry,
S. R. Porter, C. Scully, P. Welsby and M, Gleeson. Pp.
1 72. 1993. Edinburgh, Churchill Livingstone. Softback, 
£10.50.

Both these books attempt to cover their subject by using 
colour photography with a minimal text. This is successful 
with Oral Medicine', a topic that naturally leads itself to 
this type of presentation, but less so with the second.
The format is the same for each, one side of text and one 
side of colour photographs of excellent quality. The text is 
under the headings aetiology, pathology, prevalence, 
clinical features, investigations, diagnosis and treatment 
or management. In Oral Medicine', the diseases are 
arranged by site as they would be seen by a clinician and 
so the chapters included are: intraoral lesions -  mucosal 
ulcers, white and pigmented lesions, lumps, lesions of the 
lip, tongue, gingiva, teeth, salivary glands and lymph 
nodes. There is a section on neurological disorders and 
HIV disease. The book is well indexed and cross- 
referenced and it w ill be very useful for those requiring 
an overview of oral medicine. Medicine and Surgery for 
Dentistry' is intended to help trainees of all dental 
specialities, postgraduates and practitioners' but in a 
volume of this size it is difficult to fulfil this remit. Not all 
the major medical and surgical problems lend themselves 
to illustration and tables are used in some instances. The 
text by necessity is short and often too brief on 
management. Little attention is drawn to why a particular 
condition is of relevance to the practice of dentistry. It 
would have been useful to include a short reading list at 
the end of each book.
J. Zakrazweska

Removable Denture Prosthodontics, 2nd edition.
A. A. Grant and W. Johnson. Pp. 336. 1992. Edinburgh, 
Churchill Livingstone. Softback, £27.50.

This is the second edition of the book first published in 
1 983. Alan Grant, and the late Wesley Johnson,
Professor and Senior Lecturer respectively at the 
University of Manchester, state their aim was to produce 
a basic undergraduate text, concentrating on clinical 
procedures and keeping text and cost to a minimum. This 
edition, w ith its updated bibliographies, underlines the 
scientific foundations of the clinical art of prosthodontics. 
The first third of the book is devoted to the basic 
principles of treatment common to the provision of partial 
and complete dentures; the second to special aspects 
related to partial dentures and the last third deals w ith 
complete and immediate dentures; w ith its final pages 
being devoted to brief reviews of treatment of the elderly, 
replacement dentures, overdentures, dental implants and 
obturators. There are some surprising omissions for a 
recently revised text. The concept of the sublingual bar is 
clearly not understood and the chapter on the free-end 
saddle is let down by the complete omission of any 
description of the RPI system. Tissue conditioners are 
mentioned, but there is no reference at all to the chairside 
reline materials that have so changed our approach to 
maintenance of immediate dentures. This edition is still 
burdened by some hangovers from the past. There is 
needless detail of the history of articulators and of 
posterior tooth forms, a lengthy description of gothic-arch 
tracing and a rather dated emphasis on stress-breakers in 
connector design. Despite these faults, the very small 
number of photographs and the lack of colour, this text 
represents a reasonably comprehensive and competitively 
priced introduction to the principles underlying removable 
denture prosthodontics.
A. R. Ogden
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A b s tra c t
Suspensions o f  the cariogenic bacterium. Streptococcus mutans were treated 
w ith  either to lu id ine blue O or a lum inium  disulphonated phthalocyanine and 
then exposed to ligh t from  a helium-neon or gallium -alum inium -arsenide laser, 
respectively, after passing through demineralized dentine slices. Bacteria were 
also embedded in a collagen matrix p rio r to sensitization and exposure to the 
laser light. When dentine slices were interposed between the laser light and the 
bacterial suspension, substantial k ills  (10^ CFU) were achieved at energy doses o f 
876. 1,752, and 3,504 mJ w ith  the helium-neon laser and o f  1,188, 2.376. and
4,752 mJ w ith  the gallium -alum inium -arsenide laser. There was no apparent re
lationship between the extent o f  k illin g  and the degree o f  demineralization o f  the 
dentine. Prolonging the exposure o f  the sensitized bacteria to the laser light in 
creased the k il l achieved. Substantial numbers (10' to 10"’ C FU) of S. mutans 
were also k illed  when embedded in a collagen m atrix and exposed to 438 and 
1,314 mJ o f helium-neon laser light and 594 and 1,782 mJ o f ligh t from the g a lli
um-alum inium-arsenide laser. These results im p ly that lethal photosensitization 
may be effective at k illin g  5. mutans in a carious lesion, even when the organism 
is embedded in demineralized dentine.

Dental caries is a chronic invasive disease o f  the m ineral
ized tissues o f  the teeth, i.e. enamel, dentine, and cemen- 
tum. The organisms thought to be responsible include 
Streptococcus mutans, Streptococcus sobrinus, Lactobacil
lus casei, and Actinomyces viscosus [Joyston Bechal and 
K idd, 1987]. Current methods o f  treating a dentinal lesion 
involve the removal o f  both sound tissue, to gain access to 
the carious lesion, as well as softened and infected dentine. 
It would be advantageous i f  the bacteria could be k illed  in 
situ, since the amount o f  tissue needed to be removed could 
then be reduced.

K illin g  o f  microbes w ith  low-power laser light using por
phyrins as photosensitizers has been the subject o f  a number 
o f  studies [M a lik  et al., 1990; Spikes and Jori, 1987], and.

more recently, compounds other than porphyrins have re
ceived attention as possible photosensitizers [Bedwell et al., 
1990; Berto lin i et al., 1990].

We have shown in previous studies that cariogenic bacte
ria can be k illed  by ligh t from a helium-neon (HeNe) laser 
and a gallium -alum inium -arsenide (G aA lA s) laser fo llo w 
ing sensitization w ith  tolu id ine blue 0  (T B O ) and a lum in i
um disulphonated phthalocyanine (A lPcS:), respectively 
[Bum s et al., 1993; 1994]. The purpose o f  this study was to 
determine whether lethal photosensitization o f  5. mutans is 
possible under conditions more closely resembling the s it
uation in vivo. Hence, laser light was passed through dem i
neralized dentine slices, and, in separate experiments, the 
bacteria were embedded in a collagen m atrix.
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M a teria ls  and M ethod s

Organism
The organism used in this study was 5. mukiiis NCTC 10449; it was 

maintained by subculturing on 5% blood agar (Oxoid. Basingstoke, 
UK) every 7 days. Cultures grown for 16 h at 37°C in tryptone Soy 
broth (TSB) were used for experimental purposes.

Lasers
The lasers used were a HeNe laser (NEC, Japan) and a GaAlAs 

diode laser (Omega Universal Technologies, London, UK) with pow
ers o f 7.3 and 11.0 mW, respectively. The light emitted from the HeNe 
laser had a wavelength o f 633 nm and a beam diameter o f 1.3 mm, 
whereas the light emitted from the GaAlAs laser had a wavelength o f 
660 nm and a beam diameter o f 9 mm. The GaAlAs laser was operated 
in a pulsed mode at a frequency o f 20 KHz.

Photosensitizers
TBO (Cl 52040; Sigma Chemical, Poole, UK) was used in con

junction with the HeNe laser, and AlPcS. (donated by Prof. D. Phil
lips, Imperial College, London) was used with the GaAlAs laser.

Lelhal Pholosensilisation nl'Bacteria through Dentine S lic a
150-)im dentine slices from a human molar were demineralized in 

0.1 M  EDTA for 8, 16, 24, and 32 h. lOO-iil aliquots ofa 5. mutans sus
pension were added to a microwell plate, and 100 pi o f 50 ug/ml TBO 
or AlPcS; in TSB was added to each. Control wells received only TSB, 
The dentine slices demineralized for 8 h were interposed between the 
laser light and the bacterial suspensions which were then exposed to 
the appropriate laser light for 120. 240. or 4SI) s with mixing. Control 
w ells to determine the effect o f the dye alone were prepared with the 
bacterial suspension in the presence o f the dye. but not e.xposed to the 
laser light. Additional eontrol wells contained the baeierial suspension 
in TSB. and these were not e.xposed to the laser light. Survivors were 
enumerated by viable counting on TSB plates. This was repeated for 
the 16-. 24-. and 32-hour demineralized dentine sliees.

Lethal Photosensitization oj Bacteria EnibcJileii in a
Collagen Muiris
Rat tail eollagen (20 mg,ml) was dissolved in 0.5 .1/acetic acid and 

dialyzed for 3 h in 0.1 M  Tris buffer (pH 7.8). 100 ul o f eollagen was 
added to 50 ul o f bacterial suspension in a mierowell plate. This was 
then dried at 37°C for 16 h. resulting in the formation o f a gel-like 
matrix. TBO or .AlPcS; was then added dropwi.se and allowed to be 
absorbed through the collagen plug. Controls had only TSB added. 
This was then exposed to the laser light for 60 or 180 s. Control wells, 
to determine the etTcct o f the dye alone, were prepared with the baete- 
ria-containing collagen in the presence o f the dye, but these were not 
exposed to the laser light. Additional control wells consisted o f the 
bacteria-eontaining collagen with TSB added, and these were also not 
exposed to the laser light. The eollagen matrix was then digested with 
50 ul o f 0.5 mg/'ml type 1A collagenase (Sigma) at a concentration 
shown to have no adverse effect on bacterial viability (see below) and 
incubated at room temperature for 3 h. Survivors were enumerated by 
viable counting on TSB plates.

