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SUMMARY 

The main aim of the project was to study the effect of 
flow rate (shear stress), under different nutrient conditions 
on pre-attached bacterial biofilms. The combined effect of 
flow rate and nutrient supply had not previously been system- 
atically studied, and the relationship between physiological 
activity, attachment and detachment, growth at a surface, and 
flow rate appeared to be very complex. 

Special experimental flow rigs were built for this 
project. Thin biofilms (monolayers of cells) were attached 
to test sections and these were placed in the flow rig. The 
biofilms were then subjected to different shear stresses at 
a known glucose concentration. The numbers of cells were 
small compared to the total volume of medium in the flow 
rig, and so the change in the substrate concentration during 
an experiment was insignificant. Radiotracers could there- 
fore be used to measure substrate assimilation at various 
flow rates and substrate concentrations. 

It was hoped to produce a model which would explain the 
experimental data which was obtained, and assess how flow 
rate influences biofilm development and substrate uptake. 
However, the experimental results suggest that flow rate has- 
little influence on glucose uptake by Pseudomonas 
fluorescens (the species used for this work), and that 
glucose uptake at various flow rates depends only upon the 
glucose concentration present in the medium. It is possible 
that the explanation for this lies in the complex mechanism 
of glucose catabolism which is reported for this species. 

A considerable part of this project was spent in 
establishing appropriate experimental techniques in order to 
make the required measurements for analysis of the biofilms 
in the flow rig. 
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CHAPTER ONE 

INTRODUCTION 

1. The aims of the present study 

Microbial adhesion may be crudely defined as the 

association of a microbial cell with the surface of a 

substratum, involving an interaction between the two which 

requires an input of energy to separate them. Microbial 

biofilms are found upon almost all surfaces exposed in an 

aqueous environment (Characklis and Cooksey, 1983). The study 

of such biofilms is an important branch of microbial ecology, 

because they are ubiquitous wherever solid/water interfaces 

exist. The majority of organisms in any such environment tend 

to be present as biofilm components rather than freely 

suspended. Consequently the establishment of stable com- 

munities, as well as the simultaneous survival of organisms 

competing for similar ranges of nutrients in an open system 

habitat, is a result of biofilm existence. Attachment to 

surfaces may affect bacterial survival (Herson et al, 1983). 

In some experiments, attached cells have shown different 

growth rates (Heukelekian and Heller, 1940, Fletcher and 

Marshall, 1982), and patterns of metabolic activity (Paul and 

Jeffrey, 1986; Ladd et al, 1979; Kjelleberg, 1983; Bright and 

Fletcher, 1983a and 1983b) from freely suspended cells. There 

are many important economic reasons for studying the effects 

of biofilms, and improved control of biofilms will only be 

obtained by a greater understanding of the fundamental 

aspects of the phenomenon of microbial adhesion and biofilm 

growth. 

The aim of this work was to study the establishment and 

analysis of bacterial biofilms subjected to fluid flow under 

page 1 



varying nutrient conditions. A considerable amount of 

research has been carried out to study the effects of various 

environmental conditions on cells which are attached to 

surfaces at very low shear stresses, or in quiescent 

conditions, but as yet comparatively few studies have eval- 

uated the effect of well characterised flow conditions on a 

well defined population of attached cells, and almost none 

have combined this with a study of the effects of varying 

other environmental parameters such as nutrient concen- 

tration. 

It has been shown by some workers that the rate of 

biofilm development and its thickness are dependent upon the 

flow rate, and thus the shear stress. Up to a critical flow 

rate, the rate of biofilm development has been shown to 

increase with increase in flow rate (Trulear and Characklis, 

1982; Duddridge et al, 1982). This effect is usually assumed 

to be due to the increased mass transfer of nutrient at 

higher flow rates. However, the physiology of bacteria may be 

modified by proximity to a surface and the microenvironment 

at the interface (Bright and Fletcher, 1983b), and it is 

possible that this may influence the physiological activity 

of the cell and contribute to the observed increase in the 

rate of biofilm development. It was hoped in this study to 

make some evaluation of whether flow rate influences (I) the 

kinetics of physiological processes of bacteria in biofilms, 

(ii) mass transfer of nutrients to, or waste products away 

from, bacteria in the biofilm, or (iii) both. 

The aim of this chapter is to give a general coverage of 

the current knowledge regarding bacterial attachment, and of 

work carried out under conditions of fluid flow. 
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2. The significance of microbial adhesion 

Biofilms serve beneficial purposes in natural environ- 

ments, fulfilling a central role in the cycling of organic 

and inorganic substrates (Duddridge et al, 1982). They are 

responsible for removing organic and inorganic 'contaminants' 

from natural streams and are used in fixed film bioreactors 

for wastewater treatment processes, such as trickling fil- 

ters, rotating biological contactors and fluidised beds 

(Bryers and Characklis, 1982; Duddridge et al, 1982), bio- 

transformations (Bryers and Characklis, 1982) and the produc- 

tion of secondary metabolites. The use of surface-dwelling 

microorganisms as biological purification filters, to immobi- 

lise and potentially degrade dissolved and particulate mater- 

ials including pesticides, petroleum derivatives, industrial 

wastes and heavy metals is an area of growing research 

(Paerl, 1985). 

In other cases, 'fouling' due to microbial biofilms (a 

term used when biofilms have a deleterious effect) can lead 

to very undesirable effects. Some of these effects, and 

examples of the situations in which they occur, include: 

(i) Problems due to increased fluid frictional resistance: 

thin biofilms which develop on wetted surfaces in tubes and 

pipes dramatically increase fluid frictional resistance, even 

in conduits of large diameter (Characklis and Cooksey, 1983). 

This is because the cross sectional area available for flow 

is reduced, and the surface roughness and drag forces are 

increased (Picologlou at al, 1980). The effect of roughness 

is magnified for biofilms which contain filamentous organisms 

(Picologlou at al, 1980). 
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The energy required to maintain a specific fluid flow 

through a pipeline increases as the biofilm thickness in- 

creases. This causes problems in industrial heat exchangers, 

water and waste-water pipelines, cooling towers, and other 

industrial pipelines. In addition, biofilm formation on ship 

hulls increases drag forces, thereby raising fuel consumption 

(Characklis and Cooksey, 1983; Trulear and Characklis, 1982). 

(ii) Problems due to heat transfer reduction: biofilms which 

develop on heat transfer surfaces act as insulators and cause 

a decrease in conductive heat transfer. They may cause a 

relatively small increase in convective heat transfer, due to 

the increase in surface roughness of a surface with an 

attached biofilm. In 1979. Thackery estimated that heat- 

exchanger fouling (of which microbial slimes are an important 

component) alone cost the United Kingdom up to E300-500 

million per annum (cited by Duddridge et al. 1982). 

(iii) Problems due to mass transfer and chemical transfor- 

mations. These problems occur in many diverse areas. For 

instance, corrosion may be accelerated by processes occurring 

in the lower layers of biofilms, causing deterioration of 

industrial plant (Bryers and Characklis, 1982). Biofilms in 

drinking water systems can cause a reduction in water 

quality, and biofilm in industrial production processes can 

reduce product quality (Characklis et al, 1982). Biofilm 

formation on teeth causes dental plaque and caries, and 

attachment of microbial cells to animal tissue causes disease 

of the lungs, intestinal tract and urinary tract (Trulear and 

Characklis, 1982; Characklis and Cooksey, 1983). 

page 4 



The significance of biofilms in these diverse fields 

highlights the need for an increased understanding of the 

fundamental mechanisms of microbial adhesion and film growth. 

3. Why do blot i lms form at surfaces? 

The microenvironment at the solid-liquid interface has 

properties which may be quite unlike those of the bulk liquid 

phase, as conditions at the interface are determined, to some 

extent, by the properties of the solid substratum and by 

special physicochemical factors associated with surface phen- 

omena and thermodynamic equilibria. There are thought to be 

several possible factors which influence the attachment of a 

bacterium to a particular surface for any given set of 

environmental conditions. Some of these are listed below: 

(i) In some cases the substratum' contains a substrate' which 

can be utilised by attached, or closely associated cells. An 

example of this is bacterial utilisation of organic detritus 

(Paerl, 1980). 

(ii) It is known that a chemically clean surface exposed in 

an aqueous environment will very rapidly become covered with 

an adsorbed layer of dissolved molecules (often referred to 

as a 'conditioning film') which may thus provide an area in 

which nutrient is concentrated for bacterial colonization 

(Characklis and Cooksey, 1983; Fletcher, 1980a). This is not 

likely to be a long-term effect in the case of low molecular 

weight organic compounds, as the supply of nutrients at the 

surface will eventually be depleted. However, it may be a 

1 In this study the word substratum has been used to denote 
the surface, and substrate has been used to denote nutrients. 
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long term effect if the surface and substrate are oppositely 

charged (and thus held together by relatively strong forces), 

or the substrate is amphipathic, i. e. surface active 

(Fletcher, 1984). 

Macromolecular substrates tend to be irreversibly bound 

to surfaces, and must be broken down by extracellular or 

membrane-bound enzymes before being utilised by bacterial 

cells. Their utilization depends on enzyme activity, which 

itself may be influenced by the proximity of a solid surface. 

Zobell (1943) pointed out that cells attached at a surface 

may be at an advantage, because metabolites and exo-enzymes 

would diffuse more slowly from the interstices between the 

cell and the surface. 

The intrinsic character of a submerged solid is invar- 

iably masked through the adsorption of dissolved inorganic 

and organic substances, as well as through the adsorption of 

water itself. With smaller molecules, an adsorption equil- 

ibrium is generally established, with both adsorption and 

desorption taking place. Polymers, however, are less prone to 

desorb because of the large number of anchoring sites 

(Fletcher, 1980a). 

Baier (1980) showed that, in general, substrata of high 

surface energy and high polarity (ie strongly charged) adsorb 

macromolecules strongly, the macromolecules being flattened 

across the surface, whereas low energy, non-polar surfaces 

bind macromolecules less strongly, but a thicker layer may 

develop. 

Such 'conditioning' films do not always favour adhesion 

of cells, and in some cases adhesion is reduced (Marshall, 

1985). 
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(iii) The cell surface hydrophobicity of bacteria can vary 

considerably. Marshall and Cruikshank (1973) suggest that 

hydrophobic bacteria may be considered as being rejected from 

the aqueous phase and attracted to any non-aqueous phase, 

including solid surfaces. Hydrophobicity may thus contribute 

to the attachment process and affect the orientation of some 

bacteria at interfaces. 

(iv) In many cases the transport of nutrient/oxygen from the 

bulk phase to attached cells can be rate-limiting. However, 

in situations where the biofilm is subjected to shear stress, 

transport of nutrients and oxygen to the cells and removal of 

waste products, is likely to be more readily facilitated. In 

these situations the attached cells may be at an advantage 

(Trulear and Characklis, 1982; Fletcher and Marshall, 1982). 

(v) The local microenvironment at the surface could offer 

protection against unfavourable conditions in the bulk fluid: 

for example, against lethal agents such as biocides and toxic 

metals (Herson et al, 1987), phages (Fletcher and Marshall, 

1982), and against perturbations and high flow rates in the 

bulk phase (Atkinson and Fowler, 1974). The surface may 

provide a microenvironment in which the pH is more favourable 

(Stotsky, 1966, cited by Fletcher and Marshall 1982). 

(vi) It is possible that substrate uptake mechanisms or 

respiratory efficiency may be affected by surface-induced 

modifications in cell membrane structure, to the advantage of 

the attached cells. 

(vii) The envir, nment in a biofilm may be advantageous 

because it allows interactions between cells in. the film, or 

facilitates extracellular enzyme activity. Interactions bet- 

ween autotrophs such as diatoms and heterotrophs such as 
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bacteria, may occur as a result of excretion of photosyn- 

thetically produced soluble organic carbon. There are, how- 

ever, many experimental problems to be solved before this can 

be proved (Characklis and Cooksey, 1983). 

4. How cells attach to surfaces: the mechanisms of attachment 

4.1 Observed sequence of biofilm formation 

Cells are transported to surfaces by a variety of 

forces, including sedimentation, chemotaxis, Brownian motion, 

fluid dynamic forces and the effects of cell surface hydro- 

phobicity (Marshall 1986). 

Marshall et al (1971) observed that the sorption of two 

marine bacteria to glass surfaces involved an instantaneous 

reversible phase, and a time-dependent irreversible phase. He 

found the following differences between the two phases of 

attachment: 

(i) Reversible attachment; in this phase the cells exhibited 

Brownian motion, they could be removed by washing the surface 

with 2.5% NaCl, and in some cases rotated around a fixed 

pole. 

(ii) Irreversible attachment: in this phase the cells no 

longer exhibited Brownian motion, were not removed by washing 

with 2.5% NaCl, and did not rotate. 

A recent study (Lawrence et al, 1987) suggested that 

surface colonization by Pseudamonas fluorescens can be sub- 

divided into the following sequential colonization phases: 

(i) a motile attachment phase, during which cells were freely 

motile while attaching; (ii) a reversible attachment phase, 

in which cells attached apically, maintained a fixed position 

on the surface, and rotated; (iii) an irreversible attachment 

phase, in which cells became attached longitudinally rather 
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than apically; (iv) a growth phase, in which attached cells 

increased in length, then divided, separated, moved apart 

laterally and slid next to one another, permitting tight cell 

packing and simultaneous growth and adherence, and (v) a 

recolonization phase, occurring after approximately four 

generations, in which individual cells emigrated from devel- 

oping microcolonies to colonize the surface at new locations. 

ZoBell (1943) suggested that firm attachment of an 

attached bacterium at a surface required several hours: he 

postulated that this was due to the need for synthesis of 

extracellular polymer adhesives. In 1970, Corpe showed that 

copious amounts of 'slimy' extracellular polymers can in fact 

be produced in microbial films. Polymer footprints remaining 

on surfaces after the removal of attached cells were found by 

Marshall et al (1971). Subsequently, polymer bridging was 

shown directly by using solid substrata which could be 

sectioned at the adhesion surface (Marshall and Cruikshank, 

1973; Fletcher and Floodgate, 1973). Many studies have now 

shown polymer bridging occurs in all cases in which bacteria 

are irreversibly bound (Costerton et al, 1981). 

As yet, little information concerning the structural 

analysis of purified extracellular polymer adhesives in 

microbial systems is available. Polysaccharides have long 

been held responsible for the bridging between cells and 

substrata during the irreversible phase of adhesion, although 

their role in the initial events has been unclear (Fletcher 

and Floodgate, 1973). It has been shown, however, that the 

production of extracellular polysaccharides is not directly 

related to cell adhesion, and that they may actually inhibit 

adhesion (Pringle et al, 1983). The results of various 
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qualitative studies which were summarised by Characklis and 

Cooksey (1983), indicated that such polymers are likely to be 

glycoproteins. 

4.2 Physicochemical theories explaining observed sequence of 

attachment at surfaces 

Various physicochemical theories have been put forward 

to attempt to explain, with some degree of success, the 

mechanisms which influence bacterial adhesion at surfaces. A 

brief summary of the two main theories is given here. 

4.2.1 The DLVO theory 

The Derjaguin-Landau and Verwey-Overbeek (DLVO) theory 

(Derjaguin and Landau, 1941; Verwey and Overbeek, 1948), 

was developed to consider the electrostatic charges on 

colloidal particles. This theory suggests that the total 

interaction between two particles comprises two additive 

terms: one due to van der Waals forces (Gq), and one due the 

the overlap of the electrical double layers (Gr-), associated 

with charge groups present on the particle and macroscopic 

surfaces (Rutter and Vincent, 1980). This theory can be 

adapted to consider the charges on bacterial and substratum 

surfaces, and has been used to explain the two stage attach- 

ment process observed in the study of Marshall et al (1971). 

Most solid surfaces found in natural habitats possess a 

net negative charge (Marshall, 1985), and in most conditions 

bacterial cells are also negatively charged. Negatively 

charged surfaces in aquatic environments are surrounded by a 

diffuse layer of positively charged ions (Fletcher, 1979b). 

When a bacterium approaches a surface, the degree of attrac- 

tion or repulsion depends on the thickness of this double 
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layer, which in turn depends on the valency and concentration 

of the electrolyte, The DLVO theory predicts a strong 

attraction between surfaces at a very close range (the 

'primary minimum'), an electrostatic barrier at a longer 

range and then a weaker attraction region (the 'secondary 

potential minimum') at a slightly greater separation of 

surfaces (see Fig. 1.1). When bacteria are held by forces at 

a particle separation corresponding to the secondary minimum, 

they are not actually in contact with the surface, and this 

is thought to be the position of bacteria which are rever- 

sibly attached (Marshall et al, 1971). The bacterium itself 

cannot overcome the repulsion barrier which is present closer 

to the surface. 

Belas and Colwell (1982) suggested that in the case of 

species of Vibrio, in which there is a dual occurrence of 

sheathed, polar flagella and lateral flagella, initial rever- 

sible adhesion results from contact of the sheathed polar 

flagellum with the surface. After about 3 hours the produc- 

tion of lateral flagella begins; at this stage it is still 

possible for the cell to move on the substratum. The lateral 

flagella would be intermediate structures between reversible 

adhesion and subsequent irreversible adhesion involving poly- 

mer bridging. 

Tadros (1980) calculated that extracellular polymers 

with a radius of less than 2 nm can make contact with the 

surface under Brownian motion. Once these filaments are 

deposited in the primary minimum they become firmly bound as 

a result of the high attractive energies at this point. 
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1.1 Interaction free energy (G) versus separation 

(h) curves as a function of electrolyte 

concentration (c) for a charged particle 

approaching a macroscopic surface of the same 

sign. 
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4.2.2 The thermodynamic approach 

Many studies have attempted to relate adhesion to 

surface energy (or related parameters such as hydrophobicity) 

of the substratum. 

Surface free energy (Y*). can be approximated by deter- 

mining the critical surface tension. This can be found by 

calculating the sum of polar'and dispersion components of 

surface free energy, or by. determining rs from a single 

contact angle measurement using the equation-of-state 

approach (Marshall, 1985). Hydrophobicity has been measured 

in some studies: this is expressed as water contact angle, oW 

(Fletcher and Loeb, 1979), or as the work of adhesion between 

water and the surface, V At (Pringle and Fletcher, 1983). 

Baler (1980) called the range of hydrophobic substrata 

with a surface tension in the range 20 to 30 mN/m "minimally 

bioadhesive". Various studies have shown minimal adhesion by 

bacteria on such hydrophobic surfaces, and increased attach- 

ment on hydrophilic surfaces (Dexter et al, 1975, Absolom 

et al, 1983). However, other studies have provided con- 

flicting results (Fletcher and Loeb, 1979). In the majority 

of cases bacterial, cells have shown increased attachment to 

hydrophobic surfaces (Fletcher and Marshall, 1980). No clear- 

cut relationship has been found between substratum wet- 

tability and levels of attachment. 

In some of the studies described above, attachment was 

related only to the. surface free energy of the substratum: 

the bacterial surface free energy and the liquid surface 

tension were not taken into account. 

If interfacial tensions between all three components in 

the system, i. e. the cell surface, the solid substratum and 
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the liquid phase, are taken into account, bacterial adhesion 

is favoured if the process causes free energy to decrease. 

The adhesion process is described thermodynamically by the 

equation: 

Q F-": "' _` ns - 
YLB 

- 
Ymn_ 

where A F-dh is the change in free energy of adhesion 

and (r8, YL1! 
3 and YeL are the bacterium/solid, liquid/solid 

and bacterium/liquid interfacial energies respectively 

(Fletcher and Marshall, 1982). Adhesion is favoured by a 

reduction in free energy, i. e. a negative value for AF-c"'. 

The interfacial energies in each case are determined by the 

surface free energies of the two phases. In general the more 

disparate the two surface free energies, the greater the 

interfacial energies. This applies if electrical charges and 

specific ligand receptor interaction can be neglected. 

Various groups of workers have found that observed levels of 

adhesion can be predicted by considering surface energy 

(Absolom et al. 1983; Fletcher and Pringle, 1985; van Pelt et 

at. 1985). There are, however, some studies which show little 

or no accountable relationship between attachment and surface 

energies (McEldowney and Fletcher, 1986b). 

The success of many experiments has shown that physico- 

chemical forces can predominate in bacterial adhesive inter- 

actions. However the physicochemical models do not predict 

attachment in every case. Potential problems in the applic- 

ation of the DLVO theory approach were discussed in some 

detail by Pethica (1980) and Tadros (1980). Pethica (1980) 

also pointed out some of the limitations of the surface 

energy approach, and emphasised the connections between the 

colloid stability (DLVO) and surface energy approaches. As a 
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simplification, the failure of these models to predict 

attachment in every case is mainly due tot 

(i) the fact that bacteria are assumed to be homogeneous 

particles, and the chemical and structural complexity of the 

bacterial surface is not taken into account: the structural 

chemistry and conformation at the cell surface can vary 

enormously from one bacterial species and strain to the next 

(Pringle et al, 1983) and also depends upon the conditions in 

which a bacterium is grown; 

(ii) the fact that bacteria are living dynamic organisms 

whose physiology can cause their adhesive properties to 

change over time. For instance, Busscher et al (1986) demon- 

strated that the time at which a measurement is taken may 

influence the results of experimental measurements of ad- 

hesion. 

(iii) the fact that the effect of conditioning films and 

bacterial competition for attachment sites are not taken into 

account (Marshall, 1985). 

S. Effects of environmental variables on adhesßo 

The evidence overwhelmingly suggests that bacterial 

adhesion is primarily the result of physico-chemical inter- 

actions between the bacterium, the solid substratum and the 

liquid phase (see section 4, pages 10-15), and further that 

adhesion is influenced by changes in environmental con- 

ditions. The range of variables that can influence these 

physico-chemical interactions is immense, and it is possible 

that quite small changes in any one variable might cause 

large differences in bacterial attachment levels and/or rates 

of attachment (McEldowney, 1984). 
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The bacterial genome determines such features as the 

cell wall composition, polymer production and the possibility 

of an active response to an association with a substratum. 

Cell surface characteristics are influenced by environmental 

conditions such as the carbon source, the C/N ratio of 

available nutrients, growth rate, physiological age of the 

cells, and bulk phase pH and temperature. (The variability in 

the nature of cell surfaces has a great effect an adhesion, 

the extent of which depends on the bacterial species. ) In 

addition, the effect of ions binding to the cell surface, and 

the effect of conditioning films at both the cell surface and 

the solid substratum, may markedly promote or inhibit ad- 

hesion. The final determinant of bacterial attachment to a 

solid surface will be the balance of physico-chemical forces 

for and against adhesion, which will be affected by all the 

above factors. 

Many studies on adhesion have considered the effect of 

varying parameters such as bacterial species, culture age, 

cell concentration, temperature and pH, substratum type 

(including the effect of various conditioning layers), sub- 

strate and concentration. 

Fletcher (1977), showed that attachment of a marine 

Pseudomonas sp. to polystyrene increased with suspended cell 

concentration; the attachment curve levelled off as the 

surface became 'covered with bacteria'. Similarly, the number 

of attached bacteria increased with the time allowed for 

attachment, and then levelled out. In this experiment it was 

also found that attachment declined with increase in culture 

age. The progressive decrease in cell motility after the 

onset of the stationary phase was suggested to be the cause 
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of this. Stanley (1983) also found cell motility was an 

important physiological variable in attachment: adherence 

decreased by at least 90% when flagella were removed by 

blending. 

In many experiments, attachment has been shown to 

increase with temperature, up to a certain level. The effects 

of changes in pH, substratum type and substrate are much more 

complex, as was indicated in section 4.2 (pages 10-15). 

Studies of the environmental factors which affect at- 

tachment have frequently sought to correlate results with 

theoretical models of adhesion or to study the differences in 

cell metabolism, etc, between attached and free living cells 

(see Section 6 in this chapter). Such data gives more 

information on the ecology of biofilms, and methods of 

controlling biofilms. The vast majority of these experiments 

have been carried out either under static conditions, or else 

the effect of shear stress on the cells has not been well 

characterised or correlated with the results. 

It is hardly surprising, in view of the complexity of 

the factors affecting adhesion, that many of the results 

obtained in various different experimental systems would 

appear to be conflicting. This reflects the present incom- 

plete understanding of the subject. 

5.1 The effect of shear stress on attachedblofilms 

Microorganisms growing within surface microenvironments 

are surrounded by a hydrodynamic boundary layer or dead 

volume through which nutrients and wastes must diffuse. The 

size of this boundary layer decreases with increasing flow. 

Within the boundary layer, inertial forces become relatively 

unimportant relative to viscous forces (Douglas et at, 1979). 
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1.2 Biofilm progression in turbulent flow. 

Key to symbols: 

A Lag period. 

B Exponential growth. 

C Decreasing rate. 

D Plateau. 

E Sloughing. 
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Consequently, surface microenvironments are frequently dif- 

fusion-limited and attached bacteria may deplete the micro- 

environment of substrate (Caldwell and Lawrence, 1986). 

It has been shown that biofilms develop in a sigmoidal 

fashion (Bryers and Characklis, 1982) (see Fig 1.2). Evidence 

suggests that biofilm development is the net result of 

several transport and reaction rate processes: 

(i) Adsorption of dissolved organic molecules at the surface. 

The formation of these 'conditioning' films has already been 

discussed. 

(ii) Transport of microbial particles to the surface. In a 

turbulent flow regime convective forces will dominate the 

transport processes. Eddy diffusion may direct the bacterial 

cell into the relatively stationary boundary layer near the 

surface, where it is slowed by frictional drag forces, and by 

a force exerted by the draining fluid film between itself and 

the fluid surface. Turbulent eddies and downsweeps of flow 

may break into the boundary layer, bringing cells close to 

the surface (Bryers and Characklis (1982). 

(iii) Having been brought into contact with the surface, the 

cells may adhere. As stated earlier, it is generally accepted 

that adhesion of a bacterial cell to a surface is a two-stage 

process: reversible adhesion followed by irreversible ad- 

hesion. As yet, there is no evidence for the occurrence of 

the reversible adhesion stage in conditions of turbulent 

flow; in studies of attachment carried out at very low fluid 

shear rates, or in quiescent conditions, biofilm accumulation 

rates may have been mass-transfer limited and, therefore the 

data are not necessarily applicable to turbulent flow con- 

ditions. 
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(iv) Biofilm production. This is the net accumulation of 

attached material due to cellular reproduction and microbial 

production of extracellular polymers. 

