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Radhika Bhatia 

Abstract 

This thesis reports on the combined effects of toxicants and physicochemical factors on 

micro-organisms. The main objective of the project was to use multi-sensing systems 

such as mediated and non-mediated sensor systems, growth tests and physicochemical 

sensors to investigate novel stressor-toxicant-assay combinations. 

Screen-printed, disposable, developmental-phase, physicochemical sensor constructs 

(conductivity and dissolved oxygen) were validated under conditions compatible with 

microbial bioassays, to ascertain their potential role in toxicity testing. The conductivity 

sensor construct could be used to indirectly inform on the osmolality of the test samples, 

but the dissolved oxygen sensor construct was not found to give reproducible results. The 

results were thought to be compromised by in-house screen-printing using a complex 

carbon ink formulation for the working electrode. 

Escherichia coli and a consortium with ammonia oxidation capacity (CAOC) were used 

as the test species for the bioassays. The combined effects of four inorganic salts (NaCl, 

NaN03, KCl and KN03) and two toxicants (3,5-DCP and HgCh) on E. coli were 

investigated using the CellSense™ biosensor system, Clark oxygen electrode and 

microtitre plate growth assays. A variety of trends were observed with each salt-toxicant

bioassay combination, emphasising a need for better understanding of the assay media 

and factors such as bioavailability, to interpret the toxicity data. The results also 

suggested the importance of using multiple bioassays with varied end points, for toxicity 

testing. The CAOC, which was isolated from the activated sludge, was tested for 

physicochemical stressor and toxicant effects using the mediated biosensors. The results 

were very different from those obtained with E. coli, indicating that each species reacts to 

toxicants and changes in physicochemical factors differently. 

Although the full potential of disposable, physicochemical sensors, at the point of toxicity 

testing was not achieved, the study did investigate previously uncharacterised, combined 

effects of salts and toxicants on microbial cells. It highlighted the need for development 

of hybrid systems and also offered a route towards integration of physicochemical and 

biological sensing systems for simultaneous monitoring of both environmental and 

biological elements. 
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1 Introduction 

1.1 Background 

Micro-organisms are ubiquitous, forming an essential part of the air, water and 

soil environments. They are involved in food chains as primary producers and 

decomposers, help in bioremediation of various ecosystems and cycling of 

nutrients such as nitrogen, phosphorus and carbon. The natural environment is a 

complex, constantly changing habitat and results in organisms experiencing 

diverse combinations of physicochemical parameters such as pH, osmotic 

pressure and temperature, each of which can cause stress to the organism if it falls 

outside the optimum range for metabolic functioning. These parameters, also 

termed "stressors", can influence the response of organisms to subsequent or 

simultaneous toxicant exposure due to stress or by changing the bioavailability of 

toxicants (Atlas & Bartha, 1993). Therefore, there is a need to understand the 

complex nature of the environment in order to assess the likely toxic impact on 

the microbial population. 

Whilst bioassays have a well-established role in environmental monitoring, and 

toxicity assessment, much of their data relates to exposure to a toxicant under 

controlled and defined conditions supporting near-optimal functioning of the test 

organism (Lee & Karube, 1996). However, variations in environmental conditions 

that produce sub-optimal conditions for organisms are a common aspect of natural 

ecosystems. Discounting these variations during toxicity testing can lead to a 

gross underestimation or overestimation of risk. Several studies on stressor

toxicant interactions have been carried out using higher organism bioassays, such 

as fish and invertebrates (Goodfellow et al., 2000; Hall & Anderson, 1995), and 

some data is available on stressor-stressor and stressor-micro-organism interaction 
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(Meury & Kohiyama, 1992; Rysgaard et a/., 1999; Sajbidor, 1997), but toxicity 

studies on the effects of stressors such as those mentioned above (both 

individually or in combination with toxicants), on microbial cells are limited 

(Wright & Mason, 2000). Moreover, a large number of studies do not attempt to 

explain the microbial response being observed during these interactions. As a 

result, the micro-organism-stressor-toxicant interactions are poorly understood. 

It is vital that the effects of environmental parameters along with the toxicants are 

characterised if a better understanding of potential interactions occurring in both 

natural environments and during bioassays is to be achieved. The development 

and subsequent use of hybrid sensor systems that, along with biological assays, 

also monitor different physicochemical parameters of the test samples would 

provide a better insight into the combined effects of the stressors and toxicants on 

micro-organisms. 

1.2 Multi-stressors and Micro-organisms: Interactions Between the Abiotic 

and Biotic Factors 

1.2.1 Introduction 

Micro-organisms occupy a variety of habitats and play diverse roles in natural 

ecosystems. They act as primary producers and decomposers, thereby forming an 

essential part of the food web; are involved in recycling of mineral nutrients such 

as carbon and nitrogen, which is essential for the growth and survival of animal 

and plant populations; and produce a vast array of metabolites which are essential 

for the survival of many organisms. Micro-organisms also take part in 

bioremediation processes, thus reducing the pollutant levels in the environment. 

Presence of microbial population in the environment can alter air, water and soil 

qualities (Mayfield, 1994). 
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According to Shelford's law of tolerance, abiotic parameters such as pH, 

temperature, osmotic pressure etc. control the abundance of organisms in an 

environment (Atlas & Bartha, 1993). For occurrence and growth of micro

organisms in an environment, these abiotic stressors must remain within the 

tolerance limits of the organisms. A change in any of these physicochemical 

parameters outside the tolerance range of an organism will lead to 'stress' and 

therefore, a reduction in growth and reproduction rates. The term 'multiple stress' 

can be used to defme a condition where an organism is exposed both, to a toxicant 

and to stressful environmental conditions. Interactions between the toxicant and 

the environmental factors can lead to a change in the organism's sensitivity in two 

ways. Firstly, exposure to a toxicant can narrow the organism's tolerance range 

for the environmental parameters. Secondly, these environmental factors can also 

influence the toxic effect concentration of the toxicant (Heugens et al, 2001 ). The 

major environmental factors and the ways they can affect the metabolic status and 

the growth of a micro-organism in an environment are described below. 

1.2.2 pH 

Micro-organisms are classified into acidophiles, neutrophiles and alkalophiles 

depending on their optimal growth pH. A very high proportion of bacteria such as 

E. coli and AOB are neutrophiles but have to tolerate pH fluctuations in their 

natural environments (Pelczar et al., 1993). The pH of the environment affects the 

micro-organisms both directly and indirectly. Extreme acid or alkaline conditions 

beyond the threshold limit of an organism damage macromolecules and lead to 

inhibition of the cellular functions (Foster, 1999; Houtsma et al, 1996). Under 

highly alkaline or acidic conditions, some cellular components can also be 

hydrolysed and enzymes denatured, which results in reduction of cell viability 

(Atlas & Bartha, 1993). Bacteria have developed highly complex adaptation 

responses to combat extreme pH conditions. Large variations in adaptive 

responses have been observed between cell growth phases and different bacterial 

species. E. coli produces the general stress protein, sigma factor crs during 
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stationary phase acid tolerance response, but utilises a phosphate dependent 

system during log phase (Bearson et al., 1997). Responses of Gram-positive 

bacteria include alkalisation of internal environment, changes in the composition 

of the cell envelope and, production of general stress proteins and chaperones 

(Cotter & Hill, 2003). 

The effect of pH on toxicity of metals and other chemicals to bacteria has been 

well characterised. pH influences the availability of essential nutrients such as 

ammonium and phosphate, solubility of C02 and mobility of heavy metals such as 

Hg, Cu, Al and Pb (Choi & Gu, 2001, Kelly et al., 2003) that are toxic to the 

micro-organisms. pH is also known to affect the dissociation of chlorophenols, 

which in tum affects the toxicity of the compound. The undissociated form is 

known to be more toxic to microbial cells as compared to the dissociated form. At 

pHs near or above the pKa of the chlorophenols, the compound toxicity is highly 

sensitive to pH (Escher et al, 1999). The toxicity dependence of a large number of 

chemicals on pH makes it important to monitor this physicochemical property 

during toxicity testing. 

1.2.3 Temperature 

All micro-organisms have a characteristic optimal growth temperature at which 

they demonstrate highest rates of metabolism and growth. They also have 

minimum and maximum growth temperatures, outside which they are 

metabolically inactive and fail to grow. The optimum growth temperature for 

organisms such as E. coli is 37°C (Neidhardt et al., 1990), while that for the 

ammonia oxidising bacteria (AOB) is 25-30°C (Bock et al., 1991). Temperatures 

above the growth range of micro-organisms often result in reduced cell viability. 

The target sites for heat damage are the membranes, nucleic acids and enzymes. A 

small rise in temperature can lead to an increase in the metabolic activity, which is 

manifested by an increase in the respiratory activity. An increase in the fluidity of 

cell membranes is also observed during this period. Rise in temperature beyond 
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the maximum growth temperature of an organism leads to denaturation of 

proteins, which causes loss of viability (Teixeira et al., 1997). Bacteria overcome 

heat shock by production of heat shock proteins (HSPs ), which act by stabilising 

other proteins to prevent loss of protein function (Bois et al., 1992). 

Lowering of temperature below an organism's optimum growth temperature can 

lead to cold stress. The climatic conditions of the British Isles make the likelihood 

of mesophilic micro-organisms (e.g., E. coli and AOB) experiencing cold stress 

greater than heat stress. Subzero temperatures lead to slow death of the cells, 

which is caused by membrane and DNA damage. Exposure of bacteria to 

temperatures below the organism's growth range, but above ooc leads to a decline 

in metabolic activities, after which transient adaptive responses are induced to 

overcome the effect of low temperature. Cold stress proteins are produced that are 

thought to act as molecular chaperones and also assist in translation, which is 

inhibited at sub-optimal temperatures (Berry & Foegeding, 1997; Panoff et al., 

1998). Both heat and cold stress are also thought to predispose the micro

organisms to the deleterious effects of toxic chemicals. 

1.2.4 Osmotic Pressure 

Osmolarity and osmotic pressure are thermodynamic properties of solutions. 

Osmolality is the osmotic pressure of a solution at a particular temperature, 

expressed in the units of osmoles (moles of osmolyte) per kilogram of solution 

(Os/kg). Osmolarity, which is expressed in the units of osmoles per litre, is an 

approximation of osmolality, and is defined as the sum of osmotically active 

particles in a solution (Record et al., 1998a; Wood, 1999). In their natural 

habitats, micro-organisms are often exposed to large changes in osmotic pressure, 

which results from differences in solute concentrations on opposite sides of a 

biological semi-permeable membrane. In addition, micro-organisms may also 

experience hyper- or hypo-osmotic conditions during bio-toxicity assessment of 

eftluents, resulting from high levels of ions (e.g., high salinity resulting from 
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pickling industry discharges) or lack of sufficient ions (e.g., condensate 

discharges) in test solutions, respectively (Goodfellow et al, 2000). Ion 

imbalances can lead to either hyper-osmotic or hypo-osmotic conditions 

depending upon the concentration of ions present. Bacteria respond to osmotic 

upshock in three overlapping phases. Phase I, which lasts about 2 min, consists of 

loss of cytoplasmic water and an increase in molecular crowding (plasmolysis). 

Besides a large decrease in the cytoplasmic volume, osmotic upshock also causes 

deformation of the cytoplasmic membrane and conformation changes in 

membrane proteins, which results in inhibition of four different sugar transport 

systems, i.e., the glucose phosphotransferase system, the binding protein mediated 

maltose transport, the lactose-proton symport and the melibiose-sodium symport 

(Roth et al., 1985a; Wood, 1999). Houssin et al. (1991) found that osmotic stress 

caused by high concentrations of NaCl strongly inhibited respiration and protein 

synthesis, which resulted in inhibition of growth. 

Phase II of the osmotic upshift sees active countermeasures by osmotically 

stressed cells to negate the effects ofhigh osmolality (osmoregulation). One of the 

first osmoregulation responses is the accumulation of K+ from the external 

environment (Weber & Jung, 2002). The exact role K+ plays during osmotic stress 

is not clear, but its accumulation seems to trigger synthesis or transport of 

'compatible solutes' such as glycine betaine, glutamate and proline. Compatible 

solutes are small, organic molecules, which help to alleviate the effects of high 

osmotic pressure without disrupting cellular functions. They act by balancing the 

osmotic strength of the cytoplasm and also help to stabilise protein structure and 

function (Epstein, 2003; Gutierrez et al., 1995; Poolman & Glaasker, 1998). The 

third phase of bacterial response to osmotic \lpshock results in cellular 

remodelling, where DNA replication and protein synthesis are resumed. 

Bacterial response to osmotic downshock is not as well characterised as their 

response to high osmolality conditions. Hypo-osmotic stress initially results in 

uptake of large amounts of water by the cell causing a huge increase in turgor 

pressure, which can lead to lysis of the cell. This increase in turgor pressure leads 
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to opening of mechanosensitive channels, which are proteins embedded in the 

cytoplasmic membrane. Water and cosolvents are extruded from the cells, thereby 

preventing cell lysis (Strop et a/., 2003). This leads to restoration of cell volume 

and resumption of cellular activities. Osmotic stress is a very common aspect of 

both natural and artificial microbial habitats. Presence of toxicants in the system 

can lead to multiple stress. Only very limited number of studies exist 

characterising the combined effects of both toxic chemicals and osmotic 

stress/salinity (Hall & Anderson, 1995; Sarin eta/., 2000). Therefore, it would be 

both interesting and useful to determine the combined impact of osmotic stress 

and toxicants on bacterial systems. 

1.3 Chemical Species and Micro-organisms 

Organic and inorganic substances present in natural environments can be 

categorised as nutrients, bio-neutral species or toxicants, with respect to the 

microbial cells. Nitrogen and phosphorus are classified as nutrients, though high 

concentrations of these elements can be quite toxic to the cells. Industrial 

pollution has led to heavy metals such as Hg, Cu, Pb and Cd being present in the 

environment. They are toxic to the micro-organisms at relatively low 

concentrations, though some organisms have developed defence mechanisms 

against heavy metal toxicity. Presence of xenobiotics, such as pesticides and 

herbicides can also prove inhibitory to microbial growth and metabolism (Atlas & 

Bartha, 1993). 3,5-Dichlorophenol, which is an organic pesticide and a standard 

OECD (Organisation for Economic Co-operation and Development) test toxicant, 

and HgCh, which is an important inorganic environmental pollutant, were chosen 

for the present project due to their well-characterised effects on cell metabolic 

activities. 
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1.3.1 3,5-Dichlorophenol 

3,5-Dichlorophenol (3,5-DCP) has been used as a reference toxicant in a large 

number of studies (Strotmann eta/., 1995; Strotmann & Pagga, 1996; Zagorc

Koncan et al., 2002). It belongs to a group of organic compounds called 

chlorophenols, which are widespread in the environment due to their extensive 

use for agricultural, industrial and domestic purposes. 3,5-DCP and most other 

chlorophenols have two major toxic modes of action, namely, narcosis and 

uncoupling of oxidative phosphorylation (Escher & Schwarzenbach, 2002). 

Narcosis can be defined as a non-specific disruption of the cell membrane caused 

by accumulation of the toxicant within the lipid/water interface in the membrane. 

Chlorophenols are transported into the membrane where they bring about changes 

in lipid-lipid and lipid-protein ratios by disrupting water-macromolecule 

associations (Choi & Gu, 2001; Van Wezel & Opperhuizen, 1995). They also 

alter membrane permeability and activity of membrane-associated proteins. 

Accumulation of these compounds causes loss of membrane integrity, resulting in 

impairment ofvital functions such as loss ofmetabolites, ions, lipids and proteins, 

dissipation of pH gradient and disruption of membrane protein functions (e.g. 

respiratory chain). This often results in cell death (Ren & Frymier, 2002; Segura 

et al., 1999). 

3,5-DCP is also thought to act as an uncoupler of oxidative phosphorylation. 

Uncouplers exert toxicity by inhibiting the coupling between the electron 

transport and phosphorylation reactions, thereby preventing A TP synthesis 

without affecting the ATP-ase. Most uncouplers possess protonophoric activities, 

whereby they destroy the proton gradient by transporting protons back across the 

membrane. At the membrane water interface, the anionic form (A) takes up a 

proton to become neutral form HA. This then diffuses through the membrane and 

releases the proton on the opposite side. A- then returns to the original site to 

transport another proton (Escher et al., 1999; Terada, 1990). Uncouplers are also 
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known to temporarily accelerate the respiration rate in a dose dependent manner 

(Escher eta/., 1997). 

The combined effect of chlorophenols and physicochemical stressors such as 

osmolality on microbial cells is not well characterised, though it can be presumed 

that the negative impact of the chlorophenols and osmotic stress will be additive. 

1.3.2 Mercuric Chloride 

The ecological impacts associated with use of mercuric compounds have been 

known for a long time. Though in most countries the use and disposal of mercury 

is under strict control, problems still exist due to persistence of the metal in the 

environment. Mercuric salts are much more common in the environment as 

compared to any other mercury salts. Mercuric chloride (HgC}z) gives rise to Hg2 
+ 

in aqueous medium, which is a highly toxic form of mercury (Boening, 2000; 

Ostrovskii eta/., 2000). It is believed by some researchers that mercury is taken 

into the cell by passive diffusion of the lipophilic species across the cell 

membrane (Wright & Mason, 2000), but it was shown by Golding eta/ (2002) 

that E. coli and Vibrio anguillarum take up the metal by facilitated transport, in 

which the metal ions interact with an extracellular transport ligand and are taken 

into the cells by an unknown mechanism. Mercury has a high affinity for thiol 

groups of amino acids (largely cysteine), phosphoryl groups of cell membranes 

and histidyl groups of purines and pyrimidines. Thus mercury can inhibit the 

function of a large number of proteins, cause damage to the cell membrane and 

change its permeability, thereby providing additional routes for accumulation. It 

also affects the conformation of nucleic acids by binding to the bases (Maeda et 

al., 1992; Stafford eta/., 1999; Vallee & Ulmer, 1972). 

Changes in the osmolality in the immediate environment of the cells can occur 

due to variations in ion levels. The effects of changes in chloride concentration on 

mercury bioavailability are well documented (Babich & Stotzky, 1980). Hg2 
+ 
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forms highly stable complexes with Cr. With increasing chloride concentrations, 

Hg2 
+ forms HgCl\ HgClz, HgCi)", HgCll-. The formation of mercuric complexes 

at high chloride concentrations render the metal less available and thus, less toxic 

(De Magalhaes & Tubino, 1995; Wright & Mason, 2000). 

1.4 Micro-organisms as Test Species in Toxicity Tests 

1.4.1 Introduction 

Micro-organisms have long been used as biological components in toxicity tests. 

They form an ideal test species for a variety of reasons. They are an extremely 

important part of a number of different environments, making them highly 

relevant for environmental, industrial and medical test purposes. Also, the use of 

these organisms for toxicity testing leads to a better understanding of the 

ecosystems. The ease and low costs of growth and culture maintenance and the 

quick response to changes in the local environment also makes them extremely 

useful in toxicity testing. A large number of homogenous individuals can be tested 

at a single time as compared to higher organism-based assays and they are not 

subject to ethical considerations associated with the latter assays (Bitton & Dutka, 

1986; Mayfield, 1994; Slabbert, 1986). Though the micro-organisms can serve as 

'early warning' systems and have been used as a surrogate for testing the effects 

of substances on higher organisms, it is not always possible to predict the impact 

of the test toxicants on more complex organisms, such as invertebrates and fish. 

As mentioned above, besides being highly attractive test organisms, microbes are 

also important to maintain environmental balance. Therefore, it is important to 

monitor the effects of both toxicants and stressors on bacterial physiology. 
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1.4.2 Bacterial Physiology 

Though toxicants and physicochemical stressors affect the cellular physiology as a 

whole, major cell structures like the cell wall and the cytoplasmic membrane are 

the first points of interaction with the external environment. They are essential for 

cell integrity and viability. These structures also play an important role in defence 

against both sub-optimal environmental conditions and toxic chemicals, and can 

be used to provide valuable information on the effect of the above mentioned 

stressors on whole microbial cells. 

The bacterial cell structure can be divided into the cell wall, cytoplasmic 

membrane and the cytoplasm. Cell walls of eubacteria are mainly composed of 

peptidoglycan, which is a polymer consisting of alternating units of two different 

amino sugars (N-acetylglucosamine and N-acetylmuramic acid). As compared to 

Gram-negative cells, Gram-positive bacteria have a considerably thicker cell wall, 

which is composed of multiple layers of peptidoglycan, with teichoic acid 

polymers covalently linked to some peptidoglycan molecules. In contrast, the cell 

wall of Gram negative bacteria consists of a monolayer of peptidoglycan and an 

outer membrane. The outer membrane is a bilayered structure which is attached 

covalently to the peptidoglycan layer. It forms an extra protective barrier against 

external environment and also regulates the access of hydrophilic solutes to the 

cytoplasmic membrane (Moat & Foster, 1995; Pelczar et al., 1993). The cell wall 

provides shape and mechanical support to the cell, maintains the integrity of the 

cell and prevents osmotic lysis. It also forms the first line of defence against any 

toxic materials which the cell may encounter (Neidhardt et al., 1990). 

The prokaryotic cytoplasmic membrane lies beneath the cell wall and encloses the 

cytoplasm. The basic structure of the cytoplasmic membrane is largely conserved 

within different bacterial species. It is a lipid bilayer composed mainly of 

phospholipids and a variety of proteins, which serve different functions. Many of 

these proteins provide support to the membrane, while others are involved in 

transport of sugars, amino acids and other metabolites (Tortora et al., 2004). 
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The bacterial cytoplasmic membrane has many functions. It acts as an osmotic 

barrier, is involved in active transport of various molecules, cell wall biosynthesis 

and chemotaxis, and houses the electron transport chain (Moat & Foster, 1995; 

Neidhardt et a/., 1990). The electron transport chain (ETC) will be discussed in 

detail since it is involved in energy production, is highly sensitive to cellular 

metabolism and has been widely used in a number of bioassays such as oxygen 

sensors and mediated whole-cell biosensors, to gauge cellular health. 

1.4.2.1 Electron Transport Chains 

1.4.2.1.1 Escherichia coli 

E. coli is a ubiquitous, Gram-negative bacterium which has been studied 

extensively (Hund-Rinke & Kordel, 2003). Since E. coli is a facultative anaerobe, 

it contains branched respiratory chains which are able to utilise a variety of 

terminal electron acceptors, ranging from 0 2 for aerobic respiration, to nitrate and 

fumarate during anaerobic respiration (Unden & Bongaerts, 1997). In view of the 

fact that E. coli was only used under aerobic conditions, only the aerobic 

respiratory chain will be described in detail. 

During aerobic respiration a variety of compounds such as carbohydrates, lipids 

and amino acids are utilised as energy sources. They are degraded to compounds 

which can enter glycolytic pathways and the tricarboxylic acid cycle (TCA). The 

TCA cycle leads to formation ofNADH, which forms one of the substrates for the 

ETC (Pelczar et a/., 1993). The respiratory chains of E. coli are composed of 

quinone linked dehydrogenases and terminal oxidases, which are embedded in the 

cytoplasmic membrane. The electron transport is initiated by enzymes such as 

NADH, lactate, succinate and formate dehydrogenases. The electrons are 

transferred from these enzymes to ubiquinone-8, which is a mobile hydrogen 

carrier that moves between the dehydrogenases and the terminal oxidases. The 
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electrons are then transported to one of the two major oxidases, cytochrome bs6r 

o complex (cyt o) and cytochrome b558-d (cyt bd), which reduce 02 to H20. Cyt o 

is the main terminal oxidase during exponential phase and under conditions of 

high oxygenation, while cyt bd is expressed under environmental stress conditions 

(Kita eta/., 1984b; Poole & Cook, 2000; Unden & Bongaerts, 1997). 