Effect o f  Collagenase on S. mutans Viahility
Collagenase was added to 16-hour cultures to give llnal concentra

tions ranging from 0.01 to I mg/ml. These were incubated for 2 h and 
surviving bacteria enumerated by viable counting on TSB plates.

Determination of Power D ensities and Statistics 
The power density o f the laser light at the surface o f the bacterial 

suspension was measured in the presence and absence o f the dentine 
slices using an Ophir(model PD-2A) laser power meter tOptilas; M il
ton Keynes, UK). Student’s t test analysis was carried out on the data.

Results

Lethal Photosensitizaiion o f S. mutans through
Demitteralized dentine sections
When suspensions o f  TBO-sensitize<d S. mutans were 

exposed to the HeNe laser light for 120 s (energy dose 
876 mJ, energy density 67.2 J/cm ’ ) through 8-, 16-, 24-, and 
32-hour demineralized dentine slices, reductions in the v ia
ble count o f  2 .8 x lO "± lx lO - CFU (26%), 7 x lO "± lx lO "  
(47), 1.4x 10'’±  1X 10- (18), and 1.1 x IO " ± lx  10- CFU (17%), 
respectively, were obtained (fig . la). The k ill obtained 
through the 24-hour demineralized dentine slice was not 
s ignificantly different (p = 0.14) from unirradiated controls. 
In all cases, neither the dye alone nor the laser light alone 
had a statistically s ignificant effect on the bacterial v iability.

When the exposure time was increased to 240 s (energy 
dose 1,752 mJ, eneigy density 134.4 J/cmù. the numbers o f 
5. mutans k illed  also increased ( fig. lb). S ignificant reduc- 
tiotis in the v iable count o f  1.1 x  10"±5x K)-' CFU (86"„). 
2.1x10-±1x10" (57), 4xlO "±6xlO - (53), and 4.7x10" 
±  IX 10" CFU (9l"'u), lespectively, were observed using den
tine slices dcm ineialized for 8, 16, 24, and 32 h (p = 0.001. 
0.004. 0.003. and 0.0015. lespectively). Again, neither the 
dye alone nor the laser light alone had any effect on the \ la
b ility  of'5. mutans.

When S. mutans was exposed to the HeNe laser light for 
480 s (energy dose 3,504 mJ, energy density 268.8 J 'cn r ) 
through dentine slices demineralized for 8, 16, 24. and 32 h. 
reductions in the viable count o f  8 .5 x lO '± lx l( ) ‘‘ CFU 
(99.99%),4.3x 10’‘± 6 x  10" (99.99), 5.4x 10'"±2.6x lO’ (99.99). 
and 4 .7xl0 '*±2.3x 10' CFU (99.99%), respectively, were ob
served ( fig. Ic). However, in all cases the dye alone caused a 
significant reduction (p = 0.028, 0.025, 0.005, and 0.007, re
spectively) in the v ia b ility  o f  the bacteria amounting to k ills  
o f  11, 32, 18, and 15%, respectively. Thetefore, lethal photo
sensitization was in fact responsible fo r k ills  o f  7.54x10' 
CFU (88.99%), 2.89x10’ (67.99), 4.39x10’ (81.99), and 
4 x  I O'" CFU (84.99%) in the presence o f  dentine demineral
ized for 8, 16, 24, and 32 h, respectively. Control experi
ments carried out in the absence o f  dentine resulted in k ills  
o f  3.3x10" CFU (79%). 3x10" (100), and 2.8x10" CFU 
(100%) fo llow ing exposure to laser ligh t for 120, 240, and 
480 s, respectively.

14.'.



S im ilar results were obtained when suspensions o f  
AlPcS;-sensitised S. mutans were exposed to the G aA lAs 
laser beam through demineralized dentine slices (fig . 2). 
Following exposure for 120 s (energy dose 1.188 mJ. energy 
density 1.8 J/cm’ ) through 8-, 16-, 24-, and 32-hour dem in
eralized dentine slices k ills  o f  2 x  10'’± 4 x  10' CFU (23%), 
7 x lO "± 7 x lO ' (79), 3 .4 x lO "± lx lO " (49), and 3 .6 x l0 "± 0  
CFU (42%), respectively, were achieved.

As w ith the FleNe laser, when the exposure time was in
creased to 240 s (energy dose 2,376 mJ, energy density 3.6 J/ 
cm*), so too were the percentage kills . A fte r passing through 
8-, 16-, 24-, and 32-hour demineralized dentine slices, 
the G aA lA s laser light k illed  8 x lO '± 5 x lO ' CFU (38%), 
5 .2 x lO "± lx lO " (96), 5 .4 x lO "±6 x lO - (90), and 5.3x10" 
±10"±1 X 10" CFU (88%), respectively. Neither the laser 
light alone nor the dye alone had a statistica lly s ignificant 
effect on bacterial v iability. When sensitized S. mutans was 
exposed to the G aA lA s laser ligh t for 480 s (energy dose
4,752 mJ, energy density 7.2 J/cm*) k ills  o f  7.86x10'' 
± 6 x 1 0 ' CFU (99.99%), 5.34x 1 0 '± 4x  10' (99.99), 5.49x 10" 
± 2 .5 x1 0 ' (99.99) and 5 .2 9x lO "± 2 .4x lO ' CFU (99.99%) 
were observed after the light had passed through dentine 
demineralized for 8, 16, 24, and 32 h, respectively. In all 
cases, neither the dye alone nor the laser light alone had a 
statistica lly s ignificant effect on the v ia b ility  o f  the bacteria. 
Reductions in S. mutans v iab ility  amounting to 3.33x10'' 
CFU (77%). 3x10" (100). and 1.7 x 10'' CFU (100%) were ob
tained in control experiments carried out in the absence o f 
dentine fo llow ing exposure to the G aAlAs laser light for 
120. 240, and 480 s, respectively.

Interposing the 150-um dentine slices between the HeNe 
laser light source and the bacteria produced a reduction o f  
about 50% in the power density. Reductions in the power 
density o f  the G aA lAs laser in the presence o f  the dem i
neralized dentine slices were s lightly greater than those 
w ith the HeNe laser (table 1).

Ejfect o f Collagenase on S. mutans liability
O nly exposure o f  the bacteria to 1 mg/m l o f  collagenase 

for 2 h caused a statistica lly s ignificant decrease (p = 0.012) 
in their v iab ility  (fig . 3). A t all other concentrations tested, 
there was no significant difference in their v ia b ility ; there
fore, a concentration o f  0.5 mg/ml collagenase was used to 
digest the collagen matrix containing the bacteria.

Lethal Photosensitization o f S. mutans
Embedded in Collagen
S ignificant numbers o f  5. mutans were k illed  in the co l

lagen matrix after sensitization w ith either TB O  or A lPcS: 
and exposure to the appropriate laser radiation for 60 and
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Fig. 1. Etïect ot'HeNe laser light on the viability ot'5. niiuuus when 
the light at energy doses ot'876 niJ (a). 1,752 mJ (b). and 3.504 mJ (cl 
was passed through dentine slices demineralized for 8.16.24. and 32 h. 
The columns represent the mean percent reduction in \ iable count 
(n = 4). For explanation o f symbols see footnote o f table 2.
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Table 1. Effect on the power density measurements o f interposing 
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and a GaAlAs laser and the bacterial suspensions
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Fig. 2. Effect o f GaAlAs laser light on the viability o f S. iiiiiian.s 
when the light at energy doses o f 1.188 mJ (a), 2.376 mJ (b), and 
4.752 mJ (c) was passed through dentine slices demineralized for 8. 
16. 24, and 32 h. The columns represent the mean percent reduction in 
\ iable count (n=4). For explanation o f symbols see footnote of 
table 2.

Fig. 3. Effect o f various concentrations o f collagenase on the \ la
bility o f  S. niiirans. Error bars represent standard deviations (n = 4|. 
The asterisk indicates that the viable count was signiticantly different 
from that o f the control (Student's t test; p<().05).