(v) Biofilm detachment. Portions of the biofi'lm are contin- 

uously removed. The rate and extent of removal is highly 

dependent on the hydrodynamic conditions. In the case of 

thick biofiims, 'sloughing' may occur. This is a random 

large-scale removal of biofilm, attributed to limitations of 

nutrient/oxygen in the deeper portions of the film. 

In a variety of experiments, the effect of shear stress 

on attached biofilms has been observed. In some cases, the 

aim of these experiments has been primarily to study the 

effects of applied shear stress on the biofilm; in other 

cases the effect of shear stress has been incidental to the 

experiment, and only one set of hydrodynamic conditions may 

have been considered (Lawrence et at, 1987; Eighmy and 

Bishop, 1985). Very few studies in which hydrodynamic 

conditions have been well characterised have been reported. 

Most of the experiments which have been carried out fall 

into three broad categories. These include: 

(I) Experiments in which the primary aim was to define a 

critical shear stress at which all, or a large percentage of 

attached cells are detached (Duddridge et at, 1982; 

Doroszewski et al, 1979; Powell and Slater, 1982), in an 

attempt to define the 'strength of adhesion'. In many cases 

it was found that cells detached leaving a residue on the 

surface, suggesting that the strength of adhesion of the cell 

to the binding material was actually being determined. 

(ii) Experiments in which biofilm formation at a surface has 

been observed; parameters such as numbers of cells attach- 
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ing/detaching, growth rates, etc, have frequently been 

measured. In many cases the aim of these experiments has been 

to fit the observed data to a model (Powell and Slater, 1983; 

LaMotta, 1976; Bryers and Characklis, 1981,1982), or to 

assess the conditions which will minimise biofilm formation 

(Pedersen, 1982b), or both. 

In some cases the initial formation and build up of the 

biofilm was investigated (Powell and Slater, 1983; Caldwell 

and Lawrence, 1986), but usually mature biofilms have been 

studied (LaMotta, 1976; Rittmann and McCarty, 1980b). 

(iii) Other types of study: many studies have taken into 

consideration other factors beside flow rate, such as pH 

(Crouch et al, 1985), temperature (Pedersen, 1982b), sub- 

stratum type (Crouch et at, 1985) substrate concentration 

(see below), the effect of bacterial species (Powell and 

Slater, 1983; Crouch et at, 1985), biomass concentration 

(Bryers and Characklis, 1982), suspended organism growth rate 

(Bryers and Characklis, 1981), and the effect of the shear 

stress on the physiology of the bacterial cells (Eighmy and 

Bishop, 1985). Powell and Slater (1982) attached B cereus 

cells to glass capillaries, and investigated the effect of 

increasing the length of the attachment incubation period 

('settling time'). The cells were subsequently exposed to 

increasing shear stresses, and it was shown that the longer 

the attachment incubation period, the greater the shear 

stress required to remove all cells from the surface. 

However, for attachment incubations of more than two hours, 

the shear stress required to remove the cells remained 

constant. 

Various types of 'bioreactor' have been used in order to 
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study the effects of shear stress on attached cells. In many 

of these experiments the hydrodynamic conditions were poorly 

defined, and in some cases where a correlation with increase 

in turbulence was attempted, the actual conditions at the 

surface of the attached cells were not characterised. 

Conditions in reactors operating in continuous recycle 

mode may approximate closely the conditions in some indus- 

trial applications, but precise determination of the pro- 

cesses occurring in the reactor is difficult. In other types 

of reactor, a continuous feed of fresh medium is used. This 

has the advantage that the concentration of substrate is set 

by the irrigation solution, metabolic waste products are 

completely and continuously removed, and the concentration of 

substrate and/or test compounds can be changed instan- 

taneously. However, such reactors are less practical at high 

flow rates, and limit use of radiolabels, etc. 

Reactors in which biofilms are attached to tha inside 

walls of tubes have been used by Bryers and Characklis (1981, 

1982). In some cases the effect of laminar flaw through 

capillary tubing or very closely spaced slides has been 

studied (Doroszewski et al, 1978; Powell and Slater, 1982 and 

1983; Kjelleberg et al, 1982; Caldwell and Lawrence, 1986; 

Lawrence et al, 1987); microbial growth was quantified in 

situ microscopically in these experiments. All the advantages 

and disavantages of using a 'once through system', described 

above, apply. The hydrodynamic conditions in this type of 

apparatus are, however, well characterised. The disadvantages 

include the fact that only laminar flow rates can be 

achieved, and the area of biofilm actually observed is small. 

Pedersen (1982a and 1982b) used a similar system: he inves- 
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tigated the effect of laminar flows past biofilms attached to 

banks of microscope cover slips, which were arranged in 

lamellar piles using special spacers. An individual slide 

could be removed quickly and replaced by a clean one. 

The radial-flow growth chamber (RFGC) has also been 

used in several biofilm studies (Fowler and McKay, 1980; 

Duddridge et al, 1982; Crouch et al, 1985). It is made up of 

two discs at a given distance apart, one of which is fitted 

with a central inlet pipe. Fluid is pumped in through the 

inlet pipe, and flows radially outwards between the discs. 

Thin biofilms are usually studied. The advantage of this 

equipment is that the effect of a continuous range of flow 

rates can be studied in one experiment: however because of 

this, the equipment is unsuitable for uptake studies, such as 

those carried out in this project. 

Another reactor configuration which has been used is the 

annular reactor (La Motta, 1976; Trulear and Characklis, 

1982), consisting of two cylinders, one of which rotates on 

its axis continuously. These have generally been operated 

with thick biofilms attached to the cylinder walls, and the 

flow conditions occurring at the biofilm surface are not well 

defined. 

Other equipment has been used in which the fluid 

dynamics of the system were very poorly defined. For 

instance, Nelson et al (1985) used increases in stirring rate 

as an indicator of the degree of turbulence existing in 

'continuous flow bacterial adsorption reactors' (these were 

Berzelius beakers which contained biofilms attached to glass 

slides), and Rittmann et al (1986) studied biofilms attached 

to glass beads in a column reactor. 
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The experimental rigs used in this study were designed 

to have several advantages over some of the other types of 

equipment used for Biofilm studies. The special features 

were: 

(i) The flow rigs were of a relatively small size, so 

that they were easy to sterilise for each experiment: this is 

much more difficult for larger apparatus. 

(ii) The number of cells in the system was small compared 

to the total volume of medium in the rig, and the experiments 

were quite short, so the glucose concentration of the medium 

could be regarded as constant. Thus the rig had most of the 

advantages of both the recycle and 'once through' modes of 

operation, without the disadvantages. 

(iii) As the length of each experimental run was short, 

the biofilm was unlikely to be affected by a build-up of 

metabolic waste products in the medium. The medium in the rig 

was recirculated, and so the use of radiotracers to study 

substrate uptake at high flow rates was not prohibitively 

expensive. 

(iv) The thickness of the biofilm would be negligible 

compared to the pipe diameter, which would mean that the 

fluid hydrodynamics would be well defined at the surface of 

the film surface, as fluid dynamics of flow through pipelines 

is well documented. In addition, the fact that only mono- 

layers were to be studied would mean that the complications 

which arise because of the existence of different zones in 

thick biofiims would not occur. 
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5.1.1 Effect of substrate concentration on biofilms exposed 

to flowing conditions 

In many cases, in quiescent and flowing conditions, it 

has been noted that attachment/detachment and growth at 

surfaces is highly dependent upon the nature and concen- 

tration of the substrate supplied to the cells. Flowing 

conditions generally enhance the supply of nutrient to the 

cell, reducing the likelihood of substrate depletion occur- 

ring. 

Although the transport of glucose from the bulk liquid 

to the fluid-biofilm interface may be represented by many 

expressions, the simplest way is to use that of the concen- 

tration driving force, as shown below, 

N= kL-(s-so) 

where N is the glucose flux to the surface (ML-2t-1), kt- is 

the mass transfer coefficient (Lt-'), s is the glucose 

concentration in the bulk solution (ML-ý) and sa is the 

glucose concentration at the film surface (ML-3). Under 

steady state conditions, the amount of glucose transported to 

the biofilm surface must equal the amount of glucose consumed 

by the biofilm (Trulear and Characklis, 1982). LaMotta (1976) 

investigated liquid phase diffusion and identified two limit- 

ing regimes, depending on the magnitude of the mass transfer 

coefficient. If kL is large the microorganisms in the biofilm 

receive a maximum amount of glucose, and the rate of the 

overall process is determined by the kinetics of the internal 

diffusion-reaction process. Under these conditions, the kine- 

tics of the internal diffusion-reaction process may be 

measured, because diffusional resistance resulting from the 
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liquid phase is insignificant. When kL is small the substrate 

concentration at the biofilm surface is essentially zero. The 

liquid phase diffusional resistance is significant, and the 

rate of the overall process is determined by the rate of 

glucose transport to the biofilm surface. 

The transition from high to low liquid phase diffusional 

resistance may be achieved by increasing fluid velocity at 

the biofilm surface (LaMotta, 1976). Unless liquid phase 

diffusional resistances are minimized, the substrate removal 

efficiency of biological film systems may be limited by the 

transport of reactants from the bulk liquid to the fluid- 

biofilm interface. Several studies have borne these observ- 

ations out. 

Caldwell and Lawrence (1986) showed that the surface 

microenvironment becomes substrate-depleted in the absence of 

sufficient laminar flow velocities and that glucose rather 

than oxygen was the rate-limiting substrate in their flow 

cell system. The Monod equation is often used to predict the 

growth rate of microorganisms. This relates the specific 

growth rate, p, to the half-saturation constant, kn, the 

maximum specific growth rate, pMAx, and the substrate 

concentration, S, as follows, 

li = 11M AX xS 
+ km 

However, Lawrence and Caldwell's study showed that in the 

case of microorganisms exposed to flow at surface micro- 

environments, growth rate is also dependent upon laminar flow 

velocity. These workers also showed that under conditions of 

laminar flow and nutrient excess (1 g glucose/1), the growth 
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rate of Pseudomonas fluorescens was 'independent of flow- 

rate'. In quiescent conditions, at a glucose concentration of 

0.1 g/l, growth rate declined to zero after some hours. When 

a fluid flow past the surface was initiated, the growth rate 

resumed at the initial level. Computer-enhanced microscopy 

was used to measure the numbers of attached cells. However, a 

limitation of this study was that the effect of a range of 

different flow rates was not considered. Only one flow rate 

was actually used and this was compared with uptake under 

quiescent conditions. 

Other workers (LaMotta, 1976; Trulear and Characklis, 

1982) have shown that the rate of substrate uptake can be 

increased by increasing the fluid velocity, until the process 

becomes reaction-controlled: in this regime the rate is no 

longer affected by the fluid velocity. Trulear and Characklis 

(1982) measured biofilm thickness as a function of substrate 

loading, and found that the removal rate of glucose increased 

in proportion to biofilm thickness up to a critical thick- 

ness, corresponding to the depth of glucose penetration into 

the biofilm, beyond which removal rate remains constant. The 

depth of glucose penetration increased with increasing 

reactor glucose concentration. 

Pedersen (1982b) showed an exponential relationship 

between biofilm production rate and flow velocity within the 

range of 0 to 15 cm/s. In this case, the biofilm was attached 

in a system using slowly flowing seawater, in which con- 

ditions were laminar, and nutrient levels were below those 

required to saturate the cells. 

lt has also been shown that an increase in nutrient 

loading affects biofilm density and morphology. For instance, 
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Trulear and Characklis (1982) showed that biofilm density 

increases with glucose loading rate, and that density and 

morphology were related. Low density biofilms exhibit a 

filamentous structure, whereas high density biofilms showed a 

nonfilamentous structure characterised by dense patches of 

microbial colonies. 

6. Comparison of activities of freely suspended and attached 

microorganisms 

The environmental conditions at a solid-liquid interface 

differ from those in the bulk aqueous phase, and, accor- 

dingly, the physiological activity of bacteria attached to 

surfaces may differ from that of freely suspended cells. 

Many workers have attempted to evaluate differences in 

attached and suspended cell activity by a variety of methods, 

including measuring changes in growth of attached organisms 

(Jeffrey and Paul, 1986a; Kirchman, 1983), respiration 

(Jeffrey and Paul, 1986b; Bright and Fletcher, 1983b), and 

substrate uptake/transformation (Simon, 1985; Ladd et al, 

1979; Fletcher, 1987). A number of studies have suggested 

that, in general, attached organisms show increased activity 

(Jeffrey and Paul, 1986; Fletcher, 1986). Egan (1987) sum- 

marised the results of several studies (in which various 

types of 'activity' measurements had been made), and con- 

cluded that for oligotrophic systems in particular, attach- 

ment to particles usually increased the activity of microbial 

populations: however, under some environmental conditions, no 

stimulation, or inhibition of microbial activity has been 

observed. 

It has been found that the result obtained depends not 

only on the type of activity being measured, but also upon a 
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range of experimental conditions: the organism used, the 

chemical composition of the substratum, the effects of 

conditioning films, and factors such as the substrate type 

and concentration. Cells of a particular species may become 

firmly attached to a particular surface, or only super- 

ficially associated with it. 

It is not known whether the greater activity which is 

often associated with surfaces is due to stimulation of 

activity on attachment, or whether attaching cells are a 

subpopulation (of a heterogeneous bacterial suspension) which 

is inherently more active (Paul and Jeffrey, 1986). 

There are thought to be three principal ways in which 

the environmental conditions at a solid surface may influence 

the physiology of attached cells: nutrient concentration or 

accessibility may be different at the interface, processes 

sited in the cell membrane may be modified by elastic 

deformation of the cell envelope, and also surfaces provide a 

site for colonisation and the development of a bacterial 

biofilm, in which cells are embedded in a polymeric matrix, 

allowing for interactions between resident organisms, and 

affording some protection against perturbations/lethal agents 

in the bulk phase. 

7. Uptake of glucose by Pseudomonas fluorescens 

The Entner-Doudoroff pathway appears to be the major 

route for glucose catabolism in Pseudomonas (Lynch and 

Franklin, 1977). There are three possible routes by which 

glucose may enter the Entner-Doudoroff pathway in 

P. fluorescens (Eisenberg et at, 1974), (and also 

P. aeruginosa and P. putida (Lynch and Franklin, 1978)). 

These three routes are shown on Fig 1.8. 
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1.3 Pathways available for glucose catabolism in 

Pseudomonas fluorescens 

Key to symbols: 

A glucose uptake 

B glucose dehydrogenase 

C gluconate uptake 

D gluconate dehydrogenase 

E 2-ketogluconate uptake 



Glucose 

G1ucona 

2-Ketog 

lucose 

Glucose-6-PO4 

luconate------lm. G1 conate-6-P0A 

2-Ketogluconate-6-P0.,. 

-Ketogluconate 
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The first route involves the uptake of glucose followed 

by phosphorylation and oxidation to 6-phosphogluconate (6- 

PG). The second involves direct oxidation of glucose to form 

extracellular gluconate, and the subsequent uptake and 

phosphorylation of gluconate to yield 6-PG. Finally, 

gluconate formed from glucose oxidation can be further 

oxidised to form extracellular 2-ketogluconate (2-KG), which 

is then taken up, phosphorylated, and reduced to 6-PG. 

Lynch and Franklin (1976) reported that the synthesis 

and (or) activity of the three uptake systems appeared to- be 

regulated to favour the utilization of glucose or gluconate 

by the direct oxidative non-phosphorylated pathway through 2- 

KG as an intermediate at low growth temperatures (5-C). 

However, at higher growth temperatures (eg. 30-C), the major 

route for glucose or gluconate catabolism appears- to be 

through the direct uptake and phosphorylation of these 

substrates. The differential effect of temperature on the 

activities for-uptake of glucose, gluconate, and 2-KG, the 

lack of coordinate induction for the three uptake systems, 

and the lack of competition in the initial uptake rates 

between the three substrates shown in this study demonstrated 

the presence of independent uptake systems for glucose, 

gluconate and 2-KG. 

It has been suggested that the utilisation of glucose by 

P.. aeruginosa is dependent on an Inducible glucose transport 

system. which may play a regulatory role in glucose metabolism 

(Branford White et al, 1977a). It has been demonstrated in 

P. aeruginosa that a high- and low-affinity system exist 

(Branford White et al, 1977a). When the glucose supply is 

limited P. aeruginosa alters its metabolism in order to 
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facilitate utilization of glucose. 

8. The approach adopted in this study 

The initial aims of this project were diverse, and were 

designed to give a greater insight into the factors affecting 

development of biofilm which was subjected to fluid flow: the 

primary aim of the project was to study the effect of various 

flow rates and nutrient conditions on bacterial biofilms. 

The approach adopted was as follows: 

(i) Initially biofilms were investigated in the absence of 

fluid flow. Various bacterial species and substrates were 

used. 

(ii) Following this, a considerable period was spent setting 

up the experimental methods necessary for establishment and 

analysis of bacterial biofilms subjected to flow in the flow 

rig. This included establishing techniques for preattachment 

of biofilms, determination of numbers of attached cells at 

the start and end of each run, and measurement of substrate 

uptake. 

(iii) Experiments were then carried out in which detachment 

of cells and uptake of glucose over time were measured for 

biofilms which were subjected to various flow rates and 

nutrient conditions in the flow rig. The results were 

compared with results of experiments using freely suspended 

cells. 
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CHAPTER TWO 

MATERIALS AND METHODS USED IN THIS STUDY 

1. Introduction 

The setting up of the experimental rigs, and development 

of techniques for measuring specific parameters during an 

experimental run was a time-consuming part of this project. 

The development work is described in this chapter. 

2. Maintenance and growth of stock cultures 

Stock cultures were kept in a broth medium (PYE) and in 

glucose medium. The PYE medium contained 0.1% (w/v) peptone 

and 0.07% (w/v) yeast extract powder in distilled water, 

adjusted to pH 7.4 with 1M NaOH (Fletcher, 1976). 

The glucose medium contained 0.544g KH2P0a (adjusted to 

pH 7.4 using NaOH), 0.2g glucose, 0.36g NH4CI, and 0.6 ml of 

a salt solution, made up to 100 ml using distilled water. The 

salt solution contained (1-1) 10 g MgSO4.7H2O, 1.0 g 

MnC1=. 4H20,0.4 g FeSO4.7H20 and 0.1 g CaC1z. 2HaO. The 

KH2PO4 solution was sterilised by autoclaving (121'C, 15 

mina) in a 250 ml side-arm flask: the glucose and NH4CI 

solutions were autoclaved separately (121'C, 15 mina) and 

added aseptically. The salt solution was filter sterilised 

using a 0.45 p porosity cellulose acetate filter, and was 

then added to the flask, making the total medium volume up to 

100 ml. 

In some experiments, the glucose medium described above 

was supplemented with 0.2 g of galactose, gelatin or glycerol 

per 100 ml. These were chosen for the following reasons: 

galactose because it is a complex sugar, gelatin as it is a 
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protein, and glycerol because in a previous study (McEldowney 

and Fletcher, 1985) it had been shown to affect attachment of 

some species considerably. 

After growth for 24 hours at 15'C on a rotary shaker at 

150 rpm, stock cultures were maintained at 4'C for 3 weeks in 

250 ml side-arm flasks. Agar slopes and agar plates were made 

up by adding 0.75% agar to the PYE medium. Slopes of the 

cultures were kept at 4'C and were subcultured every 3 

months. Growth was followed turbidometrically at 540 nm with 

a Corning colorimeter 252. Experiments were carried out at 

15°C, so that the results were comparable with those of 

others working in the group. 

3. Preliminary experiments: the selection of a suitable 

organism and medium for use in the test rig 

3.1 Introduction 

While the flow rig was being built, studies were carried 

out using 5 organisms and a selection of media and attachment 

surfaces, in order to characterise the attachment properties 

of the 5 species under various conditions, and enable 

selection of a suitable species for use in the test rig. 

The species considered included Acinetobacter 

calcoaceticus, Escherichia cola, Pseudomonas fluorescens, an 

Enterobacter sp., and a Flexibacter sp.. These species were 

all isolated from a polythene sheet following immersion in 

fast running water at Baginton Weir, River Sowe, Coventry 

(full details in Pringle et al, 1983b), and were all gram 

negative. The growth and attachment properties of each 

organism were investigated. 
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3.2 Surfaces considered 

The surfaces used in these assays were polystyrene petri 

dishes (PD) (Sterilin Ltd., Teddington, England), tissue 

culture treated polystyrene (TCD) (Costar, Cambridge, Mass. ) 

and coupons of stainless steel. The stainless steel coupons 

were cleaned by sonication in distilled water for 5 mans, and 

then rinsed 5 times in distilled water. The coupons were then 

whirlimixed for 1 min in a small bottle containing chloro- 

form, and then rinsed 5 times in distilled water. The coupons 

were laid on a clean glass surface and sterilised in a dry 

air oven at 160'C for 2 hours. 

3.3 Growth and attachment of cells 

After inoculation with 1 ml of a stationary phase 

culture, cultures were grown in the test media for 24 h 

(unless otherwise specified), at 15'C on a rotary incubator 

at 150 rpm, before sampling. The cultures were then har- 

vested by centrifugation (15 min, 10,000 g.., 15°C). The 

cells were washed once in 0.01 M HEPES buffer, pH 7.4, and 

resuspended in the same buffer at various pH values, or in 

the medium used during the growth stage, to an absorbance of 

0.3 (measured at 540 nm using Corning Colorimeter 252), 

corresponding to 1.7 x 10" cells/ml. Aliquots of 5 ml of the 

cell suspension were pipetted into the two types of petri 

dish used. The stainless steel coupons were placed in a Petri 

dish and 5 ml of the cell suspension added. After a specified 

time, the petri dishes were washed 3 times with distilled 

water to remove loosely attached bacteria, and the remaining 

bacteria were then fixed with Bauins fixative (71% v/v 

saturated aqueous picric acid, 24% v/v formalin, 5% v/v 
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acetic acid). The cells attached to the petri dishes were 

stained' with crystal violet at a concentration of 5 g/1 

(Fletcher, 1976; 1977), and the level of bacterial attachment 

wes estimated indirectly by measuring absorbance at 590 nm on 

a spectrophotometer (Unicam Instruments, Cambridge). Four 

readings of randomly selected areas were taken from each of 

the duplicate dishes. Cells attached to the stainless steel 

surfaces were stained using acridine orange (0.01 g/1) and 

the stainless steel discs were attached to glass microscope 

slides using double sided sellotape. The numbers attached 

were counted using an epifluorescent microscope fitted with a 

blue filter at a magnification of x400. A defined area of 25 

x 125 pm was counted in 40 different fields, and the results 

expressed on a unit area basis. 

The following parameters were investigated: 

(i) Attachment of different bacterial species. 

(ii) The effect of growth and attachment in different media. 

(iii) The effect of varying attachment incubation time. 

(vi) The effect of three different surfaces on attachment 

level. 

(v) The effect of culture age on attachment. 

(vi) The effect of changing the pH of the growth medium, 

and/or the pH during attachment. 

(vii) The effect of varying temperature of incubation during 

the attachment stage. 

Many of investigations were similar to those carried out 

by McEldowney (1984), and the results were in general 

consistent with the previous study. 
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3.4 Results 

Figs 2.1-2.4 show the change in attachment level with 

time for Pseudomonas fluorescens cells which were grown up 

and attached in different media to PD and TCD surfaces. t 

can be seen that the cells grown up and attached in the 

glucose-galactose medium showed the highest level of attach- 

ment. Attachment to PDs was generally greater than attachment 

to TCDs which supports observations made by McEldowney and 

Fletcher (1985). However, McEldowney and Fletcher also showed 

that cells grown and attached in the medium containing 

glycerol showed a much greater level of attachment. This was 

not borne out in the present study. 

Fig 2.5 shows the effect of culture age on the attach- 

ment of Pseudomonas fluorescens to PD and TCD surfaces. The 

culture was grown up for 22,33 or 72 hours before the start 

of the attachment assay. It can be seen that the medium in 

which the cells were grown and attached, the surface and the 

culture age all affect the attachment level, and demonstrates 

the importance of ensuring that the conditions are constant 

in any given series of related experiments. 

Figs 2.6 and 2.7 show the effect of pH and temperature 

on the attachment of Pseudomonas fluorescens. It was dif- 

ficult to reproduce the pH experiments: results tended to 

vary from experiment to experiment. This was also observed by 

Duddridge for several organisms, including Pseudomonas 

fluorescens (personal communication). 

Only a small selection of representative results are 

given in this section. This is because the majority of these 

experiments have previously been carried out in other studies 

(eg McEldowney and Fletcher, 1986a; Fletcher, 1976). 
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2.1 Change in attachment with length of incubation 

period for cells grown in glucose medium for 

Pseudomonas fluorescens cells. 

2.2 Change in attachment with length of incubation 

period for cells grown in glucose-gelatin 

medium for Pseudomonas fluorescens cells. 

Key for both graphs: 

TCD 

f9 PD 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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2.3 Change in attachment with length of incubation 

period for cells grown in glucose-glycerol 

medium for Fseudomonas fluorescens cells. 

Z, 4 Change in attachment with length of incubation 

period for cells grown in glucose-galactose 

medium for Pseudomona. s fluorescens cells. 

Key for both graphs: 

TCD 

lb PD 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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2.5 Effect of culture age on attachment for 

Pseudomonas fluorescens cells. 

Cells grown in: 

Glucose medium 

Glucose-galactose medium 

Q Glucose-gelatin medium 

Glucose-glycerol medium 

Graph A shows attachment to PD 

Graph B shows attachment to TCD 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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2.6 Attachment of Pseudomonas fluorescens cells 

which were grown up and attached in glucose 

medium at various pH values. 

Key: 

Q TCD 

® PD 

2.7 Effect of temperature during the attachment 

incubation period on Pseudomonas fluorescens. 

Cells grown up and attached in glucose medium 

at various pH values to tissue culture dishes 

(TCDs). 

Key: 

04 °C 

0 15 °C 

0 25 °C 



.2 

W 

Q 

m 
cc 

0 
pH 

.ý 

W 
Li 

c 02 

cc 

U 

page 41 

4567$ 

4567a 
pH 



3.5 General conclusions 

The Acinetobacter sp. used grew on very few substrates, 

so it was decided that this was less suited to experimen,; s 
4 

using the flow rig, as it was foreseen that several media 

might eventually be used in the flow studies. The 

Enterobacter sp. tended to form aggregates in broth culture, 

and cells attached to surfaces were also observed to be in 

clumps, hence this species was less suitable for the sub- 

sequent studies as microscopic observation and counting of 

numbers attached would be more difficult. The Flexibacter sp. 

was eliminated as this is a gliding bacterium, and this could 

have created difficulties in the analysis of future experi- 

ments. 