The main function of the bacterial respiratory chains is the translocation of 

protons out of the cell membrane to generate a proton motive force for A TP 

production, secondary active solute transport and cell motility (Anraku, 1988). 

They are thus a very good indicator of the metabolic status of the cells and can be 

targeted to determine the impact of different toxicants and stressors on bacterial 

cells. 

1.4.2.1.2 Ammonia Oxidising Bacteria 

Nitrification is an essential step in the global nitrogen cycle. It can be described as 

the oxidation of ammonia to nitrate, via nitrite. It is a two-step process, carried out 

by two different groups of bacteria. The ammonia-oxidising bacteria (AOB) 

oxidise ammonia to nitrite, which is subsequently converted to nitrate by the 

nitrite-oxidising bacteria (NOB). Nitrifying bacteria are ubiquitous in terrestrial 

and aquatic environments (Kowalchuk & Stephen, 2001; Prosser, 1989). Energy 

production in AOB differs from E. coli since most AOB are obligatory 

chemolithotrophs, using ammonia as their sole source of energy. They also have 

relatively low metabolic rates compared to heterotrophic organisms like E. coli 

(Bock et a/., 1991; Poughon et a/., 2001). Oxidation of ammonia generates 

electrons and is linked to the bacterial ETC. Ammonia is converted to 

hydroxylamine by the membrane bound enzyme ammonia monooxygenase 

(AMO): 
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The two electrons required for this process are obtained from oxidation of 

hydroxylamine to nitrite by hydroxylamine oxidoreductase (Bothe eta/., 2000): 

The four electrons generated during the above reaction are transferred to 

cytochrome c554, two ofwhich are returned to AMO. The remaining electrons are 

transferred to cytochrome c552 and then onto cytchrome aa3, which reduces 02 to 

H20 (Hooper et a/., 1997; Whittaker et a/., 2000). The energetics of ammonia 

oxidation and the ETC have mainly been studied using Nitrosomonas europaea. 

Alternative respiratory chains may be present in other ammonia oxidisers which 

have not been analysed in detail. 

1.5 Microbial Toxicity Tests 

1.5.1 An Overview of Microbial Toxicity Tests 

Micro-organisms are valuable toxicity test organisms since, a large number of 

independent organisms can be assayed in a relatively short period of time, they are 

essential for biodegradation, and are present in environments where 

bioaccumulation of toxic compounds is a well recognised problem (Pill et a/., 

1991). Microbial toxicological assays have long been used to study the effects of 

toxic materials and environmental conditions on micro-organisms and a wide 

range of them are available commercially. They measure different endpoints and 

aspects of microbial biochemistry to determine the effects of the test substance on 

the cells and, therefore, on the ecosystems in which the micro-organisms reside. 

Most of these tests are relatively simple, rapid and inexpensive, are not subject to 

ethical considerations (e.g. fish-based bioassays), and can act as surrogates for the 

larger body of organisms comprising the natural ecosystems (Bitton eta/., 1988). 
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The underlying principle of a large number of toxicity assays is the measurement 

of cellular growth. Growth inhibition assays offer information on the integrated 

effects of toxicants on whole cell activity and growth over multiple cell cycles and 

provide a more relevant assessment of risk as compared to certain other metabolic 

assays such as the enzyme based tests, where measurement of specific cell 

functions does not necessarily provide information on the long-term effects of test 

compounds (Gellert, 2000). Changes in cell numbers can be assessed using a 

range of different methods, such as turbidometric, spectrophotometric or 

electronic cell counting methods for cells grown and exposed to inhibitory 

compounds in liquid media (Slabbert, 1986; T0rsl0V, 1993). Growth inhibition 

assays can also be carried out on solid media by subjecting the test organism/s to 

toxicants in liquid media and then plating them onto agar plates (Taylor et a/., 

1999), or through diffusion of the test substance into the solid media plated with 

micro-organisms (Pelczar, 1993). 

Bioluminescent micro-organisms have been widely used for toxicity testing 

purposes. The most extensively used bioluminescent test is the Microtox® assay, 

which uses a naturally occurring luminescent marine micro-organism, Vibrio 

fischeri. The luminescence of the bacterium is suppressed in the presence of toxic 

compounds (Ren, 2004). Although Microtox® assay has a high level of 

reproducibility and is easy to manipulate (Farte & Barcelo, 2003), it suffers from 

a few disadvantages. V. fischeri is a marine organism and therefore, requires high 

salt concentrations in its test medium, which makes it a poor choice for 

assessment of salt toxicity. Moreover, it is also susceptible to pH and osmotic 

conditions and displays a higher sensitivity to various toxic compounds as 

compared to several other ecotoxicity assays. Its sensitivity to physicochemical 

changes makes it unsuitable for monitoring environmental and industrial samples 

(Dutka et a/., 1983; Layton et a/., 1999). Consequently, other more 

'environmentally relevant' micro-organisms such as Pseudomonas spp. and E. 

coli have been genetically modified with genes that produce a measurable product 

whose levels are influenced by toxic compounds. Some frequently used genes 

include the V. fischeri lux-CDABE gene, the luc gene from the firefly Photinus 
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pyralis, and the green fluorescent protein (GFP) gene from the jellyfish Aequorea 

victoria (Belkin, 2003; Hansen & S0rensen, 2001; Ren, 2004). 

A variety of other toxicity assays are available which are based on measurement 

of intracellular A TP levels or specific enzyme activities. One of the most popular 

enzyme based assays is the determination of dehydrogenase activity. 

Dehydrogenases are linked to the respiratory chain and, although they do not 

represent the toxicant effect on the overall cellular activity, they are a good 

indicator of the metabolic status of the cell (Dutka eta/., 1983; T0rsl0V, 1993). 

1.5.2 Biosensors 

A biosensor can be described as a measurement system that incorporates 

biological sensing elements (e.g. enzymes, antibodies, nucleic acids and whole 

cells), which are coupled to a physicochemical transducer element (e.g. 

electrochemical, optical, acoustic, calorimetric, and piezoelectric devices). The 

biochemically generated signal is converted into an electrical signal, which is then 

processed, amplified and quantified by a measuring device (Fig 1.1) (Byfield & 

Abuknesha, 1994; Evtugyn et a/., 1998). The past two decades have seen the 

emergence of biosensors as novel tools for environmental, medical and industrial 

monitoring. The major attributes of a good biosensing system are sensitivity, 

specificity, reliability and real time analysis. The biosensors form an attractive 

option to other types of bioassays due to the possibilities of mass production, 

miniaturisation, ease of use and fast response (D'Souza, 2001; Evans eta/., 1986). 

BioJogical Transducer '---1•11>11 p~!~:~g
e]ement / ,..Element 

~------~------~ 

F'ig.l.l. A schematic diagram ofthe biosensor principle. 

16 



A large number of permutations and combinations of the biological and the 

transducer elements have been developed and it would not be possible to review 

all types of biosensors available within the industrial and research sectors. The 

present project involved the use of whole-cell microbial biosensors to investigate 

the effects of combined physicochemical factors and toxicants on cellular 

response. 

1.5.2.1 Whole-Cell Microbial Biosensors 

Whole-cell microbial biosensors consist of micro-organisms immobilised on 

various materials such as agar, membranes, PVA etc., for an appropriate biosensor 

response. The microbial cells are subsequently brought into contact with 

transducer elements. Whole-cell microbial biosensors offer a large number of 

benefits over the highly specific enzyme- or nucleic acid-based sensors. For a 

long time, enzyme-based sensors have been extremely popular due to their high 

specificities (Garjonyte & Malinauskas, 1999). However, purified enzymes are 

expensive and unstable, and these factors limit their range of applications. In 

contrast, whole-cell biosensors demonstrate a high degree of stability and 

prolonged storage capacity, have the ability to perform complex reactions due to 

the presence of multi-enzyme systems and can therefore be used to monitor a 

wide range of test materials, are easy to 'tailor' genetically to suit the type of 

analysis being carried out, allow bioavailability and genotoxicity of test samples 

to be easily monitored, and also offer low biological culture maintenance costs 

(Belkin, 2003; Hansen & S0rensen, 2001). 

The non-specificity of the whole-cell microbial sensors can be both, advantageous 

and disadvantageous, depending on the purpose of the test. The multi-enzyme 

systems within the cells lend diversity and catalytic power to the cells, which is 

highly advantageous for toxicity testing purposes, where a large number of 

unknown toxicants need to be analysed. But the same non-specificity can be 

disadvantageous where analyte specificity is required. Various different 
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techniques can be applied to overcome this problem, for example, use of 

genetically modified cells which have the ability to specifically catalyse the target 

substance or the use of selective biosensor assay media which ensures activation 

of selective enzyme systems. Another limitation associated with the microbial 

biosensors is the relatively slower response times as compared to enzyme-based 

sensors, although this specific problem may be overcome by use of permeabilised 

cells (D'Souza, 2001). 

Different types of transducer elements (e.g. piezoelectric quartz crystals, 

electrochemical sensors), along with microbial cells can be used in construction of 

the whole-cell sensors. Electrochemical sensors with amperometric or 

potentiometric electrodes are most commonly used in biosensor fabrication. They 

are based on production of an electrochemical signal due to generation or 

consumption of electron species during a biological process (Zhang et al., 2000). 

Potentiometric sensors measure the potential difference at the working electrode 

with respect to the reference electrode, when no current is applied (Bard & 

Faulkner, 1980), whilst amperometric sensors measure the current, resulting from 

the potential difference between the working electrode and the reference 

electrode. Amperometric sensors have found widespread application in 

environmental and industrial situations. The response of whole-cell sensors relates 

to the physiological state of the cells and these sensors provide an opportunity for 

real time event monitoring. Therefore, a large number of the sensors have been 

used to monitor the ETC and the metabolic activity of micro-organisms, either as 

oxygen electrodes or as mediated sensors (Farre et al., 2001; Heim et al., 1999; 

Pandard & Rawson, 1993). 

1.5.2.1.1 Cel!Sense™ Biosensor System 

CellSense™ is a rapid assessment commercial biosensor system, which was 

developed in a joint venture by the University of Luton, WRc plc, AstraZeneca 

and the Environment Agency. The system has been used to detect the effect of 
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varwus environmental and industrial products on different types of biological 

cells (E. coli, Bacillus spp, pseudomonads, nitrifying bacteria, activated sludge 

and algae). The instrument consists of 32 reaction vessels, each of which can be 

used to monitor individual biosensors (Fig. 1.2). 

Port for electrode 
insertion ------' 

Port for mediator 
& toxicant -----"~ 
addition 

Fig. 1.2. CellSense™ biosensor system. 

Carbon working 
electrode 

' 

Area where cells are 1 Ag/AgCl 
reference 

brought in contact electrode 
with the electrode 

Fig. 1.3. CellSense™ sensor. The figure on the left displays the carbon working electrode where 

the cells are immobilised. The figure on the right shows the back of the sensor with the Ag/ AgCl 

reference electrode. 
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The sensors, which are disposable and low cost, consist of a carbon working 

electrode and a Ag/ AgCl reference electrode, screen-printed on a polycarbonate 

substrate (Fig 1.3). Microbial cells are immobilised by adsorbing them onto 

Cyclopore™ membrane. lmmobilisation of the cells helps to increase the sensor 

response and reduce response times. The loaded membrane is secured to the 

working electrode, with cells innermost, using a pressure sensitive adhesive. The 

working electrode is poised at +0.55 V with respect to the reference electrode 

(Richardson et al., 1991; Farre et al., 2001). This specific potential helps to 

facilitate the oxidation of the chosen mediators at the working electrode (Polak, 

1998). The sensors are inserted into the CellSense™ ports and monitored for 

current in stirred glass vials containing a solution of respiratory substrates. 

CellSense™ uses mediated amperometry to monitor the respiratory chains, and 

thus the metabolic status of the cells. Mediators are soluble, low molecular 

weight, electrochemically active artificial electron transferring agents, which are 

more readily reduced at a specific potential than the competitive reduction of 

oxygen. They shuttle electrons from the microbial photosynthetic or respiratory 

chains and other readily accessible electron pools to the working electrode. The 

oxidised form of the mediator picks up electrons from the ETC and is reduced. If 

the potential of the working electrode is sufficiently oxidising, the mediator then 

transfers the electron to the electrode and in turn returns to its oxidised form (Fig. 

1.4). The electrons transferred to the electrode generate a current that can then be 

monitored using specialised software (Chaubey & Malhotra, 2002; Ikeda & Kano, 

2001). The magnitude of resultant current is directly proportional to the metabolic 

activity and the 'health' of the cells. Two major metabolic pathways can be 

targeted by the mediators, namely, the respiratory chain and the photosynthetic 

chain. Since a large number of toxicants and stressors affect these processes, 

directly or indirectly, mediated amperometry provides a fair estimation of the 

effects of various toxicants and stressors on microbial cells. 
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,, 

,, Bacterial Cell 

Transducer 

Fig. 1.4. A model for mediated amperometric CellSense™ system. The figure illustrates the 

interaction between the mediator, the immobilised microbial cells and the working electrode. Mox 
refers to the oxidised form of the mediator, while Mred is the reduced form of the mediator. 

CellSense™ uses mediators such as the ferri/ferrocyanide redox couple, 2,6-

dimethylbenzoquinone (2,6-DMBQ) and p-benzoquinone (PBQ). Potassium 

ferricyanide (K3Fe(CN)6) is the most commonly used inorganic mediator. It is a 

hydrophilic molecule, which is unable to cross the cytoplasmic membrane and is 

reduced to ferrocyanide, mainly by cyt o oxidase of the respiratory chain, though 

it also has the capacity to accept electrons from other components of the ETC 

(Ertle eta/., 2000). 2,6-DMBQ and PBQ are lipophilic quinone derivatives, which 

are able to access electrons from the ETC and other electron pools in the cells, due 

to their ability to cross the cytoplasmic membrane. Quinone derivatives have 

mainly been used as mediators for enzyme-based biosensors (Chaubey & 

Malhotra, 2002; Murthy & Sharma, 1999). 2,6-DMBQ and PBQ have been used 

as an electron acceptors for the photosynthetic systems in cyanobacteria 

(Torimura et a!., 2001) and algae (Pandard et a!., 1993), respectively, but at 

present, their points of interaction with the microbial ETC are unknown. It can be 

hypothesised that the quinine derivatives mimic the quinones present in the 

respiratory chain and access electrons from the dehydrogenases in the initial part 

of the ETC. 
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1.5.2.1.2 Dissolved Oxygen (DO) Sensors 

Dissolved oxygen (DO) sensors are important for environmental (water quality 

and sewage monitoring), industrial (food production and brewing) and medical 

(blood gas examination) analyses. Oxygen electrodes have long been used in 

conjunction with microbial cells for assessment of toxicity of environmental and 

industrial effluents through inhibition of microbial respiration, monitoring food 

quality and for determination of biological oxygen demand (BOD). Oxygen 

electrodes measure changes in dissolved oxygen concentration caused due to 

changes in the respiratory activity of the immobilised micro-organisms 

(Beyersdorf-Radeck et al., 1998; Lam & Atkinson, 2002; Liao et al., 2001). The 

transducer element in most oxygen sensors is based on the Clark-type oxygen 

electrode, which is a two-electrode system. The working electrode is usually 

covered with a gas permeable membrane that provides a defined oxygen diffusion 

layer. It also has the added advantage of preventing mechanical damage and 

electrode fouling by corrosive substances in test solutions (Glasspool & Atkinson, 

2003; Reidel, 1998). Oxygen is selectively reduced at the working electrode 

which is poised at a specific potential ( -0.6 V or -0.7 V), with respect to a 

AglAgCl reference electrode. The reduction current obtained is proportional to the 

dissolved oxygen concentration. 

Most commercial DO sensors are bulky devices and have high fabrication costs. 

Some microfabrication techniques such as thick-film technology can offer a 

solution to the above mentioned problems (Gac et al., 2002). Thick-film 

technology is a long established technique which consists of sequential screen

printing and firing of different inks onto planar substrates to produce electrodes of 

10-20 Jlm thickness (Wang et al., 1996). The sensors produced with this 

technology are small, low cost, disposable and highly reproducible. Some authors 

also report a faster response with these types of sensors (Glasspool & Atkinson, 

1998). Thick-film technology has been widely employed in the production of 

oxygen sensors. Both platinum (Atkinson et al., 1999; Chan et al., 2000) and gold 

pastes (Choi et al., 2001) have been used to produce working electrodes. These 
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precious metals are inherently more suitable for oxygen sensing as compared to 

other metal inks, but are more expensive and depending on the application, not 

always suitable for mass production of disposable electrodes. 

A large number of micro-organisms, ranging from yeast (Chan et a/., 2000) and 

algae (Pandard & Rawson, 1993), to activated sludge (Liu eta/., 2000) have been 

used as the biological component in conjunction with the oxygen electrode. The 

cells are immobilised onto materials like agar or membranes using physical 

(adsorption, entrapment) or chemical methods (crosslinking, covalent binding to 

supports), and monitored by the oxygen electrodes in appropriate respiratory 

substrates (Arikawa eta/., 1998). Changes in the current upon analyte addition 

can then be correlated to microbial respiration. 

1.6 Physicochemical Sensors 

1.6.1 Introduction 

Previous sections in the current chapter have outlined the importance of 

measuring and monitoring physicochemical parameters. Electrochemical sensors 

have been utilised by many researchers for the determination of environmental 

factors like pH, temperature and conductivity. These sensors can provide a highly 

sensitive, selective, but low-cost alternative to detailed chemical and physical 

analysis, which is complex, time consuming and requires expensive 

instrumentation. In addition, the sensors can offer a wide linear range and the 

advantage ofminiaturisation (Hanrahan eta/., 2004; Mehrvar & Abdi, 2004). The 

sensors can be used for the ftrst step in toxicity testing, where they can provide 

initial information about the test sample and can be used to support the biological 

assays. 

Conductivity sensors have been used for many years to monitor the conductivity 

of various solutions for research purposes and also for quality control of drinking 
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water (Hilhorst, 2000). Use of these sensors along with the biological sensors can 

provide valuable information about the test solutions. The present study used in

house conductivity sensor constructs to indirectly inform on the osmolality of test 

solutions. 

1.6.2 Conductivity Sensor 

Conductivity is the ability of a material (solution, metal or gas) to pass an electric 

current. In solutions, the current is carried by cations and anions. Conductivity is 

usually measured by applying an alternating electric current to two electrodes 

immersed in a solution and measuring the resulting voltage. The potential values 

obtained can be converted to conductivity values by using a suitable cell constant. 

Conductivity measurements only detect the presence of ions in solution and are, 

therefore quite non-specific. Traditionally, two-electrode systems have been used 

to measure conductivity, but they suffer from problems caused by polarisation of 

electrodes. Polarisation is caused by accumulation of ionic species near the 

electrodes and occurrence of chemical reactions at the surfaces. This causes 

erroneous approximation of conductivity by the electrodes. The problem of 

polarisation can be minimised through the use of four-electrode systems for 

conductivity measurement. In the four-electrode systems, current is passed 

through two current carrying electrodes and the potential difference is measured 

by the second pair of electrodes in the system (Moron et al., 1997; Schwan & 

Ferris, 1968; Tamamushi & Takahashi, 1974). 

A large number of commercial conductivity probes exist with both the two

electrode and four-electrode configurations. Though they are small and portable, 

the electrodes can be subject to fouling. The use of small, single use sensors 

would eliminate the problem of electrode fouling. Many authors have reported the 

development of disposable and miniaturised conductivity sensors based on the van 

der Pauw method, which uses the four electrode system. The conductivity sensors 

have been used for a wide range of solutions, such as blood, drinking water, milk 
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etc. (Grientsching & Sitte, 1990; Jacobs et al., 1994; Kordas et al., 1994). 

Atkinson et al. (1999) report development of a relatively low-cost, screen-printed 

conductivity sensor with four platinum electrodes. It is a well known fact that the 

presence and growth of micro-organisms can cause changes in the conductivity of 

a solution and conductivity sensors have been used as detection tools for diseases 

such as mastitis, where bacteria cause a large change in conductivity of milk 

(Onyango et al., 1988), but the sensors have not been employed as transducers for 

biosensors where they could be used to inform on the ionic changes occurring in 

micro-environments of immobilised micro-organisms. Therefore, it would be 

highly interesting to utilise the conductivity electrodes to detect the changes in the 

microbial microenvironment occurring due to exposure to unfavourable 

environmental conditions and toxicants. 

1.7Summary 

Micro-organisms form an important component of the environment where they 

are involved in a variety of functions. In their natural environments, the microbial 

cells are exposed to changing physicochemical conditions alongside toxicants. 

The effects of such multiple factors on the microbial cells have not been widely 

investigated and are therefore, poorly understood. Bacteria are routinely used in 

rapid toxicity assays due to their ease of handling and the environmental 

relevance. But, most bioassays do not take into account the effects of the 

physicochemical factors on the biological element, which can result in an 

underestimation or overestimation of risk. Therefore, it is important to assess the 

impact of these factors on biological cells. 

A number of microbial bioassays that monitor different end-points, such as 

growth tests, mediated amperometric biosensors, and DO sensors may be used in 

conjunction with physicochemical sensors to assess the impact of the above

mentioned parameters on microbial cells. 
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1.8 Aims and Objectives 

The aim of this project is to evaluate the combined effect of toxicants and 

physicochemical stressors (osmolality in particular), on micro-organisms through 

the use of multi-sensing systems. The investigation will focus on the use of 

existing disposable biosensors, oxygen electrodes, growth tests and 

physicochemical sensor constructs, in novel sensor-toxicant-stressor 

combinations. The main objectives are: 

• Validation of disposable physicochemical sensor constructs (conductivity and 

oxygen) developed within the Luton Institute for Research in Applied Natural 

Sciences (LIRANS), for use in CellSense™ configuration as a part of the 

multi-sensing system. 

);;> Correlation of the conductivity sensor readings to international standard 

units for a range of ions. 

);;> Optimisation of the dissolved oxygen (DO) sensor to enable it to be used 

in biosensor format. 

• Utilisation of bioassays with different end-points, in conjunction with E. coli 

and ammonia oxidising bacteria, to inform on the combined effects of 

physicochemical stressors and toxicants. 

);;> To assess the response of whole cell mediated amperometric biosensors to 

different toxicants under varying, but defined, ion concentrations. 

);;> To use the dissolved oxygen sensor construct as an alternative biosensor 

system to the mediated amperometric sensors for real-time biological 

monitoring. 

);;> To use growth tests as a third bioassay to determine the effect of the 

stressors and toxicants on microbial growth as a whole. 

• To identify trends in stressor-toxicant interaction that can be used to develop 

models for organism-toxicant-stressor interactions in the future. 
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2 Materials and Methods 

2.1 Chemicals 

3,5-Dichlorophenol (3,5-DCP), 2,6-dimethylbenzoquinone (2,6-DMBQ), 1-allyl 2-

thiourea (ATU) and meso-inositol were obtained from Aldrich (Gillingham, UK), 

while polystyrene was obtained from BDH Ltd (Poole, UK). All other chemicals and 

reagents were purchased from Sigma (Gillingham, UK). 