180 s (table 2). Follow ing irradiation o f the bacteria-con- 
taining collagen plug w ith  HeNe laser light for 60 s (energy 
dose 438 mJ. energy density 33.6 J/cm-). 2.7x10'' CFU 
(50%) were killed. When the exposure time was increased 
to 180 s (energy dose 1,314 mJ, energy density 100.8 J/cmN. 
1.73x10"' CFU (60%) were killed. Neither the dye nor the 
laser light alone had a significant effect on the bacterial via
bility. Exposure o f  the bacteria-containing collagen plug to 
G aAlAs laser ligh t fo r 60s (energy dose 594 mJ. energy 
density 0.9 J/cm’ ) resulted in 2.9x10'' CFU (928b) bacteria 
in the matrix being k illed. A  reduction o f  2.1 x 10' CFU 
(99%) was observed when the 5. muians containing colla
gen plug was irradiated w ith  G aA lA s laser light for 180 s



Table 2. Effect o f low-power laser light 
from a HoNe and a GaAlAs laser on the via
b ility  ofS. mutans embedded in a collagen 
matrix

Test
conditions

Viableeount(xlO ''),CFU“

HeNe/TBO GaAlAs/AlPcSi

438 mJ 1,314 mJ 594 mJ 1,782 mJ

1 -s - 5.4±0.5 (100) 30+5.0 (100) 0.32+0.01 (100) 0.21 ±0.02 (100)
\ - s + 4.3±0.9 (80) 28±2.0 (94) 0.32+0.02 (100) 0.1810.04 (86)
H -s- 4.9+0.1 (91) 22+3.0 (92) 0.32±0.03 (100) 0.19+0.02 (91)
1-Ps-t- 2.7+0.1 (50) 12+4.0 (40) 0.02+0.006 (7) 0.001+0.003 (1)

1 -s -  = Exposure to neither laser light nor sensitizer. 1-s-t- = exposure to the sensitizer, but 
not to the laser light; 1-Hs- = exposure to the laser light but not to the sensitizer; l-f-s4- = exposure 
to both the laser light and the sensitizer.
'  Mean values ± SD (n =4); percent survival in parentheses.

(energy dose 1,782 mJ, energy density 2.7 J /cnr). Neither 
the dye nor the laser light alone had a significant effect on 
the v ia b ility  o f  S. mutans.

D iscussion

This in v itro  study has demonstrated that significant k i l l 
ing o f  the cariogenic organism 5. muians by low-power la
ser light in the presence o f  a photosensitizer was possible 
even when the bacteria were embedded in a collagen matri.x 
and when the light was passed through demineralized den
tine sections. As in previous studies [Burns et al., 1993, 
1994], the laser light had no effect on the v ia b ility  o f  the 
organism in the absence o f  the photosensitizing agent.

A lthough substantial k ills  were obtained after the laser 
beam had been passed through the dentine slices, the num
bers k illed  were lower than in the absence o f  slices, indicat
ing that the dentine had reduced the quantity o f  ligh t reach
ing the bacteria. The dissipation o f  HeNe laser light and 
G aA lA s laser light by the dentine slices was clearly evident 
in that the power density measurements were reduced in the 
presence o f  the dentine slices. The interaction o f  a beam o f 
light w ith  dentine is complex. It is like ly  to involve the re
fraction and reflection o f  the beam at the surface o f  the hy
droxyapatite crystals in the peritubular and intertubular den
tine. A low degree o f  ligh t scattering has been shown at the 
enamel-dentine junction, where there is low tubule density 
and small tubular size, and the scattering coe ffic ient was not 
related to the mineral content [ten Bosch and Z ijp , 1990], 
indicating that light scattering was mainly due to the large 
dentinal tubules. W ith neither the HeNe laser light nor the 
G aA lA s laser light was there a direct relationship between 
the demineralization time and the decreases in power densi

ties. A lso, no direct relationship between the demineraliza
tion time o f the dentine and the extent o f  bacterial k illin g  
was observed. This indicates that HeNe and Ga.AlAs laser 
light scattering is not d irectly related to the mineral content 
o f  the dentine which in turn suggests that there may be a 
fin ite  distance beyond which the radiation w ill be ineffec
tive. It may also be that the plane o f  section through the den
tine and the orientation o f  the dentinal tubules w ill influence 
this scattering effect. Few data on this are available in the 
literature, and fu iihe r work in this area is needed.

The reduced k illin g  in the presence o f  dentine was more 
evident at the lower energy doses rather than at the highest 
(3,504 mJ o f HeNe laser light and 5,280 mJ o f G aA lAs laser 
light), indicating that the increased energy densities applied 
to the sensitized bacteria could overcome the light-masking 
effect o f  the dentine. It is important for clin ica l convenience 
to have a short exposure time. One alternative to increasing 
the exposure time to overcome the masking by the dentine 
would be to use a more powerful laser. The laser used in this 
study was o f  a veiw low power; by increasing the power, the 
energy dose applied to the bacteria could be increased w ith 
out altering exposure times. The energy doses o f  the G aA l
As laser required to k ill approxim ately 10’ CFU were much 
greater than those required by the HeNe laser to k ill s im ilar 
numbers o f  bacteria.

Some light scattering may be due to the collagen scaf
fo ld ing which supports the crystal structure o f  the hydroxy
apatite [ten Bosch and Z ijp , 1990], but in this study we have 
shown that high numbers o f  S. mutans (10" to 10"' CFU) 
were also k illed  by short-tenu exposure to low-power laser 
light when the organism was embedded in a collagen ma
trix.

In a report concerning the lethal photosensitization o f  a 
cariogenic organism, Venezio et al. [1985] reported that
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s. mutans sensitized by a haematoporphyrin derivative 
could be k illed  by irradiation w ith polychrom atic light. 
However, an exposure time o f  20 m in was used, and no in 
dication o f  the numbers k illed  was given. Okamoto et al. 
[1992] have also shown that 5. mutans, and other cariogenic 
bacteria, could be k illed  fo llow ing  sensitization w ith  TBO  
(75 i-ig/ml) and exposure to HeNe laser light. However, the 
conditions under which these k ills  were achieved were very 
different from  those which w ould be found in an active car
ies lesion. Follow ing in itia l dissolution and breakdown o f 
the enamel, the next stage in the progression o f  the caries 
lesion is a demineralization o f  the dentine followed by the 
bacterial invasion o f  the organic component, collagen. 
Streptococci have been shown to be the predominant spe
cies colon izing the decalcified dentine m atrix [van S trijp  et 
al., 1994]. The results o f  this study, therefore, indicate the 
potential use o f  lethal photosensitization for the treatment 
o f  caries, as the data show that bacteria can be k illed  when in

an environment resembling that found in the caries lesion it 
vivo. This technique has applications both in conventiona 
cavity preparation and also as a technique where access u 
the lesion is via a tunnel prepared using a high-power ( hard 
laser. In the conventional treatment the dye would be ap
plied to the caries lesion after removal o f  the interlyine 
enamel and dentine w ith  a turbine handpiece. The laser lighi 
could then be applied d irectly  to the carious site, and this i> 
represented in the in v itro  study described here. I f  a tunnel 
could be prepared w ith  a hard laser [Moss et al., 1994a. b], ii 
would be possible to in ject the dye into the lesion, and aftei 
d iffusion, an optic fibre w ould be passed down the tunnel to 
deliver the ligh t to the dentine. The potential advantage oi 
this over conventional caries treatment w ould be the ab ilit\ 
to k il l the bacteria in situ and then restoring the site without 
the removal o f  the softened and demineralized dentine. Thi> 
is c lin ica lly  attractive, as it would reduce the amount ol 
tooth tissue required to be removed.
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Bacteria in supragingival plaque samples can be killed by 
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M. W IL S O N , T B U R N S , J . P R A T T E N  A N D  G .J . P E A R S O N  1995 T he  purpOSC o f this Studv waS tO 

determ ine whether bacteria in supragingival plaque samples could be k illed  by low-power 
laser ligh t in the presence o f a suitable photosensitizer. Plaque samples were obtained from  10 
volunteers, treated w ith  either to lu id ine  blue O (T B O ) or a lum in ium  disulphonated 
phthalocyanine (A lPcSz), and then exposed to lig h t from a he lium  neon (H eN e) or ga llium  
a lum in ium  arsenide (GaAs) laser respectively. Fo llow ing irrad ia tion, substantial reductions 
were achieved in the total anaerobic count as well as in the num ber o f viable streptococci and 
actinomyces present in the samples. In  the absence o f laser lig h t, the sensitizers themselves 
had litt le  effect on the v iab ility  o f  the bacteria in the plaque samples. The  HeNe T B O  
com bination appeared to be more effective than the Ga.-\s/.\lPcS 2 com bination, achieving 
log 1 0  reductions o f 2 95, 5 40 and 3 34 in the total anaerobic count, streptococci and 
actinomyces respectively w ith a lig h t energy dose o f  1 31 J. I f  effective tn : iro, lethal 
photosensitization may be useful as a means o f elim inating plaque bacteria from  a carious 
lesion p rio r to its restoration.