The Pseudomonas fluorescens sp. was eventually chosen 

as being the most suitable organism: the biofilms did not 

show aggregation, and could be easily observed micro- 

scopically. It grew on a wide range of carbon sources. 

The cells were grown up in glucose medium (prepared as 

described in Section 2, page 33) for the experiments using 

the flow rig. In addition to being a chemically defined 

medium, glucose was selected as substrate because it does not 

adsorb to surfaces, it is a biologically important and common 

simple carbon source, and is a central metabolite that is 

normally metabolised by constitutive enzyme systems (Caldwell 

and Lawrence, 1986). 

4. The Flow Rig 

4.1 Description of the Flow Rig 

Small scale experimental flow rigs were built specially 

for this project at Harwell Laboratory. They were modified 
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and scaled down versions of apparatus used at Harwell. The 

small size meant that the rigs could be fitted into an 

autoclave and sterilized between experimental runs, and 

therefore could be used under sterile rather than hygienic 

conditions. In addition, the small size made the apparatus 

more suitable for the use of techniques such as tracer 

studies. 

The experimental rig (Figs 2.8 to 2.10) consisted of 

three vertical 'legs' in parallel, each containing a test 

section, in which cryogenic stainless steel tubing could be 

inserted and removed. The flow through each test section was 

controlled by means of a flow meter (In-line Gapmeter Type GS 

3/8"S, Platon Flowbits Ltd., Basingstoke, England) and dia- 

phragm valve (1/4" Type 50034 Diaphragm, Bioengineering U. K. 

Ltd., Caterham, England) located beneath the test section. If 

necessary, each 'leg' of the rig could be isolated during a 

run by closing off the valves at the top and bottom of the 

leg. The test section could then be drained by means of an 

outlet valve, enabling the stainless steel tubes to be 

removed for analysis. 

Flow rates between 0.2 and 4.4 1/min were obtainable, 

corresponding to a range of average velocities through the 

test sections of 0.118 to 2.597 m/s. A bypass line, also 

controlled by a diaphragm valve (1/2" Type 50108 Diaphragm, 

Bioengineering U. K. Ltd., Caterham, England), was fitted. 

Fluid was continuously recycled around the rig and 

through the test sections by means of a centrifugal pump 

(Magnetically coupled centrifugal pump, Type EMP 50/7, TEP 

Ltd., Cadnam, Hants. ). A specially adapted stainless steel 

fermenter vessel (LH 0.7 1 fermenter vessel) served as a 
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2.8 Diagram of the flow rig. 

Key: 

B Bypass line 

C Cooling coil 

P Centrifug, ' pump 

PP Peristaltic pump 

R Rotameter 

T Thermometer 

TS Test section 

Valve 

GJ 'Quick Release' coupling. 
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2.9 Photograph of the flow rig. 



PAGE 
MISSING 

IN 
ORIGINAL 



2.10 Photograph of the flow rig. 
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recycle tank. The total rig volume was -1.2-1. The lid of 

this was detachable and was fitted-with 6 ports. Two of these 

were used for the recycle line from the test sections and for 

a medium feed line for filling the rig. In addition a port 

through which small quantities of material could be added to 

the circulating medium during a run was fitted. One of the 

three remaining ports was used to hold a thermometer and the 

other two were used to insert a cooling coil into the 

fermenter vessel. The cooling coil was connected with lagged 

rubber tubing to a Churchill Chiller Thermo Circulator 

(Churchill Ltd., England). At one stage a cooling finger, 

which used only one port, and a temperature sensor and heater 

were fitted in an attempt to automate the temperature control 

in the rig: however this was unsuccessful as the cooling 

finger, 'being of a small surface area, was not sufficient to 

maintain the required tempera'. ure. - 

It was possible to run the rig as a fermenter, and allow 

a culture to grow at the same time as studying its attach- 

ment. In fact this was never done, due to the difficulties in 

data interpretation. In addition, fouling on all the surfaces 

of the rig would also have occurred on an increased scale. 

The basic procedure adopted for this study was to 

preattach a monolayer of cells to the inside of the stainless 

steel tubes used as test sections, and then insert the tubes 

into the rig. This meant that the experiments were conducted 

using a well defined population, and the problems due to 

fouling in-the rig were minimal. 

The rig was constructed to take test sections of 

cryogenic stainless steel, internal diameter 0.6 cm, and 

length 15 cm. These were held in place in the rig by silicone 
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tubing of 0.6 cm internal diameter, and hose clips. The wall 

thickness of the stainless steel tubes was negligible MI 

mm), so there were no significant constriction or expansion 

effects at the junction between the silicone tubing and 

stainless steel tubes which would have affected the hydro- 

dynamic flow conditions. The 15 cm lengths of stainless steel 

tube were found to be unnecessarily lengthy, and cumbersome 

to manipulate, so they were cut down to 7.5 cm, and the 

silicone tubing holding them in place was replaced by longer 

lengths. Subsequently, in radiotracer experiments the length 

of the stainless steel test sections was again reduced to 5 

cm, to increase the convenience of manipulation still 

further, and reduce the amount of tissue solubiliser required 

to remove attached cells from the tubes. This allowed two 

test sections to be fitted in each leg of the rig. Later it 

was found that three 5 cm sections could be fitted in, and in 

the final series of experiments this arrangement was used. 

4.2 Sterilisation of the Flow Rig 

To enable the flow rig to be autoclaved it could be 

separated into two sections by means of two quick-release 

couplings (Hansen Couplings, Series 4-ST, Guyson Inter- 

national, Otley, England). The magnetically driven centri- 

fugal pump motor could be unscrewed from the pump head, which 

contained the impeller, the pump head forming a permanent 

section of the flow rig circulation system. 

After removing the pump motor, the rig was then split 

into two sections using the quick-release couplings. The open 

ends of the couplings were covered with foil, and the medium 

feed line and overflow pipe were closed off with adjustable 
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clips and the ends protected with foil. The two sections were 

autoclaved at 110'C for 30 minutes. (It was possible that the 

rig could have been damaged if it had been autoclaved at 

121'C, as several i terials were uzed in its construction, 

and differential expansion may have resulted in the cracking 

of some components. ) After cooling, the foil was removed from 

the quick release couplings, and the open ends were flamed, 

before fitting the two sections of the rig together. 

4.3 Rig cleaning procedures 

After a run the rig was completely filled with 0.2% 

Lipsol detergent (LIP Equipment and Services, Shipley, 

England) or with 0.2% Micro detergent (International Products 

Corporation, Chistlehurst, Kent), and left overnight. Follow- 

ing this, the rig was drained and rinsed in at least 50 rig 

volumes of tap water, drained, and then rinsed with at least 

5 rig volumes of distilled water. 

5. Procedure used during an experimental run 

The procedure originally used is described here. This 

has undergone several modifications over time, which are set 

out later in this chapter. The first experiments using the 

rig involved pre-attaching a monolayer of cells to the inside 

of the test sections, rinsing the test sections to remove 

loosely attached cells, placing the test sections in the flow 

rig, and testing the percentage detachment from the tubes at 

various flow rates. 

5.1 Procedure for cleaning the test sections 

The tubes were cut to the required length, and the ends 

sanded using an orbital sander to remove any burrs of metal. 

In the first instance the stainless steel tubes were prepared 
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by: - 

(i) Soaking in chloroform for 1 hour to remove grease, 

followed by 5 rinses in distilled water. 

(ii) Sonicating for 5 minutes in a sonicating water bath 

(Pulsatron 125, Kerry Ultrasonics Ltd., Hitchin, Herts. ), 

followed by 5 rinses in distilled water. 

(iii) sterilising in a hot air oven at 1600C for 2 hours. 

5.2 Preattachment of a monolayer of cells to the inside 

surface of the test sections - the 'attachment incubation' 

Cells which had been grown for 24 hours, to early 

stationary phase (the optical density was approximately 0.7, 

measured at 540 nm using a Corning Colorimeter 252) were 

washed once in 0.04 M KH=PO4 buffer (adjusted to pH 7.4 using 

iM NaOH) and resuspended in this buffer to an optical 

density of 0.3 using a colorimeter (Corning Colorimeter 252). 

A 0.6 cm diameter rubber bung was placed in the one end of a 

7.5 cm length of stainless steel test section, which was held 

vertically, and filled with the resuspended culture. A second 

bung was then placed in the top end of the tube, and any 

excess culture wiped off the outside of the tube. A series of 

tubes prepared in this way were placed horizontally in a flat 

metal container, such that they could roll freely. This was 

important in order to prevent sedimentation of cells in the 

tube. The container was then placed in an orbital shaker 

rotating at 110 rpm, 15'C, and left for 1 hour. They were 

then removed and rinsed 3 times in distilled water. Some 

tubes were placed in the rig and others were used as 

controls. 

At the start, an attachment incubation time of 60 mina 

appeared satisfactory: after this period a reasonably evenly 
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spread thin monolayer of cells had attached, although there 

were some clumps of cells. The average number of cells 

attached was approximately 1.6 x 104 cells/mm2 (ie 10 cells 

per field of 625 ums). 

5.3 Preparation of the rig at the start of the run and 

procedure during the run 

The flow rig was cleaned and sterilised as described 

above. Before a run, while the stainless steel test sections 

were being prepared, the two sections of the rig were fitted 

together and the pump motor attached. The medium feed line 

was fitted through the head of a peristaltic pump, and the 

end was placed in a bottle containing 11 sterile medium. The 

clip on the overflow pipe at the top of the rig was loosened, 

to allow medium to be pumped into the rig. The medium was 

pumped in until it reached the top of the flow meters, and 

when the test sections, with their pre-attached monolayer, 

were placed in the rig, the rig was filled with the remainder 

of the medium. The rig was filled in two stages to minimise 

the time period between the attachment stage, in order to 

subject the attached bacteria to as little change as pos- 

sible. 

The valves below the flow meters in each leg of the rig 

were then closed off, and the valve controlling flow through 

the bypass pipe was set to the fully open position. The 

circulation pump was then switched on, and the flow rate 

through each test section was set by gradually increasing the 

flow through the test sections. In the first test runs, it 

was found that bubbles were a problem, particularly during 

the early stages of a run. It was likely that there could be 
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some stripping of the attached cells due to the bubbles, and 

so two adjustments in the procedure helped to eliminate 

them: - 

(i) The quantity of medium supplied to the rig was 

increased to 1.1 1. This reduced the amount of air in the rig 

from - 200 ml to - 100 ml. 

(ii) When setting the flow rate through each leg of the 

rig, it was found that the valves controlling the flow needed 

to be opened very gradually, while simultaneously closing the 

valve in the bypass pipe at an approximately equal rate. 

The start of the experiment was taken as being the time 

at which the required flow rate was achieved in each leg of 

the rig. The run period was not always the same from 

experiment to experiment, and within any one experiment it 

was possible to shut down one test section at a time, by 

closing off the valve at the top and bottom of the individual 

leg of the rig, and then draining the test section by opening 

the outlet valve which was situated just below the test 

section. Hence in any one run, the flow rate and the run 

length could be independently varied in each 'leg' of the 

rig. 

After a specified run time the flow rig was shut down by 

switching off the circulation pump, and pumping the fluid out 

of the rig using the peristaltic pump. The stainless steel 

test sections were then removed from the rig and rinsed three 

times in distilled water. It took approximately one minute to 

shut down the flow rig and remove and rinse the test 

sections. 
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5.4 Method of counting the numbers of cells attached to the 

tubes 

The attached cells were then fixed using Bouins fixative 

(71% v/v saturated aqueous picric acid): 24% v/v formalin; 5% 

v/v acetic acid), and stained with the fluorochrome acridine 

orange. 

The tubes were then cut into three sections using a 

small hacksaw. Each 2.5 cm section was cut open lengthways 

using tin snips, and the sections were then carefully opened 

out using fine tweezers, to avoid damage to the fixed 

monolayer inside. Having ensured the section was as flat as 

possible, it was fixed to a glass slide using double sided 

sellotape. A drop of immersion oil (Cargill Type A Immersion 

Oil, McCrone Research Associates Ltd., London) was placed on 

the stainless steel section which was then observed under an 

epifluorescent microscope (Zeiss Standard 18 Microscope) 

fitted with a blue filter at a magnification of x 400. The 

number of cells in a defined area of 25 x 125 pm were counted 

in 40 fields. 

5.5 Calculation of the percentage detachment at various flow 

rates and run times 

The numbers of cells which detached were calculated by 

comparing the numbers of cells remaining adhered to a tube 

after being in the flow rig with the average numbers of cells 

attached to the several other tubes, which had not been 

placed in the flow rig, but had been fixed and stained 

immediately after the attachment incubation stage. 

Percentage 1- no. of cells/tube after exRerimentl x 100% 
detachment 

- 
Initial no. of cells/tube 

page 53 



6. Problems encountered with the original experimental 

procedure 

Several experiments were run to test the reproducibility 

of the methods outlined above. It was found that in general 

the reproducibility was erratic and sometimes very poor 

indeed. Not only did the results vary markedly, and to no 

fixed pattern from experiment to experiment, but also the 

correlation between the attachment levels in tubes which had 

been exposed to identical conditions in any one experiment 

was also low. While counting the numbers of cells attached to 

the tubes it was noticed that occasional tubes had large 

clumps of bacteria, and that in other tubes there appeared to 

be very different levels of attachment at each end of the 

tube: sometimes a sharp line divided the two sides, with one 

end of the tube showing much higher attachment levels. 

There were several factors which were possibly causing 

the lack of reproducibility shown in these experiments: - 

(i) There was a possibility that the cells were becoming 

starved of oxygen during the attachment incubation. There was 

also a chance that the length of the attachment incubation 

period (1 hour) corresponded to the time at which cells were 

just beginning to become irreversibly attached to the tubes, 

and consequently a great deal of variation would occur 

between tubes. Tests were implemented to check whether these 

effects were causing problems. 

(ii) It was thought possible that the tubes were not 

totally clean, and small variations in the surface of the 

tubes could affect attachment levels quite markedly. 

Therefore a range of cleaning methods were tried, and tested 

to see how this affected the attachment levels. 
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(iii) The standard deviations for the microscope counts 

of numbers of cells adhered were very high, and it was felt 

that an improvement in the method of counting the numbers of 

attached cells, or a change of method, might be necessary. 

(iv) It was possible that variations between batch 

cultures could cause fluctuations in the results from experi- 

ment to experiment, and therefore growing cells in continuous 

culture was considered. 

These four potential reasons for the lack of repro- 

ducibility in the attachment levels were investigated in an 

attempt to improve the reproducibility of the attachment 

procedure, and the results of parts (i) to (iii) are detailed 

below. A chemostat was set up in order to check whether the 

variability between batch cultures was affecting the results. 

However, as the other investigations were reasonably success- 

ful, cells were not grown in a chemostat for any experiments 

which involved using the flow rig. Preliminary attachment 

experiments indicated that the attachment levels for chemo- 

stat grown cells were much lower than for cultures grown in 

batch, and the cells were tended to be smaller. 

6.1 The effect of reducing the volume of culture inoculated 

into the tubes and increasing the incubation time 

The attachment method, in which the stainless steel tubes 

were filled with resuspended bacteria for 1 hour has been 

described above. It was felt that there was a possibility 

that the bacteria were in some cases becoming depleted of 

oxygen during the incubation, so the effect of reducing the 

inoculum of culture was tested. The total volume of the tubes 

was 2.12 cm5, which was reduced to approximately 1.84 cm5 by 

the bungs which were inserted at either end of the tube 
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during the attachment stage. The effect of using ai ml 

inoculum was tested. 

There was a possibility that one hour was a critical 

time at which some of the cells had started to make firm 

bonds with the surface, but other bacteria were loosely 

attached by reversible bonds, causing variation in the 

attachment levels. A test in which attachment time was 

lengthened to 1.5 hours was carried out (see Fig 2.11), and 

it was shown that although attachment levels increased, the 

results still showed very high standard deviations for 

duplicate tubes. 

Nevertheless, although these measures did not solve the 

problem of lack of reproducibility, it was decided to use an 

inoculum of 1 ml rather than filling the tube in future 

experiments, to ensure that a shortage of oxygen did not 

occur, and to use an attachment time of 1.5 hours to increase 

the numbers of cells attached. Shortly afterwards this was 

increased further to 2 hours following an additional experi- 

ment (see Fig 2,12) which showed attachment was optimised at 

2 hours. 

In addition, as a result of some trials, the absorbance 

of the culture inoculated into the test sections during the 

attachment incubation was increased to 0.8 (measured at 540 

nm, using a Corning Colorimeter 252), which resulted in 

greater numbers attaching (see Fig 2.13). This was desirable 

to increase the accuracy of the results from the flow rig 

studies. Further increase in the absorbance did not ap- 

preciably affect the level of attachment. 
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2.11 Effect of varying the length of the 

attachment incubation period% up to 1.5 hours. 

initial culture concentration 1.95 x 10' cells/ml 

2.12 Effect of varying the length of the attachment 

incubation period: up to 24 hours. 

Key (2.12): 

Initial culture concentrations: 

0 1.95 x 10" cells/ml 

0 4.52 x 101 cells/ml 

Notes: I. Where no error bar is shown, the point is 

derived from a single result. 

2. Y-axis: Disintegrations per minute/10,000 
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2.13 Effect of cell density on attachment level. 

Key 

Q Results of 16/7/85 

It Results of 16/8/85 

C3 Results of 21/8/85 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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6.2 The effect of changing the tube cleaning procedure and 

using detergent solution during sonication 

Various methods of cleaning the tubes were tested in 

order to check whether the attachment levels were more 

uniform in tubes which had been cleaned more rigorously, or 

with alternative detergent solutions. In the original two- 

stage cleaning procedure (Section 5.1, page 49), the tubes 

were sonicated in distilled water, and degreased by soaking 

in chloroform. Several changes to this procedure were made. 

As a first attempt at improving the tube cleaning 

method, the order of the stages was altered, and tubes were 

sonicated in a detergent solution rather than distilled 

water. The stainless steel tubes were first degreased by 

soaking in chloroform and then sonicated in a detergent 

solution. Particular attention was paid to rinsing the tubes 

in distilled water many times, then leaving them to soak in 

distilled water for 24 hours. This was done because Duddridge 

(personal communication) carried out an experiment in which 

stainless steel surfaces were soaked in deionised water for 

periods of 1,18 and 24 hours after they had been cleaned. A 

monolayer of cells was then attached to the surfaces and it 

was found that, the longer the surface had been soaked, fewer 

cells were detached when the surfaces were subjected to flow. 

This demonstrated that attachment was affected by the length 

of the rinsing period, and it was thought that this might be 

due to the fact that more detergent molecules had desorbed 

during the longer rinse periods. 

The tubes were first soaked for 15 minutes in chloro- 

form, then rinsed 3 times in distilled water, before being 
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placed in a beaker filled with 1% Micro (International 

Products Corp., Chistlehurst Kent), and sonicated for 5 

minutes. The tubes were then immediately rinsed three times 

with distilled water, and left to soak for 24 hours in 

distilled water before being rinsed three more times. The 

tubes were then 'wrapped in individual foil packets and 

sterilised for 2 hours at 160'C. 

This method of preparing the tubes was tested by 

attaching cells to the surfaces, as described in Section 5.2, 

and checking the variability in the numbers attached at the 

end of the Attachment incubation. For a batch of 6 tubes the 

overall averages were very similar (Table 2.1).. However, when 

this experiment was repeated, there was very poor agreement 

(Table 2.2). 

Further experiments were then carried out to check 

whether the variability in the levels of attachment could not 

be reduced. It was decided, to: - 

(i) Try various detergents other than Micro to check 

whether this had an effect-on attachment. 

(ii) -To inspect each tube after cleaning. The tube was 

dipped into a beaker of distilled water and the appearance of 

the film of water noted on the surface of the inside of the 

tube. Clean surfaces should have a film of water evenly 

distributed over the surface, whereas on a dirty surface the 

film is more patchy. 

The first detergents to be tested were Lipsol (LIP 

Equipment and Services) and Teepol (BDH Chemicals Ltd., 

Atherstone, Warwicks), at a concentration'of 1%. Tubes were 

also cleaned in Micro, as before, to test whether the use of 

Lipsol and Teepol improved the cleaning efficiency. The 
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procedure was slightly modified. 

The tubes were soaked for i hour in chloroform, and 

rinsed 3 times in 1% detergent solution. They were placed in 

beakers with 1% detergent soluti, n, and sonicated for 5 

minutes. They were then rinsed twice with 1% detergent 

solution and sonicated in the same solution for 5 minutes. 

After this they were rinsed twice in the detergent solution 

and 20 times in distilled water. They were left to soak for 

24 hours in distilled water and then rinsed 10 times in it. 

At this point the tubes were dipped into a beaker of 

distilled water and inspected for cleanliness. Each tube was 

labelled on the outside, and a note made of the observations, 

in order to try to correlate this with the observed degree of 

attachment. Uneven or patchy water films were observed in all 

of the tubes which were cleaned using Teepol detergent, hence 

the number of cells which attached was tested for only one of 

these tubes. The tubes were then wrapped in foil and 

sterilised as before. 

A direct correlation between the numbers of cells 

attached and the observations of films of water in the tubes 

was observed (Table 2.3). In the case of the three tubes in 

which the water film was noted to be uneven or patchy, rather 

than evenly distributed, levels of attachment were around 50% 

lower than average. In other cases, the water film appeared 

to be even at one end of the tube, but not at the other. The 

effect, when looking down the tube, with bright illumination, 

was of a 'ring' of water which could occur at any point down 

the tube. These seemed to be relatedk itsudden sharp change 

in the number of attached cells, which could be observed 

microscopically. At one end of such tubes the cells were 
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Attachment levels after improving tube cleaning method 

'CABLE 2.1: Results of 22/4/85 

Tube Average A' Average B' Overall Overall 
number Average Standard 

Deviation 

1 42.0 41.8 41.9 29.6 

2 40.6 34.3 37.4 30.3 

3 39.3 37.4 38.3 20.4 

4 35.9 45.9 40.9 37.2 

5 34.7 41.8 38.2 42.9 

6 34.5 39.9 37.2 32.7 

TABLE 2.2: Results of 23/4/85 

Tube 
number 

Average A' Average 81 Overall 
Average 

Overall 
Standard 
Deviation 

1 53.0 64.0 58.7 16.2 

2 42.2 58.4 50,3 25.7 

3 54.7 38.0 46.3 16.7 

4 34.2 39.6 38.2 21.8 

5 59.1 41.4 50.2 15.1 

6 22.6 16.9 19.7 17.8 

1 The tubes were cut in half and opened out. Average A and 
Average B were the average numbers of cells attached in an 
area of 3125 µm2 for each half (n=40). These are included 
to show the magnitude of variation in the readings. 
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Attachment levels for tubes cleaned using solutions of 1% 

Lipsol, Micro and Teepol 

TABLE 2.3: Results of 7/5/85 

Deter- 
gent 

Tube 
Number 

Average 
A' 

Average 
B' 

Overall 
Average 

Overall 
Std. 
Devn. 

Remarks 

Teepol 1 26.8 37.5 32.1 22.2 

Lipsol 2 64.9 68.8 66.9 16.9 

3 61.5 55.8 58.7 11.2 

4 25.4 36.2 30.8 11.2 

5 55.3 59.9 57.6 12.0 

6 79.0 52.5 65.8 21.6 

7 30.9 29.0 30.0 12.0 

Micro 8 44.3 48.8 46.5 17.3 

9 47.9 40.2 44.0 13.0 

10 56.9 54.6 55.8 27.1 

11 56.6 59.4 58.0 14.6 

12 40.9 53.8 47.4 17.4 

13 55.2 25.0 40.1 18.7 

i The tubes were cut in half and opened out. Average A and 
Average B were the average numbers of cells attached in an 
area of 3125 pm2 for each half (n=40). They are included 
to show the magnitude of variation in the readings. 

These tubes had a patchy film of water when observed. 

When these tubes were inspected, there appeared to be a 
'ring', below or above which the water film was 
patchy. This appeared to affect the results con- 
siderably, as can be seen by comparing the difference 
between the averages for the two halves of the tube. 

Although the water film appeared even, a slight 
difference was observed in attachment levels at one end of 
the tube. 
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sparsely distributed, whereas at the other side the level of 

attachment was much higher. A well defined junction separated 

the two areas. In three out of four cases when a 'ring' was 

observed in the water film, microscopic observation showed 

there was a sharp line at which the attachment level changed 

markedly at approximately the same position in the tube. In 

one case where no 'ring' in the water film was seen, there 

appeared to be a slight change in the attachment level at one 

point in the tube. 

If the tubes which had been previously observed to have 

an uneven water film were disregarded, the average level of 

attachment for Lipsol cleaned tubes was 61.1 cells per 

3125 pmß (standard deviation 5.1, n=3, tubes 2,3 and 5), 

49.9 for Micro cleaned tubes (standard deviation 5.1, n=3, 

tubes 8,10 and 12), and only 32.1 for Teepol cleaned tubes 

(n=1, tube 1). 

This shows that attachment levels were considerably 

higher for tubes cleaned in Lipsol than in Micro, and the one 

tube tested which had been cleaned with teepol showed a lower 

level of attachment than either. The efficiency of the 

cleaning process still required improvement, if possible, as 

around half the tubes showed signs of not being perfectly 

clean when the water film on them was observed, and in one 

case in which the water film appeared even (though it was 

quite difficult to observe the film inside 7.5 cm lengths of 

0.6 cm diameter tubing) the tube showed a jump in the 

attachment level at one end. 

Thus it was decided to try increasing the concentration 

of Lipsol to 2%, and using some alternative detergents. 
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Attachment levels for tubes cleaned using solutions of i% 

Lipsol, 2% Lipsol, 2% Tween 20. and 2% RBS 25. 

TABLE 2.4: Results of 15/5/85 

Deter- Tube Average Average Overall Overall Remarks 
gent Number Al B1 Average Std. 

Devn. 