Nutrient broth No. 2, for Escherichia coli culture (NCIMB 8277), was purchased 

from Lab M™ (IDG, Bury, UK), while bacteriological Agar No. 1 was procured from 

Oxoid (Basingstoke, UK). The chemicals and the media were dissolved in de-ionised 

water, unless otherwise stated. The media were sterilised by autoclaving at 121°C for 

15 min. 

2.2 Conductivity Sensor Construct 

2.2.1 Sensor Fabrication 

The conductivity sensor construct was printed on an alumina substrate using a Dek 

1760 screen printer. The sensor consisted ofa four electrode system. The four parallel 

carbon tracks were screen-printed using GEM D14 ink (Gwent Electronic Materials 

Ltd., Pontypool, UK) and cured overnight at 80°C. The electrodes were then defined 

by a second print of insulating high-dielectric polymer ink (GEM Ltd, blue D1) that 

27 



insulated the tracks up to the connector end. The sensors were again cured at 80°C 

overnight to set the dielectric polymer ink. 

2.2.2 Analysis of Different Ionic Species Using the Conductivity Sensor Construct 

The sensor electronics consist of a single NE555 timer based oscillator circuit and 

AD736 RMS to DC converter, which are connected to each sensor in turn using 

multiplexers. The frequency of the oscillating potential applied across the outer two 

electrodes can be varied. The potential difference across the inner two electrodes is 

proportional to the conductance of the sample and was measured in volts. A 

multichannel CellSense™ module had been previously modified by Dr John Dilleen 

to house 8 conductivity sensor constructs and run on the LabView™ 5.1 software. 

The module was used to assess conductivities of various concentrations of NaCl, 

NaN03, KCl and KN03 (0.4%, 0.85%, 1%, 1.5%, 2% and 2.5% ), both in the presence 

and absence of either 5 mM substrate cocktail (5 mM glucose, 5 mM sodium 

succinate and 5 mM sodium lactate in de-ionised water) or Nitrosomonas bathing 

solution (Appendix A). The 5 mM substrate cocktail is the respiratory substrate 

solution for E. coli, while Nitrosomonas bathing solution is the selective substrate 

solution for ammonia oxidising bacteria. 

2.3 Dissolved Oxygen (DO) Sensor 

2.3.1 In-House DO Sensor Construct 

2.3.1.1 Sensor Fabrication 

The in-house DO sensor construct was screen printed as a hybrid sensor along with 

the conductivity sensor construct. The GEM D14 carbon ink was used to print the 
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working electrode on the back of the conductivity sensor construct, after which the 

sensors were cured overnight at 80°C. The DO working electrode was defined using 

the GEM D 1 dielectric ink. The Ag/ AgCl reference electrode was screen-printed on 

the back of the working electrode and on the same side as the conductivity sensors 

using the GEM D7 ink. The sensors were again cured at 80°C. The electrodes were 

printed in batches of approximately 200 sensors. 

The screen-printed electrodes were converted to DO sensor constructs by casting a 

thin layer of polystyrene dissolved in toluene (1 %, 2%, 3% or 4%; w/w), over the 

carbon working electrode of the in-house DO sensor construct using a Micro lance™ 

3 needle (Becton Dickinson UK Ltd., UK) followed by curing at 80°C for 2 min. The 

sensors were inserted into the modified CellSense™ block and routinely poised at-

0.7 V for hydration and monitoring purposes, whilst bathed in either 10 ml de-ionised 

water or 10 ml 5 mM substrate cocktail. The hydration rates were assessed by 

monitoring the time taken to achieve stable current by the sensors and were used to 

determine the optimum polystyrene concentration for the sensor constructs. Once the 

optimum concentration of polystyrene had been established, it was used for all the 

experiments carried out with the DO sensor construct. 

2.3.1.2 Sensor Validation 

2.3.1.2.1 Physicochemical Validation 

A physicochemical assessment was carried out as the first step in the in-house DO 

sensor construct validation. The polarisation voltage was set at -0.7V, which 

selectively reduces oxygen at the working electrode via the following reactions: 

Working electrode: 02 + 2H20 + 4e·-+ 40H. 

Reference electrode: 4Ag + 4Cr-+ 4AgCI + 4e· 
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A set of 8 coated sensors (3% polystyrene in toluene; w/w), were housed in the 

modified CellSense™ block, bathed in stirred solutions of either 10 ml de-ionised 

water or 10 ml 5 mM substrate cocktail, and poised at -0.7 V during hydration. Once 

a stable sensor response was obtained, N2 gas was bubbled into the bulk solution to 

displace the dissolved Oz in solution and the sensor response was monitored. 

Further physicochemical validation of the DO sensor constructs was carried out by 

monitoring sensor response before and after addition of a pinch of sodium sulphite, a 

known oxygen scavenger, to the bulk solution. 

2.3.1.2.2 Biological Validation 

The second step in sensor validation was carried out biologically. Escherichia coli 

(NCIMB 8277) was obtained from the National Collections of Industrial and Marine 

Bacteria (Aberdeen, UK). It was cultured in nutrient broth No. 2, harvested in 

exponential growth phase and frozen as a 1:1 stock in 80% glycerol. An aliquot (50 

Jll) of cells from the frozen stock was transferred into 20ml nutrient broth and 

incubated overnight at 37°C (200 rpm). The cell culture was then sub-cultured (500 

!J.l transferred into 20 ml nutrient broth) and incubated at 37°C, 200 rpm for 6 h. The 

optical density of the 6 h liquid culture was adjusted to between 1.5-1.6 (at 430 nm) 

for 1ml of culture, using sterile nutrient broth. The resultant cell suspension was 

centrifuged at 10,000 rpm for 2 min in an Eppendorf centrifuge. The cell pellet was 

washed and centrifuged in 1 m1 0.85% bacteriological saline. The washing and 

centrifugation steps were repeated and the cell pellet was finally re-suspended in 150 

f.i.l 0.85% saline per 1ml ofcell culture centrifuged. 

The polystyrene coated sensors were hydrated as detailed in section 2.3 .1.2.1. When 

the sensor response stabilised, different aliquots (50 J!l, 100 J!l, 150 J!l and 200 J!l) of 

the prepared cell suspension were added to the stirred bulk solution of each sensor 

30 



construct. The change in magnitude and stability of the sensor response following cell 

addition were monitored over the course of 6 separate runs in order to determine the 

optimum volume ofcell suspension to use for further tests. 

The in-house DO sensors were also used to test the effect of the reference toxicant 

3,5-DCP on oxygen consumption by E. coli cells in suspension. A set of 8 DO sensor 

constructs (poised at -0.7 V with respect to the reference electrode) were hydrated in 

10 ml stirred 5 mM substrate cocktail, after which 150 J.d E. coli cell suspension was 

added to each sensor. The sensor response was allowed to stabilise, then 3,5-DCP 

(2000 ppm stock solution in acetone /de-ionised water; v/v) was added to the 

monitoring solution (1 0 ppm, 20 ppm and 30 ppm final concentration). The 

experiment was repeated 6 times to ensure reproducibility. 

2.3.1. 2. 3 Electrochemical validation 

Further validation of the DO sensor constructs was carried out electrochemically. All 

the measurements were carried out on the electrochemical workstation Autolab 

PSTAT 10 (Eco Chemie B.V., The Netherlands), running GPES 4.9 software. The 

polystyrene membrane on the working electrode was hydrated in de-ionised water for 

1 hr in 10 ml stirred de-ionised water, after which the 8 sensor constructs were 

analysed using linear sweep voltammetry (LSV), with the following parameters: 

Start potential: 0 V 

End potential: -1 V 

Step potential: 0.001 V 

Scan rate: 0.02 V /s 

Each sensor construct was scanned 6 times in 10 ml de-ionised water to determine 

any changes in peak potentials and heights. 
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Some bare sensors were also pre-treated chronoamperometrically in 10 ml de-ionised 

water at -1.3 V for 10 s. The working electrodes were then layered with 3% 

polystyrene layer and hydrated for 1 hr before being subjected to LSV scans using the 

parameters described above. 

2.3.2 Modified CellSenseTM Electrode DO Sensor 

CellSense™ sensors (Danielson ltd, Aylesbury, UK) were also modified to act as DO 

sensors. An 8 sensor CellSense™ block was altered by Dr. John Dilleen to monitor 

oxygen reduction amperometrically at -0.6 V by the modified CellSense™ electrodes 

(with respect to the Ag/AgCl reference electrode) using the CellSense™ software as 

opposed to the LabView™ 5.1 software used by the in-house DO sensors. The 

working potential had been determined during previous experiments within LIRANS. 

A layer of 3% polystyrene-toluene solution (w/w) was cast over the carbon working 

electrode and the sensors were cured at 80°C for 2 min. 

The first step in sensor validation was the physicochemical assessment as described 

in section 2.3.1.2.1. The second validation step (biological validation) was carried out 

as described in section 2.3.1.2.2. Higher 3,5-DCP concentrations (40 ppm, 50 ppm 

and 60 ppm) were also tested with the modified CellSense™ DO electrodes. 
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2.4 Toxicity Tests 

2.4.1 CellSense™ Biosensor Preparation 

2.4.1.1 Escherichia coli Biosensors 

2.4.1.1.1 Cell Culture and Biosensor Preparation 

E. coli (50 J.d) cells from the frozen glycerol stock (section 2.3.1.2.2) were transferred 

into 20ml sterile nutrient broth and incubated for 16 hat 37°C and 200 rpm. Cells 

were then sub-cultured (500 J.d transferred into 20 ml nutrient broth) and grown for a 

period of 6 hours. Cells were harvested and centrifuged as described in section 

2.3.1.2.2. The final cell pellet was re-suspended in 60 J.d 0.85% saline per 1ml of cell 

cultUre centrifuged. 

An aliquot ( 6 J.d) of cell suspension was immobilised in the centre of a 1 em x 1 em 

square of Cyclopore™ track etch membrane (Whatman International, Kent, UK), 

which was then transferred to the working electrode of the CellSenseTM sensor and 

attached through a pressure sensitive adhesive. 

2.4.1.1.2 Biosensor Freeze-Drying 

To prolong their shelf life, the E. coli biosensors were freeze-dried. The cells were 

prepared using the same protocol as 2.4.1.1.1, except that nutrient broth containing 

5% meso-inositol as a cryo-preservant was used for the final re-suspension of cells. 

Cells were immobilised on the Cyclopore™ track etch membrane, as detailed in 

section 2.4.1.1.1 but at twice the cell density (6 J.l.l from the final volume of 30 J.1.1 per 

1 ml original cell culture). The freshly prepared sensors were bathed in the nutrient 

broth-inositol solution for 15 min at room temperature, after which the sensors were 
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removed from the solution and excess nutrient broth was removed by using absorbant 

paper towels. The sensors were then transferred to freeze-drying vials, with each vial 

containing four sensors. A Kryo 1 0 series II controlled rate freezer (Planer products 

ltd, Sunbury-on-Thames, UK) was used to freeze the immobilised cells to -120°C 

using the following program: 

Starting temperature: 20°C. Cooling rate: -2°C 

Temperature: 0°C Cooling rate: -1 °C 

Temperature: -40°C Cooling rate: -20°C 

The frozen biosensors were vacuum dried overnight in a Heto FD3 vacuum dryer 

(Heto-Holten, Denmark). The vials were sealed under vacuum and the freeze-dried 

biosensors were stored at 4 °C for further use. 

i4.1.2 Consortium with Ammonia Oxidation Capacity (CAOC) Biosensors 

2.4.1.2.1 Consortium Isolation and Culture 

A consortium with ammonia oxidation capacity (CAOC) was isolated by Dr Anne 

Atkinson from an activated sludge sample obtained from the Cottonvalley wastewater 

treatment centre (Milton Keynes, UK). The consortium was spread-plated on a 

chemically defined medium supporting growth of ammonia oxidising orgarusms 

(Appendix B) and incubated at 30°C in a moisture-rich environment. 

The cells were harvested from the Petri-plates using a defined Nitrosomonas bathing 

solution (Appendix A). The cell suspension from each Petri-plate was centrifuged at 

10,000 rpm for 2 min. The resultant pellet was washed and resuspended in 300 J.ll 

bathing solution. An aliquot of cell suspension (100 J.ll) was then spread-plated onto 

fresh media. Initially, a 2 week incubation period was required to obtain a confluent 

bacterial lawn, but after 2 months of continuous subcultures, a large cell pellet could 
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be obtained after 48 h growth. Thereafter, the consortium was subcultured every 48 h 

under aseptic conditions. 

2.4.1.2.2 CAOC Biosensor Preparation and Optimisation 

CAOC was cultured and harvested after 48 hr as detailed in section 2.4.1.2.1. The cell 

suspension was centrifuged at 10,000 rpm for 2 min. The cell pellet from each Petri

plate was washed in 1 ml bathing solution, centrifuged and resuspended in different 

volumes of bathing solution (50 Jll, 60 Jll, 70 Jll and 80 Jll). Various volumes (5 Jll, 6 

Jll and 7 Jll) of the different CAOCr stock suspensions were immobilised on 1 em x 1 

em squares of the Cyclopore™ track etch membrane, which was then transferred to 

the carbon working electrode of the CellSense™ sensors and attached through a 

pressure sensitive adhesive. 

The biosensors were monitored using the CellSense™ biosensor system (Euroclone, 

UK). The sensors were inserted in CellSense™ ports poised at +0.55 V and 

monitored in 10 ml Nitrosomonas bathing solution. The biosensors were allowed to 

stabilise for 5 min, following which 2,6-DMBQ (40 J.!M) was used to mediate the 

path ofelectrons from the bacterial respiratory chain to the carbon working electrode. 

The optimum biosensor response was achieved from sensors incorporating bacteria 

from an initial resuspension of the bacterial pellet in 60 Jll bathing solution with 5 J.!l 

suspension immobilised per sensor. This methodology was therefore adopted for all 

subsequent CAOC biosensor studies. The biosensors were also tested for their 

response to the test toxicant 3,5-DCP (20 ppm) and specific ammonia oxidation 

inhibitor ATU (10 ppm). The CAOC biosensors were optimised in a joint effort with 

Dr. Hannah Wex. 
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The CAOC biosensors could not be freeze-dried, unlike the E. coli biosensors, since 

previous experiments within LIRANS had demonstrated high sensitivity of ammonia 

oxidising bacteria within the consortium to cell damage during freeze-drying. 

2.4.2 CellSense™ Biosensor Monitoring 

2.4.2.1 E. coli Biosensors 

2. 4. 2.1.1 Toxicity Assessment Under Optimum E. coli Biosensor Conditions 

Freeze-dried E. coli biosensors were resuscitated at room temperature in 10 ml 5 mM 

substrate cocktail (5 mM glucose, 5 mM sodium lactate and 5 mM sodium succinate) 

prepared in 0.85% saline for 15 min. Upto 32 sensors were housed in the CellSense™ 

biosensor system and monitored simultaneously following immersion in individual 

vials containing 10 ml 5 mM substrate cocktail in 0.85% saline. Sensor response was 

allowed to stabilise for 5-10 min prior to the addition of the mediator, potassium 

ferricyanide (final concentration 7.5 mM), to each sensor. After the second stage of 

current stabilisation, various concentrations of 3,5-DCP (10 ppm, 15 ppm and 20 

ppm) or HgCh (0.5 ppm, 1 ppm, and 1.5 ppm) were added to the test biosensors, 

while 8 control sensors (no toxicant addition) were maintained for each experiment. 

Percentage inhibitions were calculated by the CellSense™ software for each test 

sensor after a 30 min exposure to the toxicants. All experiments were performed in 

triplicate (unless otherwise stated) to determine the EC50 (concentration of toxicant 

causing 50% decline in the current) for each toxicant. 
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2.4.2.1.2 Toxicity Assessment of Sodium and Potassium Salts Using E. coli 

Biosensors 

Preliminary experiments were carried out to determine the response of the E. coli 

biosensors in the presence of a range of inorganic ions. The E. coli biosensors were 

resuscitated as in section 2.4.2.1.1 and monitored in 10 ml 5 mM substrates in de

ionised water (without 0.85% saline), and mediated by 7.5 mM potassium 

ferricyanide. Increasing concentrations ofNaCl, NaN03, KCl and KN03 (0.2% - 3%) 

were added to the biosensors upon stabilisation of the current after mediator addition, 

to determine the effect of the four cations and anions on the biosensor response. 

A concentration of 0.85% salt with 5 mM substrate cocktail was adopted as the 

control bathing medium in subsequent testing, since the biosensor response at this salt 

cm\centration was different but reproducible for each salt. This specific concentration 

of each salt was chosen on the basis of the results obtained with the preliminary 

experiments. The effect of changing ion concentration on biosensor response was 

determined using vial exchange experiments. Control biosensors remained in the 

0.85% salt and 5 mM substrate cocktail, whilst test biosensors were re-housed in vials 

containing the bulk solution supplemented with the test salt concentration. 0.4%, 

0.85%, 1.5%, 2% and 2.5% concentrations of NaCl, NaN03, KCl and KN03 were 

tested. Inhibition values were calculated (with respect to the control biosensors) after 

30 min exposure to the test salt, using the CellSense™ software. All the experiments 

were performed in triplicate. 

2.4.2.1.3 Toxicity of 3,5-DCP and HgC12 to E. coli Biosensors in the Presence of 

Inorganic Salts 

To assess the effect of the chosen toxicants to E. coli biosensors in the presence of 

inorganic ions, different concentrations of NaCl, NaN03, KCl and KN03 (0.4%, 
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0.85%, 1.5%, 2% and 2.5%) were tested in conjunction with the EC50 dose of the 

toxicant that had been calculated previously (section 2.4.2.1.1). The concentration 

range chosen for the inorganic ions took into consideration the optimum to near

optimum (0.85%) salt concentration for the cells and the effects deviations from this 

value might have on cell-toxicant interactions. The freeze-dried E. coli biosensors 

were resuscitated as described in section 2.4.2.1.1 and transferred to the CellSense™ 

system and immersed in vials containing a total volume of 10 ml 5 mM substrate 

cocktail and supplemented with the appropriate concentrations of the test salt. Upon 

current stabilisation, the sensors were monitored as detailed in section 2.4.2.1.1. The 

test toxicant (13 ppm 3,5-DCP or 1 ppm HgClz; final concentration) was added to the 

test vials. Percentage inhibitions were calculated with respect to control sensors, 

which did not contain any toxicant. 

2.4.2.2 CAOC Biosensors 

2.4.2.2.1 Toxicity Assessment Under Optimum CAOC Biosensor Conditions 

CAOC biosensors were freshly prepared and monitored as described in section 

2.4.1.2.2. After mediator addition (40 JlM 2,6-DMBQ), various concentrations of3,5-

DCP (15 ppm, 20 ppm and 25 ppm) or HgClz (2 ppm, 4 ppm and 6 ppm) were added 

to the test biosensors, while no toxicant was added to the control biosensors. 

Percentage inhibitions and EC50 values were calculated for each toxicant using the 

same protocol as that described for E. coli biosensors. 
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2.4.2.2.2 Toxicity Assessment of Varying Concentrations ofSodium and Potassium 

Salts Using CAOC Biosensors 

CAOC biosensors were monitored in the presence of 40 JlM 2,6-DMBQ and 

increasing concentrations of NaCl and NaN03 in the same manner as the E. coli 

sensors (section 2.4.2.1.2). To quantify the effects of the chosen salts, further 

experiments with the CAOC biosensors were carried out in 10 ml bathing solution 

and 40 JlM 2,6-DMBQ. Upon current stabilisation, various concentrations of NaCl 

and NaN03 (0% - 2.5%) were added as toxicants to the test biosensors. Inhibition 

values were calculated using the CellSense™ software after 30 min exposure to the 

inorganic ions. 

\2.4.2.2.3 Toxicity of 3,5-DCP and HgC12 to CAOC Biosensors in the Presence of 

Inorganic Salts 

The toxicity of 17 ppm 3,5-DCP and 4.5 ppm HgCh (ECso doses) was assessed in the 

presence of various concentrations of NaCl and NaN03 (0.2%, 0.4%, 0.85%, 1.5%, 

2% and 2.5%) using the same protocol developed for the E. coli biosensors (section 

2.4.2.1.3), but with 10 ml Nitrosomonas bathing medium used as the biosensor 

monitoring solution and 40 JlM 2,6-DMBQ used as the mediator. Inhibition values 

were calculated as before. 
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2.4.3 Toxicity Assessment Using the Clark Oxygen Electrode 

2.4.3.1 Preparation of Freeze-Dried E. coli Cell Suspension for Use With the Clark 

Oxygen Electrode 

Stocks of freeze-dried E. coli cell suspension were prepared from a single batch 

culture to allow repeated testing without inter-batch variation. The cells were 

subcultured, grown and centrifuged as described in section 2.4.1.1.1. Each pellet from 

1 ml cell suspension was resuspended in 250 J.Ll nutrient broth with 5% meso-inositol. 

The cell suspension was dispensed into freeze-drying vials (250 J.Ll per vial) and 

allowed to stand at room temperature for 15 min prior to cryo-preservation using the 

protocol described in section 2.4.1.1.2. The cells were stored at 4°C for further use. 

2.4.3.2 Clark Oxygen Electrode Set-Up 

A Rank Brothers Oxygen Electrode, a commercial form of the Clark oxygen 

electrode (Rank Brothers Ltd., Cambridge, UK) was used for monitoring cellular 

respiration. The cell consisted of a platinum disc working electrode and a silver ring 

which acts as a Ag/ AgCl reference electrode. A piece of lens tissue was placed across 

the two electrodes and an electrochemical connection was established by saturating 

the tissue with 3 M KCl solution. A square piece of gas permeable Teflon membrane 

was placed on top of the lens tissue and a rubber '0' ring and the locking ring (Fig. 

2.1) were used to seal the assembly. 
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\Fig. 2.1. Layout ofa Rank Brothers Oxygen Electrode. 

The Clark cell was connected to an Autolab PSTAT 10 (Eco Chemie B.V., The 

Netherlands), running on GPES 4.9 software, and a polarisation voltage of -0.6 V was 

applied between both the electrodes. The following reactions occur at the electrodes 

(Arikawa et al., 1998): 

Working electrode: 02 + 2H20 + 4e· ~ 40H (2.1) 

Reference electrode: 4Ag + + 4Cr ~ 4AgCl + 4e· (2.2) 

2.4.3.3 Monitoring the Effect of Changing Ion Concentration on Oxygen 

Consumption by E. coli 

Each vial of freeze-dried E. coli suspension was resuscitated by resuspending the 

cells in a 1 ml aliquot of 5 mM substrate cocktail in 0.85% NaCl and leaving at room 
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temperature for 15 min. The resultant suspension was then centrifuged, washed in 1 

ml substrate cocktail and re-centrifuged. Each pellet was finally resuspended in 1 ml 

5 mM substrate cocktail in de-ionised water, i.e., without 0.85% NaCl. A total of 2.5 

ml E. coli cell suspension was added to the incubation chamber of the Clark oxygen 

electrode, which was then sealed using the plunger (Fig 2.1 ), to prevent re-dissolution 

of gaseous 02 into the aqueous solution. The cell suspension was stirred throughout 

the experiment. The complete electrochemical cell was connected to the Autolab and 

poised at -0.6 V for chronoamperometric measurements. The oxygen electrode was 

allowed to stabilise for 15 min, after which the test solutions (NaCl, NaN03, KCl and 

KN03; 0.85% or 2.5% final concentration) were added by a long tipped pipette tip, 

through a hole in the plunger. The effect of the test salt on oxygen consumption by 

the bacteria was monitored for 30 min. Six replicate experiments were carried out for 

each salt concentration. 