IN T R O D U C T IO N

Dental caries is a chronic invasive disease invo lv ing  demin
eralization o f the tooth followed by destruction o f the 
organic phase o f the dentine The causative organisms 
include Streptocorcus mutans. Streptococcus sohnnus, Lacto- 
hactllus casei and Actinom yces iiscosus (.Marsh and .Martin 
1992). Current methods o f treating the resulting dentinal 
lesion involve the removal o f sound tooth tissue to gain 
access to the carious lesion and the removal o f infected 
demineralized dentine. The need to remove the bu lk  o f this 
dentine could be circumvented i f  the infecting organisms 
could be killed in situ— this would be advantageous as the 
greater the rem aining bulk o f the tooth, the greater its 
mechanical strength and likely longevity. The authors have 
shown previously that several species o f oral bacteria, in the 
presence o f an appropriate photosensitizing agent, can be 
k illed by ligh t from  a low-power laser (W ilson el al. 1992; 
Burns el al. 1993; W ilson 1993), K illin g  is thought to be 
the result o f damage to the cytoplasm ic membrane induced 
by the free radicals generated b\ the photoactivated sensiti
zer (M a lik  el al. 1990), Susceptible species include the
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plaque-form ing and cariogenic species Streptococcus sanguis. 
Strep , m utans. S trep , sohnnus, Lact. casei and .-let. iiscosus. 
However, these studies were carried out on pure cultures o f 
laboratory-maintained strains. The susceptib ility o f clin ica l 
isolates to lethal photosensitization, especially when they 
comprise the mixed microfloras typical o f natu ra lly- 
occurring dental plaque, has not been determined The 
purpose o f th is study was to determine whether bacteria in 
supragingival plaque samples from human volunteers could 
be sensitized to k illing  by lig h t from low-power lasers

M A T E R IA L S  A N D  M E T H O D S  

Lasers and photosensitizers

Tw o  lasers were used in the investigation— a gallium  alu
m inium  arsenide (Ga.4s) diode laser (Omega Universal 
Technologies, London) and a helium/neon (HeNe) gas laser 
(NEC Corporation, Japan) The Ga.'\s laser had a power 
output o f 11 m W  and em itted light w ith  a beam diameter 
o f 9 mm at a wavelength o f O60 nm in a pulsed mode w ith  a 
frequency o f 20 kHz, T h is  was used in conjunction w ith  
the photosensitizer a lum in ium  disulphonated phthalocya
nine (.AlPcS;) which has an absorption maximum at 675
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nm. The HeNe laser had a power output o f 7 3 m W , em it
ting  ligh t w ith  a beam diameter o f 13 mm at a wavelength 
o f 632-8 nm. T h is  was used in conjunction w ith  the photo
sensitizer to lu id ine blue 0  (C .I. 52040; T B O ) which has an 
absorption m axim um  at 632 nm. The total ligh t energy 
dose delivered to the bacterial suspensions was calculated 
from  the equation :

Energy dose (mJ) =  exposure tim e (s)

X laser power output (m W )

Subjects

Samples o f supragingival plaque were taken from  vo lun
teers in the Biomateriais and .Microbiology Departments o f 
the Eastman Denta l Institute. None had used antibiotics or 
undergone dental treatment during  the 6 months p rio r to 
sampling.

\  total o f 10 subjects was investigated.

Plaque sam ples

supragingival plaque sample was taken from  the entire 
dentition in each subject using a small swab formed from 
calcium alginate wool wound on a barbed endodontic 
broach. The swab was immediately placed into  0 5 m l o f 
pre-rcduced Calgon-R inger’s solution (Oxoid L td , Basing
stoke, U K ) and transported to the laboratory. Processing o f 
each sample commenced w ith in  5 min from the time it was 
taken.

laser in  place o f the HeNe laser. The above procedures 
were then repeated using plaque samples from the same 
group o f subjects, but this time exposure to the laser ligh t 
was fo r 180 s instead o f 60 s.

C ulture methods

Each series o f bacterial suspensions obtained as described 
above was then plated, in duplicate, onto the fo llow ing 
media ;

(i) T ryp tone  soya agar (Oxoid L td )— to obtain the total 
viable count;

( ii) M itis-sa livarius (M S ) agar (D ifco  L td , East Molesey. 
U K )— for streptococci;

( iii)  Rogosa agar (Oxoid L td )— for lactobacilli;
(iv) C adm ium /fluoride/acriflav in /te llu rite  (C F.-\T) agar—  

fo r A ctinom yces spp. (Zylber and Jordan 1982).

A ll plates were then incubated anaerobically at 37°C for 
up to 5 d. .At the end o f the incubation period, colonies on 
the T S A  plates were enumerated and this was designated 
the 'to ta l viable count’ .

Colonies growing on the M S plates were enumerated. 
Gram-stained and tested for catalase production. Those 
colonies consisting o f catalase-negative Gram -positive cocci 
were considered to be streptococci. Colonies growing on the 
Rogosa agar were Gram-stained and tested for catalase pro
duction. Colonies consisting o f catalase-negative G ram - 
positive rods were considered to be lactobacilli. Colonies on 
the C F.AT agar were Gram-stained and those consisting o f 
G ram -positive rods were considered to be Actinom yces spp

Sam ple processing

Each sample was vortex-m ixed until the calcium alginate 
had dissolved and 50 ;tl aliquots were then dispensed into 
each o f six wells o f a m icrotitre  plate. F ifty  /d o f T B O  (100 
^tg m l“ ‘ ) were added to one o f the wells and the suspen
sion immediately exposed to ligh t from the HeNe laser for 
60 s while being agitated on a magnetic stirrer, .\fte r expo
sure, the suspension was serially diluted in tryptone soya 
broth (Oxoid L td )  and plated onto a range o f media as 
described below . The procedure was then repeated in an 
identical manner on another 50 /tl aliquot o f the plaque 
suspension. In  order to determine the effect o f the dye 
itse lf on bacterial viab ility , another tw o 50 ;tl aliquots o f the 
plaque suspension were processed in the same way except 
that they were not exposed to the laser ligh t. As a control, 
50 /rl o f water was added to each o f a fu rthe r two 50 /tl 
aliquots o f the plaque suspension which were then mixed 
fo r 60 s w ithout exposure to the laser light.

Using the same plaque samples, the procedure was 
repeated using .AlPcS; instead o f the T B O  and the GaAs

Statistical analysis

Duplicate aliquots o f each plaque sample were exposed to 
each set o f test conditions (e.g. exposure to laser ligh t in the 
presence o f sensitizer, etc.) and each o f these was plated in 
duplicate onto the various media. Each plaque sample, 
therefore, yielded four viable counts from which the mean 
was determined. Friedman two-way analysis o f variance 
was then used to determine whether there was a significant 
difference between the viable counts resulting from  the 
three sets o f conditions (i.e. no exposure to laser ligh t or 
sensitizer (1 — s — ), exposure to sensitizer but no laser light 
( 1 - s - t -  ), exposure to sensitizer and laser light (1 -I- s - f - )) 

used for each group o f 10 plaque samples.

R E S U L T S

Streptococci and actinomyces were present in all plaque 
samples examined and the numbers detectable are shown in 
Table 1. In  contrast, viable lactobacilli were found only in 
one o f the samples.
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Table 1 Viable counts of bacteria in plaque samples (median values and range for the 10 
in the presence of a photosensitizer

samples) before and after exposure to laser light

Viable count ( X 10* cfu) median (range)
Energy

Organisms Laser/sensitizer dose (J) 1 — s — 1 - S  + 1 +  S 4 -

Total count HeNe/TBO 0-44 1 13 1-28 0-26
(046-13 20) (0-30-9-25) (0-2-46)

Streptococci HeNe/TBO 044 049 0-72 0-009
(0 13-2 90) (0-08-1-38) (0-0-61)

Actinomyces HeNe/TBO 044 065 0-90 0-09
(005-7 88) (0 11-19 10) (0-1 18)

Total count Ga.As/.AlPcSj 0 59 056 0-74 0-06
(0 09-8 10) (0-06-5-30) (0-01-0-69)

Streptococci GaAs AlPcSj 0 59 012 0-19 0-03
(0 02-1 68) (0-03-1-20) (0-0-18)

Actinomyces GaAs AlPcS; 059 0 20 0-16 0-03
(0 03-2 07) (0-03-1-30) (0-0-25)

Total count HeNe/TBO 1 31 402 4-34 0-005
(0-28-115) (0-22-109) (0-0-35)

Streptococci HeNe/TBO 1 31 111 1-67 0
(001-27 3) (0-01-16-3) (0-0-12)

Actinomyces HeNe TBO 1 31 3 24 3-13 0-001
(0 19-16-3) (0 18-22 3) (0-0 53)

Total count Ga.As'AlPcSj 1 78 5-19 696 0-17
(0-54-72-5) (0-24-106) (0-01-7-88)

Streptococci Ga.As.'AlPcSj 1 78 1-59 1-88 0-003
(0 09-11 5) (0-08-57-5) (0-0-001)

.Actinomyces Ga.AsLAlPcS; 1 78 728 4-59 0-02
(0-05-24-3) (0-01-16-5) (0-0-16)

I — s —, No exposure to laser light or photosensitizer; 1- 
1 +  s + , samples treated with a photosensitizer and exposed 
TBO, Toluidine blue O; A lPcS j, aluminium disulphonated

-s 4-, samples treated with a photosensitizer but not exposed to laser light; 
to laser light.
phthalocyanine; GaAs, gallium arsenide; HeNe, helium/neon.