Tween 20 1 52.5 42.5 47.5 -2 

RBS 25 2 72.4 75.4 73.8 - 

Lipsol 3 79.1 72.8 75.9 16.8 
1% 

Lipsol 4 80.4 92.1 86.2 23.7 
2% 

5 87.3 66.9 77.1 21.7 

6 78.4 86.1 82.3 

7 101.0 73.5 87.3 30.7 

8 94.9 81.3 81.3 16.7 

9 96.3 # W. 4 83.3 20.8 

10 75.1 77.4 76.9 13.0 

11 100.5 70.5 85.5 25.9 

12 71.8 80.0 75.9 10.9 

13 84.0 93.8 88.9 31.5 W 

The tubes were cut in half and opened up. Average A and 
Average B were the average numbers of cells attached in an 
area of 3125 µm7-" for each half (n=40). They are included 
to show the variation of magnitude in the readings. 

These tubes had a patchy film of water when observed. 

When these tubes were inspected, there appeared to be a 
'ring', below or above which the water film was 
patchy. This appeared to affect the results considerably, 
as can be seen by comparing the difference between the 
averages for the two halves of the tube. 

Although the water film appeared even, a slight 
difference was observed in attachment levels at one and of 
the tube. 
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Notes on the detergents used 

TABLE 2.5. 

DETERGENT USE REMARKS 

Micro Used at 2% for cleaning 
and decontamination. 

Phosphate free, non- 
toxic, biodegradable. 

Lipso1 

Tween 20 

RBS 25 

Teepol 

Used for 'complete removal 
of all residues and radio- 
active contamination'. 
2-5% for most applications. 

Phosphate free, non- 
toxic, biodegradable, 
non corrosive. 

Surfactant, used at 50 ppm. Non-ionic surface 
active agent. 

Cleaning and decontamin- 
ation of laboratory glass- 
ware, surgical and 
pharmaceutical instruments 
etc. Replaces dichromate- 
sulphuric acid mixture. 
Diluted to 2% using 
dimineralised water at 
50'C. Rinse immediately 
after soaking. 

Surface active agent. 

Completely removes grease 
films. If used in a hot 
concentrated solution, 
is a substitute for 
dichromate-sulphuric acid 
mixture for cleaning 
glassware. 

Biodegradable, 
neutral, effective in 
hard and soft water, 
unaffected by acid 
solutions/chemicals 
containing salts of 
heavy metals. 
Relatively non-toxic. 
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The procedure for cleaning the tubes was kept the same, and 

the following detergents tested: 1% Lipsol, 2% Lipsol, 2% 

Tween 20 (Sigma Chemical Company Ltd., Poole), 2% RBS 

(Chemical Czocentrates (RBS) Ltd., London). 

The levels of attachment to tubes which had been cleaned 

using Lipsol detergent at a concentration of 2% were higher 

than for the tubes cleaned using other detergents (Table 

2.4). The average number of cells per. -'125 pms was 83.1 for 

the Lipsol cleaned tubes, with a standard deviation 5.0 

(n=10). This was a considerable improvement in the level of 

attachment and reproducibility of the counts. Similar results 

were seen in two repeat experiments. However, it was felt 

that the variability between the attachment levels was still 

too great: one of the causes was possibly the technique of 

counting the numbers of cells attached microscopically. High 

standard deviations were common, and increasing the number of 

areas counted appeared to have little effect on the standard 

deviation as a percentage of the mean. In addition the method 

became even more time consuming, taking several days to work 

out the results for one experiment. Hence it was necessary to 

develop an alternative technique of counting the numbers of 

cells attached, which would be more rapid, and allow the 

numbers of cells attached to be accurately determined (See 

Section 6.3, page 68). At the same time this was being done 

further information was obtained on the effect of using 

various acids to clean stainless steel. In experiments in 

which stainless steel capillary tubing was required to be 

cleaned to an extremely high standard, workers found that 

although dilute hydrochloric acid and dilute nitric acid gave 

poor results, 10% formic acid gave good repeatability. 
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The cleaning method was once again modified to try the 

effect of using formic acid. Stainless steel tubes (5 cm 

sections) were degreased by soaking in chloroform for 1 hour. 

They were then rinsed three times in 10% formic acid, and 

soaked for one hour in 10% formic acid. Then they were rinsed 

3 times in 3% Lipsol detergent, placed in a beaker filled 

with 3% Lipsol detergent, and sonicated for 5 minutes. The 

tubes were rinsed 10 times in distilled water and sonicated 

in distilled water for 5 minutes. They were rinsed 10 times 

in distilled water and left to soak in distilled water for 24 

hours. After this they were rinsed 10 more times in distilled 

water, left to dry, and then wrapped in individual stainless 

steel parcels and sterilised in an oven at 160'C for 2 hours. 

This experiment differed slightly from the previous ones 

in that the cells were labelled with tritiated leucine (see 

Section 6.3.1, page 71, for details of labelling method). 

Apart from this, the procedure was identical. The results 

were converted into numbers of cells per 3125 p, m2 to enable 

comparison with the results shown in Tables 2.1 to 2.4. The 

results are summarised in Table 2.6. 

It can be seen that the average numbers attached are 

very similar, but the tubes cleaned using formic acid showed 

much less variability in numbers attached. Hence all tubes 

used in subsequent experiments were cleaned using the method 

which incorporated formic acid. 

6.3 Counts of attachment level using a radiolabollili 

technique 

As previously mentioned, increasing the area counted 

when using the epifluorescent microscope, did not improve the 
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The effect of using formic acid in the cleaning procedure 

TABLE 2.6: Results of 7/8/85 

Tube Average Standard Number Average 
cleaning dpm' deviation of tubes no. cells 
method (as % of per 3125pm2 

average) 

No formic 32011 18.9% 9 62.7 
acid 

With 32232 8.1% 9 63.1 
formic 
acid 

Disintegrations per minute. The number of cells attached 
were directly related to dpm (see section 6.3 for details 
of the labelling technique). 

The results were converted into numbers of cells per 3125 
pm to enable comparison with Tables 2.1 to 2.4. The number 
of cells per dpm was 885.4, found by measuring the counts 
per minute of a 100 p1 sample which had a cell density of 
1.25 x 1091 cells/ml. Total inside surface area of tube 
(7.5 cm long tube) was 14.14 cm2. 
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standard deviation in many cases. This was probably due to 

the patchy nature of the attached cells, and it would have 

required a prohibitively long time to count a sufficiently 

large area to significantly reduce the standard deviation of 

the counts. 

It was decided to try to measure the numbers of cells 

attached to the inside of a tube by prelabelling the 

organisms using a radiotracer and measuring attachment by 

determination of surface-bound radioactivity. Pre-labelling 

of cells with tritiated leucine before the attachment stage 

had several advantages. It meant that the numbers of cells 

attached could be determined for the entire tube, thus 

eliminating the problems caused by variations in the distri- 

bution of the cells over the surface on a microscopic scale. 

In addition, it was a relatively quick and simple method, and 

as it was foreseen that radiotracers would be used in 

subsequent uptake studies, it was felt that the method would 

save time as two distinct tracers such as =H and 14C could be 

counted simultaneously. 

The main difficulty in setting up the method was to 

establish a suitable technique for measuring numbers of cells 

attached to the inside of 5 cm stainless steel tubes: it was 

possible to out up the tube and put it straight into 

scintillant, but the method would have been time consuming 

and there was certain to be quenching due to the presence of 

the stainless steel surface in the vial of scintillant; the 

method which was ultimately adopted involved removing the 

cells from the surface first, using tissue solubiliser. 
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6.3.1 Pre-labelling procedure 

Cells which had been grown up for 24 hours in glucose 

medium were harvested by centrifugation (15 min; 10,000 g..; 

10 mins) and resuspended in 20 ml 0.04 M KH=P0a buffer 

(adjusted to pH 7.4 using 1M NaOH); 20 pCi (20 pl) of L- 

C4,5-3H) Leucine (1 mCi/ml, 45 Ci/mmol) were added, and the 

cells were then incubated at 15'C on a shaking incubator for 

1 hr. The 5H-labelled cells were washed 3 times (10 min; 

10,000 g,.; 15'C) in 20 ml KH2PO4 buffer. The labelled cells 

were then resuspended in glucose medium to an optical density 

of 0.9 at 540 nm in a colorimeter (Corning Corimeter 252) and 

used in the attachment incubation stage. The extent of leak- 

age from the labelled cells was determined by counting 100 p1 

duplicate quantities of the final wash supernatant: in all 

cases the level of leakage was less than 1%. (Leucine leakage 

from the cells was negligible for a period of at least 12 

hours. ) To estimate the amount of radioactivity taken up per 

organism, a sample of the labelled cell suspension was 

diluted 1: 50 in sterile distilled water, and the number of 

cells counted using a counting chamber (Weber Scientific Int. 

Ltd., Lancing, Sussex). A 100 pl aliquot was counted in the 

scintillation counter. The dpm (disintegrations per minute) 

per cell could then be calculated. 

Cells which were attached to tube surfaces were eluted 

using Lumasolve tissue solubiliser (LKB Instruments Ltd., 

Milton Keynes). The Lumasolve was diluted 5: 1 with distilled 

water, which increased the efficiency of elution. The 5 cm 

stainless steel tubes were placed in 7.5 cm test tubes, and 

2.3 ml tissue solubiliser was added, which just covered the 

stainless steel tube. The test tubes were stoppered with 6 mm 

page 71 



rubber bungs, having carefully wiped the inside surface of 

the test tubes several times with absorbent tissue, to 

remove any traces of tissue solubiliser, which removed the 

dye from the bungs, and caused quenching when the sample was 

counted in the scintillation counter. The test tubes were 

then placed in an oven at 50'C overnight (approximately 16 

hours incubation). The contents of each tube were then 

decanted into an empty glass scintillation vial. The remain- 

ing traces of tissue solubiliser were removed by rinsing the 

tube 4 times with a 2.5 ml aliquot of Lipoluma scintillant 

(LKB Instruments Ltd., Milton Keynes), each portion being 

decanted into the vial containing the tissue solubiliser. The 

vial was whirlimixed briefly, and the outside wiped with a 

tissue before it was placed in the scintillation counter. 

Liquid samples were added to glass vials containing 10 

ml Lipoluma and 2.3 ml Lumasolve (i. e. the same amounts of 

scintillant and tissue solubiliser as for attached cells). 

The vial was then mixed, and wiped with a tissue, before 

being placed in the scintillation counter. 

The samples were counted in a liquid scintillation 

counter (System LS-7000, Beckman Instruments Inc, Fullerton, 

Calif. ). The extent of quenching was established using the H 

number system; an external standard monitoring system based 

on the Compton electron spectrum generated by a 137gamma Cs 

source (Horrocks, 1977). 

It was important that the scintillant used was as 

efficient as possible, as in some experiments tubes would 

have very few attached cells: for example, in the case of a 

detachment experiment in which high flow rates were used. 

In the first trials two different scintillants were 
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used. The first was a scintillation cocktail consisting of 

2: 1 (v/v) toluene; Triton X-100, and 0.6% (w/v) of the 

scintillator 2-(4'tert-butylphenyl)-5-(4"-biphenyl-1-3', 4, - 

oxadiazole) (butyl PBD). The second was a commercial 

cocktail, Lipoluma, which was compatible with the Lumasolve 

tissue solubiliser which was used to elute the cells from the 

surfaces-. It was found that the Lipoluma scintillant was 

approximately twice as efficient- as the toluene based 

cocktail, and this had the additional advantage of being 

compatible with the tissue solubilises. This scintillant was 

therefore chosen. 

6.3.2 Note-on the scintillants used 

At the start of this study 'Lumasolve' tissue 

solubiliser was used, which was compatible with 'Lipoluma' 

scintillant. Fresh stocks of these could not be obtained as 

they were no longer available. Optisolve tissue solubiliser 

was therefore used as a replacement, with OptiScint 'Safe' 

scintillant. The two tissue solubilisers were compared, and 

the results obtained were very similar. Subsequently, ' it was 

noticed that there was some chemiluminescence if the 

OptiScint scintillant was used for aqueous samples, though 

this did not occur with the tube samples which contained 

little water. Optiphase 'MP' was used for aqueous samples 

after this, but the OptiScint was still used for tube samples 

as tests showed that it was more efficient. 

7. Measurement of uptake of glucose 

The glucose taken up by the attached cells was measured 

by adding a small quantity of labelled glucose to the glucose 

medium which was used to fill the rig. In most experiments an 
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aliquot of 20 pCi/I 14C glucose was added just before the 

start of an experimental run. 

In order to calculate the amount of glucose taken up per 

cell, the cells were eluted from tºie tubes after the run as 

described on page 71, and the vials were counted using a 

programme designed for dual labelled samples (Programme 7; 

Beckman LS-7000 scintillation counter). The actual number of 

disintegrations per minute in each channel was calculated 

using a method described by Horrocks (Beckman Biomedical 

Technical report 1043-NUC-76-56T). A computer programme was 

written to enable this reiterative calculation to be per- 

formed rapidly. It was necessary to establish the counting 

efficiency of each radiolabel in both of the counting 

channels (ie in the 3H channel and the 14C channel), and the 

relationship between counting efficiency and the degree of 

quenching in each selected counting channel. The level of 

quenching of each sample was determined by the H number 

system, an external standard monitoring system (Horripcks, 

1977). 

8. Calculation of glucose uptake 

The various stages of the calculation of glucose uptake 

per cell are detailed below; 

A. Calculation of dpm per tube for mH leucine and 14C 

glucose: - 

The actual number of disintegrations per minute (dpm) 

were calculated from the counts per minute (cpm) taken from 

the scintillation counter print-out using a simple computer 

programme. 
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Listing of programme: 

10 CLEARW 2: FULLW 2; REM CLEARS OUTPUT WINDOW 
20 PRINT "INPUT E12, E21, E22, B1, B2" 
30 INPUT E12, E21, E22, B1, B2 
40 LPRINT "Chi cpm", "^0h2 cpm", "Ell", "chl dpm", ch2 dpm" 
50 LPRINT 
60 PRINT "PLEASE ENTER DATA" 
70 INPUT C1, C2, E11 
80 C1=C1-B1 : C2=C2-B2 : REM TO SUBTRACT BACKGROUND READING 
90 D2=C2/E22 : REM DIVIDES COUNTS IN 14C CHANNEL BY `C 

COUNTING EFFICIENCY FOR THAT CHANNEL 
100 FOR N=1 TO 10 : REM SIMPLE REITERATIVE CALCULATION 
110 D1=(C1-(D2*E21))/E11 
120 D2=(C2-(D1*E12))/0.8 
130 NEXT N 
140 PRINT 
150 D1=INT(D1+0.5) : D2=INT(D2+0.5) : REM CONVERT TO INTEGERS 
160 LPRINT C1, C2, E11, D1, D2 
170 PRINT 
180 GOTO 50 

Key to variables: - 

Ell Efficiency of isotope 1 (3H) in channel 1 
E12 Efficiency of isotope 1 (3H) in channel 2 
E22 Efficiency of isotope 2 (14C) in channel 2 
E22 Efficiency of isotope 2 (14C) in channel 1 
C1, C2 Counts per minute recorded in channel 1 and 2, 

respectively 
B1, B2 Background counts recorded in channels 1 and 2, 

respectively 
D1, D2 Calculated disintegrations per minute in channel I and 

2, respectively 

The efficiencies were determined from a quench curve 

which showed plots of the efficiency of the two isotopes in 

the two channels versus H number. Eli was the only value 

which varied significantly with H number, 

from the graph for each result. 

B. Extract from a typical print out: - 

Chi cpm Ch2 cpm E11 chi dpm 

3001 569 . 355 8168 
3564 777 . 355 9628 
4566 989 . 355 12339 

and this was read 

ch2 dpm 

507 
731 
928 
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C. Calculation of number of cells per tube: - 

Duplicate 50 pl samples of a suspension containing 5H- 

leucine labelled cells were counted in the scintillation 

counter. The number of cells per ml in the suspension were 

checked by (a) counting using a counting chamber; (b) 

checking the absorbance at 540 nm (SP1700 spectro- 

photometer). The dpm/cell could therefore be calculated. 

Example: 

Optical density (OD) of sample: 0.723 (sample diluted by 5 
in order to read ON 

Average dpm (3H) of 50 jil sample: 22781 (sd=123, n=2) 

Cells/ml = 1.23 x 10' (from graph of OD versus cell numbers) 

Therefore: Dpm/cell = 22781 x (1000/50) 
(1.23 x 10'') x5 

Using the first line of data in the example printout 

given above, the number of dpm in channel 1 (=H) was 8168. 

The number of cells per tube equals dpm in channel 1 

multiplied by (1/dpm per cell). 

ie Cells per tube 8168 x 13498 

1.10 x 10° 

D. Uptake per cell: - 

In most cases 20 pCi/I 1°C glucose was used in the rig 

medium. In the example chosen 22 pCi 14C glucose was added to 

1.1 1 medium which contained 0.2% (w/v) unlabelled glucose 

(2.0 g/1). It was necessary to calculate the number of dpm 

14C glucose present per g of unlabelled glucose: 

Dpm/g unlabelled glucose = 2.2 x 10,6 x 22 2.2 x 107 
2.2 
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To calculate the total amount of glucose taken up per 

tube, the dpm in channel 2 (taken from the first line of the 

typical print out shown above in section C) was divided by 

the dpm/g unlabelled glucose. 

Total glucose taken up per tube = 507 
2.2 x 107 

2.30 x 10-0 

Assuming that no cell division occurs, 

uptake per cell = Total glucose taken up per tube 
Total number of cells per tube 

= 2.30 x 10-° 
1.10 x 1013 

2.09 x 10-13 g/cell 

Table 8.1 (page 191) shows the results of all uptake 

experiments in terms of uptake per cell. 

9. Improvement of the 'attachment incubation' procedure 

Cells were attached to the stainless steel tubes using 

the method described on pages 50 and 56. However, it became 

clear that this technique had several drawbacks. The major 

problem was due to the fact that not all bungs were identical 

in size (this problem was increased after the bungs had been 

sterilised several times), and this affected the area avail- 

able for attachment. In addition, it was difficult to ensure 

that the tubes all rolled evenly in the shaking incubator, 

and on occasions tubes became stuck, which could result in 

uneven attachment. 

A new method for attaching the tubes was developed which 

ensured that conditions were identical for all tubes. The 

stainless steel tubes were linked together with 2 cm sections 

of silicone tubing (i. d. 6 mm). At either end of the chain of 

tubes, a longer section of silicone tubing linked to a 
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boiling tube (see Fig 2.14). The apparatus was sterilised and 

a culture of cells could be pumped around at 0.1 m/s (0.17 

1/min) using a peristaltic pump. Cells were grown up, 

labelled and resuspended as described previously (pages 50 

and 56). The culture was transferred aseptically into the 

boiling tube, and then pumped around the circuit for a period 

of two hours; this was the same period as was used in the 

previous attachment method. Precautions were taken to ensure 

that there were no air pockets in the circuit. 

The number of cells attaching to each tube during the 

two hour period was slightly less when this 'flow system' was 

used to attach the cells: however the average difference was 

less than 10%. The change in attachment method did, however 

affect the numbers of cells which detached in the flow rig 

(see Chapter 3, page 80). 

10. Chemicals 

Reagents were obtained from Fisons or British Drug Houses 

(BDH), unless specified otherwise in the text, apart from 

acridine orange and HEPES buffer which were obtained from 

Sigma. All radiochemicals were supplied by the Radiochemical 

Centre, Amersham. 
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2.14 Diagram of the flow system for attaching 

cells to the stainless steel tubes. 
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CHAPTER THREE 

ANALYSIS AND CHARACTERISTICS OF BIOFILM 

1. Detachment Experiments 

1.1 Introduction 

The aims of the initial experiments using the experimen- 

tal flow rigs were to measure the level of detachment of 

cells at different flow rates and to determine whether there 

was a 'critical' flow rate, at which the detachment level 

increased markedly. In addition, the change in the level of 

detachment with time was studied. 

The stainless steel tubes, with a pre-attached monolayer 

of cells, were placed in the flow rig, as described on pages 

51 and 77. The attached cells were then exposed to various 

flow rates over 0.5 or 1.0 hour run periods. After this the 

numbers of cells attached per tube were determined. The 

numbers of cells which were still attached were compared with 

the average number of cells attached prior to placing the 

tubes in the flow rig (the latter found by using another set 

of tubes, and averaging the number of cells attached follow- 

ing the attachment incubation). From this the percentage of 

cells which had detached were calculated as described on 

page 53. In the earlier experiments the cells attached were 

determined microscopically, whereas in all other experiments, 

the numbers were found using the 3H labelling technique. 

1.2 Results and discussion 

The variation in detachment levels from experiment to 

experiment was quite considerable and obviously small varia- 

tions in experimental conditions can have a marked effect. It 
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is difficult to draw firm conclusions about the factors which 

affect detachment levels, because in any given experiment, 

the level of detachment was similar for each tube, but on 

some occasions the detachment levels measured in two identi- 

cal experiments (carried out at different times) showed 

considerable variation. 

Before the leucine labelling technique was used to 

determine the numbers of cells attached, there was a greater 

variation between individual tubes. It was noticeable that 

following the change of attachment method on 4/2/86, the 

detachment levels decreased considerably to levels which were 

generally below 20%, and often much less. This is likely to 

be due to the fact that cells attached using the flow system 

(after 4/2/86) were exposed to a low shear stress during the 

attachment stage. 

1.2.1 Effect of flow rate on detachment 

Fig. 3.1 shows the effect of flow rate on the numbers of 

cells detaching/remaining attached. It can be seen that the 

percentage detachment was lower at all flow rates for films 

which were attached in the flow system (from results obtained 

after 4/2/86, when this method was implemented). The plot of 

the percentage of cells remaining attached versus flow rate 

enables the results to be compared with similar plots 

obtained by Duddridge et al (1982), which show the effect of 

surface shear stress on the attachment/detachment of 

Pseudomonas fluorescens using stainless steel surfaces. This 

study shows that, although individual results vary, there is 

a significant steep drop in the numbers of cells remaining 

attached at surface shear stresses of 10 to 12 N/ma, 

corresponding to flow rates of 2.70 to 3.3 1/min. The data 
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3.1 The effect of flow rate on detachment of cells 

at a glucose concentration of 2.0 g/l. 

Run period: 0.5 hour. 

A; numbers of detached cells versus flow rate. 

B: numbers of cells remaining attached versus 
flow rate. 

Kay: 

Averaged results of experiments carried out 

prior to 4/2/86 

p Averaged results of experiments carried out 

after 4/2/86 

NB. The method of attaching cells to the tubes was 

changed on 4/2/86 - see Chapter 2. 
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from the present study is not as detailed as these results, 

but the graphs appear to follow similar patterns. However, 

the drop in numbers of cells remaining attached at flow rates 

above 2.7 1/min is more gradual than that shown by 

Duddridge's study. This could be partly because the number of 

flow rates at which results were obtained were fewer in this 

study, and the results plotted show the average results for 

several experiments. There was no 'critical' flow rate at 

which a dramatic drop in the numbers attached occurred, but a 

fall in numbers attached occurred at approximately 3 1/min, 

similar to the value found in Duddridge's study. 

1.2.2 The change in detachment with time 

Several experiments were carried out in which the run 

length was varied: ie tubes were removed from the rig at 

intervals (see Fig 3,2). In all of these experiments a flow 

rate of 2 1/min was used. It was not possible to measure 

detachment for periods of less than five minutes. After five 

minutes, the level of detachment appears to be low as the 

number of cells per tube remains approximately constant. 

(Detachment may still be occurring but it must be roughly 

matched by the level of reattachment. ) Hence it would appear 

that a large percentage of the cells detach within the first 

five minutes, and after this, the cells which remain are 

relatively firmly attached. 

1.2.3 The effect of glucose concentration on detachment 

The glucose concentration in the rig does not appear to 

significantly affect the level of detachment except possibly 

at very low glucose concentrations (Fig 3.3). In order to 

draw firm conclusions, more experiments, using a wider range 

of glucose concentrations, would be necessary. 
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3.2 The effect of time on detachment of cells at a 

flow rate of 2 1/min. 

A: 0.2 g/1 glucose. 

Results of 19/2/86. 

0.5 g/I glucose. 

Average of results from 10/10/85,16/10/85 and 

24/10/85. 

C: 0.5 g11 glucose. 

Average of all results. 

2.0 g/1 glucose. 

Results of 29/1/86. 
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3.3 The effect of glucose concentration on 

detachment of cells. 

2 1/min flow rate: 
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2. The effect of increasing experimental run length 

2.1 Introduction 

A series of experiments were carried out at a fixed flow 

rate of 2 1/min in order to characterise the changes in 

uptake of the biofilm. Tubes were removed from the rig after 

different time periods; the glucose concentrations used in 

the flow rig in these experiments were 0.2,0.5 and 2.0 g/l. 

2.2 Results and discussion 

The results for these experiments are shown in Figs 3.4, 

3.5, and 3.6. It can be seen that the results obtained at 

each glucose concentration follow approximately the same 

pattern. Initially, during the first 30 to 60 minutes, there 

is a rapid accumulation of substrate; this is followed by a 

period of around one hour when there is little further 

increase in the uptake of substrate, after which an exponen- 

tial increase appears to take place. The growth of the 

biofilm must be exponential during this period, in order to 

cause this increase in uptake. Although the number of cells 

attached to the tubes at the beginning of each experiment, 

and also the numbers of those cells which did not detach from 

the tube surface during a run, could be determined by 

measurement of the leucine . label, the growth of cells during 

a run could not be determined. 

These graphs emphasise the difficulty of choosing a 

suitable run period. If the run period is less than 0.5 hour, 

the uptake of substrate is linear. Following this, the uptake 

rate decreases, and after two to three hours the uptake is 

exponential due to the growth of the attached cells. The 

length of each of these phases varies depending on the 
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3.4 Uptake versus time for attached cells exposed to 

a flow rate of 2 1/min and glucose concentration 

of 2.0 g/ 1. 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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3.5 Uptake versus time for attached cells exposed to 

a flow rate of 2 l/min and glucose concentration 

of 0.5 g/l. 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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3.6 Uptake versus time for attached cells exposed to 

a flow rate of 2 1/min and glucose concentration 

of 0.2 g/ 1. 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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substrate concentration. For longer run periods, a method of 

measuring the number of cells on the tube surface at the end 

of the run was required. Such a method would also be useful 

for short run periods, in order to check the validity of the 

assumption that no growth occurred during a run. A consider- 

able time was spent in the attempt to establish such a 

measure (see pages 92-124). 