Inhibition percentages were calculated using the following formula: 

Percentage inhibition (%) = [1-(S/So)] R 100 

Si = Slope ofcurrent after salts addition 

So= Slope ofcurrent before salt addition 

2.4.3.4 Monitoring the Effect of 3,5-DCP and HgCh on Oxygen Consumption by E. 

coli Cells in the Presence of Inorganic Salts 

The ECso values of 3,5-DCP and HgCh for E. coli CellSense™ biosensors, had been 

determined to be 13 ppm and 1 ppm respectively (section 2.4.2.1.1). The same 

toxicant doses were used with the Clark oxygen electrode to obtain a comparative 

response to the CellSense™ sensors. The response of the bacteria to the toxicants was 

measured in the presence of 0.85% or 2.5% concentrations of the four inorganic salts 
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tested previously. The bacterial cells were resuscitated, washed and centrifuged as 

described in section 2.4.3.3. Each cell pellet was resuspended in 5 mM substrate 

cocktail (1 ml) supplemented with the concentration of the inorganic salt to be tested. 

Oxygen utilisation by the cells was monitored as described in section 2.4.3.3, with the 

toxicants being added as described for the salt toxicity experiments. Percentage 

inhibitions were calculated using the formula in section 2.4.3.3. 

2.4.4 Toxicity Assessment Using Microtitre Plate Tests 

2.4.4.1 Optimisation ofMicrotitre Plate Tests 

Sero-Wel 96-well microtitre plates (Bibby Sterelin Ltd., Stone, UK) were used to 

carry out the microtitre plate growth assays. An aliquot of E. coli cells (50 J..ll) from 

the glycerol stock (section 2.3.1.2.2) was subcultured in nutrient broth No.2 (20 ml) 

and incubated at 37°C for 16- 18 hrs (200 rpm). The protocol used was a modified 

version of the one used by Rogerson (1997). 

The use of nutrient broth as a growth medium in the microtitre plate assay would 

have introduced high amounts of proteins, which could have complexed with the salts 

and toxicants being tested and thereby changed their bioavalilability. Therefore, 

various media, such as E. coli minimal medium (Pelczar et al., 1993), 5 mM substrate 

cocktail, 10 mM substrate cocktail and half strength nutrient broth were tested in the 

microtitre plate assay. The optical density (O.D.620 om) of the original E. coli culture 

was adjusted to 0.35 - 0.4 in the growth medium being tested and 150 J • .tl cell 

suspension was added to 150 J.tl growth medium in the microtitre wells. The plates 

were incubated for 6 hrs at 25°C (150 rpm), to maintain comparable experimental 

conditions with the other two bioassays, both of which were also carried out at the 

same temperature. Measurements of turbidity were taken prior to incubation (0 hr) 

and after 6 hr growth, at 620 nm using a Labsystems Multiskan® plate reader 
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(Thermo Life Sciences, Basingstoke, UK). The growth was assessed by using the 

following formula: 

Growth= O.D.ohr- O.D.6hr 

The growth observed using minimal media was found to be negligible after 6 hrs. 

Only half strength nutrient broth was found to support reasonable growth rates and 

was therefore utilised for further experiments. 

2.4.4.2 Monitoring the Effect oflnorganic Salts on E. coli Cell Growth 

To assess the effect of the inorganic salts (NaCl, NaN03, KCl and KN03) on E. coli 

\ growth in microtitre plate assay, four different salt concentrations were selected based 

on low, medium and high osmolalities (0%, 0.4%, 0.85% and 2.5%). E. coli cell 

suspension was prepared as described in section 2.4.4.1. Sterile double-strength 

solutions were prepared for all the test concentrations of the four salts. All the wells 

contained a total volume of 300 J.Ll, with the salt solution and the cells suspension in 

1:1 dilution (150 J.Ll + 150 J.Ll) in the test wells. The following microtitre plate set-up 

was followed for all the salts. 
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The plates were read at 0 hr as described in section 2.2.4.1. They were then incubated 

at 25°C (150 rpm) for 6 hr, after which they were again read using the plate reader. 

The effect of salts on cellular growth was calculated using the following formula: 

Inhibition(%)= [1-(Test well growth/Average Control well growth)] n 100 

Where; 

Test well growth= Test O.D.6 hr- Test O.D.ohr 

Control well growth= Control O.D.6 hr- Control O.D.o hr 

45 



. .,, 

The mean value of growth in all the control wells was determined and used to 

calculate the percentage inhibition for each test well. All experiments were carried 

out in triplicate unless otherwise stated. 

2.4.4.3 Monitoring the Effects of 3,5-DCP and HgCh on E. coli Cells in the Presence 

of Inorganic Salts 

E. coli cells were exposed to varying combinations of toxicant (13 ppm 3,5-DCP or 1 

ppm HgCh) and the chosen inorganic salts (0%, 0.4%, 0.85% and 2.5%). Double 

strength solutions of all toxicant salt combinations were prepared to allow a 1: 1 

dilution in cell suspension in the test wells. The assay was performed and percentage 

inhibitions calculated as detailed in section 2.4.4.2. 

2.4.5 Testing Ammonia Oxidation Using Merck Spectroquant® Ammonia Test Kit 

The Merck Spectroquant® ammonia test kit (Merck KGaA, Darmstadt, Germany) 

was used as a bioassay to determine the effects of the chosen toxicants and inorganic 

ions on ammonia oxidising capacity of the CAOC. The consortium was grown on 

solid media and harvested as described in section 2.4.1.2.1. The cell suspension was 

centrifuged and resuspended in 60 Ill Nitrosomonas bathing solution per Petri-plate. 

The optimum cell volume for the bioassay was determined by adding different 

aliquots (50 jll, 60 Ill and 70 Ill) to 10 ml Nitrosomonas bathing solution. Controls 

without any cells were also maintained. The test tubes were incubated at 30°C for 6 

hr, after which the cell suspension was centrifuged to remove the cells, as turbidity 

can lead to false readings. The supernatant was removed and incubated with reagents 

from the Merck Spectroquant® ammonia test kit for 15 min at room temperature. 

Ammonia concentrations in both test and control samples were determined by 

measuring the optical density at 712 nm. 
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The consortium was harvested from Petri-plates as described in section 2.4.1.2.1 and 

the bioassay was performed on cells in the presence ofvarious solid support materials 

to support cell growth. Bacteriological agar no. 1 (1.5%), glass fibre filter paper 

{Whatman International, Kent, UK) and sodium alginate (2%) were used as supports 

to grow the harvested cells. Bacteriological agar (1 ml) or glass fibre filter paper 

(small pieces) were layered at the base of the sterile glass vials and the experiments 

with different cell volumes were performed as described in the previous paragraph. 

The incubation time was increased from 6 hr to 24 hr due to the longer time period 

required for substantial ammonia oxidation to occur. In addition, the harvested cells 

were also immobilised in sodium alginate by adding the cell suspensions to alginate 

solution and adding 6 f.d aliquots of the resulting suspension to 0.2 M CaCh. These 

were then incubated in 10 ml bathing solution at 30°C for 24 hr. 

\ 

A combination of bacteriological agar with 70 f.d cell suspension stock in 10 ml 

bathing solution was found to produce the most significant changes in ammonia 

levels during monitoring and was therefore used thereafter. The effects of 3,5-DCP 

and HgCh on ammonia oxidation were determined by incubating the cells with the 

ECso doses (17 ppm and 4.5 ppm respectively) of the toxicants, previously 

determined during biosensor experiments (section 2.4.2.2.1). 

2.4.6 Data Analysis 

Statistical tests were chosen on the basis of number of salt concentrations tested and 

the size of data-set obtained for each experiment. Parametric tests were used for 

. larger data-sets (n > 24), while the non-parametric analysis was carried out for 

smaller data-sets (n ::$; 24). Non-parametric Kruskal-Wallis one way analysis of 

variance test and Dunn's multiple comparison post-hoc test were used to examine the 

differences between various salt concentrations for the CellSense™ experiments (E. 
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coli and CAOC biosensors), while the Mann-Whitney test was carried out to evaluate 

the oxygen sensor data. Parametric one-way ANOV A and tukey post hoc tests were 

utilised for the data obtained with the microtitre plate tests. All the tests were carried 

out at 5% level of significance. Statistical analysis was performed using Microsoft 

Excel and the SPSS 10.0 software for windows. 

\ 
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3 Calibration and Validation of Conductivity and Oxygen Sensor 

Constructs 

3.1 Introduction 

Screen-printed, disposable electrochemical sensors provide an exciting opportunity 

for environmental, clinical and industrial analyses. Thick-film technology has been 

employed to develop disposable screen-printed sensors that have the advantage of 
\ 

low cost, mass fabrication, high reproducibility, and miniaturisation, which helps to 

reduce the required sample volume. This technology consists of screen printing and 

firing of different inks in a sequential manner on planar ceramic or plastic substrates, 

to form a two- or three-electrode cell (Suzuki, 2000; Wang et al., 1996). Carbon inks 

have been widely used for screen-printing working electrodes due to their relatively 

low costs, low background currents, high chemical inertness and a wide range of 

working potentials (Morrin et at., 2003), while silver-based inks are usually utilised 

for printing the reference electrodes (Ag/AgCl) (Choi et al., 2001). 

There has been an increasing demand for quick, economical and accurate tests for 

detection of water quality for both industrial and environmental monitoring. Various 

types of screen-printed sensors, such as conductivity, dissolved-oxygen, redox, pH, 

and temperature, have been produced and utilised for such purposes (Gac et at., 2002; 

Koncki & Mascini, 1997). Disposable, single use conductivity and dissolved-oxygen 

(DO) sensor constructs, compatible with a modified form of the CellSense™ system, 

were developed by the electrochemistry team within LIRANS as a part of EPSRC 
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Project no. GRIM70162/01 (Birch et a/., 2001). The main objective of the work 

carried out was to develop low cost, disposable, hybrid sensors, which in conjunction 

with microbial biosensors could provide a clearer insight into the effects of 

physicochemical factors and toxic chemicals on micro biota and thus would be a step 

towards more comprehensive toxicity testing. The sensors available for assessment of 

the aqueous environment were first phase sensors which had not been validated 

rigorously. 

3.2 Conductivity Sensor Construct 

3.2.1 Sensor Construct 

Toxicity assessment resulting from ion effects on a test organism is a complex issue 

in technical assessment. Some test solutions can cause toxicity to the test species by 

producing ion imbalances in the test solutions. Though effluent toxicity testing 

methods are well defmed, most do not take into account the effects of active ion 

concentrations and ion imbalances on test species (Goodfellow eta/., 2000) that can 

contribute to an incorrect estimation of risk. The first phase conductivity sensor 

construct can offer a way to monitor ion levels in test effluents at the point of toxic 

challenge. 

The disposable screen-printed conductivity sensor construct consisted of four parallel 

carbon ink electrode tracks printed onto an alumina substrate. The electrodes were 

defined by a second print of insulating high-dielectric polymer ink that insulated the 

tracks up to the connector end (Fig. 3.1). The sensors were capable of detecting 

changes in the ion concentrations in the vicinity of the electrode array and were based 

on a four-electrode system to eliminate the problem of electrode polarisation by 

providing an extra pair of non-current carrying electrodes, which are used to measure 

voltage across a sample (Schwan & Ferris, 1968; Tamamushi & Takahashi, 1974). 
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The outer two electrodes were current carrying while the inner electrodes measured 

the potential difference. 

Four-electrode 
system 

Fig. 3.1. Conductivity sensor construct with the four-electrode system. The inner two electrodes 

measure the potential difference, which provides a measure of the conductivity of the test sample. 

3.2.2 Analysis of Different Ionic Species Using the Conductivity Sensor Construct 

The co{lductivity sensor construct was initially used to monitor the conductivity of 

different concentrations of NaCl (0% to 2.5%) in de-ionised water as a part of the 

validation process. It was then used to measure the conductivity of same 

concentrations ofNaN03, KCl and KN03 in de-ionised water, using the LabView™ 

5.1 software (National Instruments, Newbury, UK). The four salts were chosen due to 

their importance in environmental monitoring. Effluents from food, chemical, mining 

and oil industries can contain high concentrations ofNa+, K+ and cr, while run-offs 

from farms and fields can result in high concentrations of N03" in groundwater 

(Goodfellow et a/., 2000). Each salt was tested using a set of 8 sensors. Although the 

sensors were fabricated to be single-use devices, the reproducibility of response on 

prolonged, repeated exposure confirmed that they could be used for several assays. 

The sensor outputs for each salt concentration were averaged and plotted against salt 

concentration to determine any trends in the responses (Fig. 3.2). The results 

indicated an increase in sensor output with an increase in the salt concentration. The 

•absolute responses for the same concentrations of different salts varied and it was 

apparent that it was not possible to differentiate among different ionic species using 

the conductivity sensor data. A lack of selectivity is a major problem associated with 
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a high proportion of experimental conductivity sensors and most commercial probes. 

Though certain differential-conductivity sensors have been developed, they usually 

determine a single substrate instead of multiple test species (Jacobs et al., 1994). 

Although the present sensor construct proved to be non-specific, it is compatible with 

the modified CellSense™ system and therefore was included in the study as a tool to 

investigate general changes in ionic strength of a test sample at the point of toxicity 

assessment. 
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Fig. 3.2. Effect of increasing salt concentration [NaCl ( +), NaN03 (•), KCl (p), KN03 (n)] on the 

conductivity sensor output. The sensor output displayed is an average of 8 sensors, with the error bars 

indicating the standard error. 

A linear rise in the sensor output was observed from 0.4% - 1% salt concentrations, 

but the graphs plateaued at higher salt concentrations, giving rise to Michaelis

Menton type curves (Fig. 3.2). The sensor responses indicated that the construct is 
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more sensitive to conductivity changes at lower salt concentrations than higher ones. 

Although the insensitivity at high salt concentrations adds limitations to the sensor, 

the sensor output values obtained for various salt concentrations can be related to the 

osmolality values (Tables 3.1 - 3.4). Since osmolality has a linear relationship with 

salt concentration (Weast et al., 1984), comparison of sensor output with textbook 

osmolality values also yielded curves similar to those obtained in fig. 3.2 (Fig. 3.3). It 

was observed that though the osmolality values could not be predicted accurately 

from the sensor output values for unknown salt solutions, the output could be used as 

a range finder. Bacteriological saline (0.85% NaCl) is considered to be isotonic for 

most microbial cells, with an osmolality value of 0.271 Os/kg. The corresponding 

concentrations for NaN03, KCl and KN03 are 1.25%, 1% and 1.5%, respectively. 

Big deviations from these values can lead to osmotic stress in the organisms, which 

can affect the working optima, and thereby the results obtained from the standard 

microbial toxicity tests. The sensor output can thus be used to advise on the risk of 

cellular damage from salt imbalance in test samples. 

Table3.t• 

NaCI(%) Osmolality 
(Os/Kg) 

0.4 0.13 

0.85 0.27 

1 0.32 

1.5 0.48 

2 0.64 

2.5 0.8 

Conductivity 
Sensor 

Output(Y) 

2.41 

2.77 

2.86 

2.94 

2.99 

3.02 

Table 3.2• 

NaN03(%) 

0.4 

0.85 

1 

1.5 

2 

2.5 

Osmolality 
(Os/Kg) 

Conductivity 
Sensor 

Output(V) 

0.09 2.04 

0.19 2.52 

0.22 2.65 

0.32 2.76 

0.43 2.83 

0.53 2.87 
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Table 3.3• 

OsmolalityKCI(%) 
(Os!Kg) 

0.4 0.05 

0.85 0.11 

1 0.25 

1.5 0.37 

2 0.50 

2.5 0.62 

Conductivity 
Sensor 

Output(V) 

2.13 

2.59 

2.72 

2.80 

2.84 

2.87 

Table3.4• 

KN~(•-4) 

0.4 

0.85 

1 

1.5 

2 

2.5 

Osmolality 
(Os/Kg) 

Conductivity 
Sensor 

Output(V) 

0.04 1.81 

0.08 2.34 

0.18 2.55 

0.26 2.70 

0.35 2.78 

0.42 2.82 

• Tables 3.1 - 3.4 present a comparison between the standard osmolality values (Weast et al., 1984) 

and the conductivity sensor output values for NaCl, NaN03, KCI and KN03• 

' The conductivity sensor construct was also used to test conductivities of various 

concentrations (0%- 2.5%) of the above-mentioned salts in 5 mM substrate cocktail 

solution (CellSense™ compatible heterotrophic medium) and the Nitrosomonas 

bathing medium (CellSense™ compatible autotrophic medium), which were the 

standard test media for E. coli biosensors and the CAOC biosensors respectively. 

Although, an increase in the sensor output values was observed with an increase in 

the salt concentration, due to the insensitivity of the sensor construct at higher 

conductivity ranges, the rise in the sensor output was found to be minor. Therefore, it 

is suggested that under field conditions, the test effluent should be diluted in de

ionised water before assessment of conductivity, instead of the biosensor test 

medium. 
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FJt 3.3. Conductivity sensor construct versus standard osmolality values for a range of different salts 

tested [NaCl ( +),NaN03 (•), KCI (p), KN03 (R)]. 

The sensor construct that was provided for detection of ion conductivities had been in 

initial stages of development and had not been thoroughly validated. During 

validation of the construct with NaCl, two major limitations were discovered, namely, 

non-linear relationship to ion concentration and low sensitivity at high salt 

concentrations. Both limilations were thought to be associated with the electronic 

circuit design. Despite these limitations, the conductivity sensor construct provided a 

quick method to detect major changes in ion concentrations. The sensor output values 

can be used as a surrogate for osmolality in solutions of unknown ionic compositions. 

Comparison of sensor output values to the salt concentrations and the osmolality 

. values showed that the sensor construct has the potential to be utilised as a broadband 

• :::; 2.4 V low osmolality 

• 2.7 V ±. 0.2 V medium/average osmolality 
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defined oxygen diffusion layer, besides protecting the electrodes from toxicant 

deactivation. The polystyrene layer was converted to a gas-permeable membrane by 

hydrating the sensors in stirred 10 ml de-ionised water or 10 ml 5 mM substrate 

cocktail. The sensor construct in the currently described form was provided for this 

project. Further validation work was carried out as a part of the current work. Various 

concentrations ofpolystyrene (1%, 2%,3% and 4%) were experimented with and 3% 

polystyrene was found to provide optimum response with respect to hydration times 

and sensor response. 

Carbon working 
electrode 

AglAgCI reference 
electrode 

Fig. 3.4. DO sensor construct. The figure shows the front and reverse sides of a hybrid DO and 

conductivity sensor. The sensors consisted of a D14 carbon working electrode and a Ag/AgCl 

reference electrode, which was screen-printed on the reverse side of the working electrode 

3.3.1.2 Sensor Validation 

3. 3.1. 2.1 Physicochemical Validation 

The sensor construct that was provided for measuring dissolved oxygen changes was 

initially validated physicochemically. The sensors were poised at -0.7 V with respect 

to the reference electrodes and monitored amperometrically using the Lab View™ 5.1 
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software. The membrane coated (3% polystyrene in toluene) sensors were prepared 

for use by hydrating in stirred de-ionised water, using modified CellSense™ blocks 

for housing the sensors and the sensor vials. Hydration was deemed complete when a 

stable sensor response was obtained (approximately 45 - 55 min). N2 gas was then 

bubbled into the stirred bulk solution (1 0 ml de-ionised water), to displace the 02 

present in the solution, which led to a steep decline in sensor response (Fig. 3.5). The 

change in magnitude of current appeared to reflect a change in 0 2 levels in the 

solution, indicating that the current that was observed was due to reduction of 0 2 at 

the electrode surface and that the sensor responded to changes in dissolved oxygen in 

solution. This claim was further strengthened by the fact that cessation of N2 

introduction and re-introduction of 0 2 by stirring the bulk solution led to a revival of 

sensor current to original levels. Similar experiments were also carried out in the 5 

mM substrate cocktail bulk solution to ensure the sensors responded to change in 

'dissolved oxygen concentration in the microbial monitoring medium. 

40 
N 2 gas introduced 

I 

0 +----------,---------,----------,---------.-----

0 20 40 60 80 

Time(min) 
PJg. 3.5. The effect of introduction of N2 gas into stirred bulk solution, on in-house DO sensor 

response. The decline in current on de-oxygenation by N2 and the subsequent current revival upon re

oxygenation is consistent with the expected response of a DO sensor. 
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Further validation was performed by addition of sodium sulphite (Na2S03) to the 

bulk solution. Na2S03 is a well known oxygen scavenger which reacts with 02 to 

produce sodium sulphate (Na2S04). Addition of 100 ppm Na2S03 led to a sharp 

decline in sensor response, which was again consistent with the expected response of 

aDO sensor. 

3. 3.1. 2. 2 Biological Validation 

The physicochemical tests proved that the sensor was capable of monitoring 

dissolved oxygen in solution. However, the main objective was to use the DO sensor 

construct as a tool to monitor microbial respiration using methodology developed for 

the CellSense™ sensors, thereby facilitating development of a multi-array sensor 

system. The chemical 0 2 scavengers were replaced with respiring bacteria to 

determine if the sensor was sensitive to 0 2 removal by an active bacterial suspension. 

E. coli was chosen for initial investigations since it is a robust organism in 

suspension and is also the biocatalyst of choice for the CellSense™ mediated 

amperometric sensors. 

Experiments were performed using suspensions of E. coli in exponential growth 

phase (6 h at 37°C), resuspended in 5 mM substrate cocktail. All the experiments 

were carried out in triplicate unless stated otherwise. The effect of cell numbers on 

DO sensor response was investigated by adding different cell suspension volumes 

(50 J.!l, 100 J.!l, 150 J.!l and 200 J.!l) from a cell stock (section 2.3.1.2.2) to the stirred 

bulk solution (1 0 ml 5 mM substrate cocktail) monitoring the DO sensor constructs 

with the hydrated polystyrene layer. The effect of cellular respiration on the sensor 

construct was recorded with respect to control sensors, where no cells were added 

(Fig. 3.6). The lower cell volumes (50 J.!l and 100 J.!l) were found to contain sub

optimal cell numbers, since the drop in sensor current was not found to be stable over 

a short time period, indicating that the cell numbers were not high enough to support 
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a steady current. Addition of 200 J • .t.l E. coli in suspension was considered to be too 

high as the cells were found to consume all the dissolved oxygen, giving rise to very 

low current values. Though a stable current was maintained, the negligible current 

values observed were not considered suitable for toxicity testing since certain 

toxicants can lead to a stimulation of respiration. The low current magnitude would 

have completely masked any stimulatory biological response, making it difficult to 

monitor microbial respiration. 

0.8 

0.7 

~ 0.6 

aQ 

o.s 
8. 
J 0.4 .... 

~ 0.3 

8 0.2 

0.1 

0 
0 

E. coli addition 

150J.Ll E. coli 

200J.Ll E. coli 

20 40 60 80 100 120 

Time (min) 

Fig 3.6. The effect ofE. coli in stirred suspension on the DO sensor response. Different volumes of E. 

coli were added to the sensors and the response was measured with respect to a control sensor 

(without any cells in suspension). 

Addition of 150 J..ll E. coli in suspension over a number of test runs with multiple 

sensors was found to be the optimum cell volume, since a significant decline in 
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current was observed with respect to the controls and a relatively steady-state current 

was observed, which signified a balance between cellular respiration and oxygen 

levels in solution. Therefore, this aliquot of E. coli cells in suspension was used for 

further toxicity testing. 