The effects o f laser lig h t on the v iab ility  o f various 
groups o f bacteria pre-treated w ith T B O  or .AlPcS, are 
shown in Tab le  1. Figure 1 is given as an example to illu s 
trate the pattern o f results obtained w ith  each laser/ 
sensitizer combination. The  lo g ,g reductions in the median 
viable counts for the 10 plaque samples are given in Table
2. In a comparison o f the \ iable counts obtained under the 
three sets o f conditions used ( 1 - s —. 1 — s + , l  +  s + ) ,  
Friedman analysis o f variance showed a h igh l\ significant 
difference between them regardless o f which laser sensitizer 
combination or exposure tim e was used (Table 2). Th is  d if 
ference was between the 1 — s -F set and the other two sets 
as inspection o f the data clearly showed that there was no 
difference between the la tte r two.

When plaque samples were exposed for 60 s to T B O  or 
A lPcS; in the absence of laser light, no decrease in the total 
anaerobic count or the number o f streptococci were 
detected (Tab le  2). .Although actinomyces were sim ila rly  
unaffected by TB O  there was a small decrease in the ir 
number (20 0  follow ing a 60 s exposure to the A lPcS i

When the T B O - or ,AlPcS2 -treated plaque samples were 
exposed for 60 s to ligh t from a HeNe or Ga.As laser, 
respectively, there were considerable reductions in the 
median viable counts o f all groups o f organisms ranging 
from a 0 62 lo g ,g (76% ) reduction in streptococci w ith  the 
Ga.As laser to a 1 75 lo g ,g (98%) reduction in streptococci 
w ith  the HeNe laser (Table 2). Fo llow ing exposure o f 
TBO -treated plaque samples to HeNe laser ligh t, no bac
teria wers detectable on the non-selective medium in  one o f 
the samples, streptococci were undetectable in four samples 
and actinomyces were undetectable in one sample. In  the 
case o f the AlPcSj-treated samples, irrad iation w ith  light 
from the Ga.As laser resulted in streptococci being unde
tectable in four samples and actinomyces in three samples.

W hen plaque samples were exposed for 180 s to T B O  or 
AlPcS, in the absence o f laser ligh t, no decrease in the 
median total anaerobic count was detected (Table 2), 
However, both sensitizers decreased the v iab ility  o f the 
actinomyces in the samples— by 37% and 3% for .AIPCS2 

and T B O  respectively. The v iab ility  o f streptococci in the
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Fig. 1 \  iable counts o f streptococci in each of 10 supragingiva! 
plaque samples prior to exposure to toluidine blue O (TBO) (50 
/tg m l ' ')  and HeNe laser light for 180 s (I -  s -  ), after treatment 
with TBO in the absence of laser light (1 — s -  ) and after 
exposure to laser light in the presence of TBO (1 +  s +  ). Data 
points represent mean values {n = 4). The lines join the median 
values of the viable counts for the 10 plaque samples under each 
experimental condition

samples was also affected (a 25“ o reduction) by the T B O  
(Table 2).

When the T B O - or A lPcS 2-treated plaque samples were 
exposed for 180 s to light from a HeN'e or GaAs laser, 
respectively, there were considerable reductions in the

median viable counts o f all groups o f organisms ranging 
from  a I 49 log,o (97% ) reduction in the total anaerobic 
count w ith  the Ga.-\s laser to a 5 4 lo g ,g (100% ) reduction 
in streptococci w ith the HeNe laser. In  the only sample to 
contain lactobacilli, a 2 7 lo g ,g (100% ) reduction was 
obtained w ith  both the HeNe and GaAs laser. Fo llow ing 
exposure o f TBO -treated plaque samples to HeNe laser 
ligh t, no bacteria were detectable on the non-selective 
medium in three o f the samples, streptococci were unde
tectable in six samples and actinomyces were undetectable 
in four samples. In  the case o f the AlPcSz-treated plaques, 
irrad iation w ith  ligh t from  the GaAs laser resulted in strep
tococci being undetectable in one o f the samples and 
actinomyces in four samples.

D IS C U S S IO N

Previous studies have shown that cariogenic bacteria, and 
other plaque-form ing organisms, can be killed by low - 
power laser ligh t in the presence o f a suitable photo
sensitizer (W ilson et al. 1992; Wilson 1993). Hence, S trep , 
m utans, S trep , sobritius, Lact. caset and A c t. viscosus were 
killed by ligh t from a HeNe laser in the presence o f T B O  
(Burns et al. 1993) and by ligh t from a Ga.As laser after 
treatment w ith  A lP cS j (Burns et al. 1994). Okamoto et al. 
(1992) have also reported that S trep , sohrinus can be sensi
tized by T B O , crystal violet and other dyes to k illing  by 
ligh t from a HeNe laser. However, in order to assess the 
feasibility o f the use o f such an approach in the treatment

Table 2 Reductions in the viable count o f v arious groups of organisms in supragingival plaque samples follow ing treatment 
photosensitizer in the presence or absence of laser light

w ith a

Organisms Laser sensitizer
F.nergy 
dose (J)

Log,o reduction 
in viable count

1 -  s 4- 1 +  s 4-

Friedman
test
statistic

P
value

Total count I leNe TBO Ü 44 0 0 65 15 8 <0001
StreptoctKci HeNe TBO 0 44 0 175 15 8 <0001
Actinomyces HeNe TBO 0 44 0 086 12 2 0002
Total count GaAs AlPcS: 0 59 0 0 94 15 2 OOOl
Streptococci Ga.As AIFcS] 0 59 0 062 12 2 0002
-Actinomyces Ga.As AlPcS; 0 59 009 0 78 15 5 0 001
Total count HeNe TBO ' 1 31 0 2 95 15 2 0 001
Streptococci HeNe TBO 131 0 12 5 40 16 3 0001
Actinomyces I leNe TBO 131 002 3 34 15 0 OOOl
Total count Ga.As AlPcS. 178 0 149 15 0 0001
Streptococci Ga.As AlPcS, 178 0 2 71 15 2 OOOl
-Actinomyces GaAs AlPcS; 178 0 2 261 18 2 OOOl

I — s 4 - , Samples treated with a photosensitizer but not exposed to laser light, 1 4- s + , samples treated with a photosensitizer and exposed 
to laser light; 'O’ denotes no reduction in the viable count; the Friedman test statistic, and the corresponding P values, relate to a 
comparison of 1 — s —. 1 — s — and 1 — s 4- 

For abbreviations, see footnote to Table 1.
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o f caries, it  is im portan t to determine whether bacteria can 
be killed when present in the mixed microfloras character
istic o f  naturally-occurring  plaque. The  results o f th is study 
have shown that substantial k ills o f bacteria in supra
gingival plaque samples can be achieved by low doses o f 
ligh t from  a HeNe or GaAs laser in the presence o f an 
appropriate photosensitizer. Previous studies had shown 
that lig h t from  these lasers, in the absence o f a photo
sensitizer, had no effect on the v iab ility  o f any o f a wide 
range o f oral bacteria tested (Burns et al. 1993; W ilson et 
al. 1992, 1993). In  the absence o f laser ligh t, the photo
sensitizers themselves (to lu id ine blue O and a lum inium  dis- 
ulphonated phthalocyanine) had little  effect on the v iab ility  
o f the plaque bacteria apart from the actinomyces in the 
samples w hich showed some susceptib ility to A lP c S j. In  
general, greater kills were achieved by the H eN e /T B O  
com bination than by the G aA s/A lP cS j com bination during 
a given exposure time. As the ligh t energy dose delivered 
by the H eN e laser (7 3 m j s " ‘ ) was lower than that from 
the Ga.As laser (9 9 mJ s “  ') ,  the form er was the most effec
tive at k illin g  the plaque bacteria. T h is  was reflected in the 
mean lethal dose o f ligh t for each type o f organism. Using 
the reductions obtained in the total viable counts, the lethal 
doses o f lig h t per co lony-form ing u n it were 0-008 mJ and 
0 004 mJ for the GaAs and HeNe lasers respectively. The 
lethal doses o f ligh t per streptococcal cfu were 0 038 mJ 
and 0 008 mJ for the GaAs and HeNe lasers respectively 
while the k illing  o f each actinomyces required 0 019 mJ o f 
GaAs laser ligh t or 0 006 mJ o f HeNe laser ligh t. The 
lower levels o f k ill achieved by the G aAs/.^lPcS j com
bination may be partia lly  a ttributable to the mis-match 
between the wavelength o f the ligh t emitted by the laser 
(660 nm) and the absorption maximum o f the A lP cS ; (675 
nm). The quantum yield o f free radicals, and the resulting 
bactericidal effect, would most likely have been greater i f  
laser lig h t w ith  a wavelength o f 675 nm had been used—  
unfortunate ly, such a laser was not available to the authors. 
In contrast, peak absorption o f T B O  (632 nm) corresponds 
almost exactly to the wavelength o f the ligh t emitted by the 
H cN c laser (632 8 nm).

Because o f the restricted range o f lasers available to the 
authors, the effect o f increased ligh t energy doses on the 
resulting bacterial k ills was determined by sim ply increas
ing the exposure times. The  kills achieved by both lasers 
were dram atically increased when the energy doses were 
trebled to 1-78 J and 131 J for the Ga.-\s and HeNe lasers 
respectively resulting in log to reductions o f 2 7 and 5 4 in 
the streptococcal count. Indeed, streptococci in six o f the 
10 samples, and actinomyces in four o f the 10 samples, 
were reduced to undetectable levels fo llow ing irradiation 
with 131 J o f HeNe laser ligh t in the presence o f T B O . An 
obvious alternative approach to using increased exposure 
times would be to use lasers w ith  greater power outputs.