During the initial period of up to approximately 30 to 

60 minutes, and the period of rapid increase which occurred 

after about 2 hours, rates of uptake could not be accurately 

determined. The approximate rate of uptake at each glucose 

concentration was proportional to the amount of glucose 

present except at 0.5 g/1 glucose (see Table 3.1). 

Many of the experiments to date in which biofilms have 

been studied under flowing conditions have been lengthy 

(often lasting weeks or months); during this time biofilms 

may develop to a considerable thickness. It was not possible 

to carry out experiments with such long run periods in this 

study due to the small scale of the flow rig. 

In some previous studies, substrate uptake by biofilms 

exposed to flowing conditions has been investigated. However, 

in most cases this has been limited to substrate uptake by 

thick biofilms which have been established for considerable 

periods (Trulear and Characklis, 1982; La Motta, 1975). La 

Motta showed that growth of biofilm in an annular reactor 

with recycle followed a curve that was approximately sig- 

moidal over a period of 70 hours, and the specific growth 

rate of the cells was proportional to the initial substrate 

concentration. Above a certain glucose concentration, further 

increases in the amount of glucose did not affect the 
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Rate of glucose uptake at different glucose concentrations 

TABLE 3.1: 

Glucose Uptake 
concentration rates 

g/l g/cell 

Uptake 
rate 

g/cell 

2.0 3.7 x 10-1 4.0 x 10-sa 

0.5 4.5 x 10-1-5 4.5 x 10-1-s 

0.2 4.0 x 10-14 4.0 x 10-14 

I Approximate uptake rate in the initial linear region 

I Approximate uptake rate in the logarithmic region 
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specific growth rate. The specific growth rate was also 

directly proportional to the rate of uptake of substrate. 

Bryers and Characklis (1981) showed that biofilm accumu- 

lation over a period of around 70 hours followed an exponen- 

tial curve, similar to that seen in Figs 3.4 to 3.6 after the 

first hour. 

3. Number of cells remaining per tube at the and of an 

experiment 

Development of a technique to measure the true numbers 

of cells attached per tube at the at the end of an experiment 

was important because the number of labelled cells was used 

to calculate uptake per cell: thus if division of attached 

cells occurred during the run period, the calculated uptake 

per cell would not be accurate. Without a true measure of 

cell numbers at the end of each experiment, it was necessary 

to restrict run periods to periods of less than 2 hours to 

ensure that growth did not occur. 

The following methods were investigated: 

(i) Total organic carbon (TOC) or cell protein measure- 

ments. These methods were not sensitive enough given the low 

numbers of cells attached to the tubes (Maximum numbers 

adhered in most experiments was approximately 100 cells per 

tube, and the minimum numbers, in tubes exposed to high shear 

stresses, was several orders less). 

(ii) Lipopolysaccharide (LPS) measurements (Maeda and 

Taga, 1979). It was felt this method may be too variable in 

the case of attached cells as there is a wide variation in 

the amount of LPS produced by bacterial species and strains, 

and LPS production can be dependent upon the environment and 

microbial growth rate. Maeda and Taga (1979) showed that in 

page 92 



some cases particulate LPS was related to biomass and in 

other cases it was related to the numbers of large bacterial 

cells (length >1 um) when evaluating bacterial standing crop 

in seawater. 

(iii) Adenosine triphosphate measurements (Tobin at at, 

1978). This technique has been found to vary in sensitivity 

(Paul and Loeb, 1983), and for some organisms, ATP per cell 

has been found to change as growth conditions change, 

becoming highest during log-phase growth (Jeffrey and Paul, 

1986a). 

(iv) DNA staining method (Hobbie at at, 1977; Cesarone 

at al, 1979; Labarca and Paigen, 1979; Paul, 1982; Paul and 

Loeb, 1983). 

(v) Labelling with ý3H Thymidine (Brock, 1967; Hollibaugh 

at at, 1980; Fuhrman and Azam, 1982; Jeffrey and Paul, 1985). 

(vi) Elution of cells from the surface using a surfac- 

tant. 

The final three methods were thought to be suitable and 

were tested. 

3.1 DNA Staining Technique using Hoechst 33258 

This technique was based closely on the method developed 

by Paul and Loeb (1983). The method is based on the 

extraction and fluorometric determination of DNA, and is 

rapid, and very specific and sensitive. In addition the 

Hoechst 33258-DNA complex which is formed is hardly affected 

by common laboratory reagents or low concentrations of 

detergents (Cesarone et al, 1979). 

In the case of freely-suspended bacteria, the cells were 

grown up in glucose medium for 24 hours at 15'C to early 
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stationary phase. The cells were washed once in phosphate 

buffer (0.04 M KH2PO4 and NaOH buffer, pH 7.4) and resuspen- 

ded in 10 ml phosphate buffer. Serial dilutions were made up 

to 1: 200, and 0.2 ml samples were taken in triplicate at each 

dilution and placed in 17 x 100 mm test tubes. The samples 

were kept on ice. A3 pl portion of 5% Triton X-100 solution 

(Sigma Chemical Company Ltd., Poole) was added, and then 1.8 

ml of SSC buffer, which contained 0.154 M NaCl, and 0.015 M 

trisodium citrate in distilled water at pH 7.0. The solution 

was sonicated for 30 s (MSE 150 Watt Ultrasonic Disintegrator 

Mk2, MSE Scientic Insruments, Crawley, England) using a 3/8" 

probe. A1 ml aliquot of Hoechst 33258 (Aldrich Chemical Co., 

Gillingham, Dorset) solution at 1.5 x 10-a M (high range 

samples) or 1.5 x 10-ý M (low range samples) was added to 2 

ml of the extract (brought to room temperature), and the 

fluorescence measured after 10 min during which time the 

tubes were kept in low light using a Perkin Elmer LS-5 

luminescence spectrophotometer (excitation, 350 nm; emission, 

450 nm; slit width, 10 nm for both monochromats). 

It was necessary to prepare a fresh stock solution of 

Hoechst 33258 weekly. A 1.5 x 10ra M solution was prepared in 

distilled water, and kept in a dark glass bottle wrapped in 

aluminium foil at 4'C. This was checked before use: the 

absorbance should be 4.2 x 10-4 M-1cm-1 at pH 7.0 (Paul and 

Myers, 1582). Working solutions of the dye were prepared by 

diluting the stock solution with SSC buffer to a concentra- 

tion of 1.5 x 10-6 M for samples with a DNA content of 0.5 to 

10 Vg, or to 1.5 x 10-7 M for samples with a DNA content of 

50 to 750 ng. 

The numbers of intact free living cells before and 
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after sonication were checked using a counting chamber (Weber 

Scientific Int. Ltd., Lancing, Sussex) at a magnification of 

40x (Kyowa optical light microscope), 

A stock solution of DNA was prepared by dissolving 5 mg 

DNA (Calf Thymus, type 1; Sigma Chemical Company Ltd., Poole) 

in 5 ml SSC, sonicating for 10 s, and stirring magnetically 

for 30 min. -Working stock solutions were made by dilution to 

0.1 mg ml-1 for high range standards, of 0.01 mg ml-1 for low 

range standards. The absorbance of a 1% (w/v) solution should 

be 174 (Paul and Myers, 1982) at 260nm. 

In the case of attached cells, the procedure was 

modified slightly. The cells were grown up, labelled with "'H- 

Leucine (specific activity 45.0 Ci/mmol), and attached to the 

insides of the stainless steel tubes following the methods 

described on page 74. The leucine label was used to determine 

the numbers of cells attached to the surface of control tubes 

which were not sonicated. The tubes were then rinsed 3 times 

in distilled water and placed in test tubes measuring 6 mm x 

75 mm. A3 pl aliquot of Triton X-100 was added to the tube, 

followed by 3 ml of ice cold SSC buffer. The tube was kept on 

ice, and sonicated for 45 s. The sonicator power setting was 

at approximately 100 W. Two ml of the extract liquid was 

added to i ml of 1.5 x 10-61 M Hoechst 33258. DNA was 

determined fluorometrically with calf thymus standards. 

In the first two experiments using both suspended and 

attached bacteria, all the readings from the fluorimeter were 

between 30 and 50 and there was no correlation between 

fluorimeter readings and cell numbers. However the fluori- 

meter readings were found to be correlated with concentration 

of DNA in calf thymus standards (see Fig 3.7). 
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3.7 Calibration curve I for calf thymus DNA 

(Sigma). 

Key: 

0 1.5 x 10^6m Hoechst 33258 

(ý 1.5 x 10-7m Hoechst 33258 
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Various measures were taken to check whether there were 

any problems in any part of the procedure. 

3.1.1 Improvement of the sonication procedure 

It was possible the cells were not being broken up 

properly during sonication. This was checked and it was found 

that the majority of cells still appeared to be intact when 

viewed at a magnification of x 1000 using a light microscope 

(Kyowa Optical). A series of experiments were carried out to 

establish the best sonication procedure. The variables which 

could affect the cell disintegration were the power setting 

of the sonicator, the sonication time, the volume of sample 

which was sonicated, and the geometry of the container 

holding the sample. In addition, there was a possibility that 

a sufficient temperature rise during sonication could dena- 

ture the DNA. 

The effect of changing the sonicator power setting and 

varying sonication time was investigated in order to check 

whether the efficiency of sonication could be improved. At 

power settings of more than half the maximum possible 

(maximum power setting was 150 W) foaming occurred, reducing 

the efficiency of cell disintegration. Power settings were 

therefore kept to below 75 W. Complete break-up of the cells 

was not achieved for sonication times up to 20 minx, and long 

sonication times were not desirable. The effect of sonicating 

the cells in three 20 s bursts, with the power set at 1/3 of 

the maximum (approx. 50 W), was tested, and this was found to 

be the best compromise, giving improved levels of efficiency. 

The rise in temperature during sonication was checked 

using the original power setting and sonication time, and it 
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was found that the temperature of the sample rose by 5"C. All 

samples were therefore kept on ice throughout the sonication 

as a precaution, although it was thought that a temperature 

rise of 5'C would be unlikely to denature the DNA. 

The surfaces were originally sonicated by placing them 

in test tubes of the same diameter as the stainless steel 

tubes (6 mm), and positioning the probe tip inside the tube. 

However it was difficult to prevent the edge of the tube from 

touching the probe, dissipating its energy. It was found that 

sonication was more efficient if the tube was out open using 

tin-snips and made as flat as possible with fine tweezers. 

Coupons of 1 cm2 were cut out, and these were placed directly 

under the probe of the sonicator. Almost 100% of the attached 

cells were removed from the surface during sonication. 

The effect of the container geometry on the efficiency 

of sonication was tested, and it was found that sonication 

was most effective using bijoux for samples of free-living 

cells, and 25 ml glass beakers for the surfaces. 

The effect of the volume of sample on the efficiency of 

the sonication was tested by adding varying amounts of SSC 

buffer to samples. For maximum sensitivity it was necessary 

to use the smallest volume possible. However, in the case of 

the free-living samples, it was found that foaming was likely 

to occur for sample volumes of less that 3 ml, and for 

attached samples foaming was likely if the volume of liquid 

was less than 4 ml, hence the volume of the sample was set at 

these levels. 

After carrying out these tests and modifications, the 

efficiency of sonication was improved such that more than 90% 

of the cells disintegrated. This was considered to be 

page 98 



satisfactory. 

After each improvement in the sonication efficiency, 

the DNA assay was carried out to check whether there was an 

improvement in the correlation between fluorescence readings 

and cell numbers, however there was little change. 

3.1.2 Problems with different batches of Hoechst 33258 

Calf thymus DNA (Sigma Chemical Company Ltd., Poole) 

solutions were used to calibrate the fluorimeter. Initially a 

calibration curve was obtained using the Hoescht 33258 from 

Aldrich (see Fig 3.7). Shortly after the start of work on 

this technique, however, a new stock of Hoechst 33258 was 

ordered from a different supplier (Sigma Chemical Company 

Ltd., Poole). A fresh stock solution was made up using this 

batch of dye: when the absorbance was checked it was well 

below 4.2 x 10"4 M-1cmr1 at pH 7.0. A DNA calibration using 

the calf-thymus DNA and this stock of dye gave very different 

results to those obtained with the original stock of dye from 

Aldrich, and when this was repeated, the results were 

different from both of the previous calibrations. It was 

possible that the dye had deteriorated in transit, so a fresh 

supply was obtained from Sigma. The absorbance of a stock 

solution prepared using this batch of the dye was slightly 

too low: however it was much higher than the absorbance of 

first batch of Hoechst dye obtained from Sigma. The calibra- 

tion curve obtained was different from any of the previous 

curves (see Fig 3.8). 

A range of dilutions of bacteria were prepared for a DNA 

assay as described above. Upon addition of the Hoechst dye 

the fluorimeter readings were between 7 and 26, and decreased 

with increasing cell concentration in general, though there 
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3.8 Calibration curve 11 for calf thymus DNA 

(Sigma). 

Key: 

0 1.5 x 1O-bm Hoechst 33258 
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was no relationship between cell concentration and the 

readings obtained. 

At this point, a stock of Hoechst 33258 was ordered from 

the supplier of the original batch (Aldrich). The absorbance 

of the stock solution was as it should be. The DNA calibra- 

tion curve shown in Fig 3.7 was reproduced using this fresh 

batch of Hoechst 33258. However, in experiments to assay the 

DNA in cells, the results obtained were as low and random as 

previously. 

3.1.3 Variation of the concentration of detergent 

It was possible that the reason why the DNA assays for 

the cell suspensions were not as expected was due to the very 

low level of detergent employed (3 Ill of 5% Triton X-100 per 

2 ml sample). The sonication may have been breaking up the 

cells, but not releasing DNA at this level of detergent. The 

concentration of the Triton X-100 was increased to 0.1%, and 

an alternative highly efficient detergent, cetyl trimethyl 

ammonium bromide (CTAB; BAH Chemicals Ltd., Atherstone, 

Warwicks. ) was used at 0.01% and 0.1% concentrations (diluted 

in SSC buffer). 

The initial results for two experiments were encourag- 

ing. High fluorescence readings were obtained in the experi- 

ments at which the higher concentrations of detergent were 

used, but it was noticed that the readings tended to drift 

down over time, in some cases changing quite rapidly. The 

results still did not show a good correlation between cell 

number and the fluorimeter reading. 

3.1.4 Temperature of samples 

It was possible that the drifting of the fluorimeter 
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readings, which had been occasionally noticed prior to the 

experiments in which the detergent levels were altered, was 

due to the fact that the samples were sometimes below room 

temperature when placed in the fluorimeter. To combat this, 

the cell sample was brought fully up to room temperature 

(which was up to 32'C on some occasions), before addition of 

the dye. This usually took around 2 hours, during which time 

the samples were kept in the dark. The concentration of the 

Hoechst 33258 dye was increased tenfold, so that only 0.1 ml 

of cold solution needed to be added, rather than 1.0 ml, and 

0.9 ml of SSC buffer at room temperature was added to keep 

the sample volume constant. 

The readings were still found to be drifting down (see 

Fig 3.9), and neither the first reading at time zero, or the 

final reading, taken when the reading had stopped drifting 

down, bore any resemblance to the number of cells in the 

sample. 

It was then realised that the controls, containing SSC 

buffer and Hoechst dye, did not contain detergent, and it was 

found that when controls were prepared with the same amount 

of detergent solution as the cuvettes containing DNA, very 

high fluorimeter readings were obtained, in spite of the fact 

that the sample contained no DNA. It was possible that the 

detergent itself was in some way affecting the readings. 
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3.9 Change in fluorescence readings with time. 

Cell concentration: 

A: 2x 104 cells/ml. 

B: 2x 10° cells/ml. 

C: 2x 101, cells/ml. 

D.. 2x 107 cells/ml. 
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3.1.5 Experiment to check whether the detergent was 

affecting fluorescence readings 

A series of cuvettes were set up, containing calf thymus 

DNA (2 ml at 0.01 mg/ml, or 2 ml at 0.1 mg/ml) and Hoechst 

33254 (0.1 ml at 1.5 x 10-16 M). Aliquots of Triton X-100 

(2.5% solution), in the range 6-120 pl were added, and the 

total volume of each sample made up to 3 ml using SSC buffer. 

It was found that the fluorescence reading obtained was 

directly proportional to the concentration of Triton X-100 

for both of the DNA concentrations tested (Table 3.2). The 

concentration of the Hoechst stain was also varied during 

these experiments, and found to affect the reading obtained 

(Table 3.3). 

At this point the technique was abandoned. Experiments 

had been repeated many times and could not be reproduced and 

in spite of numerous tests and modifications it was still not 

possible to calibrate numbers of bacteria with fluorescence 

readings. 
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Effect of varying amount of detergent (Triton X-100) 

TABLE 3.2: Results of 23/7/86 

DNA TRITON X-100 FLUORIMETER 
Concentration mIs READING 

0.01 0.0 15.81 

0.01 0.006 17.71 

0.01 0.06 22.73- 

0.01 0.12 176.0' 

0.1 0.0 13.3 

0.1 0.006 22.2 

0.1 0.012 30.7 

0.1 0.06 261 

0.1 0.12 448 

1 Average of two duplicates. Standard deviations were less 
than 6% of the mean. 

page 105 



Effect of changing detergent, stain and DNA concentrations an 

fluorimeter reading 

TABLE 3.3: Results of 23/7/86 and 29/7/86. 

Concn 
mg/ml 

DNA 
Volume 

ml 

HOECHST STAIN 
g/ml 

TRITON X-100 
ml 

FLUORIMETER 
READING 

0.01 2.0 1 x 10-ý 0.12 591 

0.01 2.0 1 x 10-'s 0.006 23 

0.01 0.0 1 x 10-: 3 0.12 561 

0.01 0.0 1 x 10-3 0.006 26 

0.1 2.0 1 x 10-" 0.12 448 

0.1 2.0 1 x 10-" 0.006 22 

0.01 2.0 1 x 10-4 0.12 457 

0.01 2.0 1 x 10-4 0.006 200 

0.01 0.0 1 x 10-4 0.12 304 

0.01 0.0 1 x 10-4 0.006 25 

0.01 2.0 1 x 10-0 0.12 102 

0.01 2.0 1 x 10-0 0.006 115 

0.01 0.0 1 x 10-0 0.12 28 

0.01 0.0 1 x 10-0 0.006 3 

0.01 2.0 1 x 10-6 0.12 11 

0.01 2.0 1 x 10-6 0.006 11 

0.01 0.0 1 x 10-6 0.12 4 

0.01 0.0 1 x 10-6 0.006 1 

0.0 0.12 0.0 0.12 1 

0.0 0.006 0.0 0.006 0 
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3.2 Thymidine labelling 

It was likely that the addition of tritiated thymidine to 

the flow rig during an experiment would allow the bacterial 

production during an experimental run to be calculated. The 

method is specific for nonphotosynthetic bacteria, and it has 

been shown that virtually all of the 'active' bacteria in sea 

water samples take up thymidine (Fuhrman and Azam, 1982). 

Thymidine is a specific precursor for DNA, which is the only 

macromolecule that does not turn over and is synthesised only 

by proliferating cells (Tobin and Anthony, 1978). The method 

depends on the fact that only dividing cells synthesise DNA, 

and only during DNA synthesis is tritiated thymidine incor- 

porated into acid-insoluble material (Brock, 1967). The DNA 

is extracted with trichloroacetic acid. 

Depending on the length of time it took for cells to 

take up thymidine (in 1967 Brock reported that 1% of cells 

became radioactive per 0,002 generations), there would be a 

lag in the thymidine uptake versus cell numbers correlation. 

An experiment was carried out to check whether thymidine was 

taken up by Pseudomonas fluorescens, and what the uptake time 

was. 

A side-arm flask containing 100 ml glucose medium 

(preparation described in Chapter 2, page 33) was inoculated 

with 1 ml Pseudomonas fluorescens culture. After 20 hours 

growth at 15'C on a rotary shaker at 150 rpm, the culture had 

reached log phase, (optical density 0.27 measured at 540 nm 

using a Corning Colorimeter 252), and 20 pCi tritiated methyl 

thymidine were added (specific activity 8(3 Ci/mmol). The 

concentration of tritiated thymidine was thus 2.33 x 10-' M. 

At intervals, the absorbance of the culture was checked, and 
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duplicate 10 ml samples of the culture were removed and 

filtered using cellulose nitrate filters (2 pm pore size; 

Sartorius). The filters were washed twice with 5 ml of 

distilled water and placed in glass scintillation vials 

containing 10 ml Optiscint 'safe' scintillant (LKB Instru- 

ments Ltd. ). These were counted in a scintillation counter 

(System LS-7000, Beckman Instruments Inc., Fullerton, Calif. ) 

using Programme 5 (for tritium-labelled samples). 

It was thought that the low counts obtained for the 

first four samples could be due to the fact that the 

concentration of labelled thymidine was too low for the cells 

to 'see' it. One ml of unlabelled thymidine at a concentra- 

tion of 15.4 mg/1 was added to the culture in order to 

achieve a final concentration of 1.06 M. 

It was also possible that the counts for the first four 

samples (taken at 30 min intervals) were low due to a problem 

with the scintillant. A1 ml aliquot of tissue solubiliser 

(Optisolv, LKB Instruments Ltd. ) was added to check whether 

this affected the counts as the scintillant used, although 

suitable for use with filter discs, was not suitable for 

measuring aqueous samples. When the vials were recounted 

after the addition of the tissue solubiliser the counts were 

increased; however it was found that the scintillant was not 

compatible with cellulose nitrate filters. 

For the subsequent samples, taken at intervals up to 6 

hours after the addition of labelled thymidine, 3 samples of 

1 ml were taken. Two of the filters were put straight into 10 

ml scintillant, as before, and the remaining filter was put 

into 10 ml scintillant with 1 ml ethanol added. 
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From the results (some of which are summarised in Table 

3.4), it appears that the label was not being taken up by the 

cells, even after addition of unlabelled thymidine. As the 

tissue solubiliser was incompatible with the filters these 

results can be disregarded. The addition of ethanol increased 

the counts but the counts did not show a direct relationship 

with cell numbers (it was possible the ethanol was causing 

chemiluminescence, but this seems very unlikely). 

Another more comprehensive experiment was carried out, in 

which two different amounts of labelled thymidine and four 

concentrations of unlabelled thymidine were added to glucose 

medium, which was then inoculated with bacterial culture. The 

scintillant used (Optiphase 'safe'; LKB Instruments Ltd) was 

suitable for aqueous samples and samples on filters. 

An aliquot of 20 ml glucose medium (made up as described 

above) was placed into each of six 50 ml flasks. Thymidine 

and labelled thymidine were then added to the flasks as 

detailed in Table 3.6. One ml of Pseudomonas fluorescens 

culture was inoculated into each flask, 

At intervals, 3.4 ml samples were withdrawn from each 

flask. This was distributed as follows: (i) two 50 pl 

aliquots were placed in glass vials containing 10 ml sointil- 

lant; (ii) duplicate 1 ml aliquots were filtered and the 

filters were washed twice with 5 ml distilled water before 

being added to glass vials containing 10 ml scintillant, and 
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Uptake of thymidine by a growing culture 

TABLE 3.4: Results of 6/8. 

Time after Optical Volume Counts Contents 

addition of density Filtered per of vial 
3H Thymidine' (mis) minute2 
(mins) 

0 0.27 10 289 S 

0 0.27 10 39143 S + TS 

30 0.30 10 339 S 

30 0.30 10 84263 S + TS 

60 0.36 10 297 S 

60 0.36 10 59800 S + TS 

230 0.53 1.0 292 S 

230 0.53 1.0 4558 S + E 

230 0.53 50 p1 8265 S + E 
filtrate 

270 0.59 1.0 746 S 

270 0.59 1.0 4743 S + E 

360 0.71 1.0 293 S 

360 0.71 1.0 4574 S + E 

1 Some of the results for intermediate times are omitted. 

The mean value for the two duplicates is shown. The 
standard deviation for the duplicate vials were less than 
10% of the mean. 

Unlabelled thymidine was added at this time. 

KEY: 

S- scintillant 
E- ethanol 
TS - tissue solubiliser 

page 110 



(iii) the absorbance of the remainder of the sample was 

determined spectrophotometrically at 540 nm (SP-1700 spectro- 

photometer, PYE Unicam Ltd., Cambridge), using 1 ml glass 

cuvettes. The vials were counted on the tritium channel 

(Programme 5) in a liquid scintillation counter (System LS- 

7000, Beckman Instruments Inc, Fullerton, Calif. ). 

Table 3.6 shows that tritiated thymidine was incor- 

porated into cells: however, the thymidine uptake showed no 

correlation with either the cell growth, or the concentration 

of thymidine provided (Tables 3.5,3.6 and 3.7). 

Table 3.5 sh s '. ue growth of the .. lture, as measured 

by increase in absorbance, over the time period of the 

experiment. 

Table 3.6 shows the amount of tritiated thymidine in the 

whole culture and shows that none is lost in 43.5 hours. The 

counting efficiency is approximately 25%. 

Table 3.7 shows the thymidine taken up by the filtered 

cells. Some thymidine would appear to have been taken up 

(less than 1.5% of the added tritiated thymidine), but the 

amount was not related to the growth of the cells. 
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Increase in absorbance of culture 

TABLE 3.5: Results of 12/8/86. 

Time Average Standard 
hours) absorbance' deviation 

0.5 0.01 0.0 

19.0 0.89 0.23 

24.0 1.40 0.06 

43.5 1.64 0.02 

1 Averaged for the 6 flasks. 

Counts obtained for 50 ul culture 

TABLE 3.6: Results of 12/8/86. 

Unlabelled Total 5H CPM FOR 50 µl OF CULTURE 
thymidine labelled 
concn in thymidine 0.5 h 19 h 24 h 43.5 h 
flask in flask 

10-4 M 10 pCi 13150 13088 12157 12344 

10-6 M 10 pCi 12787 13041 

10-6 M 10 pCi 12688 12722 

10-7 M 10 pCi 12752 12721 

10-4 M 2 pCi 2973 2480 2796 2834 

10-6 M2 pCi 2819 
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Scintillation counts for filtered cells 

TABLE 3.7: Results of 12/8/86. 