Further toxicity testing was carried out usmg the reference toxicant 3,5-

dichlorophenol (3,5-DCP). The toxicant was introduced into the test vials (10 ppm, 

20 ppm and 30 ppm as final concentrations) once the sensors had been hydrated in 

the substrate cocktail and the response had stabilised following cell supplementation. 

The effect of 3,5-DCP on bacterial respiration was determined as a function of the 

DO sensor response. Each concentration of the toxicant were tested six times to 

assess the reproducibility of the sensors. It was observed that addition of 3,5-DCP led 

to a decline in the respiratory rate, which was manifested as a rise in sensor response. 

'l'hough an effect of the toxicant on respiration was recorded, the sensor response to 

the same concentrations of cells and toxicant was found to be irreproducible over the 

course of six experiments (Fig. 3.7). Supplementation of the bulk solution with the 

same volume of bacterial cells produced different levels of current decline with 

respect to the controls. Addition of same concentration of 3,5-DCP to the sensors led 

to a range of responses. As can be seen from fig. 3. 7, addition of the same 

concentration of the toxicant produced an inhibition in respiration with one sensor 

and stimulation with another. Differences in the magnitudes of response were also 

observed. 
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Fig. 3.7. The effect of different concentrations of 3,5-DCP on the response of DO sensors monitoring 

E. coli cell suspensions. First part of the graph shows hydration of the hydrophobic polystyrene 

membrane, while the second demonstrates the decline in sensor current due to addition of E. coli cells. 

The third segment shows the sensor response to 3,5-DCP (Note the highly variable response to 20 

ppm 3,5-DCP). 

The variation in DO sensor response was observed during the biological validation of 

the sensor. This may have been due to the fact that the sensors had only been 

validated qualitatively during the first phase, while during the biological validation, 

quantitative characterisation had taken place. The conditions for the cell-based 

experiments had not been changed and since the cell numbers and the toxicant 

concentration had not varied largely, it was thought that the irreproducibility 

observed could have arisen due to differences in the sensors. Therefore, sensors were 

analysed electrochemically to determine whether the irregularities were produced by 

variations among the sensors. 
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3. 3.1. 2. 3 Electrochemical Validation 

The sensors were examined using electrochemical techniques to determine whether 

there were reasons leading to irregularities in the physical response of the sensor that 

could account for the irreproducibility of the quantitative response. An 

electrochemical workstation (Autolab PSTAT 10) running OPES 4.9 software was 

used for all measurements. Previous experiments with the DO sensor construct had 

been carried out at -0.7 V, which had been pre-determined during sensor 

development. The first stage of electrochemical validation was to determine whether 

the working potential was indeed optimum for sensor output under conditions now in 

place. The polystyrene layer on the working electrode was hydrated in stirred de

ionised water and linear sweep voltammetry (LSV) was performed, with the start 

potential at 0 V and the final potential at -1 V. The first scan produced a peak at -0.8 

V (Fig. 3.8), which was higher than the working potential (-0.7 V) that had been set 

for the DO sensor construct. It is good practice for the working potential values to be 

set higher than the peak potential to ensure a good sensor response. These sensor 

constructs, therefore, appeared to require a working potential way outside that 

deemed most suitable for DO sensors, namely, -0.6 or -0.7 V (Arikawa eta/., 1998). 

The use of DO sensors at potential values higher than these may produce a current 

which is not directly related to oxygen reduction. Therefore, a working potential 

value higher than -0.8 V was not considered suitable for monitoring oxygen 

reduction. Moreover, successive LSV scans of the same electrode gave rise to 

shifting peak potentials and loss of a distinct peak. Repeat experiments with other 

DO sensors from the same batch of screen-printed electrodes showed intra-batch 

variations with respect to the peak potential. 
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Potential (V) 

Fig. 3.8. LSV scans with the DO sensor construct showing the shift in the peak potential with 

successive scans. Further scans with the same electrode led to a complete loss ofpeak. 

The working electrode had been screen-printed using GEM D 14 carbon ink, for it 

had been found to be the most suitable for disposable DO sensors in terms of quality 

and sensor response. But there have been some concerns about the reproducibility of 

this ink in the past (Morrin et al., 2003). Evidence of this was also observed with the 

physical characteristics and the printing properties of the ink. The ink was found to 

be less fluid and harder to screen-print during the warmer summer months. Addition 

of an ink fluidising solvent provided by GEM Ltd led to large electrochemical (LSV) 

inter- and intra-batch variations. 

, Carbon inks are composed of graphite particles, a polymer binder and other additives 

to improve substrate adhesion, but the exact composition is proprietary. Despite the 

low cost and other favourable characteristics of carbon inks, little is known about the 
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nature of reactions taking place at the electrode surface. Additionally, screen-printing 

can impose certain constraints, such as a lack of control of the microscopic structure 

of individual electrodes (Wang et al., 1998). It is a well recognised fact that pre

treatment of carbon electrodes can greatly improve their electron-transfer properties 

(Wang et al., 1996). Electrochemical activation is a quick and simple procedure for 

such purposes. Therefore, LSV scans were repeated on DO sensors following 

hydration and subsequent chronoamperometric activation at -1.3 V for 10 s in de

ionised water. The peak potential for the first scan was found to be -0.7 V, which was 

more suitable for oxygen reduction at the electrode surface, but successive scans with 

the same electrode again showed a shifting peak potential. In addition, an intra-batch 

variation in the peak potential was still observed despite the electrochemical pre

treatment. The magnitude of shift in the peak potential was deemed too great to 

determine a reliable working potential for the DO sensor construct. These findings 

~uggest that the sensor prototype needs to be developed further electrochemically 

before it can be used reliably for DO determination. However, the prototype does 

present a route to an affordable, user-friendly disposable DO sensor. 
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ria 3.9. LSV scans after electrochemical activation of the DO sensor construct. Though the peak 

potential was more suitable for determination of dissolved oxygen, shifts in the peak potential were 

still observed with successive scans. 

3.3.2 Modified CellSense™ Electrode DO Sensor 

Development of a low-cost, disposable, commercial DO sensor would be highly 

useful for toxicity testing purposes, both on-site and in the laboratory. The problems 

with the in-house DO sensor construct were thought to be associated with variations 

caused during screen-printing. The CellSense™ electrodes are printed in very large 

batches by Danielson Ltd (UK). Though the formulation of the carbon ink is 

proprietary information, the sensors have high reproducibility as has been confirmed 

by the biosensor responses (Chapter 4). Therefore, the CellSense™ sensors were 

used for dissolved oxygen monitoring purposes. The mediated CellSense™ 

biosensors are monitored amperometrically at a working potential of +0.55 mV. The 
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sensors had been previously characterised electrochemically within LIRANS and -

0.6 V had been determined as the optimal working potential for oxygen reduction on 

the working electrode. Therefore, the CellSense™ electrodes were modified by 

layering the working electrode with polystyrene and used for DO monitoring 

purposes. 

A layer of 3% polystyrene was cast over the working electrode, in an identical 

manner to that developed for the in-house sensors, after which the sensors were 

monitored at -0.6 V using the CellSense™ system. Physicochemical validation 

similar to that for the in-house DO sensor construct was carried out for the 

CellSense™ sensors. The sensors were found to respond to bubbling ofN2 gas and 

addition ofNa2S03, confirming the fact that they were monitoring dissolved oxygen. 

Initial tests were carried out with E. coli cells in suspension and the reference 

toxicant 3,5-DCP. Addition of E. coli to the sensor monitoring medium led to a 

decline in the current, although, as compared to the in-house DO sensor construct, a 

higher volume of cells (300 Jll) had to be used to produce a similar magnitude of 

response (Fig 3.10). The sensors were found to be less sensitive to changes in 

dissolved oxygen concentration than the in-house DO sensor construct since even 60 

ppm 3,5-DCP failed to elicit any response. It is essential for a good toxicity test to be 

able to respond appropriately to a test toxicant, otherwise, under- or over-estimation 

of risk arises. Therefore, despite the high reproducibility, the low sensitivity of the 

CellSense™ electrodes made them unsuitable as DO sensors. 

67 



4 

Blank Electrode 
3 

60 ppm3,5·DCP 

0 ~---------,---------,----------.-------~~------~~······· 

00:00:00 00:28:48 00:57:36 01:26:24 01:55:12 02:24:00 

11me (hr:min:s) 

fig. 3.10. A CellSenseTM graph demonstrating dissolved oxygen monitoring by CellSenseTM sensors. 

A high volume of E. coli cell suspension was required to obtain a stable response from the sensors. 

Though current spikes on 3,5-DCP addition can be observed, a rise in the current similar to the in· 

house DO sensor construct cannot be seen. 

3.3.3 DO Sensor: Problems and Limitations 

'Both the in-house DO sensor construct and the CellSense™ electrode were found to 

be unsuitable for monitoring dissolved oxygen. The former was found to have 

problems with reproducibility, while the latter had issues with sensitivity. The lack of 

reproducibility of the in-house sensor was thought to be due to the D 14 carbon ink 

and there is a high probability that insensitivity of the CellSense™ electrode is due to 

the carbon ink used by Danielson Ltd. Most DO sensors use gold or platinum for 

working electrodes (Atkinson eta/., 1999; Arikawa eta/., 1998). These metals are 

more suitable for reduction of oxygen at the electrode surface than carbon, which 

was used in the present study. The main objective of the EPSRC project (Birch eta/., 

68 



· ' 

2001) had been to integrate an array of electrodes to produce a disposable, low-cost 

hybrid sensor. Use of gold or platinum in disposable sensors can lead to high running 

costs. Therefore, carbon ink was used for the working electrodes. Screen-printed 

carbon electrodes have very complex surfaces and little is known about reactions 

taking place at them (Wang et al., 1996). Since carbon sensors were not found to be 

appropriate for DO sensing and the rare metals can be highly expensive, use of 

platinised carbon inks for the working electrodes is suggested, which have lower cost 

than the pure platinum inks and better sensitivity towards oxygen sensing than 

carbon. 

Another factor contributing to the low reproducibility of the sensors could have been 

the polystyrene layer on the working electrode. The polystyrene-toluene solution was 

layered by hand using a needle since it was not possible to screen-print it due to the 

high volatility of toluene. The hand-casting of the layer could have led to variations 

in the thickness of the membrane, which in turn could have caused inconsistencies in 

the results. A more reliable method of casting the membrane on the working 

electrode needs to be developed to remove any contribution the membrane may have 

in the irregularities observed with the DO sensor. 

3ASummary 

Development of disposable, hybrid sensors capable of monitoring a range of 

physicochemical parameters along with the biological toxicity tests would provide a 

highly useful insight into the effect of various natural stressors on micro-organisms. 

Two such sensor prototypes were developed within LIRANS. 

Validation of both the conductivity and the DO sensor constructs revealed 

complications with the prototypes. The conductivity sensor construct could be used 

to monitor changes in ion concentration, which can be a representation of the 
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osmotic effect certain effluents may have on both environmentally relevant and 

toxicity test related micro·organisms, but the sensor was insensitive at higher salt 

concentrations. Therefore, it could only be used as a broad range finder where the 

sensor output values could be grouped according to low, medium and high 

osmolality values. 

The in·house DO sensor construct was found to react to changes in dissolved 

oxygen, as was shown by the physicochemical validation, but sensors were not found 

to be highly quantitative since the results obtained during biological validation were 

found to be irreproducible. Further electrochemical characterisation revealed 

problems with the carbon ink being used for the working electrodes. Replacement of 

the in·house sensor construct with the professionally produced CellSense™ sensors 

did not produce satisfactory results, with the latter being insensitive to small changes 

in 'dissolved oxygen concentration. The use ofaffordable inks, such as those based on 

carbon appears to be the biggest compromise in the development of disposable 

physicochemical sensors. Screen·printing under more controlled conditions of 

temperature and humidity together with the development of a screen·printable semi· 

permeable membrane formulation may reduce the problems encountered with this 

prototype sensor. 

The sensor constructs provided for this project were to be used as tools for 

· physicochemical investigations. These prototypes were compatible with a modified 

form of the CellSense™ biosensor system and had the potential to be used as pre· 

bioassay screening tests and as components of a combined biological and 

physicochemical hybrid system. Data from these assays would help in the 

interpretation of information obtained from the microbial biosensors. The problems 

encountered during the course of sensor validation demonstrate that both sensor 

constructs require more detailed examination into the causes of poor performance 

and further development of the sensors, which are beyond the scope of the present 

project. Despite all the limitations, the sensor prototypes offer a way forward to 
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development of miniaturised, low-cost, disposable physicochemical sensors that 

could provide valuable information, both individually and in conjunction with 

biological assays. 
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4 Effect of Toxicants and Changing Ion Concentrations on 

Escherichia coli 

4.1 Introduction 

Bacterial toxicity tests are simple, rapid, sensitive and low-cost assays, which makes 

them a cost effective option for environmental and industrial monitoring. Although 

bacteria do not show the toxicant/analyte specificity as other biological materials such 

as enzymes and antibodies, their main advantage lies in their direct assessment of 

complex parameters like bioaccessibility, bioavailability, cytotoxicity and 

genotoxicity, which cannot be determined using chemical assays or other bio

molecular sensing systems (Codina et al., 1995; Hansen & Smensen, 2001). 

Escherichia coli, which is a Gram negative, facultative anaerobe, has been 

extensively used as a model organism for toxicity testing (Zhang et al., 1999; 

Mulchandani et al., 1998; Richardson et al., 1991). It is also a very well 

characterised, robust organism, which makes it an ideal test species for bioassays. 

Biosensors are establishing a role in environmental monitoring and toxicity 

assessment but, much of their data relates to exposure of the bacteria to toxicants 

under controlled and defined conditions supporting near-optimal functioning of the 

test organism (Lee & Karube, 1996). Since variable and sub-optimal environmental 

conditions are common aspects of natural ecosystems, and affect the response of the 

test organism to the toxicant, hazard of under- or over-estimation of risk arises. 
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Moreover, it is also important to characterise the effects of variations in chemical and 

physical parameters on cell physiology, for example, various ions such as Na+, K+, 

cr and N03-, which are usually present in natural ecosystems and whose levels and 

bioavailability can fluctuate substantially due to variation in other environmental 

stressors. These ions can themselves influence cell physiological responses caused 

either due to changes in general osmolality or due to the effect of individual ions on 

specific physiological activities and can also contribute towards the toxicity of 

various industrial chemicals to the micro-organisms by changing the bioavailability 

ofthe toxicant. 

To characterise the effects of the above mentioned ions on E. coli, four inorganic 

salts, NaCl, NaN03, KCl and KN03 were used, both in the presence and absence of 

the chosen toxicants 3,5-DCP, a polar narcotic and a respiratory uncoupler (Choi & 

,Gu, 2001) and HgCh, which causes general protein inactivation by binding to the 

sulphur groups in amino acids (Maeda et al., 1992). Toxicity assessment was carried 

out utilising three different types of bioassays, namely, the CellSense™ biosensor 

system assay, Clark oxygen electrode, and 96-well microtitre plate tests. It is 

important to use a battery of bioassays since it has been demonstrated that use of 

multiple assays for toxicity testing is more effective and beneficial than using a single 

test (Dalzell et al., 2002). Differential sensitivity and end-points of various toxicity 

tests can be used to provide an insight into different aspects of toxicity mediation by 

the test compound. 

The first two tests chosen for toxicity assessment used sensor systems to investigate 

the effects of the test compounds. CellSense™ is an amperometric biosensor system, 

which uses a mediator to divert the flow of electrons from the respiratory chain of 

micro-organisms to a carbon working electrode. It is a rapid, low cost toxicity test 

and was used to inform on the metabolic state of the cells through their electron 

transport chains. The oxygen electrode used for the toxicity tests was a standard 

electrochemical sensor, which measured changes in total oxygen consumption by 
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bacterial cells. Both the tests monitored the bacterial respiratory chain, but at different 

levels, with the mediated biosensor assessing the electron transport and the oxygen 

electrode monitoring the overall oxygen utilisation by the cells. Though the 

respiratory chain is a good indicator of cellular health, it may not manifest the effect 

of test substances on the cellular machinery as a whole. Therefore, the third bioassay 

selected was a microtitre plate growth test, where the growth in the test wells was 

compared to that in the control wells, through O.D. determination. Though this is a 6 

hr test, it generates a high number of replicates, which contribute to the high 

reproducibility of results. While the two sensor assays function as early warning 

systems, the longer exposure time in the microtitre plate test helps to provide more 

accurate information on total cellular response to environmental factors and toxicants. 

All the assays were carried out at 25°C to avoid introduction of error due to variation 

in"temperature. Statistical analysis was carried out for the three bioassays as described 

in section 2.4.6. 

4.2 Toxicity assessment using CeiiSense ™ biosensor system 

4.2.1 ECso Determination for Test Toxicants Under Optimised Working Conditions 

Initial toxicity assessment utilising freeze-dried E. coli biosensors was performed 

under optimised conditions of substrate cocktail (5 mM sodium lactate, 5 m¥ sodium 

succinate, 5 mM glucose), mediator (7 .5 mM potassium ferricyanide) and inorganic 

salt (0.85% NaCl) (Richardson eta/., 1991). Percentage inhibitions were calculated 

for different concentrations of 3,5-DCP and HgCh using the Cell Sense™ software. A 

predictable increase in toxicity was observed with the increase in the concentration of 

toxicants (Fig. 4.1). 
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Fig. 4.1. A CellSense™ graph demonstrating the response of freeze-dried E. coli mediated, 

amperometric biosensors in the 5 mM substrate cocktail on exposure to different concentrations of3,5-

DCP. 

ECso, which can be defined as the effective concentration of a toxicant that causes 

50% inhibition in cellular response, is a standard parameter used to determine the 

toxicity of test chemicals in bioassays (Layton et al., 1999). EC50 after 30 min 

exposure to the toxicants was determined, and expressed as the mean of triplicate 

results, for 3,5-DCP (13 ppm; Fig. 4.2) and HgCh (1 ppm; Fig. 4.3). 
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Fig. 4.2. A dose-response curve for the determination of the EC50 value for the effect of 3,5-DCP on 
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Fig. 4.3. A dose-response curve for the determination of the EC50 value for the effect of HgCh on the 

E. coli biosensors 
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4.2.2 Effect of Changing Ion Concentrations on E. coli Biosensor Response 

The response of freeze-dried E. coli biosensors bathed in 5 mM substrate cocktail 

with 0.85 % saline and mediated by potassium ferricyanide was determined as the 

control response by which the effect of changing ionic species was evaluated. These 

were preliminary experiments to examine the response of the biosensors to the test 

ions and to determine the optimal concentration of ions for both the bacteria and the 

electrochemical sensors. Reproducible mediated responses, of varying magnitude and 

stability, were recorded for biosensors bathed in NaCl (0.2%-3%), NaN03 (0.25-

2.5%), KCI (0.2%-3%) and KN03 (0.2%-3%). A step-wise change in the current was 

observed with an increase in the ion concentrations (Figs. 4.4 and 4.5). Maximum 

mediated response for the salts was obtained between the following concentrations: 

0.85%-1% (0.14 M- 0.17 M) NaCl; 0.75%-1% (0.09 M 0.12 M) NaN03; 1%-2% 

{0.13 M- 0.26 M) KCI and 0.85%-1% KN03 (0.08 M- 0.1 M). 

These findings agree with the fact that 0.85% (0.14 M) saline is considered to be 

isotonic for bacterial cultures. The osmotic stress exerted on the bacterial cells in 

isotonic solutions is negligible, leading to maximum metabolic activities. Moreover, 

low salt concentrations (0.05 M - 0.15 M) correspond to the ionic strength of the 

cytoplasm, where protein hydration is optimal, leading to maximal enzymatic 

activity. High salt concentration (higher than 0.3 M NaCl) has two main effects, 

namely, the non-specific osmotic stress and the specific ion toxicity (Serrano, 1996). 

In E. coli, the major component of salt toxicity is osmotic stress. The CellSense™ 

data demonstrated that sodium concentrations above 1.5% (0.25 M NaCl) gave rise to 

a decreased and less stable biosensor response. The unstable biosensor current can be 

attributed to an increase in the osmotic stress, which causes an immediate decline in 

the metabolic activity and the specific ion toxicity caused due to high concentrations 

ofNa+ and cr. The optimal biosensor response for KCI was found to be over 1% salt 

concentration. It is a well known fact that K+ acts as an osmoprotectant and helps to 

increase the amount of cytoplasmic water (Record et a/., 1998b), while Na+ is 
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cytotoxic and has to be constantly extruded from the cells. This major difference 

between the two cations may result in the difference in the optimal biosensor 

response obtained for the salts. 

Osmotic upshock in E. coli results in immediate inhibition of respiration (Wood, 

1999) and active carbohydrate uptake (Roth et a/., 1985a). Many enzymes are 

inhibited by high salt concentrations because they disturb the hydrophobic

electrostatic balance between the forces that maintain the protein structure. High Na+ 

and cr lead to an increase in hydrophobic interactions (salting out), due to high ionic 

strength and a breakdown in water structure. High salt concentrations also affect 

membrane functions by causing structural changes in membrane proteins (Serrano, 

1996). All the above mentioned effects of high salt concentration and the fact that 

bacteria harbour the respiratory chain in their cell membrane, can in turn lead to a 

decrease in the respiratory rates. In the case of Na+ salts, the cells would have to 

continuously pump out increasing amounts ofNa+. This would put extra burden on 

the cell machinery (Padan et al., 2001; Selifonova & Barkay, 1994), which may lead 

to a decline in respiration. 
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Fig. 4.4. Effect of changing NaCl and NaN03 concentration on potassium ferricyanide mediated, 

amperometric freeze-dried E. coli biosensors, monitored in 5 mM substrate cocktail. The magnitude of 
\ 

current does not reflect the effect of the salt on the biosensor, but is due to the differences in individual 

biosensor responses. 
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Fig. 4.5. Effect of changing KCl and KN03 concentration on potassium ferricyanide mediated, 

amperometric, freeze-dried E. coli biosensors, monitored in 5 mM substrate cocktail. 

79 



4.2.3 Toxicity Assessment in Different Ionic Solutions Using E. coli Biosensors 

4.2.3.1 Assessment of Toxicity of Sodium and Potassium Salts 

Freeze~dried E. coli biosensors were monitored in 5 mM substrate cocktail with 

0.85% concentration of the test salt and mediated by 7.5 mM potassium ferricyanide. 

The response of sensors bathed in 0.85% NaCl was used as the control response 

against which the response of E. coli to other concentrations of the salts was 

evaluated, (see section 4.2.2). The test procedure consisted of vial exchange 

experiments, where the test biosensors were transferred from the vials containing the 

control solutions to those with the test solutions. The inhibition values were 

calculated using the CellSense™ software. 

A trend towards increasing toxicity with increasing ion concentration was observed 

with the chloride salts, whereas the nitrate salts caused only minor inhibition of 

biosensor response even at high concentrations (Fig. 4.6). The toxicity observed with 

the chloride salts can be explained on the basis of high osmolality and cellular 

toxicity of cr at high concentrations. Other researchers have demonstrated that 

respiration of E. coli is severely inhibited due to hyperosmotic shock. The reasons 

behind this phenomenon are thought to be cell membrane deformation and inhibition 

ofcarbohydrate·uptake by the cells (Meury, 1994; Roth eta/., 1985b). 
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Fig. 4.6. Comparison of inhibition/ stimulation values (vs. controls containing 0.85% of the test salt) 

deter\nined for the effect ofNaCl ( +), NaN03 (•), KCl (.._)and KN03 (•) on mediated freeze-dried E. 

coli CellSenseTM biosensor response. The data points are an average of the inhibition values obtained 

from various experiments and the error bars indicate the standard error for each data set. 