Th is  would enable the use o f shorter, more convenient, 
exposure times were the technique to be employed 
clinically.

Photodynamic therapy (i.e. the use o f lig h t in conjunc
tion w ith chemical photosensitizers to treat disease) has 
been viewed m ain ly  as a possible approach to the treatment 
o f cancers (Dougherty et al. 1990). However, because o f 
concern arising from the widespread development o f 
antib iotic-resistant strains o f m edica lly-im portant bacteria, 
there is considerable interest in  new antim icrob ia l strategies 
and several investigators have suggested that infectious dis
eases may be amenable to photodynamic therapy (Spikes 
and Jori 1987; .Malik et al. 1990; Friedberg et al. 1991). 
Indeed, Lom bard et al. (1985) have used th is approach to 
treat patients w ith  post-surgical infections and abscesses, 
the bacteria involved being Peptostreptococcus anaerobtus. 
Staphylococcus aureus and streptococci. The ab ility  o f T B O  
and A lPcS ; to sensitize bacteria in supragingival plaque to 
k illing  by low power laser lig h t as demonstrated in this 
study may have clinical applications, i f  effective tn vivo , in 
that it could be used to k ill these organisms in a caries 
lesion prior to its repair. Caries is a disease well suited to 
photodynamic therapx as it is a localized infection and so 
there would be no need for systemic adm inistration o f the 
photosensitizing agent, thus reducing the possib ility o f 
toxic side effects. The sensitizer could be applied to the 
lesion, and localized to the lesion only, by means o f a 
syringe and the laser light could then be delivered via an 
optical fibre. Because o f the low ligh t doses required, elabo
rate safety precautions, other than eye protection, would 
not be necessary. Th is approach to k illing  bacteria offers 
several advantages over the use o f conventional antim icro
bials. F irs tly , development o f resistance to the 
photochemically-generated free radicals responsible for bac
terial k illing  (.MacRobert et al. 1989; M a lik  et al. 1990) 
would be unlikely. Secondly, unlike the situation w ith  anti
septics and antib iotics, there would be no need to maintain 
high concentrations o f the photosensitizer in the lesion for 
long periods o f time. The necessary residence time o f the 
photosensitizer would be no more than a few minutes.

The main advantage o f k illin g  cariogenic bacteria in situ 
is that it would obviate the need for mechanical removal o f 
infected dentine, thus enabling restoration o f the lesion 
w ith  m inimal removal o f tissue, so im proving the long-term  
prognosis for the repaired tooth. Prior to any clin ical evalu
ation, however, further studies are needed to demonstrate 
that bacterial k ill in g  can be achieved under conditions more 
closely resembling the situation in vivo.
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Killing of Streptococcus sanguis in biofilms using a light-activated 
antimicrobial agent
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Department o f  Microbiology, Eastman Dental Institute o f Oral Health Care Sciences. 
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The aim of this study was to determine whether Streptococcus sanguis, when in a 
biofilm, could be killed using a light-activated antimicrobial agent. Biofilms were 
grown on hydroxyapatite, irradiated with up to 12.2 J of light from a gallium 
aluminium arsenide laser in the presence of aluminium disulphonated phthalocyanine 
(AlPcSi) and survivors enumerated. No significant decrease in the viable count was 
found when either the AlPcS: or the laser light was used alone. There was a light 
dose related decrease in the viable counts of irradiated AlPcSrtreated biofims.
No viable streptococci were detectable following irradiation with 12.2 J o f laser 
light.

Introduction

The most prevalent infectious diseases o f man. i.e. caries and periodontitis, result from  
the fo rm ation o f b iofilms o f oral bacteria on too th  surfaces above (caries) or below 
(periodontitis) the gingival margin. Treatment o f these diseases involves the mechanical 
removal o f the biofilms. D uring the last decade increasing interest has been shown in 
the possibility o f replacing, or supplementing, mechanical therapeutic measures w ith  
antiseptics or antibiotics. However, the widespread use o f such agents to treat so 
pre\ aient a group o f chronic diseases is o f concern as it may result in development o f 
resistance in the target organisms. Photodynamic therapy (PDT). which involves the use 
o f light-activated drugs, may offer an alternative approach to the use o f trad itiona l 
antim icrob ia l agents in the treatment o f such diseases (W ilson, 1993). PD T o f an 
infectious disease involves treating the causative organism w ith a photosensitiser which, 
on irrad ia tion  w ith light o f a suitable wavelength, generates singlet oxygen and free 
radicals which can k ill the organism. We have shown that lethal photosensitisation o f 
the causative organisms o f both caries and periodontitis is possible when they are in 
aqueous suspensions (W ilson, 1993). However, it is well known that bacteria in biofilm s 
may be considerably less susceptible to antim icrob ia l agents than their p lanktom c 
counterparts (Brown, A llison &  G ilbert, 198S). The purpose o f this study was to 
investigate quantita tive ly the lethal photosensitisation o f one o f the predom inant 
organisms m dental plaque. Streptococcus sanguis, when it is grown as a b io film  under 
conditions sim ilar to those existing in the oral cavity, using hydroxyapatite as the 
substratum and an artific ia l saliva as the nutrient source.

377

0305-7453 96 020377 +  05 S I2.00 0 r  1996 The B riiis h  Sociey. fo r .A n iim ic ro b ia ! Cr.e.mo:herap>



378 M . Wilson et al.

Materials and methods

Production o f  biofihns

A  constant-depth film  fermenter (C D F F ) was used to grow biofilms o f S. sanguis 
N CTC  10904 on hydroxyapatite discs in a sim ilar manner to that described previously 
(W ilson ei al.. 1995). The C D F F  consists o f a glass vessel w ith  stainless steel end-plates, 
the top one o f which has ports fo r the entry o f medium and gas and fo r sampling, while 
the bottom  end-plate has a medium outlet (W impenny, Peters &  Scourfield, 1989). The 
vessel houses a stainless steel disc containing 15 polytetrafluoroethylene (PTFE) 
sampling pans and this rotates under a PTFE scraper bar which smears the incom ing 
medium over the 15 pans and maintains the biofilm s at a constant depth. Each sampling 
pan has five cylindrical holes into which the hydroxyapatite discs on which the biofilm s 
form  can be placed w ith  their upper surfaces recessed to a pre-determined depth below 
the surface o f the steel disc. The sampling pans can be removed aseptically during  the 
course o f an experiment.

For each run, 75 hydroxyapatite discs (5 mm diameter: Bio-Interfaces Inc, San Diego, 
US.A) were immersed in sterile m ucin-containing artific ia l saliva (W ilson el oL. 1995) 
fo r 1 min and then transferred on to the PTFE plugs in the sampling pans o f the C D F F  
and recessed to a depth o f 300 /m i. The pans were adjusted so that their upper surfaces 
were flush w ith  the surface o f the disc. An air filte r was connected to the gas in let port. 
The C D F F  was then autoclaved at 121C fo r 30 min. 10 m L o f a 24 h cu lture  o f 
S. sanguis in nutrient broth (Oxoid Ltd. Basingstoke) was inoculated in to 2.0 L o f the 
artific ia l saliva (pH 6.9) which was recycled through the C D F F  housed in an incubator 
at 37 C. A fte r 24 h. the inoculating flask was disconnected and the C D F F  was 
connected to a reser\ o ir o f sterile artific ia l saliva which was delivered at a rate o f 0.8 L 
per day (the mean salivary flow rate in man) using a peristaltic pump.

Follow ing inoculation o f the C D F F . pans were removed daily and the hydroxyapatite 
discs on which the biofilms formed were gently removed and vortex-mixed fo r 60 sec 
in 10 mL o f phosphate-buffered saline (PBS). Serial d ilu tions were prepared in tryptone 
soya broth and 20 /(L  aliquots o f each d ilu tion  plated onto tryptone soya agar in quad
ruplicate The plates were incubated anaerobically for 48 h and the colonies counted.

Lethal photosensitisation o f  biqfilnis

A  gallium alum inium  arsenide (G aA lAs) diode laser (Omega Universal Technologies, 
London) was used w ith a power output o f 11 mW which emitted light w ith a beam 
diameter o f 9 mm at a wavelength o f 660 nm in a pulsed mode w ith  a frequency o f 
20 kHz. This was used in conjunction w ith the photosensitiser a lum inium  disulphonated 
phthaloc>anine (.AlPcS:) which has an absorption maximum at 675 nm (k ind ly supplied 
by Frol'. D. Phillips. Dept, o f Chemistry. Im perial College o f Science. Technolog\ and
Medicine. London). Once the biofilm s had reached a steady state (after 4 days), pans
were removed and the susceptibility o f the streptococci in the biofilms to k illing  b> laser 
light was determined. 8.0 /<L o f AlPcS: (100 mg L in 0.85% w v N aC l) was added to 
each o f two biofilms which were then exposed to 0.8 J o f light (energy
density =  4.1 J cmT from the GaAl.As laser. The discs were then vortexed to remove
the biofilms and the survivors enumerated by viable counting as described above. 
.Additional biofilms were treated w ith  8.0 / iL  o f AlPcS: but were not exposed to laser 
light or were treated w ith 8 .0 /iL  o f  0.85% w /\ NaCl and exposed to light from  the
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G aAfAs laser. The experiments were repeated w ith increasing light doses up to  12.2 J 
(energy density =  61.2 J/cnr).