Unlabelled Total 5H CPM FOR FILTERED CELLS 
thymidine labelled 
concentration thymidine 0.5 h 19 h 24 h 43.5 h 
in flask per flask 

10-4 M 10 jCi 3341 2365 1196 2047 

10-21 M 10 PC i 2375 2403 1125 27036 

10-6 M 10 pCi 2528 3666 1471 2876 

10--; r m 10 pCi 2294 1295 1200 2230 

10-4 M 2 pCi 491 350 622 471 

10-6 M2 pCi 398 515 - 
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3.3 The use of various surfactants to remove cells from 

surfaces without loss of viability 

The intention of this study was to investigate a 

technique for removing cells from surfaces in a viable 

condition, in order to estimate the numbers of cells at the 

end of an experimental run by standard serial dilutions and 

plate counts. 

Tween 20 has been shown to remove viable cells from 

stainless steel surfaces enabling evaluation of the numbers 

of cells attached to the surface (personal communication, Dr 

SYR Pugh). An outline of the method used to check this is 

given below, followed by details of the optimisation of 

various features of the method. 

A culture of Pseudomonas fluorescens was grown up to 

early stationary phase in glucose medium (prepared as des- 

cribed in Chapter 2, page 33) for 24 hours in a shaking 

incubator at 15'C. The cells were labelled with ýH-leucine 

(for description of labelling method see Chapter 2, pages 68- 

74). This was done so that the number of cells attached to 

the tubes could be established. 

The cells were attached to the insides of the 5 cm 

stainless steel tubes using the attachment system. Up to this 

point the procedure was identical to that followed in 

experiments involving the test-rig. 

The tubes were rinsed 3 times in distilled water, 

drained lightly by holding the tube vertically onto a piece 

of absorbent tissue. Some of the tubes were kept aside so 

that the numbers of cells which were attached to the tubes 

could be measured (see below). The remainder were placed in 

test tubes containing 3 ml surfactant solution. This solu- 
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tion was made by adding 50 ppm Tween 20 to 5.44 gil KH�PO4 

solution, adjusted to pH 7.4 using 1M NaOH. These tubes were 

then bunged tightly and incubated under various conditions 

(see-below). 

The stainless steel tubes were then removed from the 

surfactant solution and rinsed 3 times in distilled water 

before being dried. They were then kept aside so that the 

numbers of cells attached to the surfaces could be measured 

(see-below). The surfactant solution, containing the eluted 

cells, was used to determine the number of cells eluted from 

the surfaces. The total number of cells present, and the 

number of viable cells which were eluted by the surfactant 

solution, were assessed by various methods. 

The total numbers of cells-present in each test tube was 

counted using a counting chamber (Weber Scientific Int. Ltd., 

Lancing, Sussex). However it was found that the number of 

cells counted was too low to allow any useful comparison of 

the tubes to be made. The total number of cells present in 

each tube was also counted using a scintillation counter 

(System LS-7000; Beckman Instruments Inc., Fullerton, 

Calif. ). This was done using 2 methods. In the first 

experiments, a small aliquot of the eluted cell solution was 

added to Optiphase 'MP' scintillant (LKB Instrments Ltd. ) 

and counted: the counts were found to be rather-tow, so in 

subsequent experiments, 2 ml aliquots were filtered and the 

filters were added to 10 ml scintillant. 

The numbers of viable cells were found using the spread 

plate method. An aliquot of the surfactant solution was added 

to phosphate buffer, and a series of dilutions were prepared 

from this. A range of three successive dilutions was plated 
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out. A sterile pipette was used to inoculate glucose-agar 

with 0.1 ml of the appropriate dilution, and the drop was 

spread over to surface of the agar using a sterile glass 

spreader. 'Inree replicate plates at each dilution wez¬ 

prepared. The plates were incubated at 30'C until colonies 

had grown to a suitable size for counting (about 48 hours). 

Glucose-agar was prepared by adding 2g of glucose to each 

litre of nutrient agar. The glucose was added to the agar as 

it was cooling. 

The stainless steel tubes were treated in various ways. 

Some were heat fixed at 160'C for 5 minutes, stained with 

acridine orange (BDH, Atherstone, Warwicks. ), cut open, and 

fixed to microscope slides. The number of cells was assessed 

by counting using an epifluorescent microscope (Zeiss Stan- 

dard 18 Microscope, using blue incident light excitation). 

Other replicate tubes were put into 2.3 ml tissue solubiliser 

(Optisolv; LKB Instruments Ltd. ) after being dried, and 

following incubation at 50'C overnight (approx. 16 hours), 

the tissue solubiliser was added to 10 ml scintillant 

(Optiscint) in glass vials, and counted in the scintillation 

counter using Programme 5 (for tritium labelled samples). 

These two methods were used to determine the numbers of cells 

remaining on the surface after elution with Tween 20 solu- 

tion. The numbers of cells on the tubes which were not 

treated with Tween 20 were also measured using these methods, 
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3.3.1 Preliminary experiments to establish the best method 

of agitating the tubes during the incubation period 

Two methods were compared: 

(a) The tubes were whirlimixed for 2 minutes. 

(b) The tubes were allowed to roll horizontally on a flat 

surface for 1 hour in a rotary shaker at 175 rpm and at 15'C. 

(A mechanical tube roller which would work satisfactorily 

for test tubes of this size could not be obtained. However 

the tubes rolled constantly and evenly on a flat surface in a 

shaking incubator). 

The total number of cells removed from the stainless 

steel tubes was found using the methods described previously 

(see Chapter 2). In the case of cells attached to tubes which 

were measured using a scintillation counter, the percentage 

elution was calculated by dividing the counts per minute 

obtained for the tube after incubation with the counts per 

minute obtained for control tubes. The percentage elution for 

tubes which were counted microscopically was calculated 

similarly using the numbers of cells per tube (see Tables 3.8 

and 3.9). 

It was found that different results were obtained, 

depending on the method used to calculate the percentage 

elution. The percentage elution was higher when calculated 

using the microscopic method. The percentage elution was 

greater in the case of tubes which were incubated for 1 hour 

in the surfactant solution. 
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The percentage of cells eluted by a 50 ppm Tween 20 solution, 

measured using an epifluorescent microscope 

TABLE 3.8: Results of 11/11/86. 

Tube Cells per 
tube 

Standard 
deviation 

Number 
of tubes 

Percentage 
Elution 

Control 2.14 x 10' 2.6 x 10 3 0 

Whirli- 1.49 x 107 1.5 x 101" 2 28.7 
mixed 

1 hour 1.18 x 107 5.6 x 10"3 3 54.7 

The percentage of cells eluted by a 50 ppm Tween 20 solution, 

measured by a scintillation counter 

TABLE 3.9; Results of 11/11/86. 

Tube Average Standard Number Percentage 
disintegra- deviation of samples elution 
tions/minute 

Control 16930 685 30 

Whirli- 16258 1880,2 4.0 
mixed 

1 hour 13606 293 2 19.6 
Incubation 
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The plate counts for three tubes which were incubated 

for 1 hour with the surfactant solution showed that the 

average number of cells eluted per stainless steel tube was 

9.69 x 106 (standard deviation was 26% of the mean). Using 

the epifluorescent microscope the average number of cells 

which were left on the stainless steel tube after the 1 hour 

incubation was found to be 1.18 x 10'7 (Table 3.8). If the 

numbers found by counting plates are added to this (ie 

addition of cells remaining on tube plus viable cells eluted 

from tube), the total number originally on the tube can be 

found. This disregards non-viable eluted cells. 

Cells on tube + Viable eluted cells 

1.18 x 10-7 + 9.69 x 109 = 2.15 x 10' 

The number of cells counted on the control tubes was 

2.14 x 10-7, so there was a very close agreement, suggesting 

that practically all the eluted cells must have been viable. 

If this approach is taken using results counted in the 

scintillation counter, it would suggest that some of the 

cells were non-viable. 

Aliquots of the eluted cells were added to scintillant, 

but the counts obtained were too low to give any useful 

information. In further experiments a larger aliquot was 

filtered and counted in the scintillation counter. The eluted 

cells were also counted using a counting chamber, and the 

same problem was encountered. 

It was concluded that the technique was worth further 

investigation using a one hour incubation time in surfactant 

solution; that a large proportion of the eluted cells are 

possibly viable, and that there was some discrepancy between 
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the percentage eluted cells estimated by different methods, 

which required further investigation. Further work was neces- 

sary to establish whether the percentage of cells eluted 

could be increased, and whether the technique was reprodu- 

cible. 

3.3.2 Investigation of a number of different surfactants 

The aim of these experiments was to find the most 

effecient and consistent surfactant in order to remove cells 

viably from surfaces. The following surfactants were consid- 

ered: Tween 20 at 50 ppm, Ethylene Glycol Bis-(B-Aminoethyl 

ether) N, N, N', N-tetra-acetic acid (EGTA) at 0.01 and 0.002 

mg/100 ml, and cetyl trimethyl ammonium bromide (CTAB; BDH 

Chemicals Ltd., Atherstone, Warwicks. ) at 250 ppm. The 

various surfactants were diluted in 5.44 g/l KH2POA buffer 

(adjusted to pH 7.4 using 1M NaOH) to the required 

concentration. The cells were labelled and attached to 

stainless steel tubes as previously described. The incubation 

with surfactant was for 1 hour at 25'C. 

The variability in some of the results appears to be 

closely related to the temperature in the shaking incubator 

while the tubes were incubated with surfactant, On 26/11/86, 

the thermostat on the shaking incubator was operating at 

39'C. After 25 minutes the tubes were removed to an incubator 

at 25'C. It can be seen that the percentage elution, as 

measured by the microscopic method, was greater on this 

occasion (Table 3.9). On 22/1/87, the tubes were incubated at 

15°C. The lower temperature resulted in a lower percentage 

elution (Tables 3.9 and 3.10). It is therefore extremely 

important to ensure that the temperature is always at 25"C to 

ensure reproducible results. 
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The percentage of cells eluted by various surfactant 

solutions, 

TABLE 3.10 

measured using an e pifluorescent microscope 

Date Tween 20 EGTA EGTA EGTA & CTAB H2O 
50ppm 0.002 0.01 Tween 20 250ppm 

mg/100ml mg/l00m1 

13/11/86 - 58.3 63.1 - 21.4 7.7 

26/11/86 64.1 66.9 80.0 89.0 -- 

10/12/86 73.1 57.7 59.4 69.0 -- 

22/1/87 46.7 45.7 54.7 54.3 -- 

AVERAGE 61.3 57.2 64.3 70.8 21.4 7.7 

STD DEVN 13.4 8.7 9.5 14.2 -- 

The percentage of cells eluted b y various surfactant 

solutions, measured by a scintillation counter 

TABLE 3.11. 

Date Tween 20 EGTA EGTA EGTA & CTAB H0 
50ppm 0.002 0.01 Tween 20 250ppm 

mg/100ml mg/l00ml 

13/11/86 - 46.2 46.3 - 32.6 5.8 

26/11/86 61.9 54.6 60.3 74.4 -- 

10/12/86 61.0 55.6 60.2 74.7 -- 

22/1/87 * 14.4 33.1 14.3 -- 

AVERAGE 61.5 42.7 50,0 54.5 32.6 5.8 

STD DEVN 0.6 19.3 13,0 34.8 -- 

* In this case there was no measurable elution: the control 
tubes had slightly fewer cells attached than the tubes 
treated with Tween 20. Therefore an overall average elution 
could not be calculated. 
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The percentages of cells eluted using a given surfactant 

in the various experiments fell within a range which appeared 

to be roughly constant. Thus it was possible that this 

technique could be adapted for finding numbers of cells 

remaining attached to the stainless steel tubes at the end of 

an experimental run, providing that the percentage elution 

was checked on each occasion. 

There was a lot of variation in the results for the 

individual tubes. Fig 3.10 shows the variability in the num- 

bers of cells eluted from, and remaining attached to a series 

of individual tubes. The top section of the figure shows the 

actual numbers of cells remaining attached per tube (line B, 

counted using an epifluorescent microscope), and numbers of 

cells eluted per tube (line C, from plate counts) for each 

individual tube. These have been added to show the original 

total number of cells attached to each tube (line A). 

As the percentage of cells which were eluted varied 

considerably from tube to tube, a considerable number of 

replicate tubes would be required if this method was to be 

used to accurately assess the number of cells per tube. 

The cells used in these experiments were radiolabelled. 

The lower section of Fig. 3.10 shows the scintillation counts 

for the tubes (line D), and for 2 ml aliquots of eluted cell 

suspension (line E). These show the same trends as the 

direct measurements of numbers of cells. (Actual numbers of 

cells have not been shown: however, the scintillation results 

confirm the variability in the levels of elution. ) 
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3.10 Numbers of cells eluted with time. 

Notes: 1. Individual tubes were labelled 1-20. These 

are shown on the x-axis. 

2. Lines B and D: it was not possible to make both 

these measurements for an individual tube. 

3. See page 122 for further notes on this figure. 
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The technique seemed promising if used with caution. The 

use of the combination of 0.002 mg/ml EGTA and 50 ppm Tween 

20 seemed to give the highest results for elution. However, 

the level of elution varied from one experiment to another. 

and temperature also appeared to affect the elution level 

quite considerably. Thus, it was essential to check percen- 

tage elution, following the method above, every time the 

method was used for finding numbers of attached cells on the 

tubes at the end of a run in the flow rig, so that any 

variations between experiments could be assessed. 

3.3.3 The use of the surfactant technique to determine 

numbers of cells on tubes at the and of an experiment using 

the flow rig 

Four experiments were carried out using the flow rig to 

test the surfactant technique as a method for determining the 

number of cells remaining on the tubes at the end of an 

experiment. In each experiment, four of the tubes from each 

rig were treated as before, (put into tissue solubiliser at 

the end of the run), whereas five of the tubes were incubated 

in the surfactant solution for one hour at 25-C, prior to 

being treated in the same way as the other four tubes. 

It was found that there was no significant difference 

between numbers of attached cells (as counted using an 

epifluoresent microscope or the scintillation counter) for 

either set of tubes. This was also backed up by the plate 

counts; in fact practically no cells were eluted by the 

surfactant from tubes which had been in the rig. However, in 

the case of the control tubes which had not been in the rig 

(treated in the same way as described on p 70-74), the level 

of elution of cells was in the range previously established. 
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This implies that cells attached to the tubes which had been 

in the rig were in some way more firmly attached. The method 

was therefore useless for determining the number of cells at 

the end of a run. 

Because the time spent in establishing a technique to 

determine of the number of cells at the end of an experimen- 

tal run had already been excessive, further search for a 

suitable method was abandoned, and experimental run periods 

were kept to short times of less than an hour, during which 

time it could reasonably be assumed that cell growth 

(reproduction rather than enlargement) was minimal. This was 

supported by the fact that few dividing cells were seen when 

observed using an epifluorescent microscope. 

4. Uptake of glucose by free living cells 

lt was necessary to study the uptake of glucose by freely 

suspended cells in order to compare the uptake of attached 

cells with those in suspension. As far as possible the 

procedure for growing up cells for this experiment was kept 

the same as for the experiments involving the flow rig. The 

cells were grown in glucose medium and labelled with 3H- 

leucine as described on pages 68-73, After the final resus- 

pension, the cells were resuspended in buffer, and diluted to 

a concentration of 3x 100 cells/ml. 

Flasks containing 30 ml glucose medium were set up. Six 

glucose concentrations were tested: 10.0,2.0,0.5,0,2,0.05 

and 0.02 g/l. Three jCi 14C glucose was added to each flask, 

and at each concentration three replicate flasks were pre- 

pared. One ml of the diluted cell suspension was added to 

each flask, producing a cell concentration of 1x 107 
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cells/ml. These flasks were placed in an rotary shaker at 

15''C, and 3x2 ml samples were taken at intervals from each 

flask. Two of these were filtered using 1 pm pore size 

polycarbonate filters, and the filters were placed into vials 

containing 10 ml Optiphase scintillant. These vials were then 

counted in the scintillation counter. The remaining 2 ml 

sample was placed in a1 ml cuvette and absorbance measure- 

ments were made to check whether growth was occurring. 

Glucose uptake, in terms of g/cell, was determined as 

follows: 

(a) The efficiency of counting 14C was 78%; thus for a2 ml 

samp I e, 

Dpm = ((cpm) - (control cpm) 
ml (2 x 0.78) 

(b) The 14C glucose concentration was 0.1 jCi/ml, thus 

34C glucose uptake (pCi/ml) _ glucose uptake (g/ml) 
total 14C glucose available total glucose available 

per ml (uCi/ml) per ml (g/ml) 

(c) Uptake per cell was then found by dividing glucose 

uptake (g/ml) by the number of cells per ml. The results are 

shown in Fig 3.11. These results are compared with the 

results for biofiims in the flow rig in Chapter Five. 

Fig 8.4, (given in Appendices, page 201) shows glucose 

uptake by a growing culture in 2.0 g/l glucose medium. The 

uptake rate for cells growing in the log phase was approx- 

imately 1x 10-13 g/cell in one hour. This value agrees well 

with the uptake rate of 1.4 x 10-13 g/cell in one hour 

measured in this experiment. 
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3.11 Uptake versus time for freely suspended 

ceIIs. 

A: 10.0 g/l glucose 

2.0 g! 1 glucose 

B: 0.5 g/1 glucose 

0.2 g/l glucose 

C: 0.05 g/l glucose 

0.02 g/I glucose 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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4.1 Glucose uptake rates for Pseudomonads 

Glucose uptake for Pseudomonas fluorescens was measured 

by Eisenberg et al (1974): initial uptake rates were shown as 

a plot against glucose concentration. Uptake rate for the 

glucose concentration 111 p11 (0.02 g/1) was shown to be 

approximately 13 nmoles glucose min-' mg-' cells. In the 

present study, the average uptake at this concentration, over 

the first 30 minutes, was 1.3 x 10-14 g/cell (1.2 nmoles 

glucose min-' mg-2 cells). This is lower than that measured 

by Eisenburg et al. There are two principal reasons which may 

account for this: 

(i) Eisenberg et al measured the initial uptake rate over 30 

seconds: however, data was presented in the same paper which 

showed that the initial uptake rate was at least twice the 

average uptake rate measured over 30 minutes. 

(ii) uptake rates were measured at 15°C in the present 

study, rather than at 30°C, as in Eisenberg's study. Data 

presented by Lynch and Franklin (1978) show that uptake rates 

are approximately 3 times lower at 5-C than at 30°C. Thus, 

the uptake at 15°C is likely to be considerably lower than at 

30-C. 

Taking these points into consideration, it can be seen 

that the uptake rates measured in this experiment are likely 

to be very similar to those measured by Eisenberg eta. 

Uptake rates measured for Pseudomonas aeruginosa are rather 

lower than those measured by Eisenberg et at for Psuedomonas 

fluorescens: for instance, data presented by Eagon and Phibbs 

(1971) show the glucose uptake rate, at a concentration of 50 

jM, to be about 1.0 nmoles min-1 mg-1 cells (compared with an 
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uptake of about 10 nmoles min-1 mg-: cells measured by 

Eisenburg et al). This glucose concentration (50pM) was just 

below the lowest concentration used in the present study, and 

so these uptake rates cannot be directly compared. 
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CHAPTER FOUR 

THE EFFECT OF SHEAR STRESS 

1. Introduction 

The interrelationship between physiological activity, 

attachment ability, growth on a surface, and flow rate is 

apparently very complex, and one of the main alms of this 

study was to obtain more information about some of these 

links, particularly the effect of flow rate on the 'activity' 

of the cells. 

In previous studies, various parameters have been selec- 

ted which provide an indication of the metabolic processes, 

or activity of attached cells. These include changes in the 

numbers of suspended or attached cells; changes in cell size; 

respiration rate, measured as carbon dioxide production; 

oxygen uptake, or intensity of electron transport system 

activity; substrate uptake or breakdown; product formation 

and heat production. Some of these are related to one 

another. 

In this study, uptake of glucose was used to evaluate 

whether the activity of attached cells varied with shear 

stress. In addition, the uptake per cell was compared to that 

obtained for suspended cells under the same conditions. 

A wide range of flow rates could be obtained using the 

experimental flow rig. The Navier-Stokes equations, which 

describe the flow of fluids in any given situation, reduce to 

a simpler form when inertial effects predominate over viscous 

effects, or vice versa, in dictating the flow pattern through 

a pipe. The ratio of these two effects is a dimensionless 

group known as the Reynolds number, Re, of any particular 

flow situation. 
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Re = d. u. e/p 

where e/p is the kinematic viscosity. Experiments carried 

out with a number of different fluids in straight pipes of 

different diameters have established that if the Reynolds 

number is calculated by making d equal to the pipe diameter 

(in this case the diameter of the test sections in the flow 

rig was 6 mm), and using the mean velocity, u, then, below a 

critical value of Re = 2000, flow will normally be laminar 

(viscous), any tendency to turbulence being damped out by 

viscous friction. In pipes, at values of Reynolds number 

exceeding 2000, flow will not necessarily be turbulent; 

however in straight pipes of constant diameter, flow can be 

assumed to be turbulent if the Reynolds number exceeds 4000 

(Douglas et al, 1979). A graph of Reynolds number versus 

flow rate is given in the Appendix (page 205). 

In the experimental rig flow rates in the range 0.2-4.4 

1/min could be obtained. The range 0.2-0.7 was in the laminar 

regime, 0.7-1.0 was intermediate, and above 1.0 the flow is 

turbulent. 

The shear stress at the pipe wall TW was calculated 

using the expression: 

zw = Ct. Q. u2'"/2 

where Ct Is the Fanning friction factor, taken from a plot of 

friction factor versus Reynolds number for smooth pipes 

(Coulson and Richardson, 1954, p334: the value for friction 

factor given in these charts is equal to 2C1. ). A plot of wall 

shear stress versus flow rate is given in the Appendix 

(page 197); the data from this study can then be compared 

with results of other workers who have expressed results in 
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terms of shear stress. 

When a fluid flowing with a uniform velocity enters a 

pipe, a boundary layer forms at the walls and gradually 

thickens as the distance from the entry point increases. At a 

certain distance from the inlet, the boundary layers join at 

the axis of the pipe, and from that point onwards, occupy the 

whole cross-section and consequently do not increase in 

thickness. The flow is then fully developed. The medium in 

the experimental rig passed through a preliminary section of 

tubing 11 cm in length and 6 mm in diameter, before passing 

through the test sections, also of 6 mm diameter. At the 

start of the test sections, the flow may not have been fully 

developed due to the entrance effects which occur as a result 

of the fluid entering a pipeline of narrower diameter: the 

distance at which the flow becomes fully developed can be 

calculated using various empirical equations. 

Coulson and Richardson (1954) suggest (as an approximate 

guide) that the inlet length, Le, is given by: 

Le/d = 0.0288Re for Re < 2500, 

Le/d = 50d to 100d for Re > 2500, 

where d is the pipe diameter, i. e. 6 mm. 

Thus the fluid flow may not be fully developed for a 

considerable distance (up to approximately 60 cm for the 

highest flow rates obtainable in the flow rig used in this 

work which is much longer than the preliminary section of 11 

cm at the start of the test sections). However, analysis of 

the results shows that there was no difference between 

numbers of attached cells, or uptake per cell, for any of the 

sets of three test sections placed in series in each 'leg' of 
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the rig. This suggests that the entrance effects are minimal 

and that they can be disregarded. 

2. Results and discussion 

For each flow rate and glucose concentration used, the 

results for all the tubes were averaged, and the combined 

data from many experimental runs is shown in Figs. 4.2 to 

4.8. Fig. 4.1 shows the type of results obtained from 

individual experiments. All of these graphs are based on 

results given in Table 8.1 in the Appendix (page 191). Data 

from individual experiments do not in general show statis- 

tically significant differences in glucose uptake over the 

flow rate range 1.0-4.4 1/min. 

At each substrate concentration, the averaged results 

(see Figs 4.2 to 4.8), also suggest that increase in flow 

rate has no significant effect on the substrate uptake of the 

cells for the range of substrate concentrations tested 

(glucose from 0.02 g/l to 20.0 g/1). 

Uptake is likely to be proportional to flow rate at 

relatively low flow rates and low substrate concentrations, 

when the supply of substrate to the biofilm is limited by 

mass transport considerations. At relatively high glucose 

concentrations/flow rates, saturation may be expected to 

occur. At the lowest glucose concentration shown (Fig 4.2) 

and flow rate (0.2 g/l; 0.2 1/min), the uptake was lower than 

the overall average uptake tie average uptake for all flow 

rates). However, at this concentration there were consider- 

able variations in the average for each flow rate, so the 

fact that the uptake is lower at the lowest flow rate may not 

be significant. As can be seen from Fig. 4.2, there was no 

general pattern of increased uptake with increased flow rate 
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at the lowest glucose concentration. 

In some of the graphs showing average uptake versus flow 

rate at the various substrate concentrations (Figs 4.2 to 

4.8), there appears to be a trough in the uptake for flow 

rates in the range of approximately 1 to 3 1/min. This is 

significant only at a low probability. However, as most of 

the graphs show averages of many individual results, this 

trend appears to be a 'real' phenomenon. For instance, the 

graph showing uptake at 2.0 g/1 glucose over a half hour run 

(Fig 4.6) was prepared using the results from 105 individual 

tubes. There are no obvious explanations for this trend. It 

is possible that: - 

(i) it could be due to a diffusional effect. It is possible 

that the diffusion layer around each cell may be thicker at 

these flow rates, and thus the rate of diffusion is limited. 

This would seem to be unlikely as flow rates greater than 

approximately 1 1/min the flow is turbulent, and the boundary 

layer thickness decreases as flow rate increases (see Figs 

4.9 and 4.10: Fig 4.9 shows the flow velocities at distances 

up to 10 pm from the tube surface and Fig 4.10 shows the 

thickness of the laminar sublayer. The calculations for 

these graphs are shown in the Appendix on pages 206-208). 

(ii) it may be due to a physiological effect on the bacteria 

of unknown cause. Flow rate has been shown to affect 

bacterial physiology in what may be a similar way, in at 

least one other case. Eighmy and Bishop (1985) showed that, 

following exposure to a shear stress of above 3.1 N/ma for a 

period of 10 minutes, the binding-protein-mediated aspartate 

transport system of a mixed biofilm (System 2) was inact- 
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ivated, and the membrane-bound aspartate proton system 

(System 1) was resolved. System 1 was descibed as a high- 

affinity, low-capac4ty proton svmpcrt, whereas System 2, 

which predominated at higher substrate concentrations, was 

described as a low affinity, high-capacity binding-protein- 

mediated transporter. Eighmy and Bishop concluded that the 

fluid downsweeps which are associated with turbulent flow in 

closed loop reactor systems, applied shear forces to the 

adhering cells and their extracellular glycocalyces and 

caused the disruption of the binding-protein-mediated trans- 

port system by deforming the plastic outer membrane. 