The low toxicity observed with the nitrate salts emphasises the difference in toxicity 

of cr and N03- to bacterial cells. Statistical analysis did not reveal a significant 

difference between the lowest (0.4%) and the highest (2.5%) test concentrations of 

nitrate salts, despite the increase in osmolality that would have occurred at the higher 

salt concentrations. Stimulation in biosensor response was observed at 1.5% NaN03, 

though it was not found to be significantly different from other test values. The 

osmolality value for 1.5% NaN03 (0.321 Os/kg) is closest to that for the isotonic 

bacterial saline (0.271 Os/kg), as compared to the other test salt concentrations 

(Weast et al., 1984), which may have provided better test conditions for the bacteria, 

leading to a stimulation. As can be observed from fig. 4.6, the inhibition values for 

0.85% NaCl and 1.5% NaN03 were very similar. In comparison to KN03, NaN03 
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was found to be more toxic. The relatively non-toxic nature of both K+ and N03- and 

the cytotoxic nature ofNa+ could have contributed to this result. 

Inhibition in biosensor response was greater with high concentrations of NaCl as 

compared to KCl. Experiments with eukaryotic cells suggest that NaCl is more toxic 

than KCl (Serrano, 1996). This may also be true with prokaryotic cells. Moreover, K+ 

acts as the primary osmoprotectant at high osmolarities, alleviating the deleterious 

effects of high osmotic pressure. Active transport of K+ is accompanied by uptake of 

water into the cells, which restores the cell volume and turgor pressure (Record et al., 

1998b ). Despite the fact that K+ acts as an osmoprotectant, inhibition in sensor 

response was observed at high concentrations of KCl. Though K+ does play an 

important role in cellular adaptation to high osmolarities, K+ is no longer able to 

counteract the effect of high osmotic pressure when osmolality exceeds 600 mOs/kg 

(Hbussin et al., 1991). Comparison of results obtained for chloride salts and nitrate 

salts also indicates a major contribution of chloride to toxicity, since the inhibition 

values obtained for high concentration of chlorides are significantly higher than those 

obtained for the nitrates. Detailed analysis of the inhibition values shows that NaCl is 

most toxic, while KN03is the least toxic to E. coli cells. 

4.2.3.2 Toxicity of3,5-DCP to E. coli Biosensors in the Presence of Sodium Salts 

The EC5o(30 min) of 3,5-DCP (13 ppm) to freeze-dried E. coli biosensors determined 

under optimized conditions of bathing medium (5mM substrates in 0.85% NaCl) and 

mediator (potassium ferricyanide) was used as the reference value to determine any 

interference caused by a change in concentration of the sodium salts. Inhibition 

values were calculated with respect to the controls as described in section 2.4.2.1.3. 

A general trend towards increase in toxicity of 3,5-DCP was observed with increasing 

salt concentration. There was almost a linear increase in toxicity with an increase in 
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NaCl concentration (Fig. 4.7). Statistical analysis indicated that there was a 

significant difference between the inhibition values obtained for 3,5-DCP in the 

presence of bacteriological saline (0.85% NaCl) versus 2.5% NaCl. In contrast, no 

significant difference was observed between 0.85% and 2.5% NaN03. Moreover, 3,5-

DCP (13 ppm) did not cause 50% inhibition of response until 2% nitrate was present. 

There are no studies concerning the effect of nitrate on aerobically respiring E. coli 

cells in a mediated or a non-mediated system. Therefore, it can only be hypothesised 

that the difference in response between chloride and nitrate is due to the difference in 

the osmolality values at certain concentrations and the difference in toxicity of the 

two anions. The osmolality of2.5% NaCl is 0.799 Os/kg, while that for 2.5% NaN03 

is 0.529 Os/kg (Weast et a/., 1984). The relatively low osmolality of the nitrate 

solutions compared to saline may assist in maintaining cellular integrity. Nitrogen is 

also a major component of two main biological molecules: proteins and nucleic acids. 

Though E. coli mainly utilises N03- during anaerobic respiration, presence of high 

concentrations of the ion are not considered toxic (Moreno-Vivian eta/., 1999), while 

high concentrations ofcr can be deleterious to the cells. 
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Fig. 4.7. Effect of increasing concentrations ofNaCl (+)and NaN03 (•) on mediated, freeze-dried E. 
\ 

coli biosensors, in the presence of 13 ppm 3,5-DCP (inhibition values for test sensors were obtained 

vs. the control sensors, which were being monitored in 5 mM substrate cocktail and the relevant salt 

concentration). 

The observed toxicity is a combination of two distinct, but potentially interactive, 

events occurring in complex solutions such as those used here. Toxicity can be 

explained usmg a two-tier modeL A high concentration of ions produces the first 

level of toxicity to the bacterial cells. The second level is produced by the test 

toxicant 3,5-DCP, which is a polar narcotic and an uncoupler (Escher & 

Schwarzenbach., 2002; Gemaey et al., 1997; Stratmann & Pagga, 1996) and is 

widely used as a reference compound in toxicity testing. Polar narcotics act by non

specific disruption of the cell membrane by accumulating within the hydrophobic 

phase in the membrane and by changing the lipid-lipid and lipid-protein ratios, 

membrane permeability and activity of membrane bound proteins. Narcotics are also 

thought to increase the ion permeability of the cell membrane (Blum & Speece, 1992; 
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Van Wezel & Opperhuizen, 1995). 3,5-DCP may have a similar effect and increase 

the permeability of the cells to the ions, thereby increasing their toxicity. 

4.2.3.3 Toxicity of3,5-DCP to E. coli Biosensors in the Presence ofPotassium Salts 

Biosensors were exposed to different concentrations of KCl and KN03 in the 

presence of 3,5-DCP (13 ppm) as detailed in section 4.2.3.2., in order to determine 

the effect of the ions on the toxicity of 3,5-DCP. Inhibition values for each 

concentration of the salts were calculated with respect to controls monitored in 5 mM 

substrate cocktail and the corresponding salt concentration. 

The results obtained for the K+ salts varied greatly from those obtained for the Na+ 

salts (Fig. 4.8 vs. Fig. 4.7). A decline in the toxicity of3,5-DCP was observed with an 

increase in the concentration of KCL Maximum inhibition (42.6%) of biosensor 

response was obtained at 0.4% KCl, which was the lowest concentration tested, while 

the highest concentration of KCl (2.5%) yielded only 7.6% inhibition as compared to 

the controls. Even though a decrease in the inhibition values was observed, statistical 

analysis showed no significant difference between the toxicity of 0.4%, 0.85%, 1.5% 

and 2% KCI, with 3,5-DCP. The combination of2.5% KCl and 13 ppm 3,5-DCP was 

found to be significantly less toxic to E. coli biosensors as compared to the other 

concentrations of the salt and the toxicant. The comparison of these results with those 

from NaCl and 3,5-DCP emphasises the difference in tQxicity of K+ and Na+. 

According to Cayley et al. (2000), titration of non-growing E. coli with a 

concentrated solution of NaCl leads to loss of cytoplasmic water and thus, a reduced 

cytoplasmic volume. Such results have not been observed for KCL As mentioned 

before, E. coli initially responds to increase in osmolality by accumulating large 

quantities of K+, via K+ transport systems. The transport of K+ into the cells is 

accompanied by uptake of water, which restores the turgor pressure (RoeBler & 

MUller, 2001 ). Since the databases do not contain any data on the combined effect of 
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chlorophenols and inorganic salts on bacterial cells, it can be hypothesised that the 

ability of K+ to stabilise proteins and nucleic acids at high osmolality conditions may 

also protect the respiratory chain from the deleterious effects of3,5-DCP. 

0 0.5 1.5 2 2.5 
Salt Concentration (%) 

Fig. 4.8. Effect of increasing concentrations of KCl ( +) and KN03 (•) on mediated, freeze-dried E. 

coli biosensors, in the presence of 13 ppm 3,5-DCP (inhibition values for test sensors were obtained 

vs. the control sensors, which were being monitored in 5 mM substrate cocktail and the relevant salt 

concentration). 

Statistical analysis of the data obtained for KN03 and 3,5-DCP indicated no 

significant difference between the toxicity of any of the salt concentrations tested. 

Comparison of the results for KN03 and NaN03 (Figs. 4.7 and 4.8) again highlight 

the differences in toxicity of the cations to bacteria. Since the data on compounded 

toxicity of inorganic salts and 3,5-DCP is very limited in the literature, a hypothesis 

similar to that for KCl can be proposed for KN03• Though cr is known to be more 

toxic than N03-, the Ag/AgCl reference electrode also needs to be taken into 
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Fig. 4.8. Effect of increasing concentrations of KCl ( +) and KN03 (•) on mediated, freeze-dried E. 

coli biosensors, in the presence of 13 ppm 3,5-DCP (inhibition values for test sensors were obtained 

vs. the control sensors, which were being monitored in 5 mM substrate cocktail and the relevant salt 

concentration). 

Statistical analysis of the data obtained for KN03 and 3,5-DCP indicated no 

significant difference between the toxicity of any of the salt concentrations tested. 

Comparison of the results for KN03 and NaN03 (Figs. 4.7 and 4.8) again highlight 

the differences in toxicity of the cations to bacteria. Since the data on compounded 

toxicity of inorganic salts and 3,5-DCP is very limited in the literature, a hypothesis 

similar to that for KCl can be proposed for KN03. Though cr is known to be more 

toxic than N03-, the Ag/AgCl reference electrode also needs to be taken into 
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consideration. The reference electrode requires cr for optimal performance and none 

was present in the test solution when the effect ofN03- was tested. Therefore, it is 

possible that the results obtained may not be a true manifestation of the cellular 

response to KN03 and 3,5-DCP, though there is no support for this theory, since the 

differences in magnitude and stability of biosensor response between solutions with 

cr and N03- were negligible. 

4.2.3.4 Toxicity ofHgCh to E. coli Biosensors in the Presence of Sodium Salts 

The effect of HgCh with changing sodium salt concentrations on E. coli biosensors 

was determined against the reference EC50 value of the toxicant (1 ppm). To 

determine the effect of HgCh on E. coli biosensors, experiments similar to that for 

3,5-DCP. were performed. Inhibition caused by HgCh addition to different NaCl and 

NaN03 solutions was calculated using the CellSense™ software. 

Inhibition levels were fairly constant in the range of 0.4% - 1% NaCl, but then 

dropped as the chloride levels rose (Fig. 4.9). Statistical analysis showed no 

significant difference in toxicity of mercury between 0.4 %, 0.85%, 1%, 1.5% and 2% 

NaCl, but a signi'ficant decline in toxicity of HgCh (1 ppm) was observed between 

the 0.4% - 1% range of salinity and 2.5% NaCl. This result supports the findings of 

other researchers (Hahne & Kroontje, 1973; Wright & Mason, 2000) which show that 

toxicological properties of mercuric compounds are related to their chemical 

speciation, which in turn depends on the physicochemical properties of the 

monitoring medium. The free ionic form of mercury is thought to be most toxic, as it 

binds to nucleosides, thiol groups in proteins and to cell membrane, thereby altering 

the cell's proper functions (De Magalhaes & Tubino, 1995). An increase in salinity 

leads to a rise in the formation of highly stable metal-chloride complexes such as 

HgCh- and HgC14 
2
-, which render the metal less available and therefore, less toxic. 

Moreover, the increase in the ionic strength that occurs with increasing NaCl 
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concentrations leads to a decrease of active toxic species. Another theory that can be 

put forward is that of ion antagonism, where one cation exerts a protective effect on 

the toxicity of a second heavy metal ion (Babich & Stotzky, 1980). This phenomenon 

may occur in, the case ofNa+ and Hg2+, where Na+ may reduce the toxicity of Hi+ to 

bacterial cells. 
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Fig. 4.9. Effect of increasing concentrations ofNaCI (+)and NaN03 (•) on mediated, freeze-dried E. 

coli biosensors, in the presence of 1 ppm HgCI2 (inhibition values for test sensors were obtained vs. the 

control sensors, which were being monitored in 5 mM substrate cocktail and the relevant salt 

concentration). 

Exposure of the E. coli biosensors to 1 ppm HgClz in the presence of NaN03 led to 

stimulation of response (Figs. 4.9 and 4.10). Even high salt concentrations (3%) and 

consequently high osmolality the ions did not seem to affect the stimulatory effect of 

HgClz in the presence of NaN03• Since a similar effect had not been observed with 
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3,5-DCP and nitrate, it was concluded that it was the unique combination of HgClz 

and NaN03 that afforded protection to the cells in some way. A lot of researchers 

have determined the effect of various NaCl concentrations on toxicity of mercury to 

various organisms, but the impact of NaN03 on mercury toxicity has not been 

documented. Therefore, it can only be speculated that since N03- is a non-toxic ion, 

an essential macronutrient and a building block for various target macromolecules of 

mercury, it manifests some sort of a protective effect towards the bacterial cells in the 

presence ofHgClz. 
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Fig. 4.10. An example of a CellSense™ graph demonstrating the stimulation in response of freeze

dried E. coli mediated, amperometric biosensors in the 5 mM substrate cocktail and 2% NaN03 on 

exposure to 1 ppm HgCh. The control sensors were not exposed to HgCh. 
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4.2.3.5 Toxicity ofHgCh to E. coli Biosensors in the Presence ofPotassium Salts 

To determine the ~ombined effect of HgCh and various concentrations of potassium 

salts (KCl and KN03) on E. coli biosensors, tests were performed using the ECso (30 

min) dose of HgCh (1 ppm). Inhibition caused by HgCh addition to different ionic 

solutions was calculated as before. 

Toxicity of mercury to E. coli biosensors was found to increase with increasing KCl 

concentrations (Fig. 4.11). Similar experiments were performed by Sarin et a/. 

(2000), using bioluminescent E. coli, KCl and mercury. Their fmdings corroborate 

the results obtained using CellSense™. According to Sarin eta/., the toxicity was 

caused by formation of HgCh · at high chloride concentrations. Since the toxicity of 

this compound has not been properly assessed, it cannot be said that the results 

obtained are due to the presence of HgCh. in solution. Moreover, this result is in 

direct opposition to that obtained for NaCl (Bhatia et a/., 2003), where the toxicity 

was found to decrease with increasing salinity. This result can be credited to the 

presence ofK+ in solution instead ofNa+. Several authors have suggested that uptake 

of mercury into the cells occurs through passive diffusion (Ostrovskii et a/., 2000; 

Wright & Mason, 2000), but recently, Golding eta/. (2002) demonstrated that some 

Hi+ may be taken up into the cells through facilitated transport. This in turn 

indicates use of transport proteins. Therefore it can be suggested that, since K+ 

protects the protein structure and their function under high osmolality conditions, the 

facilitated transport of Hg2+ would be favoured at high K+ concentrations as 

compared to high Na+ concentrations. This would result in elevated levels ofmercury 

in the cells, leading to increased toxicity as compared to the cells which contain high 

concentrations ofNa+ in their microenvironments. 
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Fig. 4.11. Effect of increasing concentrations of KCl ( +) and KN03 ( •) on mediated, freeze-dried E. 

coli biosensors, in the presence of I ppm HgC}z (inhibition values for test sensors were obtained vs. the 

control sensors, which were being monitored in 5 mM substrate cocktail and the relevant salt 

concentration). 

Treatment of E. coli biosensors with increasing concentrations of KN03 in the 

presence of 1 ppm HgCh yielded results very similar to that obtained with NaN03. 

Either no inhibition or stimulation was observed on addition of HgCh to the test 

solutions. A decrease in the toxicity of mercury was observed when KN03 

concentration increased from 0.4% to 1.5%. A further rise in, the salt concentration 

led to an increase in the inhibition values, though statistical analysis did not indicate a 

significant difference between inhibition caused at 1.5% KN03 and that at higher 

levels. The maximum stimulation of biosensor response observed at 1.5% KN03 

suggests that this concentration provides the optimal osmolality for the bacterial cells, 

thereby leading to an increase in the respiratory rate. Since the combined effect of 

nitrate and mercury on living cells has not been evaluated, the previous hypothesis 

suggested for HgCh and NaN03 can also be applied in the case ofKN03. 
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4.3 Toxicity Assessment Using the Clark Oxygen Electrode 

4.3 .1 Effect of Changing Ion Concentration on Oxygen Consumption by E. coli 

A single screening bioassay is usually not adequate to evaluate the toxicity of a 

sample. Other workers have shown that the use of an array of bioassays for toxicity 

testing provides a better insight into the different aspects of toxicity of the test 

substance on the test organisms (Dalzell eta/., 2002; Dutka eta/., 1983). Therefore, 

toxicity of the sodium and potassium salts to E. coli cells was assessed using a Clark 

Cell or an oxygen electrode, which measures the dissolved oxygen in the sample 

solution, as an alternative to the mediated amperometric bioassay. 

Freeze-dried E. coli cells were resuscitated in 5 mM substrate cocktail and were 

monitored in suspension for oxygen consumption by the Clark oxygen electrode. 

Effect of inorganic salts (NaCl, NaN03, KCl and KN03) on oxygen utilisation by the 

bacteria was monitored for 30 min and inhibition values were calculated for each 

concentration of the salts tested against the control current obtained prior to addition 

of the salts to the bacteria. 

Calculation of inhibition percentages revealed a high variation in response of E. coli 

to different ions. Addition of both the sodium salts to the test medium led to an 

inhibition in oxygen utilisation by the cells. The results were more varied with the 

potassium salts (Fig. 4.12). Statistical analysis showed th~t an increase in NaCl and 

NaN03 concentrations from 0.85% to 2.5% led to a significant decrease in oxygen 

consumption by the cells. This result corroborates the work conducted by Roussin et 

a/. (1991) and Meury (1994), who showed that an increase in osmolality due to high 

levels of NaCl leads to a decline in respiration. Weber and Jung (2002) found a 

decrease in the transcription of genes encoding the F1/Fo-ATP synthase at high 

osmolality, which may also explain the inhibition of respiration. Though 0.85% NaCl 

is considered isotonic for the bacterial cells, a sudden increase in osmolality due to 
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salt addition could have led to a transient decline in respiration. Moreover, the 

bacterial cells require the presence of K+ and/or trehalose in the growth medium, or 

synthesise certain compatible solutes like glycine betaine (Record et al., 1998a), to 

counteract the negative effects of a sudden osmotic upshock. The test solution did not 

contain any of these compounds and the short test time may not have allowed the 

bacteria to synthesise any compatible solutes, therefore, the sudden decline in the 

respiratory rate would have taken place. 
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Fig 4.12. Effect of0.85% (1111) and 2.5% (D) test salt concentrations on oxygen consumption by E. coli 

cells, bathed in 5 mM substrate cocktail and monitored using a Clarke oxygen electrode. Values are 

given against a control ofE. coli cells monitored in 5 mM substrates without supplementation with any 

inorganic salts. 

The bacterial cells responded to addition of K+ salts to the test solution in a very 

different manner. An increase in respiration was observed on addition of 0.85% KCl 

and KN03, though the respiratory rate declined when the salt concentration was 
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increased to 2.5%. As mentioned before, accumulation of K+ by bacterial cells is the 

first response to an osmotic upshock, which occurs within seconds of the osmotic 

shift. Addition of the relatively isotonic 0.85% KCl or KN03 would have caused an 

osmotic upshift, but the presence of K+ in solution would have alleviated the negative 

effects of the osmotic shock and may have resulted in an increase in the respiratory 

rate. The increase in respiration was found to be higher on KCl addition as compared 

to KN03 addition. This result is anomalous to that obtained with CellSense™, where 

N03- was found to be less toxic than cr and seemed to have an almost protective 

effect towards the cells. The reason behind this difference in results is not clear, but 

may occur due to the fact that the osmolality of 0.85% KCl is nearer to that of the 

bacteriological saline as compared to 0.85% KN03 (calculated from the standard 

values provided in CRC Book of Chemistry and Physics; Weast et al., 1984). The 

decrease in oxygen consumption was observed with 2.5% levels of both K+ salts. The 

inhibition in respiratory rates occurred due to the increase in osmolality (> 600 

mOslkg), despite the presence of K+ in solution. As mentioned before, when the 

osmolality of the external medium is greater than 600 mOslkg, the internal K+ ions 

are unable to counteract the effect of high osmotic pressure (Roussin et al., 1991). 

The inability of K+ to counterbalance the negative effects of high osmotic pressure 

would therefore lead to a decline in respiratory rates. 

4.3.2 Toxicity of 3,5-DCP to E. coli Cells in the Presence of Sodium and Potassium 

Salts 

Freeze-dried E. coli cells were resuscitated and monitored in 5 mM substrate cocktail 

to test for 3,5-DCP toxicity in the presence of 0.85% and 2.5% NaCl, NaN03, KCl 

and KN03, as described in section 2.4.3.4. Inhibition values were calculated using the 

slopes of the currents obtained from the cells after toxicant addition (30 min exposure 

time), vs. control currents obtained before toxicant addition. 
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The results obtained for the effect of3,5-DCP on E. coli respiration in the presence of 

the salts mentioned above can be observed in fig. 4.13. Statistical analysis showed no 

significant difference between the response of E. coli cells to 0.85% and 2.5% NaCl, 

KCl and KN03, while a significant difference was observed between 0.85% and 2.5% 

NaN03. Stimulation in response was observed on addition of 13 ppm 3,5-DCP to E. 

coli cells, in the presence of all four salts, though the stimulation was higher in the 

presence of sodium salts as compared to KCl and KN03• This result is contradictory 

to that obtained with CellSense™, which showed inhibition upon addition of 3,5-

DCP to test samples. The main mode of 3,5-DCP toxic action is through narcosis but 

it is also thought to have a small uncoupling activity. Uncouplers destroy oxidative 

phosphorylation by short-circuiting the proton gradient and may inhibit electron flow 

by binding to proteins in the electron transport shunt (Escher & Schwarzenbach, 

2002). But uncouplers are also known to cause a transient increase the respiration rate 

of mitochondria (Terada, 1990). This fact may also hold true for bacterial respiration. 

Since the present assay determines oxygen untilisation by E. coli cells, the 

stimulation of respiration observed could be due to the uncoupling activity of 3,5-

DCP. 

The difference in the results observed between the CellSense ™ assay and the Clark 

oxygen bioassay may also be due to the differences between mediated and non

mediated test systems. Though both tests monitor the respiratory chain, the 

CellSense™ is a very specific system which uses mediators such as potassium 

ferricyanide that can cause a decline in the metabolic activity of the cells by long

term, continuous uptake of electrons from the ETC (Polak, 1998). Though these 

compounds are not toxic to the cells at the concentrations being used for the mediated 

biosensors, there is a possibility that the presence of the mediators makes the cells 

more susceptible to the combined effects of the toxicant and the inorganic salt. The 

stimulation in oxygen consumption by the bacteria, as recorded by the oxygen 

electrode, could also have been an effort by the cells to overcome the deleterious 

effects of the ions and toxicants by increasing their respiratory rate. 
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Pig 4.13. Effect of 0.85% (D) and 2.5% (•) test salt concentrations and 13 ppm 3,5-DCP on oxygen 

consumption by E. coli cells, bathed in 5 mM substrate cocktail and monitored using a Clarke oxygen 

electrode. Values are given against a control of E. coli cells monitored in 5 mM substrates, 

supplemented with the relevant concentration ofthe test salt being investigated. 