Results

The viable count o f 5. sanguis in the biofilms reached a maximum value after 
approximately 3 days and this amounted to 1.03 ±  0.21 x 10 'cfu giving a cell density 
o f 5.26 ±  1.07 X 10’'c fu /cm v

In the absence o f AlPcS:. exposure o f 4-day old biofilm s o f S. sanguis to 12.2 J o f 
light from the G aA lAs laser did not lead to any significant decrease in the viable count. 
In the absence o f laser light. AlPcS; had no significant efifect on the viability o f the 
organism (Figure 1). However, exposure o f A lPcSrtreated biofilms to light from  the 
Ga.MAs laser resulted in significant decreases in the viable count o f the streptococci 
(Figure 1). As can be seen from Figure 2. the decrease in viable count was light-energy 
dose-related (r =  —0.98. P < 0.001). No viable streptococci were detectable fo llow ing  
irrad ia tion o f A lPcSrtreated biofilms w ith 12.2 J (energy density =  61.2 J c n r)  o f 
Ga.AlAs laser lisht.

Discussion

We have shown previously that aqueous suspensions o f a number o f oral bacteria 
associated wi th caries and periodontitis, as well as methicillin-resistant Staphylococcus 
aureus, can be killed by low -pow er laser light in the presence o f a photosensitising agent
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Figure 2. Effect o f light energy dose on the number o f streptococci surviving in AlPcS:-treated biofilms. 
X  =  viable count was below the detection lim it. The horizontal broken line denotes the lim it o f detection o f 
the viable counting technique employed.

(W ilson, 1993; W ilson &  Pratten, 1994). However, as the causative agents o f both caries 
and periodontitis are in the form  o f biofilms on the tooth surfaces this renders them 
less susceptible to antim icrobial agents. Using a simple b io film  model, the bacteria 
growing as a lawn on membrane filters on the surface o f agar plates, we have also shown 
that bacteria in biofilm s can be killed using several light-activated compounds, although 
the numbers killed were not determined (Dobson &  Wfilson. 1992). The biofilms 
produced using this simple approach had been grown under conditions very different 
from those which would exist in the oral cavity. F irstly, the organisms were grown on 
a nutrient-rich, b lood-containing medium as opposed to saliva which does not have a 
high nutrient content. Secondly, the organisms were formed at a so lid /a ir interface 
rather than the so lid /liqu id  film interface provided by teeth in vivo. Th ird ly , the biofilms 
were not exposed to mechanical sheering forces as they would be in vivo. In the present 
study, biofilms o f S. sanguis were grown on mucin-coated hydroxyapatite to simulate 
glycoprotein-coated tooth surfaces and in a medium sim ilar in composition to that o f 
saliva, and they were subjected to mechanical sheering forces as they would be in vivo. 
Irrad ia tion  o f such biofilms in the presence o f the light-activatable compound. AlPcSi, 
resulted in substantial reductions in the v iab ility  o f the constituent organisms. Indeed, 
viable bacteria could not be detected in the biofilms fo llow ing irrad ia tion w ith the 
higher light energy doses employed and this represented approximately a 5 log;:, re
duction in the viable count o f the streptococci in the biofilms The results o f this 
study, therefore, have shown that S. sanguis, when grown as biofilms under con
ditions resembling those which would be encountered in vivo, can be killed using a 
light-activated antim icrobia l agent. We are currently determining the susceptibility o f 
biofilms o f other plaque bacteria to lethal photosensitisation. I f  efiective against 
cariogenic and periodontopathogenic bacteria in vivo, the technique may be useful in 
the treatment o f plaque-related diseases.
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ABSTRACT
Recent studies have shown that cariogenic bacteria can be killed when exposed to low  
power laser light in the presence of a photosensitising a g e n t /T h e  purpose o f  this study 
was to determine the mechanism by which the cariogenic bacterium Streptococcus mutans 
can be killed by toluidine blue O and helium neon laser light To determine whether 
membrane damage occured , suspensions o f sensitised S. mutans were exposed to a 7.3 mW 
HeNe laser for 30 mins and samples removed every 5 mins. Survivors were enumerated by 
viable counting on tryptone soya agar plates and cell firee filtrates were assayed for 
phosphate and B-galactosidase. Lipid peroxidation was assesed by assaying for 
malondialdehyde, a by-product o f lipid peroxidation. The role o f  oxygen and reactive 
oxygen species was studied by exposing sensitised bacteria to laser light (i) under different 
atmospheric conditions, (ii) in the presence o f  deuterium oxide and (iii) in the presence of 
inhibitors of reactive oxygen species. Following exposure o f sensitised S.mutans to 13.2 J 
of HeNe laser light 2.6 nmoles of phosphate and 228 nmoles o f  B-galactosidase were 
detected in the cell tiree filtrates. 10 umoles o f malondialdehyde were also detected. When 
the sensitised bacteria were exposed to laser light under anaerobic conditions there was no 
significant decrease in the viable count compared to a 60 % kill in the presence o f oxygen. 
In the presence of D^O there was a 15-fold increase in the numbers o f  bacteria killed. 0.1 M  
methionine and 0.5 M sodium azide each afforded 98 % protection from lethal 
photosensitisation.
These results imply that lethal photosensitisation results from membrane damage due to 
lipid peroxidation and that reactive oxygen species are mediators o f this process.
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1 .INTRODUCTION
Dental caries is a chronic invasive disease o f the dental tissues. The organisms reported to be 
responsible include Streptococcus mutans, S. sobrinus, Lactobacillus easel and Actinomyces
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viscosus.  ̂ Current methods o f treatment are relatively crude and involve mechanical removal 
of both sound tooth tissue, to gain access to the lesion, as well as softened and infected 
dentine. It would be advantageous if the bacteria could be killed in situ thus reducing the 
amount o f  tissue loss. This could be achieved by lethal photosensitisation. Killing o f microbes 
with low power laser light using porphyrins has been the subject o f a number o f  studies'*’̂  and 
more recently compounds other than porphyrins have received attention as possible 
photosensntising agents^’’. Our recent studies have shown that cariogenic bacteria can be 
kilUed when exposed to low power laser light in the presence o f photosensitising agents such 
as toluidine blue O and aluminium disulphonated phthalocyanine^’̂ . Tw o primary processes in 
the mechanism of photosensitisation of cancer celL have been proposed. The first (type I) 
involves a direct interaction between the excited triplet state o f the sensitiser with 
biomolecules, via either hydrogen abstraction or electron transfer, resulting in the formation o f  
ions and radicals. The type II process involves energy transfer from the triplet state sensitiser 
to oxygen molecules resulting in the formation of singlet oxygen. It has been suggested that 
yeast cells may be inactivated by photosensitisation with toluidine blue when damage occurs 
to the cell membrane due to reactions involving singlet oxygen.*’’ Agarwal et al have also 
demonstrated that photosensitisation o f  hepatic microsomes with chloroaluminium 
phthalocyanine tetrasulphonate results in peroxidative damage to the lipid rich membranes. 
However, very little information is available on the mechanism o f photosensitisation of 
bacteria. The purpose o f this investigation was therefore, to determine the mechanism by 
which toluidine blue O and helium neon laser light kill S. mutans.

2. MATERIALS A ND METHODS

2.1 Organism
S. mutans NCTC 10449 was maintained by subculturing on blood agar (Oxoid Ltd, UK) every 
7 days. Cultures grown in tryptone soya broth (TSB) at 3 T C  for 16 h in an anaerobic jar were 
used for the experiments.

2.2 Laser and Sensitiser
A helium neon (HeNe) gas laser (NEC Corporation, Japan) with a power output o f 7.3 mW  
and a wavelength o f 633 nm was used. The beam diameter was 1.3 mm giving a power 
density o f 0.56 W/cm^.
Toluidine blue O (TBO) CI52040 (Sigma Ltd, UK) was used as a photosensitising agent

2.3 Membrane damage assay
15 ml o f an overnight culture of S. mutans was added to 15 ml of toluidine blue O (50 pg/ml) 
in a glass beaker. A magnetic stirrer bar was added and the beaker was placed on a magnetic 
stirrer and exposed to light from the HeNe laser for a total of 30 mins. A control beaker was 
not exposed to laser light to study the effect of the sensitiser alone. An overall control



contained the bacterial culture to which saline had been added and this was not exposed to the 
laser ligh t At 5 min intervals 100 pi was removed for viable counting and 1 ml was filtered. 
Survivors were enumerated and cell free filtrates were assayed for the intracellular enzyme B- 
galactosidase and phosphate. B-galactosidase was assayed for by it’s reaction with o- 
nitrophenyl-B-galactopyranoside (ONPG) which gives a product that can be detected at 420  
nm. Phosphate was detected by the method of Fiske and Subarrow."