(iii) Another possible explanation for the negligible effect 

of changes in flow rate on the uptake of the cells relates 

the results obtained to the glucose uptake mechanisms ob- 

served in Pseudomonas (see the Introduction, page 29). The 

experiments in this study were carried out at a relatively 

low temperature, and it is therefore probable that the 

a large proportion of the glucose was converted to gluconate 

and/or 2-ketogluconate (2-KG) outside the cell. Consequently 

it is difficult to draw firm conclusions about uptake since 

it is not known whether the substrate actively accumulated by 

the bacteria was glucose, gluconate or 2-ketogluconate or all 

three. The effective concentration of each at the cell 

surface could vary at different flow rates as a consequence 

of (i) the relative amount of glucose converted to the 

oxidation products and hence their relative concentration at 

the cell surface; (ii) the rate of loss of gluconate and 2- 

ketogluconate by diffusion away from the cell, and loss into 

the flowing medium, which would vary at different flow ratest 
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and (iii) the relative affinities of the bacteria for the 

three potential transport substrates. 

At 4.4 1/min some anomalously high results were 

occasionally obtained. These have been indicated on the 

graphs with an asterisk. This is possibly due the the high 

degree of turbulence at these flow rates. Eddies may have 

broken through the boundary layers around the cells reducing 

the 'diffusion layer' and causing enhanced uptake. 

3. Summary and Interpretation 

The overall conclusion from these experiments is that 

fluid flow rate has little effect on the amount of glucose 

incorporated by the attached film of bacteria exposed to 

glucose concentrations in the range 0.2-20.0 g/1. This in- 

dicates that under conditions in which the concentration of 

glucose in the circulating fluid does not alter detectablY 

(because the amount of medium in the rig is large, and hence 

the amount of glucose present is many orders greater than the 

amount the attached cells could assimilate), there is no 

physical influence of fluid flow rate on the ability of the 

bacteria to incorporate glucose. 

This suggests that diffusion of glucose to the cell 

surface proceeds at a constant. rate for all flow rates, which 

is improbable. If this were the case, glucose uptake would 

be a function only of glucose concentration, relative to the 

affinity of the bacterial uptake system(s) for glucose. 

Alternatively, the results may be due to a physiological 

effect caused by increases in flow. A further investigation 

would be required to establish exactly how the bacterial 

physiology was affected. 
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4.1 Glucose uptake versus flow rate: results of 

individual experiments. 

A: 2.0 g/1 glucose 

Results of 16/1/87: 1 hour run period 

Results of 28/5/87: 30 minute run period 

B: 0.2 g/t glucose 

Results of 8/1/86: 1 hour run period 

Note: Where no error bar is shown, the point is derived 

from a single result. 
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4.2 Glucose uptake versus flow rate during a 

30 min run for 2 glucose concentration of 

0.2 g/1. 

4.3 Glucose uptake versus flow rate during a 

I hour run for a glucose concentration of 

0.2 g/1. 
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4.4 Glucose uptake versus flow rate during a 

30 min run for a glucose concentration of 

0.5 g/1, 

4.5 Glucose uptake versus flow rate during a 

1 hour run for a glucose concentration of 

0.5 g/l. 

Note; Where no error bar is shown, the point is derived 

from a single result. 

; Shows some anomolous high results were obtained at 

4.4 1/min (not shown in data). 
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4.6 Glucose uptake versus flow rate during a 

30 min run for a glucose concentration of 

2.00 g/l. 

4.7 Glucose uptake versus flow rate during a 

I hour run for a g, icose concentration of 

2.00 g/1. 

* Shows some anomolous high results were obtained at 

4.4 I/min (not shown in data). 
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4.8 Glucose uptake versus flow rate during a 

1 hour run for a glucose concentration of 

20.0 g/l. 
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4.9 Velocity profiles for a distance of up to 10 

um from the surface at different flow rates. 

Key: 

Line Flow rate 

i: 0.5 1/m 

2: 1.0 1/min 

3: 2.0 1/min 

4: 3.0 1/min 

5: 4.4 1/min 

Relative size of bacteria are shown. 
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4.10 Thickness of laminar subla"F: at different 

flow rates. 
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CHAPTER FIVE 

EFFECT OF SUBSTRATE CONCENTRATION 

1. Introduction 

The glucose concentrations used in the experiments with 

the flow rig were in the range 0.02 g/1 to 2.0 g/l (1.11 x 

10'4 M to 1.11 x 10--- M). The bacteria were able to grow in 

batch culture at these concentrations of glucose (see growth 

curves, p 199). 

The bulk liquid could be assumed to be fully mixed if 

the Peclet number, Pe, is much greater than unity (Shish, 

1982). The Peclet number is defined as: 

Pe = (y/D), Re 

where y is the kinematic viscosity of the medium, D is the 

diffusivity of the substrate, and Re Is the Reynolds number. 

In these experiments, Pe was several orders of magnitude 

greater than one at the lowest value of Reynolds number 

obtained in the rig (see page 202). This indicates that 

convection rather than diffusion is predominant and the 

substrate concentration can be regarded as constant in the 

bulk liquid (Shieh, 1982). 

A single particle, unaffected by the proximity of other 

particles, will be surrounded by a mass transfer boundary 

layer, which is the area inside an envelope which connects 

positions at 99% of the bulk fluid concentration, CL. Its 

location in space depends both on the rate of reaction and 

mechanics of flow around the particle. When fluid velocity is 

increased the concentration immediately adjacent to the 

particle approaches the bulk liquid concentration (C. 
-) and 
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the concentration gradients are decreased. At high values of 

fluid velocity, the amount of substrate taken up per unit 

time becomes essentially constant, and the boundary layer is 

effectively of zero thickness. It is usual to model the 

physical situation by assuming that the mass-transfer boun- 

dary layer is of constant thickness (Atkinson, 1974). 

Under steady state conditions the kinetics of the 

substrate uptake can be modelled by equating the diffusional 

transfer of reactants through the boundary layer with the 

consumption of. the substrate by the biological particle. 

Thus: 

R, = h. A1,. (CL-C*) = N. A1, 

where R,, is the mass of substrate converted per unit time, h 

is the mass-transfer coefficient, N represents the flus per 

unit area, and Ap is the surface area of a particle. If the 

reaction can be described by first order kinetics, 

N= k2. C*, 

where k1 is a first-order rate coefficient. If this is 

substituted into the equation for Rp, CO can be eliminated. 

This gives: 

1 1' "'s 
RF, = 

('h 
-+ 

k-s 
. AP. C, 

_. 

In the case of linear kinetics, the overall rate of 

reaction is linearly related to the bulk liquid concen- 

tration. 

If the mass-transfer coefficient h is much greater than 

the kinetic coefficient k% the reaction is determined by the 

value of the kinetic rate coefficient and is said to be 

reaction controlled; when ks is much greater than h liquid- 
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phase diffusion control exists. In the reaction controlled 

regime the interfacial concentration (C"*) approaches the bulk 

concentration, whereas with liquid-phase diffusion control 

the interfacial concentration falls to zero. 

If both h and kx are of a similar magnitude, a 

significant diffusional resistance is involved, and in this 

situation the effect of increased fluid velocity is to 

increase the magnitude of the mass-transfer coefficient, 

which. has the effect of decreasing the concentration 

gradients in the fluid and increasing the interfacial con- 

centration. In some cases, for a small fluid velocity, a 

given physical situation may be diffusion controlled; . high 

velocities may lead to reaction control and intermediate 

velocities to a condition of diffusion limitation. 

2. Results and discussion 

It has been shown in Chapter Four that flow rate has no 

significant influence on the glucose incorporation by bio- 

films in these experiments. Therefore the results for every 

tube exposed to a given substrate concentration in the rig 

were averaged, regardless of the flow rate which each tube 

experienced. The data on which these graphs are based is 

given in the Appendices (see pages 190-196). The results 

were plotted as a graph of uptake against substrate 

concentration (Fig. 5.1). 

In addition the results were plotted as a Lineweaver- 

Burk graph (Fig. 5.2). This shows the reciprocal of the 

glucose uptake rate, 1/V, versus the reciprocal of the 

glucose concentration supplied, 1/S. 
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1 

5.1 Average glucose uptake versus substrate 

concentration. 

Key: 

Average uptake of attached cells in the flow 

rig over a period of 1 hour. 

Average uptake of freely suspended cells over 

a period'of 1 hour. 

Average uptake of attached cells in the flow 

rig over a period of 30 minutes. 

Average uptake of freely suspended cells over 

a period of 30 minutes. 
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5.2 Lineweaver-Burk plot: showing the reciprocal 

of glucose incorporated per cell versus the 

reciprocal of glucose concentration. 

A: 30 minute period 

0 Freely suspended cells 

0 Attached cells 

B: 1 hour period 

Q Freely suspended cells 

40 Attached cells 

Inset graphs show detail close to origin. 
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The equation of the plot is: 

L= Km +1 
V V...,. S Vm4uK 

Further information on the Lineweaver-Burk plot is given in 

Aiba et al, 1973. 

It can be seen from the graphs that glucose uptake is 

proportional to glucose concentration and to time, comparing 

the 0.5 and 1.0 hour samples. This confirmed that the time 

scale used in most experiments was realistic in falling in a 

period where linear kinetics prevailed. If biofilm growth had 

commenced an exponential increase in uptake would have been 

observed. 

When the results were plotted as a Lineweaver-Burk graph 

the data could be extrapolated through the origin, indicating 

that saturation only occurred when the substrate concen- 

tration approached infinity: this implies the uptake was 

diffusion limited. The linear relationship between the quan- 

tity of glucose taken up and the concentration of glucose 

supplied was rather surprising, as there was no sign of 

saturation of the uptake rate even at 2% (w/v) glucose, and 

consequently no appearance of a rectangular hyperbolic 

relationship as would be expected if uptake were obeying 

Michaelis-Menton kinetics. If Michaelis-Menten kinetics were 

obeyed, the half-saturation constant (ku) would be greater 

than, say, 1% (= 55mM). Thus this suggests that uptake was 

not limited by the activity of a high affinity glucose 

transport system. The results for attached bacteria in the 

flow rig can be compared to the uptake of freely suspended 

cells; a 
. 
virtually identical Lineweaver-Burk plot obtained in 

this case. 
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A comparison of the rates of uptake by freely suspended 

cells and attached films showed the former to fall within the 

range seen for biofilms (Fig 5.1 and Tables 5,1-5.4). However 

the values were about half those calculated from a large num- 

ber of biofilm experiments. This may reflect differences 

between attached and suspended populations, and could mean: - 

(i) that the biofilms were made up mainly of the cells in 

the original suspension capable of rapid glucose uptake, 

which were able selectively to attach to the tube surfaces, 

leaving the less acti)e cells in suspension; 

(ii) that attachment to a surface could enable greater 

substrate capture (Several workers have suggested that at- 

tachment to a surface may affect the activity of bacterial 

cells, including Fletcher and Marshall, 1983; Savage, 1984); 

(iii) that the metabolism of attached cells is affected by 

flow past the biofilm. It is possible, for instance, that 

cells subjected to high shear stresses may secrete more 

extracellular polymer. However the results obtained in this 

study do not seem to support this conjecture. 

Caldwell and Lawrence (1986) used computer-enhanced 

microscopy to study the growth kinetics of bacterial micro- 

colonies attached to the wall of a continuous-flow slide 

culture. They considered the growth rate of attached 

Pseudomonas fluorescens cells at 0.1 and 1.0 g/l glucose. 

They showed that 'at low substrate concentrations the growth 

rate varied depending on laminar flow velocity', and that 

growth was 'flow dependent' at a glucose concentration of 0.1 

g/1 and 'flow independent' at a concentration of 1.0 g/1, 
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indicating that the surface microenvironment became substrate 

depleted in the absence of sufficient laminar flow 

velocities. Their results show only the effect of allowing 

cells to grow in the absence of shear stress, and then 

increasing. flow velocity to 0.1 m/s. They did not study the 

effect of varying flow rate past the surface, or directly 

measure glucose uptake of the cells, though cell growth was 

measured. It would be expected that attached cells would 

become substrate depleted over time in conditions of low 

substrate, and in the absence of a shear stress. Freely- 

suspended cells used in the present study were also shown to 

become substrate depleted in low glucose medium (see 

page 126 in Chapter 3). 

The results from the present study appear to indicate 

that for flows in the range 0.2 - 4.4 1/m (with a constant 

nutrient concentration) substrate depletion does not occur. 

Although the initial uptake rates for freely suspended cells 

are appr. oximately 50% of those for attached cells it is not 

certain that this is a significant difference. 

Substrate uptake for biofilms exposed to different 

values of shear stress has been measured in very few studies. 

La Motta (1976) established a mixed biofilm in an annular 

reactor using a glucose medium. Although the flow dynamics 

were not well characterised, conditions were probably tur- 

bulent as the reactor was operated at high rotatational 

speeds. He found that substrate uptake followed a zero-order 

rate law; the rate of film growth was found to be propor- 

tional to the initial substrate concentration in the reactor, 

One of the graphs shows that when the influent glucose 

concentration is 0.2 g/l (1.11 x 10-'3 M) the intrinsic uptake 
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rate is 7.67 x 10-" moles sec-' (cm=film)-1. If the approx- 

imate number of cells per cubic centimetre of biofilm is 

estimated, the uptake obtained by La Motta can be compared 

with the results obtained at the same glucose concentration 

in this study. Assuming a cell volume of 1 pm3, with n'o 

spaces in the biofilm, the maximum cell density possible is 

1012 cells/cm5. The maximum cell volume of the Pseudomonas 

fluorescens cells used in this study was approximately 4 }: m3: 

the maximum cell density possible is 2.5 x 1011 cells/cma. If 

a substantial volume of the biofilm is free space the cell 

density is likely to fall somewhere within the range 1011 to 

10122 cells/cros. If these figures are used to approximate cell 

density, and units are converted to those used in the present 

study, the uptake obtained by La Motta was in the order of 

5.0 x 10-14 to 5.0 x 10-13 g/cell. hour. The uptake obtained 

at the same glucose concentration in this research was 2.33 x 

10-1' g/cell. hour. This is slightly below the range of La 

Motta, but is in the same order, which supports the validity 

of the results presented in this chapter. There were however 

many differences between the apparatus used by La Motta and 

the experimental apparatus used in this research. In ad- 

dition, La Motta used a mixed biofiim, which was as much as 

500 }im thick. In spite of the relative thickness of this 

film, and the poorly defined hydrodynamic conditions in his 

reactor, he states that 'reaction controlled' conditions 

prevail: i. e. the cells in the biofilm are not affected by 

diffusional resistances. This is not proved, and it seems 

likely that cells in the lower part of a biofilm several 

hundred microns thick would become substrate-limited under 

most circumstances. 
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3. Summary 

Although surprising, the data seem unequivocally to show 

that the organisms in the thin biofilms used in my experi- 

ments took up glucose by a diffusion-rate-limited process. -It 

is reasonable to presume that the transport process by which 

glucose enters the cells is of reasonably high affinity, with 

a KM of the order 0.001 to 1 mM, which must mean that the 

effective concentration of glucose at the cell surface, 

exposed to the boundary layer, must be much lower than in the 

bulk fluid flowing in the system. 

As suggested in Chapter 4, another possible explanation 

for the results obtained could be due to the pathways of 

glucose catabolism which are found in Pseudomonads (see 

page 29 in Chapter 1). It is possible that as shear stress 

was increased, the transport of glucose to the cell in- 

creased, but, simultaneously, the transport of gluconate/2-KG 

away from the cell also increased. If these two effects were 

balanced, then increases in flow rate would have little 

effect on the quantity of glucose incorporated into the 

cells. This may partially account for the fact that flow' 

rates had virtually no effect on glucose uptake. 
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Averaged" results showing uptake at various values of 

substrate concentration 

Table 5.1: Uptake by attached cells during a period of 30 
minutes. 

Substrate 
concentration 

g/l 

Uptake 
g/cell 

Number of 
samples 

0.02 1.26 x 10"1° 15 

0.20 9.35 x 10-1'-s 9 

0.50 3.36 x 10-1, '4 34 

2.00 1.87 x 10"'s 102 

20.00 1.30 x 10"12 1 

Table 5.2: Uptake by freely-suspended cells during a period 
of 30 minutes. 

Substrate 
concentration 

g/l 

Uptake 
g/cell 

Number of 
repeats 

0.02 1.28 x 10-10 3 

0.05 2.50 x 10-1-0 3 

0.20 8.50 x 10-20 3 

0.50 2.75 x 10-114 3 

2.00 7.00 x 10-14 3 

10.00 2.90 x 10 -x`3 3 
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Averaged results showing uptake at various values of sub- 

strate concentration 

Table 5.3: Uptake by attached cells during a period of 60 
minutes. 

Substrate 
concentration 

g/1 

Uptake 
g/cell 

Number of 
samples 

0.02 2.94 x 10-'ýO 8 

0.20 2.33 x 10"1" 16 

0.50 1.50 x 10°1-5 14 

2.00 2.35 x 10"1-5 18 

4.00 5.94 x 10"1 3 

20.00 2.76 x 10-12 7 

Table 5.4; Uptake by freely-suspended cells during a period 
of 60 minutes. 

Substrate Uptake Number of 
concentration g/cell samples 

g/l 

0.02 2.47 x 10-' 3 

0.05 3.48 x 10-1' 3 

0.20 1.27 x 10-&4 3 

0.50 4.18 x 10-14 3 

2.00 1.41 x 10"' 3 

10.00 5.77 x 10-; 3 
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CHAPTER SIX 

GENERAL CONCLUSIONS 

1. Detachment studies 

The results of the detachment studies were similar to 

those obtained by other workers. Duddridge et al, (1982) also 

considered detachment of Pseudomonas fluorescens from stain- 

less steel surfaces. This was a detailed study in which the 

number of cells remaining on the surface was measured at many 

flow rates. Although the results of this study were expressed 

as numbers of cells remaining on the surface, and the 

percentage of cells remaining was not indicated, the trend of 

these results was similar to those obtained in this study, 

except that at high flow rates, there was a steeper fall in 

the numbers of cells which remained attached to the surface 

than was seen in the present study. However there was 

considerable variation between individual results, as was 

also seen in this study, and it is possible that the 

differences in the results are due to this. 

2. Increase in uptake of attached cells with time 

A similar pattern was found at all glucose concen- 

trations tested. It was found that glucose uptake by attached 

cells increased approximately linearly up to an hour after 

the start of an experiment. After this there was little 

increase in uptake for a period. Glucose uptake then started 

to increase rapidly. It is not certain why this pattern of 

uptake was followed. It would appear that no similar studies 

of uptake have previously been carried out. Uptake has been 

observed in well-established biofilms, but generally over 

quite long time periods. It seems that this initial pattern 
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of substrate uptake has not previously been observed. 

At the start of the experiment, the cells were grown up 

to late log phase. This means that during the attachment 

period, division of the cells may be occurring, and the cells 

attached to the tubes will therefore be small in size. After 

the tube was placed in the flow rig rapid uptake was 

observed: during this period the cells might have been 

growing. A period during which little glucose was taken up 

followed: the cells may have started to divide, and the 

subsequent rapid increase in uptake may have been due the 

greater number of cells present on the tubes. 

This may explain the pattern of uptake which was 

observed. Although cell size was not measured quantitatively, 

observations showed that cells attached to tubes which had 

been in the flow rig for 0.5-1.0 hours often appeared larger 

than cells on control tubes which had not been placed in the 

rig after the attachment stage. ' It is possible that the 

procedure for attachment and subsequent incubation imposed a 

period of 'synchronous growth' on the attached population. 

The uptake rates measured in these experiments were 

relatively high. The average dry weight of a single cell was 

2.09 x 10-13 g, and at 0.5 and 2.0 g/1 glucose, the average 

amount glucose taken up in the first 30 minutes was 

approximately equal to the dry weight of the cell. 

One of the possible explanations for the high uptake 

rates (see page 150) is that cells may be producing large 

quantities of extracellular polysaccharides (EPS). Although 

this could be occurring, it does not seem to be very 

probable for the following reasons: 
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(i) large quantities of EPS were not observed by Pringle 

(1983) when attached cells (of this species) were selectively 

stained to show up EPS (this experiment was carried out under 

static conditions); 

(ii) it was possible that production of EPS was stimulated 

by an increase in shear stress. However, there was no 

evidence that glucose uptake increased at higher shear 

stresses (see Chapter Four); 

(iii) during the present study large quantities of EPS were 

never seen when attached cells which had been stained with 

acridine orange were observed at a magnification of x 1000. 

The high uptake rates are conceivable if the cells were 

in the process of dividing. The rate of turnover of assim- 

ilated glucose may also be high. Uptake rates measured by La 

Motta (1976) for thicker mixed bi. ofilms (see discussion on 

page 15t) were in the same order as those measured in this 

study. 

3. Effect of shear stress and substrate concentratio 

These conclusions are discussed in detail in Chapters 

Four and Five. It appears from this study as though shear 

stress has no effect upon uptake levels for the range of flow 

rates and nutrient concentrations used in this study. There 

was a direct linear relationship between glucose uptake and 

glucose concentration. A Lineweaver-Burk plot of the results 

suggests that the uptake is diffusion limited. 

These results were surprising, as one would expect 

uptake of glucose to increase with flow rate. It is possible 

that the results were due to the rather complex, temperature 
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dependent pathways of glucose uptake which occur in 

Pseudomonas fluorescens. Lynch and Franklin (1977) have shown 

that at relatively low temperatures, Pseudomonas fluorescens 

cells convert a large proportion of glucose to gluconate 

and/or 2-ketogluconate extracellularly (see Introduction, 

page 31). At higher shear stresses the proportion of glucon- 

ate and 2-ketogluconate which diffused away from the cell 

might increase. If this was in approximate balance with the 

increased supply of glucose at higher flow rates, a net 

change of glucose uptake might be difficult to observe. 

There are other possible, albeit less probable, explana- 

tions for the lack of significant increases in uptake at 

higher shear stress; these are discussed in detail in 

Chapters 4 and 5. 

4. Comparison of uptake by attached cells and freely- 

suspended cells 

In general, attached cells have been found to be more 

active than freely suspended cells. (see Introduction, 

page 28). The results of the present study showed that the 

rate of glucose uptake by attached cells was approximately 

50% greater that that for freely suspended cells at a 

glucose concentration of 2.0 g/l: this may reflect differen- 

ces between the attached and freely suspended populations 

(see the discussion of possible reasons for this on 

page 28). The differences were more pronounced at higher 

glucose concentrations. 

5. Enumeration of attached cells 

The number of cells attached to the tubes at the start 

of each run was measured by radiolabelling cells. At the end 
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of an experimental run, the number of original cells remain- 

ing on the surface could be measured. However, the extent of 

cell division during the run was not known: more information 

would have been obtained from the results if appropriate 

techniques for measurement of the total number of cells 

attached to each tube at the end of a run could have been 

devised. It would then have been possible to relate the 

observed pattern of uptake to the number of cells which were 

attached at any given time. In addition, the effect of flow 

rate on the growth of individual cells could have been 

established. 

Because of the importance of determining the . total 

number of cells attached at the end of the run, a consider- 

able period of time was spent devising a technique for 

measuring this. The various approaches which were tested 

were discussed in Chapter Three. The method of eluting cells 

from the tubes using a surfactant and then measuring numbers 

of viable cells (by plate counts) was the most promising 

method. This method was used successfully to establish 

numbers of attached cells. The surfactant eluted a fixed 

percentage of the cells; possibly those which were not yet 

firmly attached. However, this technique was unsuccessful 

when used to measure numbers of cells on tubes which had been 

exposed to shear stress in týe biofouling rig. This may have 

been because loosely attached cells had already been removed 

by exposing the biofilm to a shear stress. These findings 

indicate that the attachment process probably occurs in 

stages: it may take some time for cells to become firmly 

attached. 

Go Study of monolayers rather than thick biofilmR 
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Most of the biofilm studies which have been carried out 

previously have considered thick biofilms or undefined 

biofilms composed of many species of bacteria. In many cases, 

both conditions have applied (Bryers and Characklis, 1982; La 

Motta, 1976; Rittmann and McCarty, 1980l). 

In the present study, the approach taken was to consider 

one of the simplest situations possible. The biofilms were 

monolayers, composed of a single species. They were pre- 

attached, so the medium in the rig contained few bacteria 

(only those which detached from the test sections). Time 

periods were short, and the volume of medium in the flow rig 

was large in comparison to the size of the test sections, so 

concentration of substrate in the medium could be regarded as 

constant. 

In spite of the relative simplicity of the system, the 

results obtained were not easy to, explain. This highlights 

the difficulties of interpreting the results from the more 

complex' systems which are frequently studied. Many of the 

statemutiLa made in the literature are simplistic, and assump- 

tions are often made which have no rigourous foundation. For 

instance, La Motta (1976) states that cells in biofilms which 

he investigated were'not affected by diffusional resistances, 

even though these biofilms were 500 }im thick. For the 

majority of species, the maximum dimension of a cell lies. 

within the range 1-10 pm (Singleton and Sainsbury, 1981). It 

is therefore likely that the microenvironment surrounding 

cells deeper within a 500 pm biofiim would be very different 

from that experienced by cells nearer to the surface. 

If monolayers are used, the cells in a biofilm are 

exposed to uniform conditions, and the interpretation of the 
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results is less likely to be confounded by hidden variables. 

7. Limitations of the Biofouling Rig 

The main problem with the apparatus used in this study 

was the difficulty in finding a technique to measure numbers 

of cells present on the tubes at the end of an experiment. It 

is probable that a suitable technique could be devised 

eventually, but it was not possible in the time period 

available for this study. Cutting up the stainless steel test 

sections in order to actually observe the attached biofilm 

was very difficult, and this was a major problem. 

Another disadvantage was the fact that flow rates below 

0.2 1/min could not be obtained. It was also difficult to 

obtain test sections of materials other than stainless steel 

which were of a suitable size for the flow rig. 