The stimulation in bacterial respiration was observed even at high salt concentrations, 

and the reduction in respiration that is thought to occur at high osmolarities (Meury, 

1994) was not obvious. The inhibition of respiration may have been suppressed by 

the greater uncoupling activity of 3,5-DCP. Stimulation in cellular respiration was 

found to be higher with Na+ salts as compared to K+ salts. This result shows that 3,5-

DCP is exerting a higher uncoupling activity in the presence of Na+ salts. Since K+ is 

a primary cytoplasmic osmolyte, the cells in a high K+ environment may be better 

equipped to cope with the uncoupling effect exerted by the toxicant. This may 

manifest itself as a decrease in the stimulation of respiration as compared to cells 

being investigated in the presence of Na+. 
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4.3.3 Toxicity of HgCb to E. coli Cells in the Presence of Sodiwn and Potassiwn 

Salts 

Experiments were carried out to determine the combined toxicity of HgCb and the 

sodiwn and potassiwn salts to E. coli cells in suspension. Tests were carried out for 1 

ppm HgCb in a manner similar to those for 3,5-DCP and inhibition values were 

calculated as described in section 4.3.2. 

Inhibition percentages calculated from the data obtained for NaCl, NaN03 and KCl 

showed nearly 100% inhibition of respiration on HgCb addition (Fig. 4.14). The 

effect of HgCb on bacterial respiration was significantly less in the presence of 

KN03. The high inhibition values suggest that the concentration of mercury used 

shuts down respiration in the short time period of the assay. The heavy metal ion is 

known to bind to sulfhydryl groups present in proteins, thereby inactivating them. 

HgCb would therefore inhibit the proteins in the bacterial respiratory chain and stop 

oxygen utilisation. The inhibition levels obtained were a lot higher than those 

obtained with CellSense™. This difference could again have been due to the 

difference in the monitoring strategies of the two systems. Another element that could 

cause the difference in inhibition levels is the fact that in the CellSense™ system the 

cells were immobilised on a membrane, while the oxygen electrode monitored cells in 

suspension. As the immobilised cells are densely packed together, all of them may 

not encounter the toxicant in equal levels. Cells in suspension were continuously 

stirred and a very high proportion of the cell population wo,uld experience the effect 

of the toxicant. This may result in an increase in calculable inhibition of cellular 

respiration. 
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Fig. 4.14. Effect of 0.85% (D) and 2.5% (•) test salt concentrations and 1 ppm HgCh on oxygen 

consumption by E. coli cells, bathed in 5 mM substrate cocktail and monitored using a Clarke oxygen 

electrode. Values are given against a control of E. coli cells monitored in 5 mM substrates 

supplemented with the relevant concentration of the salt being investigated. 

Statistical analysis showed no significant difference in inhibition between 0.85% and 

2.5% levels ofNa+ salts, whereas a significant difference in inhibition was observed 

for the same concentrations of K+ salts. An increase in the inhibition of respiration 

should occur with an increase in the salt concentration due to increasing osmolality, 

but since the inhibition levels obtained for 0.85% concentration of both Na+ salts 

were near 100% and it would not be possible to observe a higher than 100% 

inhibition with the oxygen sensor, the rise in toxicity with increasing salt 

concentration was not observed. The reduction in toxicity of HgCh with increasing 

concentration of the K+ salts may be more difficult to explain, but since K+ acts as an 

osmolyte and helps the proteins to retain their quaternary structure at high 

osmolarities, it may also somehow exert a protective effect on the cells in the 

presence of heavy metal ions such as mercury. The inhibition in respiration was 
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observed to be significantly less with KN03 as compared to KCL As N03- is a 

relatively non-toxic ion, its contribution in combined toxicity with mercury would be 

less than that of cr' which would mean that the additive toxic effect of the ion with 

3,5-DCP on E. coli cells would be lower as compared to cr. 

4.4 Toxicity Assessment Through Microtitre Plate Tests 

4.4.1 Effect ofChanging Ion Concentration on Cell Growth 

A 6 hr 96-well plate growth inhibition assay was used to determine the effect of the 

sodium and potassium salts on the toxicity of 3,5-DCP to E. coli, and the results were 

compared with those obtained using the two different sensor methods. E. coli cells 

were grown at 25°C, in half strength nutrient broth with different concentrations of 

the sodium and potassium salts. Initial experiments had been conducted with different 

growth media (a well-defmed glucose medium, 5 mM substrate cocktail and 10 mM 

substrate cocktail), to obtain comparative results with the CellSense™ sensors and 

the Clark oxygen electrode and for a better characterisation of the effects of ions and 

toxicants on the cells. Results indicated extremely low growth rates at 25°C. 

Therefore, half strength nutrient broth was used as the growth medium as a 

compromise to reduce the probability of interaction of test compounds with the 

proteins present in the nutrient broth whilst supporting reasonable growth rates. 

O.D.62o was determined for 0 hr and 6 hr cell cultures using a microtitre plate reader 

and inhibition levels were calculated with respect to the controls, which consisted of 

cells with half strength nutrient broth, without any extra additions of the salts. 0.85% 

salt had been used as the control concentration for the previous two bioassays but was 

not chosen for the present one because the nutrient broth already contains 0.5% NaCl, 

in addition to any trace amounts that may be present in peptone and beef extract. 

Supplementation of test medium with extra salt may have caused additional stress to 
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the cells and, therefore, the controls were maintained in mediwn with 0% salt 

addition. 

The results obtained showed stimulation in growth rate on addition of all the salts to 

the mediwn, as compared to the controls (initial O.D.controls ~ 0.15; final O.D.controls ~ 

0.4). Stimulation was greater with nitrates(> 100%) as compared to chlorides, where 

the maximwn stimulation was found to be 23% at 0.85% NaCl. The inhibition values 

for the identical concentrations of the chloride salts tested (NaCl and KCl) were 

found to be clustered together, while those for both the nitrate salts were also very 

similar (Fig. 4.15). Statistical analysis showed a significant difference between the 

growth observed for all the concentrations tested for both NaCl and NaN03, while the 

values obtained for 0.4% of both KCl and KN03 were not found to be significantly 

different. The growth rate was found to increase as the salt concentration increased 

from 0% to 0.85%, but declined as the salt concentration went up to 2.5%. While a 

decline in stimulation of growth was observed with NaN03, KCl and KN03 (2.5%), 

the same concentration ofNaCl caused inhibition ofbacterial growth. 

The microtitre plate results indicate a difference in the growth effects of both the 

cations and the anions tested and emphasise the non-toxic nature of K+ and N03". 

Nitrate was found to stimulate cell growth significantly more than chloride. This 

finding is consistent with the fact that nitrate is a major component of proteins and 

nucleic acids. The growth rate of bacteria is known to increase proportionally with 

the increase in the nutritional diversity and concentration of th,e growth mediwn (Tao 

et al., 1999). The. bioavailability and concentration of different ions in the nutrient 

broth are unknown, since it is not a well-defined mediwn. Supplementing the growth 

mediwn with a certain amount of nitrate may have enhanced the quality of the 

mediwn, thereby increasing the growth rate by enabling the bacteria to synthesise the 

proteins and the nucleic acids faster. 
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Bacterial growth rates were found to be slightly elevated at the lower NaCl and KCl 

concentrations (0.4% and 0.85%). These findings are consistent with the enriched 

medium hypothesis. Moreover, low salt concentrations are thought to have a positive 

effect on enzymes due to general electrostatic effects on protein structure (Serrano, 

1996). The inhibition in growth observed at 2.5% NaCl is consistent with the 

deleterious effects of high osmolality and the specific ion toxicities of Na+ and cr. 
Moreover, it has been observed that high salt concentrations can damage protein

nucleic acid interactions and affect the rates of aminoacylation, leading to a decline in 

protein synthesis (Airas, 1999). 
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Fig. 4.15. Effect of NaCI ( +), NaN03 ( • ), KCI (A) and KN03 ( •) on 6 hr growth of E. coli in half 

strength nutrient broth (Error bars present but too small to be seen). The inhibition values were 

calculated against controls with cells grown in half strength nutrient broth without supplementation 

with any inorganic salts. 
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Comparison of the present data-set with the corresponding set obtained with 

CellSense™ (Fig. 4.6) and the oxygen electrode (Fig. 4.12) showed a high degree of 

variability. The stimulation in growth at low concentrations of the chloride salts was 

consistent with the CellSense™ data, but not with the oxygen sensor. Inhibition in 

respiration was higher than inhibition of growth observed at 2.5% cr. Growth in 

microtitre plates was found to be highly stimulated (> 100%) with all the test 

concentrations of both the nitrate salts, whereas inhibition in respiration was observed 

at 2.5% N03- with both CellSense™ and the oxygen sensor. 

The differences in response of the three assays may be attributed, at least in part, to 

the use of different exposure periods and test media. While the biosensors and the 

oxygen electrodes assessed the effect of salts on cells over a 30 min exposure period, 

the plate tests were carried out over a 6 hr monitoring period. According to Wood 

(1999), bacterial cells respond to osmotic upshifts in three phases: a) dehydration of 

cells, b) rehydration and adjustment of cytoplasmic solvent composition, and c) 

cellular remodelling and resumption of cell growth. The last phase occurs more than 

an hour after the osmotic upshock. In the biosensor tests, the cells may not have had 

enough time to adjust to the sudden changes in osmolality during the monitoring 

period and thus only the initial decline in active transport of carbohydrates, metabolic 

and respiratory rates (Roth et al., 1985a) associated with osmotic upshock would 

have been detected. The longer test time period in the case of the plate test would 

have allowed the cells to adjust to the increased osmolality of the test medium. 

E. coli is known to make large changes in the amounts of periplasmic and 

cytoplasmic solutes in response to changes in osmolality that may occur during 

growth (Record et al., 1998b). The first adaptive response of the bacteria to an 

osmotic upshift is through the uptake of K+. A number of secondary responses also 

occur. These involve accumulation of osmoprotective compounds called compatible 

solutes, such as glycerol, glutamate and trehalose. These compounds increase the 

internal osmotic pressure without inhibiting the enzyme function, thereby keeping the 
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cellular machinery functioning (Heennann & Jung, 2004; Wood eta/., 2001). There 

is a high probability of these compatible solutes being present in the microtitre plate 

growth medium, which would have enabled the cells to adapt to the high osmolality 

conditions. Nutrient broth also contains a high concentration of proteins and they may 

have protected the bacterial cells from the direct effects of high osmolality by their 

natural affinity for binding to some proportion of the inorganic ions thereby reducing 

the bioavailability of the ions. 

The biosensors and the oxygen electrode monitor the effects of various substances on 

the respiratory chain, whilst the microtitre plate tests look at the whole cell 

metabolism and growth rates (section 4.1). The differences in response observed for 

the same species exposed to the same cocktail of test chemicals but monitored using 

different exposure regimes and end-points, highlight the difficulties encountered 

when trying to develop battery array testing regimes. Bacterial cells have an 

enonnous capacity to overcome the effects of various physicochemical factors and 

grow at a wide range of osmolarities, which is evident from the results obtained from 

the microtitre plate tests. 

4.4.2 Toxicity of 3,5-DCP to E. coli Cells in the Presence of Sodium and Potassium 

Salts 

The toxicity of 13 ppm 3,5-DCP (taken as EC50 from Cell.Sense™ assay), in the 

presence and absence ofNaCI, NaN03, KCl and KN03 to the growth of E. coli cells 

was assessed through 6 hr microtitre plate tests. Plates were read and the inhibition 

values were calculated as described in section 4.4.1. 

The growth of E. coli cells was found to be severely inhibited (85%) in the presence 

of 13 ppm 3,5-DCP (Figs. 4.16 and 4.17). The CellSense™ assay for freeze-dried E. 

coli biosensors recorded inhibition of 50% at the same concentration of 3,5-DCP 
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(Fig. 4.7), whilst stimulation in oxygen consumption was recorded with the Clark 

oxygen electrode (Fig. 4.13). 3,5-DCP causes non-specific disruptions in the 

cytoplasmic membrane by accumulating in the lipid bilayer. 1bis disturbance of 

membrane function can lead to changes in membrane permeability and inhibition in 

activity of membrane bound proteins (Jensen, 1996). These include various 

carbohydrate and ion transport systems and the proteins of the respiratory chain. 

Inhibition in function of these proteins would lead to a reduction in metabolic 

activity, thus causing a decline in growth rate and cell division. The uncoupling 

effect, which was observed with the oxygen electrode, may also contribute towards 

an overall decline in metabolic activity following the initial surge and, thus, a 

reduction in the growth rate. 
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Fig. 4.16. Effect of 13 ppm 3,5-DCP on growth ofE. coli cells in microtitre plate wells, in the presence 

ofNaCl (+)and NaN03 (•). The inhibition values were calculated against controls with cells grown in 

half strength nutrient broth without supplementation with any inorganic salts or toxicants. 
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Fig. 4.17. Effect of 13 ppm 3,5-DCP on growth ofE. coli cells in microtitre plate wells, in the presence 

ofKCl (.t.) and KN03 (•). The inhibition values were calculated against controls with cells grown in 

half strength nutrient broth without supplementation with any inorganic salts or toxicants. 

An increase in the concentration of NaCl and KCl in the growth medium led to an 

almost linear increase in the toxicity of 3,5-DCP (Figs. 4.16 and 4.17 respectively). 

Statistical analysis showed a significant difference among all inhibition values. The 

increase in toxicity of 3,5-DCP (13 ppm) with increasing NaCl concentration was 

very similar to that obtained with the CellSense™ sensors (Fig. 4.7). Therefore, the 

same hypothesis developed to explain the CellSense™ data was applied to the 

microtitre plate data. The inorganic ions probably act. synergistically with the 

substituted phenol, leading to an increase in its toxicity. This hypothesis is enforced 

by the inhibition values obtained for the combination of 2.5% NaCl and 3,5-DCP; 

inhibition values greater than 100% were obtained, indicating a lower O.D. for the 6 

hr reading as compared to the 0 hr reading. This could have been caused by a 

combination of cell lysis, due to the extremely high osmolality of the NaCl solution, 

and membrane perturbations resulting from action of 3,5-DCP. In contrast, inhibition 

values did not exceed 100% in media containing 2.5% KCl and 3,5-DCP. This could 
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have been due to the lower toxicity of K+ as compared to Na+. A rise in toxicity was 

observed despite the fact that K+ plays an osmoprotective role in bacterial cells. 

Though K+ is known to alleviate the effects of high osmolality, it may not have been 

able to counteract the deleterious effects of 3,5-DCP on cell growth. 

The differences observed between the effects of the K+ and Na+ salts in the presence 

of 3,5-DCP clearly have implications in environmental monitoring. The presence of 

various, and often unquantified, inorganic ions may lead to exacerbation of the 

toxicity of phenols in environment samples. 

N03- was again found to be less toxic and more beneficial for cellular metabolism as 

compared to cr (Sections 4.2 and 4.3). Though an increase in 3,5-DCP toxicity was 

observed with increasing concentrations of NaN03, a decline in toxicity of 3,5-DCP 

was recorded upon addition of low concentrations of the salt to bacterial cells in 

nutrient broth. It may be interpreted from these data-sets that nitrate exerts a 

protective effect on the cells, but previous results (Section 4.4.1) suggest that the 

presence of nitrate in the growth medium leads to an increase in growth rate. 

Therefore the observed growth change is an aggregate response comprised of both an 

increase in growth rate due to the presence of ions in the test medium and any 

interference caused by the toxicant. The relative decline in growth rate observed with 

increasing N03- concentration may also be explained by the same theory applied to 

the effect of the combination of cr and 3,5-DCP. An increase in osmolality with 

increasing salt concentration would have made cells more vulperable to the damaging 

effects of3,5-DCP, leading to disruption ofvarious membrane fimctions and causing 

a decline in cell division. 
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4.4.3 Toxicity of HgCb to E. coli Cells in the Presence of Sodiwn and Potassiwn 

Salts 

E. coli cells were subjected to 6 hr microtitre plate tests to determine the effect of 1 

ppm HgCh [EC5o(30 minutes) for E. coli biosensors, CellSense™ assay] on cell 

growth, in the presence and absence of various concentrations of NaCl and NaN03. 

The experimental procedure followed was same as that used for 3,5-DCP tests 

(section 4.4.2). Growth was determined by calculating O.D.ohr- O.D.6hr· These values 

were then used to calculate the inhibition or stimulation caused by the presence of the 

inorganic ions and the toxicant. 

Analysis of results showed that HgC}z, which is a highly toxic compound, did not 

have any effect on cellular growth at 1 ppm (Figs. 4.18 and 4.19). 6 hr O.D.test was 

found to be very similar to 6 hr O.D.controls· Statistical analysis indicated no 

significance difference between wells containing mercury and the controls. This 

result suggests that 1 ppm HgClz may be a no effect concentration under the 

microtitre plate test conditions. It is a very well documented fact that mercury 

complexes with -SH groups in amino acids (Wright & Mason, 2000). Nutrient broth 

is a growth mediwn rich in proteins. Therefore, there is a high probability that the 

low concentration of Hg2
+ present in the test mediwn interacts with the proteins in 

nutrient broth and is rendered unavailable to the bacterial cells. This hypothesis is 

supported by the results obtained from preliminary experiments conducted with 10 

ppm HgCh, which caused over 80% inhibition in cell growth. 

Effect of various concentrations of cr and N03- on growth of the bacterial cells, in 

the presence of 1 ppm HgCh was calculated and the results obtained were found to be 

very similar to those obtained in the absence of HgCh (Fig 4.15). Stimulation in 

growth was observed with all the concentrations of NaN03 and 0.4% and 0.85% 

NaCl, with inhibition in cell growth being observed at 2.5% NaCl. In the apparent 

107 



absence of the test concentration of HgCh being bioavailable under these assay 

conditions, the results reflect the effect of the ions alone (Section 4.4.1). 
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Fig. 4.18. Effect of l ppm HgCh on growth of E. coli cells, in the presence ofNaCl (+)and NaN03 

(•). The inhibition values were calculated against controls with cells grown in half strength nutrient 

broth without supplementation with any inorganic salts or toxicants. 
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Fig. 4.19. Effect of 1 ppm HgCh on growth of E. coli cells, in the presence ofKCl ( _.) and KN03 ( • ). 

The inhibition valnes were calculated against controls with cells grown in half strength nutrient broth 

without supplementation with any inorganic salts or toxicants. 

4.5 Comparison ofResults 

The following table compares and contrasts the average inhibition values obtained for 

the optimum (0.85%) and the highest (2.5%) test salt concentrations, from the three 

toxicity tests employed to assess the combined impact of salts and toxicants on E. coli 

cells. Depending on the type of assay, the negative values indicate stimulation in 

respiration or cell growth, with respect to the controls, whereas the positive values 

signify a decline in respiration or growth. 
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Table 4.1. A comparison of average inhibition values from the three bioassays (for standard error for 

each value see figs. 4.4 - 4.17) 

Inhibition (%) 

Microtitre Plate 
CellSense™ Oxygen Electrode 

Assay 

Salt 3,5- Salt 3,5- Salt 3,5-
HgCiz HgCiz HgCiz

Only DCP Only DCP Only DCP 

0.85% -5.4 47.3 53.5 17.1 -25.8 101.9 -23.7 96.7 -21.5-u 
CIS .. 
z 2.5% 67.1 89.1 26.4 61.2 -20.7 99.9 14.5 102.7 0.3j 

-

.., 0.85% 3.6 34.5 -10.9 24.7 -22.7 98.7 -124 74.71 -117 
0 z =:: 

CIS ..z 2.5% 6.5 52.3 -9.9 65.5 -39.9 99.9 -98.1 87.9 -67.4 

t--

0.85% -6.2 26.8 44.1 -45.2 -11.7 102.6 -13.6 88.6 -34.9 

u- = ~ 
2.5% 26.2 7.6 64.6 6.8 -20.1 83.1 -6.4 98.2 -24.8 

,______ "r 
0.85% -3 .9 44.1 -3.2 -12.5 -0.5 83.7 -134 72.7 -119.., 

0 

~ 2.5% -2.8 64.6 -2.4 10.2 I -6.5 51.3 -110 81.2 -102 

4.6 Summary 

The battery of toxicity tests performed using the same test species, exposed to the 

same combinations of toxicant and inorganic ions (Table 4.1 ), confirmed the 

importance of using more than one test for toxicity testing purposes. Exposure times 

and end-points were the significant variables in the study. Ions exert their effect both 

in a specific and a non-specific manner. The non-specific effect was seen in the form 
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of osmolality, which caused a decline in respiration and metabolic rates. Specific ion 

toxicity was observed with differences between the effects of the anions cr and N03. 

and the cations Na+ and K+, which could not have been explained only on the basis of 

differences in osmolality. The first two bioassays showed that cr and Na+ were more 

detrimental to cell metabolism than N03" and K+, respectively. All the salts, except 

2.5% NaCl were found to be highly stimulatory to cell growth, as was observed with 

the microtitre plate tests. 

Both the toxicants, 3,5-DCP and HgCh, were found to exert different levels of 

toxicity on the E. coli cells, depending on the type of bioassay employed. 3,5-DCP, 

whose main mode of toxic action is through narcosis, was also found to act as a weak 

uncoupler (Escher & Schwarzenbach, 2002). The Cell Sense™ biosensors appeared to 

detect mainly narcosis, manifested as a decline in the biosensor mediated response on 

toxicant addition to the assay medium. The decline in biosensor mediated response 

can be interpreted as a reflection of a decline in respiratory rate since the chemical 

mediator accesses electron rich species fuelled by the respiratory chain. Comparison 

of these results with those from the Clark oxygen electrode showed the differences 

between mediated and non-mediated systems. It was suggested that the mediator used 

in the biosensor system added to the toxicity of the chlorophenol. The oxygen 

electrode demonstrated an increase in the oxygen consumption by the cells on 

addition of the toxicant. This short-term increase in the respiratory rate is 

characteristic of an uncoupler. The microtitre plate assay results showed severe 

inhibition in growth when 3,5-DCP was present in the growth medium. The results 

indicate that long-term exposure of bacteria to the chlorophenol lead to a decline in 

cell viability, which is exacerbated by the presence of inorganic ions in the test 

environment. 

HgCh, which mediates its toxicity by inhibiting protein function and generating 

reactive oxygen species, was found to be toxic to respiration, as was observed with 

the oxygen electrode and to a lesser degree with the Cell Sense ™ sensors. It was not 
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found to be toxic to cell growth at 1 ppm, due to reduced bioavailability in the 

nutrient broth. Thus, in the case of mercury, the sensor assays were found to be more 

sensitive, but it is essential to be aware of the factors governing the toxicity of this 

compound during the choice of bioassays as they may lead to an underestimation of 

toxicity. Results support a limit on mercury release as it is clearly toxic to E. coli at 

and below 1 ppm, but its presence could be missed due to choice of assay. Therefore, 

use of complex nutrients when monitoring samples with any suspicion of heavy 

metals (or broad-band testing for unknowns) should sound warning bells to the 

operator. 

Analysis of the combined effect of the toxicants and the ions using both the short

term toxicity tests (CellSense™ and Clark oxygen electrode) revealed an additive 

effect on chemical toxicity of 3,5-DCP and HgCh, with both Na+ and cr. K+ and 

N03- seemed to be manifesting a protective effect on the cells, since a decline in 

inhibition values was observed as compared to those obtained for 0.85% NaCl 

(reference value). The data from the growth assay suggested that all the ions 

enhanced the toxicity of3,5-DCP, though a similar assumption could not be made for 

HgCh due to a lack of toxicity of the test dose. 