2.4 Lipid peroxidation assay
Bacteria were sensitised by TBO and exposed to HeNe laser light as detailed above. Samples 
removed every 5 mins were assayed for malondialdehyde, a by-product o f lipid peroxidation, 
by the method of Placer et al

2.5 The role of oxygen and reactive oxygen species
2.5.1 Lethal photosensitisation under different atm osoheric conditions
Equal volumes (100 pi) o f S. mutans and TBO were mixed in wells o f  a microtitre plate. 
Controls received only saline. 4 mm magnetic stirrer bars were added, the plate was placed on 
a magnetic stirrer and the suspensions were exposed to 0.44J of H eNe laser light . To 
determine the effect o f the sensitiser alone, the wells were prepared with bacterial culture and 
sensitiser but these were not exposed to laser light Additional control wells contained the 
bacterial culture to which saline had been added and these were not exposed to laser light 
Survivors were enumerated by viable counting on tryptone soya agar. This was repeated 
except that the entire experiment was carried out in a compact anaerobic work station (Don 
Whitley Ltd, UK).
2.5.2 Lethal photosensitisation in the presence o f  deuterium  oxide
The assay was carried out as detailed above except that the bacteria were resuspended in 
saline prepared from deuterium oxide and incubated at room temperature for 3 h before 
sensitisation with TBO prepared in deuterium oxide and exposure to 0.07 J of HeNe laser 
light
2.5.6 Lethal photosensitisation in the presence o f inhibitors of reactive oxygen species 
The experiment was carried out as detailed in 2.5.1 except that the sensitised bacteria were 
exposed to 0.11, 0.22, 0.44 and 0.66 J o f HeNe laser light A lso the experiment was repeated 
when the bacteria were incubated at room temperature for 3 h with sodium azide or 
methionine, at concentrations ranging from 0.005 M to 0.5 M, before being exposed to laser 
light

3. RESULTS
3.1 Membrane damage
Exposure of sensitised S. mutans to 13.2 J of HeNe laser light resulted in a reduction in the 
viable count o f 68 %. The % kills increased as the energy dose increased (Fig. 1). The 
sensitiser alone had no effect on bacterial viability. The amount of phosphate detected in the



cell free filtrates of samples that were exposed to HeNe laser light following sensitisation with 
TBO was greater than those which were not exposed to laser light Following exposure to
13.2 J o f  HeNe laser light 2.6 nmoles of phosphate were detected (Fig. 2). However, in 
samples which were sensitised by toluidine blue O but not exposed to HeNe laser light there 
was in fact a similar detection o f  phosphate (2.2 nmoles) compared to only 0.8 nmoles 
detected in the control.. The B-galactosidase released increased as the energy dose increased 
(Fig. 3). and following exposure to 13.2 J of HeNe laser light 228 nmoles of the intracellular 
enzyme B-galactosidase were detected in cell free filtrates from samples exposed to H eNe 
light in the presence o f TBO. The sensitiser alone appeared to have little or no effec t
3.2 Lipid peroxidation
Following exposure to 4.4 J of HeNe laser light, 10 pmoles o f the lipid peroxidation by
product, malondialdehyde (M DA), were detected compared with 2 pmoles in the presence o f  
the sensitiser alone (Fig. 4). The amount o f  MDA detected increased as the energy dose  
increased and peaked at 4.4 J. In the samples which had been exposed to sensitiser alone only 
2-2.5 pmoles of M DA were detected regardless of the energy dose which the bacteria 
received.
3.3 The role of oxveen and reactive oxvgen species
When the bacteria were sensitised by 50 pg/ml TBO and exposed to 0.22 J of H eNe laser light 
under aerobic conditions a reduction of 1 x 10* cfu (60 %) in the viable count was achieved 
(Fig. 5). When the same experiment was carried out under anaerobic conditions there was no 
significant reduction in the viable c o u n t. When the bacteria under anaerobic conditions were 
sensitised by an unreduced TBO ie. an oxygenated sensitiser this resulted in a kill similar to  
that achieved under aerobic conditions (68 %).
Exposure o f TBO-sensitised S. mutans to 0.07 J of HeNe laser light resulted in a kill of only 3 
% (Fig. 6). However when the same experiment was carried out following replacement by 
D 2O of the H2 O, used in the preparation of the bacterial suspensions and sensitiser, a 15 fold 
increase in the numbers killed (46 %) was observed. Neither the sensitiser nor the laser light 
alone had a significant effect on bacterial viability.
Exposure o f TBO-sensitised 5. mutans to 0.11, 0.22, 0.44 and 0.66 J of H eNe laser light 
resulted in kills of 2 x 10  ̂ cfu (42 %), 3 x 10  ̂ (52 %), 4.9 x lO’cfu (90 %) and 6.5 x lO’ cfu 
(99.9 %). However, in the presence of methionine these kills were reduced in a dose  
dependant manner. In the presence of 0.001 M methionine, kills o f 32 %, 47 %, 97 % and
99.7 % were obtained and reductions of 1.7 x 10  ̂ cfu (30 %), 2.2 x 10  ̂ cfu (38 %), 4.1 x 10  ̂
cfu (72 %) and 4.9 x 10  ̂ cfu (93 %) were observed in the presence o f 0.005 M methionine 
following exposure to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser light, respectively. Increasing 
concentrations of methionine afforded increasing protection against lethal photosensiitsation. 
In the presence of 0.01 M, 0.05 M and 0.1 M methionine 14 % , 68 % and 98 % o f S. mutans 
survived exposure to 0.66 J of H eNe laser light (Fig. 7).
When the bacteria were sensitised to 0.11 - 0.66 J of HeNe laser light in a separate experiment 
again the % survival decreased as the energy dose increased (Fig. 8). 0.0005 M sodium azide
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did not afford any protection against lethal photosensitisation and kills of 2.3 x 10  ̂cfu (38 %),
4.7 X 10® cfu (74 %), 5.6 x 10® cfu (91 %) and 5.9 x 10® cfu (95 %) were observed following 
exposure to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser light However, in the presence of
0.005 M - 0.5 M sodium azide the kiUs were reduced in a dose dependant manner. In the 
presence of 0.5 M sodium azide kills o f only 6 %, 1 % 0 % and 0 % were observed following  
exposure to 0.11, 0.22, 0.44 and 0.66 J of HeNe laser light, respectively.

DISCUSSION
The results o f this investigation have shown that phosphate and the intracellular enzyme 6- 
galactosidase can be detected in cell-free filtrates from samples o f TBO-sensitised S. mutans 
which have been exposed to HeNe laser light This implies that photosensitisation affects the 
integrity of the membrane allowing leakage of intracellular material which may be the cause of 
cell death. Also the results have shown that the lipid peroxidation by-product 
malondialdehyde, can also be detected indicating that membrane damage may be the result of 
lipid peroxidation. Under anaerobic conditions lethal photosensitisation of the bacteria was not 
possible indicating a vital role for molecular oxygen. In the presence of deuterium oxide , in 
which the lifetime o f singlet oxygen is increased, lethal photosensitisation o f S. mutans was 
enhanced. Also methionine and sodium azide, scavengers o f reactive oxygen species, afforded 
protection to S. mutans against photosensitisation with H eNe laser ligh t Due to the 
enhancement of killing by deuterium oxide it appears that lethal photosensitisation o f  S. 
mutans with TBO and HeNe laser light is via a singlet oxygen mechanism. Although som e of 
the lite r a tu r e 'id e n tif ie s  methionine and sodium azide as specific scavengers of singlet 
oxygen the possibility o f these compounds quenching oxygen radicals can not be ruled out. As 
methionine and sodium azide both protect S. mutans against lethal photosensitisation a singlet 
oxygen or radical mehanism or both may be involved. Martin and Loggsdon'^ demonstrated 
that a wide variety of dyes including thionin and methylene blue acted via an oxygen  
dependent mechanism in eliciting a photodynamic effect on E. coli B as did Nitzan et aÛ‘̂  with
S. aureus and deuteroporphyrin as the sensitising agent. In this study w e have shown the 
membrane to be the site of action for lethal photosensitisation of S. mutans and this agrees 
with studies carried out in yeast cells’’'̂  and this membrane damage is thought to occur due 
to lipid peroxidation. However, Ehrenburg et aÙ  ̂ suggest that membrane damage occurs due 
to damage of protein sites rather than lipid peroxidation. Further studies need to be carried out 
to determine if further damage to proteins in the S.mutans membrane is occurring following 
photosensitisation. In only two other studies'^ '® was the photosensitisation of S. mutans 
investigated. Venezio et al sensitised the bacteria with haematoporphyrin and these could be 
killed by exposure to polychromatic light for 20 mins. Okamoto et al have also shown that S. 
mutans could be killed following sensitisation with TBO and exposure to HeNe laser lighr 
However, in neither studies was there any indication given of the mechanism involved.
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The results of this preliminary in vitro study therefore indicate that the mechanism o f lethal 
photosensitisation o f S.mutans is mediated by reactive oxygen species and may involve lipid 
peroxidation of the ceU membrane.
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