The rig was originally constructed to hold three 15 cm 

test sections. This was changed so that three 5 cm tubes 

could be fitted in each 'leg' of the rig, so that 9 test 

sections could be used. This was a limitation: for example, 

in the study of the change of glucose uptake with time, three 

flow rates and three time periods could be investigated in 

any one experiment, but there were no replicate tubes for 

each condition. 

8. Improvement of the flow rie 

The test sections used by Pedersen (1982a), described on 

page 22, had many advantages. He developed a system in which 

fluid flowed through banks of slides which were held in a 

special carrier. 

The biofouling rig used in the present study would have 
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been rather more flexible if it had been constructed to hold 

test sections similar to those developed by Pedersen. The 

system could be built to hold banks of slides in series, 

which would increase the number of readings obtainable in 

each experiment. Carriers could be constructed to hold test 

sections of different materials, and determination of the 

number of cells on each surface at the end of an experiment 

would be easier. If transparent surfaces were used, a rapid 

and simple technique such as the crystal violet method 

described on page 36 could be utilised. 

If this type of test section were incorporated into a 

flow rig with similar features to the one used in the present 

study, a highly flexible system would result. The system 

would be further improved if it were adapted to take flow 

meters which would cover flow rates below 0.2 l/min. 

With such a system, information could be obtained more 

rapidly, and a wider variety of parameters tested. It seems 

particularly important to study the effect of reducing flow 

rates below 0.2 1/min, in order to check whether uptake at a 

given substrate concentration is reduced. 

9. Possible future studies 

Some of the results found in the present study could not 

be explained conclusively. A sensible starting point for a 

future study might be an investigation of some of the effects 

observed in the present study. The most important objective 

would be to evaluate the effect on the results of the uptake 

systems involved with glucose catabolism in Pseudomonas 

fluorescens. There would be two obvious starting points: 

(1) The simplest test would be to carry out uptake experi- 
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ments similar to those described in this study at a higher 

temperature: at 30'C most glucose is catabolized via the 

direct uptake and phosphorylation of glucose (Lynch and 

Franklin, 1978). This need not be a lengthy study; 

exFCriments at only one glucose concentration would be 

necessary. If there were significant differences between the 

results obtained at 150C and 30'C, analysis of the data might 

throw more light on the results obtained in the present 

study. Selective stains could also be used to check whether 

the production of extracellular polysaccharides is increased 

at higher flow rates. 

(ii) A different bacterial species (with a simpler glucose 

uptake system) could be used for further uptake studies. The 

effect of flow rate on these biofilms could be investigated, 

and again, comparison of the results with those from the 

present study might provide valuable information. 

. If these two key investigations were carried out, it is 

likely that useful facts would emerge. Information on the 

effect of flow rate on biofilms in other situations would 

have been acquired, and the effect of the uptake systems 

found in Pseudomonas fluorescens on the results of the 

present study would be clearer. 

There are many other experiments which could be carried 

out using the biofouling rig which would yield valuable 

results. Decisions on which experiments would be most appro- 

priate could only be made after an analysis of the results of 

the experiments suggested in paragraphs (I) and (ii) above. 

If changes in shear stress were found to affect uptake by the 

biofilms at 30'C, or the biofilms of a different species, 
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this should be investigated further. It might then be 

possible to model the results in order to assess whether 

changes in mass transport of substrate to the cells, or 

changes in the physiological activity of the cells (or both), 

were responsible for the effect of flow rate on uptake. 

A further line of investigation, of considerable 

interest, would be to compare the results of replicate uptake 

experiments carried out using monolayers and thicker bio- 

films. No similar experiments appear to have been reported; 

it would be useful to know to what extent uptake rates vary 

as biofilm thickness is increased from a monolayer of cells. 

There are many other studies which could be carried out 

using the biofouling rigs which would be likely to yield 

results which would further current understanding. Experi- 

ments using different microorganisms and substrates are 

possible. A vast quantity of data could be gained very 

quickly if the modifications to the biofouling rig suggested 

on page 165 were implemented. Studies of attachment to 

different surfaces could then be carried out if desired. 

Interesting and useful results have been obtained in 

this study from experiments using the biofouling rig, which 

should provide a foundation for further research. However, 

there are still many avenues which have yet to be explored. 
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CHAPTER EIGHT 

APPENDIX 

1. Results of uptake experiments 

Table 8.1 shows the results of all the experiments on 

uptake of attached biofilms which were exposed to various 

flow rates in the flow rig. The method for calculating 

glucose uptake per cell is detailed in Chapter 2 (page 7i. ). 

For any given experiment, the uptake for tubes in the same 

'leg' of the rig is shown as an average (unless the tubes 

were removed'at different times). Standard deviations are 

shown so that the degree of variability between results for 

individual tubes can be seen. 
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Summary "of all results from experiments using the flowrig 

TABLE 8.1 

Flow Glucose Time Glucose Standard N Date 
rate g/l in rig uptake deviation 
1/min in rig g/cell 

0.2 0.02 30m 1.41x10-'1L' 6. 03x10'1' 3 12/2/87 

0.2 0.2 30m 7.69x10-'m 6. 70x10-"4, 2 25/3/87 

0.2 0.2 1h 1.70x10-I4 - 1 23/9/86 

0.25 0.5 30m 4.20x10'-14 4. 61x10°x& 3 23/6/87 

0.25 0.5 30m 2.22x10'14 2. 05x10-I" 3 25/6/87 

0.2 2.0 30m 6.95x10-14 - 1 11/9/86 

0.2 2.0 30m 5.49x10°14 - 1 18/9/86 

0.2 2.0 30m 2.50x10-= 3. 49x10-24 3 15/4/87 

0.2 2.0 30m 1.10x10-tom 7. 50x10-t 3 30/4/87 

0.2 2.0 30m 8.17x10'-'4 5. 23x10~L 3 30/4/67 

0.2 2.0 30m 2.64x10-1M 2. 26x10-' 3 7/5/87 

0.2 2.0 30m 1.09x10"1M" 1. 06x10-14 3 7/5/87 

2.0 30m 2.63x10-1- 2. 50x10-1q 3 28/5/87 

0.2 2.0 th 2.69x10-1- - 1 18/9/86 

0.2 2.0 1h 1.21x10-1: - 1 7/10/86 

0.2 2.0 1h 4.17x10-% - 1 9/10/86 

0.5 0.21 1h 2.97x10 &, % 1. 22x10-IA 2 8/1/86 

0.5 0.5ý- 1h 1.91x10-LM - 1 31/10/85 

0.5 0.52 1h 1.81x10-1-3 - 1 8/11/85 

0.5 2.0 30m 5.49x10`&" - 1 18/9/86 

0.5 2.0 1h 2.23x10-1 1. 58x10-14 2 16/1/85 

1 Cells grown, attached and used in rig at the concentration 
given, rather than being grown and attached in medium 
containing 2 g/l glucose. 

Cells grown in medium containing 2 g/l glucose, but during 
the ättachment stage glucose concentration was the same as that used in the flow rig. 
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Flow Glucose Time Glucose 
rate g/1 in rig uptake 
1/min in rig g/cell 

0.5 20.0 30m 1.30x10"12 

0.7 2.0 30m 2.91x10-1-3 

0.75 0.5 30m 3.45x10V°Id+ 

0.75 0.5 30m 4.43x10µ"14 

0.75 2.0 30m 1.38x10-z ß 

1.0 0.02 30m 2.43x10-'' 

1.0 0.2 30m 1.11x10-14 

1.0 0.21. 1h 2.08x10-1-4 

L. 0 0.2 1h 3.55x10-IA 

1.0 0.5 1h 1.86x10"'14 

1.0 2.0 30m 2.17x10 '''- 

1.0 2.0 30m 3.66x10-1 

1.0 2.0 30m 1.04x10"1'= 

1.0 2.0 30m 1.96x10-aý 

1.0 2.0 30m 4.04x10--'- 

1.0 2.0 30m 7.88x10"3-4 

1.0 2.0 30m 8.63x10' 4 

1.0 2.0 30m 2.17x10 '1'3 

1.0 2.0 30m 3.38x10-x 

1.0 2.0 30m 2.70x 10°-3- 

1.0 2.0 30m 2.77x 10'"1 =' 

1.. 0 2.0 30m 8.62x 10 ' 14 

1.0 2.0 1h 2.51x 10'-*--= 

1.0 2.0 1h 1.67x10-1ý' 

1.0 2.0 1h 1.24x10-'- 

1.0 4.01 1h 5.01 x10-1M 

Standard 
deviation 

4.73x10-: ' ", 

3.85x10°t' 

1.62x10, °°l-' 

1.46x10-1.4 

1.70x10"'1- -" 

1.17x10"*' 

1.39x10 x"a 

2.64x10-*4 

3.84x10"1, " 

2.13x10- 1, >-, $ 

5.24x10"'" 

1.16x10114 

3.48x10"'1' 

86x10-". *% 

3.50x10-1,4 

4.69x10-14 

1.82x10-"*' 

N Date. 

1 4/9/86 

3 28/5/87 

3 23/6/87 

3 25/6/87 

3 2/7/87 

2 12/2/87 

3 25/3/87 

2 3/12/85 

1 23/9/86 

2 21/11/85 

1 11/9/86 

1 18/9/86 

1 9/10/86 

3 15/4/87 

3 15/4/87 

3 30/4/87 

3 30/4/87 

3 7/5/87 

3 7/5/87 

3 28/5/87 

3 28/5/87 

3 16/6/87 

1 18/9/85 

1 7/10/86 

1 9/10/86 

1 16/11/85 

1 Cells grown, attached and used in rig at the concentration 
given, rather than being grown and attached in medium 
containing 2 g/1 glucose. 
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Flow Glucose Time Glucose Standard N Date 
rate g/1 in rig uptake de viation 
1/min in rig g/cell 

1.0 20.0' 1h 3.31x10-''= 1. 44x10°"1 = 1 28/11/85 

1.0 20.0 1h 1.47x10'-""= - 1 16/9/86 

1.5 Q. 5 30m 4.53x10 1. 61x10-14 3 23/6/87 

1.5 0.5 30m 1.88x1Q-1' 1. 61XIO-103 3 25/6/87 

1.5 2.0 30m 1.61x10-x- 2. 46x10-"4 3 2/7/87 

2.0 0.02 30m 7.89x10"1- a 6. 63x10-' 2 26/2/87 

2.0 0.02 30m 8.63x10"1b 2. 94x10-14, 2 26/2/87 

2.0 0.02 1h 5.67x10-10 5. 68x10-141 2 26/2/87 

2.0 0.02 1h 4.59x10-''t' 1. 10XIO-115 2 26/2/87 

"2.0 0.02 30m 3.03x10-16- 1. 22x1O' 2 4/3/87 

2.0 0.02 30m 3.82x10-1b 8. 14x10-'" 2 4/3/87 

2.0 0.02 1h 6.11x10"%"% 3. 03x10'-1, '' .2 4/3/87 

2.0 0.02 1h 8.92x10°'1& 1. 58x10-'ý1, 2 4/3/87 

2.0 0.22 22m 3.56x10-%" - 1 25/2/86 

2.0 0.2= 22m 4.94x10-°13 - 1 19/2/86 

2.0 0.2 36m 1.58x10"1' - 1 11/3/87 

2.0 0.2 36m 3.60x10-14 5. 58x10- x' 3 11/3/87 

2.0 0.2 36m 2.65x10°14 1. 50x10-14 3 11/3/87 

2.0 0.2 45m 2.39x10'-14 8. 39x10«11' 2 11/3/87 

2.0 0.2 45m 1.96x10"14 7. 19x10"1C' 3 11/3/87 

2.0 0.2 45m 2.59x10"14 4. 08x10-'14 2 11/3/87 

2.0 0.2"= 50m. 1.89x10"44 - 1 19/2/87 

2.0 0.22 1h 1.61x10"'1' 1, 06x10-l" 2 3/12/85 

2.0 0.22 1h 2.90x10"4 6. 37x10"14 2 8/1/86 

2.0 0.22 1h 1.17x10"z4 - 1 25/2/86 

Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage glucose concentration was the same as 
that used in the flow rig. 
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Flow Glucose Time Glucose Standard N Date 
rate g/1 in rig uptake deviation 
1/min in rig g/cell 

2.0 0.2 ih 24m 3.16x10-1.4 - 1 19/2/86 

2.0 0.22 1h 45m 2.26x10-'"4 - 1 25/2/86 

2.0 0.22 1h 54m 4.94x10"' "- 1 19/2'86 

2.0 0.22 2h 22m 7.99x10"'"" - 1 19/2/86 

2.0 0.22 2h 31m 3.58x10"14 - 1 25/2/86 

2.0 0.2' 2h 50m 8.36x10""14 - 1 19/2/86 

2.0 0.22 3h 5m 4.55x10°-14 - 1 25/2/86 

2.0 0.27- 3h 35m 6.72xIO-141 - 1 25/2/86 

2.0 0.52= lOm 7.84x10"x- - 1 16/10/85 

2.0 0.52 lOm 5.19x10"'" - 1 24/10/85 

2.0 0.52 20m 2.74x10"'lA - 1 16/10/85 

2.0 0.52 20m 8.96x10"1'4 - 1 24/10/85 

2.0 0.52 40m 2.00x10-''--" - 1 16/10/85 

2.0 0.52 40m 1.42x10''3 - 1 24/10/85 

2.0 0.52 Ih 2.13x10--'-: = - 1 10/10/85 

2.0 0.52 ih 2.15x10'"- - 1 31/10/85 

2.0 0.52 Ih 8.56x10'34 - 1 5/11/85 

2.0 0.5-11 1h 6.51x10«4 3.57x10-''1' 2 21/11/85 

2.0 0.522 2h 5.59x10-1 - 1 10/10/85 

2.0 0.52 3h 1.09x10"'2 - 1 10/10/85 

2.0 2.0 13m 4.33x10-*- - 1 27/1/86 

2.0 2.0 22m 1.42x10-I-z - 1 29/1/86 

2.0 2.0 22m 2.55x10°"' - 1 4/2/86 

2.0 2.0 22m 1.34x10"'1`3 - 1 4/2/86 

Cells grown in medium containing 2 gl1 glucose, but during 
the attachment stage glucose concentration was the same as 
that used in the flow rig. 

Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage the medium contained no glucose. 

. 
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Flow Glucose Time Glucose Standard N Date 
rate g/l in rig uptake deviation 
1/min in rig g/cell 

2.0 2.0 22m 1.72x10-1' - 1 14/2/86 

. 2.0 2.0 23m 9.08x10-1: - 1 27/1/86 

2.0 2.0 30m 1.29x10"' 3 3.31x10' 3 16/. 6/87 

2.0 2.0 30m 1.42x10-'1ý3 1.25x10-''a 3 2/7/87 

2.0 2.0 40m 7.56x10-'x-' - 1 27/1/86 

2.0 2.0 40m 1.26x10''= - 1 27/1/86 

2.0 2.0 40m 2.92x10"" - 1 4/2/86 

2.0 2.04 40m 2.15x10-; = - 1 4/2/86 

2.0 2.0 1h 2.27x10°' 8.15x10'"14 16/1/86 

h 1.7gx1O-a. - 1 27/1/86 

2.0 2.0 1h 1.73x10"& - 1 29/1/86 

2.0 2.0 1h 2.76x10"' - 1 4/2/86 

2.0 2.0 1h 2.32x10-1°$ - 1 4/2/86 

2.0 2.0 1h 1.98x10- ' - 1 14/2/86 

2.0 2.0 1h 50m 1.80x10`1'$" - 1 14/2/86 

2.0 2.0 2h 2.54x10"' - 1 29/1/86 

2.0 2.0 2h 40m 3.13x10-1M - 1 14/2/86 

2.0 2.0 2h 45m 2.70x10-1 - 1 29/1/88 

2.0 2.0 3h 30m 3.30x10-1 - 1 14/2/86 

2.0 2.0 3h 35m 4.92x10-, %z - 1 29/1/86 

2.0 2.0 5h 40m 5.74x10-tom - 1 14/2/86 

2.0 2.0 6h 9.50x10-°1 - 1 29/1/86 

2.0 4.0 1h 3.16x10-13 - 1 16/11/85 

2.0 20.0 1h 3.03x10-", 1.76x10-12= 2 28/11/85 

2.5 0.5 30m 3.52x10-14 3.64x10" " 3 23/6/87 

2.5 0.5 30m 2.28x10-'-' 4.12x10''. " 3 25/6/87 

Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage glucose concentration was 1 g/l. 
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Flow Glucose Time Glucose Standard N Date 
rate g/1 in-rig uptake deviation 
t/min in rig g/cell 

2.5 2.0 30m 1.49x10--' 1.26x10'-1" 3 2/7/87 

3.0 0.02 30m 2.38x10'"' 6.51X10-110., 2 12/2/87 

3.0 0.2 30m 7.34x10'&" - 1 23/9/86 

3.0 0.2 30m 9.38x10'' 15 9.89x10'-1' 3 25/3/87 

3.0 0.2' 1h 1.81x10-'14 3.52x10"'' ' 2 3/12/85 

3.0 0.21' 1h 2.85x10-14 5.19x10 2 8/1/86 

3.0 0.2 1h 3.38x10-'4 1 23/9/86 

3.0 0.5= 1h 3.94x10- "- - 1 31/10/85 

3.0 0.52 1h 1.27x10-', - 1 5/11/85 

3.0 0.5`3 1h 9.92x10-'4 8.56x10-1' 2 21/11/85 

3.0 2.0 30m 1.43x10-''- - 1 11/9/86 

3.0 2.0 30m 1.20x10-1ß - 1 18/9/86 

3.0 2.0 30m 9.17x10-1l* - 1 7/10/86 

3.0 2.0 30m 1.23x10-" - 1 9/10/86 

3.0 2.0 30m 1.64x10-1 -" 5.03x lQ " 3 15/4/87 

3.0 2.0 30m 1.64x10"'-5 1.14x10"14 3 16/6/87 

3.0 2.0 30m 1.57x10''"3 1.. 31x10""' 3 2/7/87 

3.0 2.0 1h 2.07x10-1-3 - 1 16/1/85 

3.0 2.0 1h 1.54x10`1-3 - 1 18/9/86 

3.0 2.0 1h 1.76x10`1-3 - 1 7/10/86 

3.0 2.0 1h 5.32x10" " - 1 9/10/86 

3.0 4.01 1h 1.46x10-; - 1 16/11/85 

i Cells grown, attached and used in rig at the concentration 
given, rather than being grown and attached in medium 
containing 2 g/l glucose. 

2 Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage glucose concentration was the same as 
that used in the flow rig. 

Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage the medium contained no glucose. 
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Flow Glucose Time Glucose 
rate g/1 in rig uptake 
1/min in rig g/cell 

3.0 20.0 1h 2.59x10"'1"- 

3.5 0.5 30m 2.83x10"'%- 

3.5 0.5 30m 2.94x10-"+ 

4.0 2.0 30m 1.66x10°1 

4.4 0.5 30m 2.79x10"14 

4.4 0.5 30m 8.13x10"14 

4.4 0.5= 1h 2.01x10'-"5 

4.4 0.5= 1h 7.02x10-x 

4.4 2.0 30m 6.44x10"1" 

4.4 2.0 30m 8.07x10"14 

4.4 2.0 30m 5.92x10-14 

4.4 2.0 30m 2.15x10"'= 

4.4 2.0 30m 2.76x10"''"5 

4.4 2.0 30m 2.33x10"1' 

4.4 2.0 30m 3.45x10"& 

Standard 
deviation 

4.14x10--*"l 

6.91x10'-3, m 

1.50x 10-"'* 

2.51X10- a., " 

2.22x10°1ra 

4.15x10-"4 

2.36x10- x-" 

1.76x10"x4 

1.95x10-:, 4 

8.74 x 10'1A 

2.38x 10`'- 

5.12x10"'4 

3.66x10-14 

N Date. 

2 28/11/85 

3 23/6/87 

3 25/6/87 

2 2/7/87 

3 23/6/87 

3 25/6/87 

1 8/11/85 

1 8/11/85 

3 15/4/87 

3 30/4/87 

3 30/4/87 

3 7/5/87 

3 7/5/87 

3 28/5/87 

3 28/5/87 

Cells grown in medium containing 2 g/l glucose, but during 
the attachment stage glucose concentration was the same as 
that used in the flow rig. 
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2. Data for Psuedomonas fluorescens 

Fig 8.1 shows growth curves for the Pseudomonas 

fluorescens cells used in this study,, at various glucose 

concentrations. 

Figs 8.2 and 8.3 are calibration plots showing absorbance 

versus cell concentration, and cell numbers versus cell 

weight. The dry weight of a single cell was 2.09 x 10-13 g. 

Glucose uptake by a growing culture is shown by Fig 8.4. 
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8.1 Growth curves for Pseudomonas fluorescens at 

different glucose concentrations. 

Key: 

0 10.0 g/l glucose medium 

2.0 g/1 glucose medium 

0.5 g/1 glucose medium 

0.2 g/l glucose medium 

4 0.05 g/1 glucose medium 

0.02 g/1 glucose medium 
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8.2 Calibration plot showing absorbance versus 

concentration for Pseudomomas ftuorescens. 

8.3 Plot showing cell weight versus cell numbers. 
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8.4 Glucose uptake by a growing culture. 

Key: 

Q g/ml glucose in medium 

"g glucose taken up by cells 
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3. Data on fluid flow characteristics in the test sections 

3.1 Average velocity 

The diameter of the test sections is 0.6 cm. The average 

velocity through the test sections is found by substituting 

into the equation: 

u= Q/A 

where u is the average velocity, Q is the flow rate, and A 

the cross-sectional area of the tubes (=7Crý). If the measured 

flow rate is 1'. 0 1/min, then: 

Q=1.0/(60 x 1000) m5/s 

= 1.67 x 10-0 me/s. 

Therefore u= (1.67 x 10-15)/(T[ x (0.003)0) 

= 0.58 m/s. 

Fig 8.5 is a plot of flow rate versus average velocity 

through the test sections. 

3.2 Reynolds number 

The Reynolds number, Re, is calculated from the equation 

Re = eud/. U 

where fluid density, is 999.0 kg/m5 and viscosity, 

)I( i4. c, is 1.136 x 10-3 kg. m/s (Coulson and Richardson, 1954). 

Therefore, at a flow rate of 1.0 1/min, the Reynolds number 

is: 

Re = 999.0 x 0.58 x 0.006 k_, m 
1.136 x 10-ý3 kg. m'1s-' 

3108. 

Fig 8.6 is a plot of flow rate versus Reynolds number. 

3.3 Peclet number 

The Peclet number, Nom., is calculated from the equation 

N,. w _ (v/D) x Re 
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h 

where v is the kinematic viscosity 
e/ ) and D is 

diffusivity of the substrate (Shieh, 1982). If the flow rate 

equals 1.0 1/min, then: 

N,.., = (1.136 x 10-3/999. n) x 3108 (mO/s)/(m2/s) 
6.0 x 10-® 

= 6.69 x 104. 

3.4 Calculation of shear stress at the pipe wall 

Shear stress at a pipe wall, ''w, can be calculted using 

the expression: 

lyw = Cf. t. uý/2 

Values of C., /2 are given in Chemical Engineering (Coulson and 

Richardson, 1954). for a flow rate of 1.0 i/min, the wall 

shear stress is: 

Ti.., = (0.0054 x 999.0 x (0.58)0)/2 kg/m3-(m/s)3 

= 1.84 kg. m-'. sa 

Fig 8.7 is a plot of flow rate versus surface shear 

stress. 
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8: 5 Flow rate versus average velocity through test 

sections. 
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6.6 Flow rate versus Reynolds number. 

8.7 Flow rate versus surface shear stress. 
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3.5 Velocity profiles 

Velocity profiles can be calculated for the test sections 

if the flow is assumed to be fully developed, ie the velocity 

profile is the same at all points in the test sections (see 

discussion on page 129). Although the flow in the test 

sections is probably not fully developed, the changes in the 

velocity profile in the test sections are likely to be small, 

as the most rapid changes will occur just after the fluid is 

constricted into the 6 mm diameter tubing, before the test 

sections. It is therefore a reasonable approximation to 

regard the flow as being fully developed. 

3.5.1 Laminar flows 

For laminar flows, the velocity profile across the test 

sections can be calculated from the following expression, 

which is derived from the Navier Stokes equations: 

ua (( P/L) x (rO - ro0))I4 

where r is the distance from the centre of the tube, rn is 

the radius of the tube, and P/L is the pressure drop per 

unit length. The latter can be found using the Fanning 

equation (Perry and Chilton, 1973); 

- P/L 

If the flow rate through the test sections is 0.2 1/mint 

then u,,. Is 0.118 m/s (from Fig 8.5). Therefore: 

- P/L =2xn. n sx 999.0 x (Q. 118)ß / 0.006 

(kg. m-3. m. sa/m) 

= 120.3 kg/mz. szt 
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Therefore, at a distance of im from the tube wall, 

u -120.3 x ((0.003 - (1 x 10"6))= - (0.003)2) 
4x (1.136 x 10"3) 

(kg. m-ý. s-2. ma/kg. m-1. s-1) 

u=1.59 x 10-" m/s 

Fig 4.9 (page 142. ) shows the velocity profile for dis- 

tances up to 10 rm from the tube surface (about ten times the 

thickness of the attached cells). 

3.5.2 Turbulent flow's 

For turbulent flows the velocity profile across the pipe 

can be calculated using Prandtl's seventh power law (Coulson 

and Richardson, 1954) or the universal velocity profile 

(Coulson and Richardson, 1954). The former is not accurate at 

the pipe wall, which is of the most significance to the 

attached cells. In addition u.,, is assumed to be 0.82um., m 

(the velocity at the centre to the pipe) which is only true 

at very high Reynolds numbers. The universal velocity profile 

was therefore used. Separate relationships are used to 

predict the velocity in the laminar sublayer, close the the 

pipe wall, the buffer layer and the fully turbulent regions. 

The velocity in the laminar sublayer at a distance y from 

the centre of the tube, 'u), is calculated using the 

relationship 

u u"' . u", where uý _Q u"y/rt = y-I 

uM ýtRle >; v'" _ (v (R/Q)) /14, and R= ýRp 

This equation applies up to values of up to y+ s 5. The 

shear stress at the pipe wall, R., is found from the Blasius 
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equation (Coulson and Richardson, 1954). 

Fig 4.9 (page 143) shows velocity profiles for distances 

up to 10pm from the tube surface. Fig'4.10 (page 143) shows 

the thickness of the laminar sublayer at various flow 

rates. 

f 
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