The results for both the toxicants and the ions emphasise the importance of choosing 

the correct bioassay for each toxicant, since the bioavailability and toxicity of a 

toxicant can vary with the test conditions. The choice of bioassays was found to be a 

valid one since they interrogated different aspects of cell ~etabolism. Each toxicity 

test was found to vary in response to the ions and the toxicants. The results obtained 

from the three assays highlight the differences in transient and long-term effects of 

toxicants, the importance of different bioassays in proper characterisation of a 

toxicant, of understanding the chemical composition of test media, of using an array 

of assays for toxicity testing and effects different physicochemical parameters may 

have on toxicity test results. 
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S. Effects of Changing Ion Concentration and Toxicants on a 

Consortium with Ammonia Oxidation Capacity (CAOC). 

S.l Introduction 

Nitrification is an essential step in the global nitrogen cycle. It can be described as the 

oxidation of ammonia to nitrate, via nitrite. It is a two-step process, carried out by 

two different groups of bacteria. The ammonia-oxidising bacteria (AOB), such as 

Nitrosomonas, first oxidise ammonia to nitrite, which is subsequently converted to 

nitrate by the nitrite-oxidising bacteria (NOB), which is then converted to N2 by 

denitrifiers (Kowalchuk & Stephen, 2001; Bothe eta/, 2000). 

There has been an increase in nitrogenous wastes due to human activities. The 

discharge of high amounts of nitrogen into the environment can lead to serious 

environmental and medical problems. Thus, it is important to remove nitrogen from 

waste treatment plants. For nitrogen removal, a sequence of nitrification and 

denitrification is necessary. Ammonia forms the primary inorganic nitrogen source in. 
many wastes. AOB play an important role in the removal of ammonia from both 

wastewater treatment plants and sewage disposal systems, by oxidising it to nitrite. 

Although the quality of effluents is monitored, there always remains the possibility of 

accidental toxic discharges into the wastewater treatment plants (Campos eta/., 2002; 

Kaplan et a/., 2000). AOB are known to be more susceptible to inhibitory 

compounds, such as heavy metal ions and various organic compounds, than 

heterotrophic organisms and NOB (Juliastuti et a/, 2003). Moreover, release of 
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certain industrial effluents (e.g. tannery effluents) into the wastewater treatment 

plants can lead to fluctuations in ion concentrations, which can affect ammonia 

oxidation rates. Most of the data present in the literature only deals with the effects of 

individual chemicals or physicochemical factors (Strauss et a/., 2002; Wood & 

S0rensen, 1998). In natural environments, the micro-organisms are influenced by a 

combination of these factors. Therefore, it is important to characterise the effect of 

both the toxic compounds and various ions on activated sludge bacteria. Though a 

number of studies have been carried out for determination of the toxicant (Juliastuti et 

al., 2003) and environmental stressor (Berg & Rosswall, 1989; Bollmann & 

Laanbroek, 2002; Rysgaard et al., 1999) effects, no data exist for the combined effect 

of both these parameters. 

Since the AOB form a very important part of the microbial consortium present in the 

wastewater treatment plants and are thought to be the more susceptible to toxicants 

and variations · in ion concentrations than other microbial species, a natural 

consortium of bacteria was isolated from an activated sludge sample, using a medium 

designed for supporting the growth of chemolithoautotrophic ammonia oxidisers. The 

ammonia oxidisers are usually present within a consortium of cells within the 

activated sludge and their activity can be affected by the presence of other cells. 

Therefore, monitoring the behaviour of AOB within a natural consortium is much 

more environmentally relevant than as pure cultures. This consortium with ammonia 

oxidation capacity (CAOC) was used as an indicator of the effect of various toxicants 

and ions on the activated sludge bacteria. The CellSense™. biosensor system was 

used to assess the impact of 3,5-DCP and HgCh on the CAOC, in the presence and 

absence ofNaCl and NaN03• 
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5.2 Isolation and Properties of the Consortium with Ammonia Oxidation 

Capacity (CAOC) 

An activated sludge sample was obtained from the Cottonvalley wastewater treatment 

centre (Milton Keynes). The CAOC were isolated from the sludge by growth on solid 

medium designated for chemolithoautotrophic ammonia oxidisers. Initially, a 

confluent lawn could only be observed after 2 weeks of inoculation, but after 2 

months of continuous culture, a thick cell pellet could be harvested from the petri~ 

plates after 48 hr growth. Growth of the culture was faster than the pure cultures of 

ammonia oxidisers, which require approximately 4-8 weeks to grow (Bock et al, 

1991) and indicated that the consortium included micro~organisms other than AOB. 

Other authors have reported the presence of heterotrophic organisms along with 

nitrifYing bacteria when the culture is not grown under axenic conditions (Gemaey et 

al, 1997). The fact that the CAOC was isolated from activated sludge increases the 

probability of the presence of certain heterotrophic organisms such as pseudomonads 

along with the AOB. Though the medium utilised for CAOC growth should have 

supported only the chemolithoautotrophic AOB, there is a high possibility that the 

heterotrophs present could be growing commensaly. The presence of heterotrophs 

was confirmed by monitoring the consortium in mediated biosensor configuration 

using the CellSense™ sensor system. The response of CAOC biosensors bathed in 

either a specific medium for AOB metabolism (Nitrosomonas bathing solution 

containing (N~)zS04 and NaHC03) or a non~specific, heterotrophic respiratory 

substrates medium (5 mM substrate cocktail containing .glucose, sodium succinate 

and sodium lactate), in the presence of mediator 2,6-dimethylbenzoquinone (2,6-

DMBQ) was recorded. It was observed that the CAOC biosensors were capable of 

utilising both the biosensor solutions. Though the AOB are capable of mixotrophic 

growth (Prosser, 1989), the level of biosensor response in 5 mM substrate cocktail 

was too high (4-5 fJA current) given the low metabolic rates of the AOB. These 

findings indicated the presence ofboth AOB and other heterotrophic bacteria. 
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The cell pellets obtained from the plates were creamy-yellow in colour and the cells 

tended to clwnp together, suggesting exopolysaccharide or capsule formation. An 

enlargement in the pellet size and a change in its colour to a brighter yellow was 

observed over a period of time, which suggests a change in the composition of the 

CAOC. 

5.3 Optimisation of CAOC Biosensor Response 

Although biosensors with pure cultures of AOB have been produced before 

(Grunditz, 1999), the present consortiwn had not been utilised for toxicity testing 

previously. Therefore, the CAOC stock suspension and the loading levels for the 

biosensors were optimised prior to use. The CAOC was grown for 48 hr before the 

cells were harvested from the Petri-plates. A large nwnber of permutations and 

combinations were examined to determine the most favourable pellet re-suspension 

volwne (stock suspension) and the biosensor loading level of the consortiwn. The 

pellet re-suspension volwne of 60 I-ll bathing solution, with 5 j.!l loading level from 

the stock suspension was found to provide the best biosensor response in terms of 

stability and sensitivity. The CAOC biosensors could not be freeze-dried, unlike the 

E. coli biosensors, since previous work within the group had indicated the high 

susceptibility of the AOB to the process. Therefore, the biosensors were freshly 

prepared for each experiment. The biosensors were mediated by 40 IJM 2,6-DMBQ. 

This specific concentration of the mediator had proved favourable for monitoring 
' 

pure cultures of AOB (Grunditz, 1999) and was found to generate a stable current 

from the present consortiwn. 2,6-DMBQ is a hydrophilic compound which is able to 

cross the cell membrane and access electrons from the ammonia oxidation chain. 

Potassiwn ferricyanide, which was used to mediate E. coli biosensors, was not used 

as a mediator since it is unable to cross the cytoplasmic membrane. 
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The sensors were bathed in 10 ml Nitrosomonas bathing solution which consists of 2 

mM (NH4)2S04 and 2 mM NaHC03 in de-ionised water. These inorganic salts are 

specific substrates for ammonia oxidation and ensure that the biosensor response is 

related mainly to the ammonia oxidation activity of the AOB. Both the 

reproducibility of response and the reaction time of the biosensors to toxicant 

exposure were tested using 3,5-DCP, a polar narcotic (Fig. 5.1) and ATU, which is a 

specific inhibitor of ammonia oxidation. Both the toxicants caused an almost 

immediate decline in biosensor response. The response to 3,5-DCP indicated general 

toxicity to the cells, allowing comparison with the E. coli biosensors. The response to 

ATU confirmed that the consortium also had the ability to oxidise ammonia and that 

the biosensor response was a factor of the ammonia oxidation capacity of the 

consortium. The sensor current was found to be stable over the test period, which 

ranged from 50 min to 1 hr. The magnitude of current response (0.8 J!A - 1.2 JlA) 

was lower than that obtained for E. coli biosensors (Fig. 4.1 ), which may have been 

due to the differences in the mediators utilised and also the fact that chemolithotrophs 

have a lower metabolic rate as compared to heterotrophic organisms (Kowalchuk & 

Stephen, 2001). 
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Fig 5.1. A CellSense™ graph demonstrating the response of 2,6-DMBQ mediated CAOC biosensors 

in Nitrosomonas bathing solution to 17 ppm 3,5-DCP. 

5.4 Toxicity Assessment Using the CeUSense™ Biosensor System 

5.4.1 Effect ofChanging Ion Concentration on CAOC 

The consortium was grown for 48 hr, harvested and CAOC biosensors were prepared 

as described in section 2.4.1.2.2. The response of the CAOC biosensors monitored in 

Nitrosomonas bathing medium and mediated by 40 J..LM 2,6-DMBQ was recorded as 

the control response by which the effect of changing ionic species was assessed. The 

specific bathing solution was used to promote the metabolic activity of the AOB in 

the consortium whilst minimising interference from the heterotrophic organisms. 
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Oxidation of ammonia is closely linked to the electron transport chain (Whittaker et 

al, 2000) and therefore, monitoring the level of electron transport activity through the 

CellSense ™ system would provide information about the ammonia oxidation kinetics 

within the consortium. The response of the biosensors to different concentrations of 

NaCl (0%- 2.5%) and NaN03 (0%- 2.5%) was monitored using the CellSense™ 

system and the inhibition values were calculated using the Cell Sense TM software. 

Non-parametric statistical analysis was carried out using the Kruskal-wallis one way 

analysis of variance at 5% level of significance and the differences among various 

salt concentrations were determined using the Dunn's multiple comparison post-hoc 

test. 

The toxicity of both NaCl and NaN03 was found to increase almost linearly with 

increase in the salt concentration (Fig. 5.2), but statistical analysis indicated a 

significant difference between the lowest (0% and 0.2%) and the highest (2% and 

2.5%) test concentrations ofNaCl, while only 0% and 2.5% NaN03 were found to be 

significantly different. The increase in inhibition values with increasing salt 

concentration can be attributed to both increasing osmotic pressure and specific ion 

toxicities. As mentioned previously, high osmolality characteristically leads to a 

decline in respiratory and metabolic rates (Chapter 4, section 4.2.2) and would in turn 

lead to sub-optimal ammonia oxidation activity, since ammonia oxidation is closely 

linked to the electron transport chain (Poughon et al., 2001). Whittaker et al. (2000) 

also suggest that maintenance ofa proton gradient is essential for ammonia oxidation. 

Membrane movement occurring due to osmotic changes Cal} lead to collapse of the 

proton gradient, which in turn would inhibit ammonia oxidation. Loss of biosensor 

activity could also be attributed, at least in part, to direct toxicity of Na+ (Sindhu & 

Cornfield, 1967). 
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Fig. 5.2. Effect of a range of NaCl (+) and NaN03 (•) concentrations on the response of CAOC 

biosensor bathed in Nitrosomonas bathing medium and mediated by 2,6-DMBQ. The inhibition values 

were calculated with respect to control sensors exposed to only the bathing medium and the mediator. 

A number of studies have been carried out to assess the impact of salinity on 

nitrification (Dincer & Kargi, 1999; Furumai et a/., 1988). Comparison of the studies 

indicated variability in sensitivity of ammonia oxidisers to NaCl. Finstein & Bitzky 

(1972) and Jones & Hood (1980) observed that the effect ofNaCl on nitrification is 

related to the environment from which the bacteria have been isolated. For example, 

Rysgaard et a/. (1999) observed a decline in estuarine nitrification at 1% NaCl (0.17 

M), while Wood & S0renson (1998) found a similar concentration ofNaCl (0.1 M) to 

be stimulatory to the growth of a pure culture of Nitrosomonas isolated from soil. In 

the present study NaCl concentrations ~ 2% were found to be significantly more toxic 

to ammonia oxidation than 0% NaCl. Since the consortium had been isolated from a 

wastewater treatment plant exposed to mainly household wastes, it is possible that the 

bacteria would have been acclimatised to high concentrations of NaCL The fact that 

CAOC was found to have low susceptibility to NaCl could also have been due to the 
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presence of cells other than AOB. Though the biosensor monitoring medium only 

supports the AOB, it was observed previously that the AOB were supporting 

heterotrophic growth. Therefore, it is possible that the heterotrophs present within the 

consortium were in part responsible for the total biosensor response and lowered the 

susceptibility of the biosensors to the inorganic salts. Moreover, it is also a well 

known fact that mixed populations of micro-organisms are less susceptible to toxins 

than axenic cultures (Chapman, 2000; Evans et al., 1998) 

Statistical analysis and comparison of toxicity values obtained for both the sodium 

salts showed that NaCl was more toxic to CAOC than NaN03. A similar result had 

been recorded with E. coli biosensors (section 4.2.3.1). Though a number of studies 

have been carried out to determine the effect of NaCl on nitrification, very limited 

data is available on the effect ofNaN03 on the process (Campos et a.l, 2002; Hunik 

et al., 1992). Campos et al. found NaN03 and NaCl to exert similar toxicity on 

ammonia oxidation, but evaluation of the data published by Hunik et al. revealed a 

similarity to the data obtained from the present study. At 0.25 M (-2%), NaN03 was 

found to be less toxic to ammonia oxidation as compared to NaCl. This result 

emphasises the differences in the specific toxicities ofCr and N03-. 

5.4.2 EC50 Determination for the Test Toxicants Under Optimised Working 

Conditions 

The toxicity of 3,5-DCP and HgCh to CAOC biosensors was determined under 

optimised conditions of the Nitrosomonas bathing solution and the mediator (2,6-

DMBQ), as detailed in section 5.3. Inhibition values were calculated for the effect of 

different concentrations of 3,5-DCP and HgCh on the CAOC biosensors, using the 

CellSense™ software. The EC values were expressed as the means of triplicate 

results. EC50 at 30 min for 3,5-DCP was calculated to be 17 ppm (Fig. 5.3), while that 

for HgClz was calculated to be 4.5 ppm (Fig. 5.4). Both these values were higher than 
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those obtained with E. coli biosensors (section 4.2.1). The lower sensitivity ofCAOC 

biosensors may be due to the higher cell numbers and possible interference from the 

heterotrophic population present in the consortium. It had also been observed that the 

cells tended to clump together, indicating exopolysaccharide or capsule formation. 

These layers are known to act as barriers against external substances and could have 

resulted in a decreased susceptibility of the consortium to the toxicants. Moreover, it 

has also been observed that pure cultures are more sensitive to toxicants than 

consortia (Chapman, 2000; Evans et at., 1998). 
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Fig. 5.3. A dose-response curve for the determination of the EC50 value for the effect of 3,5-DCP on 

the CAOC biosensors. 
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Fig. 5.4. A dose-response curve for the determination of the ECso value for the effect of HgCh on the 

CAOC biosensors. 

5.4.3 Toxicity of3,5-DCP to CAOC Biosensors Under Varying Ion Concentrations 

The effect of 3,5-DCP in combination with various concentrations of NaCl and 

NaN03 on CAOC biosensors was evaluated against the reference ECso value of the 

toxicant (17 ppm). Inhibition values were calculated using the CellSense™ software. 

Kruskal-Wallis one way analysis of variance was performed 'using the SPSS 10.0 

software for windows and Dunn's multiple comparison test was used to determine the 

differences in effect of various ion concentrations. Both the tests were carried out at 

5% level of significance. 

The results obtained were very different from any results obtained previously with 

3,5-DCP and the sodium salts (Section 5.3.1 and Chapter 4). As is evident from Fig. 
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5.5, 3,5-DCP was found to be highly inhibitory to CAOC in the presence ofNaN03. 

The toxicity of 3,5-DCP decreased as the concentration of NaN03 increased from 

0.2% to 1.5%, but the toxicity increased again as the NaN03 concentration increased 

to 2%. These responses suggest an osmotic effect of the inorganic salts on the cells. 

The osmolality value for 1.5% NaN03 is very similar to that for 0.85% NaCl (0.271 

Oslkg), which is the value of bacteriological saline (Weast et al., 1984). Therefore, 

this concentration of salt would provide the optimum osmolality for the cells, 

promoting optimal metabolic state and cellular activity, which may help overcome 

the negative effects of3,5-DCP. The high inhibition values observed at the higher salt 

concentrations can be explained on the basis of increased osmolality, which causes a 

decline in respiration (Wood, 1999). In addition, the combination of high osmolality 

and the narcotic action of 3,5-DCP could have had a synergistic effect, causing 

membrane deformation and leading to a decline in ammonia oxidation and 

respiration. The inhibition values were found to be higher than those for NaCl and 

3,5-DCP, indicating that NaN03 was more toxic to CAOC in the presence of the 

toxicant. More detailed biochemical studies need to be carried out to inform on the 

exact mechanism of the combined NaN03 and 3,5-DCP toxicity, but are beyond the 

scope of this thesis. 
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Fig. 5.5. Effect of 17 ppm 3,5~DCP in combination with various concentrations of NaCl (+) and 

NaN03 (•) on CAOC biosensors mediated by 40 J.LM 2,6~DMBQ in Nitrosomonas bathing solution. 

The inhibition values were calculated with respect to the control sensors exposed to the relevant salt 

concentration, bathing medium and the mediator. 

In contrast to NaN03, presence of NaCl in the bulk solution seemed to reduce the 

toxic effect of 3,5~DCP to the CAOC biosensors. None of the inhibition values for 

any of the NaCl test concentrations were found to differ significantly from each other. 

Moreover, while 17 ppm 3,5-DCP should have caused approximately 50% inhibition 

in biosensor response in the absence of NaCl from the t~st medium, the combined 

effect of 3,5-DCP and NaCl resulted in lower inhibition values (40% inhibition in 

2.5% NaCI). In contrast to these results, high concentrations ofNaCl were found to 

be highly toxic to the CAOC, since the relatively high osmolality conditions of these 

ionic solutions can result in low metabolic rates. Such effects were not evident for the 

combined effects of NaCl and 3,5-DCP. Confidence in these most recent findings 

comes from the fact that the experiments were carried out in triplicate, with freshly 

prepared 3,5-DCP and salt solutions each time, and thus, experimental error is 
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unlikely to be the cause of conflicting results. The consortium consists of different 

types of cells, which have not been characterised. It has been found that there are 

different types of ammonia-oxidisers that exhibit varying behaviour according to the 

enviromnental conditions (Prosser, 1989). Various populations within the consortium 

may also have different responses towards 3,5-DCP and the ions present in the test 

solution. Therefore, the response obtained for the combined effect of salinity and 3,5-

DCP could be an additive effect from the assortment of cells contained in the 

consortium. Moreover, the consortium was also thought to produce exopolysaccaride, 

which may also afford some protection to the cells from the combined toxic effects of 

NaCl and 3,5-DCP. As mentioned in section 5.4.3, the AOB support the growth of 

the heterotrophs and therefore, it is likely that despite the use of a specific bathing 

medium, the heterotrophic organisms within the consortium also contribute to the 

biosensor response. Thus, the total biosensor response observed for the combined 

effects of the inorganic ions and 3,5-DCP could be a manifestation of a collective 

autotrophic and heterotrophic response. 

5.4.4 Toxicity ofHgCh to CAOC Biosensors Under Varying Ion Concentrations 

The combined toxicity of HgCh and various salt concentrations (NaCl or NaN03) to 

CAOC biosensors was assessed using the reference EC50 dose of the toxicant (4.5 

ppm). All the experiments were carried out in triplicate to ensure scientific validity. 

Inhibition values were calculated as before and statistical analysis was carried out 

using Excel and SPSS 10.0 for windows. Kruskal-Wallis non-parametric test was 

carried out at 5% level of significance and Dunn's multiple comparison test was used 

to determine the differences between various test salt concentrations. 

Experiments to determine the effects of HgC}z and NaCl on CAOC led to highly 

irreproducible results. The tests had been carried out in batches of eight, with at least 

three replicates. This experimental design had led to highly reproducible results with 
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other salts and toxicants. Though the trends obtained were similar, the inhibition 

values were dissimilar and the standard deviation was found to be very high. The 

physical characteristics of the bacterial pellets obtained from the plates were found to 

change over the time period of the test, which suggests changes in the number of 

bacteria and the predominant bacterial species in the consortium. As mentioned 

before, reaction of each species of AOB can vary according to environmental 

conditions (Prosser, 1989). Mercury exerts its effect by binding to thiol groups in 

proteins and causing oxidative stress via H202 generation (Ghosh & Zugger, 1973). 

Environmental factors can also affect Hg (II) uptake by changes in cell physiology 

and differ from one species to another (Bienvenue et al., 1984). The combination of 

these two factors may have led to a high variation in response of the bacteria to NaCl 

andHgCh. 

Results obtained for determination of HgCh toxicity in the presence of varying 

NaN03 concentrations are exhibited in Fig 5.6. Approximately 50% inhibition in 

biosensor response was observed for NaN03 concentrations ::;; 1.5% and above this 

concentration range, a dramatic rise in toxicity was observed. Statistical analysis of 

the biosensor data showed no significant difference in toxicity of HgCh at lower 

NaN03 concentrations (0.2% - 1.5%), but the higher salt concentrations (2% and 

2.5%) were found to be significantly more toxic. This pattern of toxicity can again be 

explained on the basis of cytotoxic effects of mercury and high osmolality. A 

comparison of these CAOC biosensor results with those obtained for E. coli (section 

4.2.3.4) biosensors shows that N03- is more toxic to CAQC,than to E. coli. This 

variation in toxicity may be due to the differences in assay protocol (biosensor 

monitoring solutions and the mediators) and/or due to differences in microbial 

metabolism (heterotrophic E. coli versus autotrophic/ mixotrophic CAOC). The 

consortium had also exhibited a similarly high susceptibility on exposure to NaN03 

in combination with 3,5-DCP. The behaviour of the CAOC sensors indicates that the 

toxicants and N03- are acting synergistically, leading to a varying degree of decline in 

respiratory, ammonia oxidation and other metabolic rates. 
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Fig. 5.6. The combined effects of 1 ppm HgClz and various concentrations of NaN03 on CAOC 

biosensors. The inhibition in biosensor response was calculated against the response of control sensors, 

which were monitored in the Nitrosomonas bathing medium, supplemented with relevant salt 

concentration and 40 f.1M 2,6-DMBQ. 

5.5 Testing Ammonia Oxidation Using Merck Speetroquant® Ammonia Test 

Kit 

Results from E. coli toxicity experiments (Chapter 4) suggest that in order to 

adequately interrogate cellular events, more than one type of bioassay is needed for 

toxicity testing. It is even more essential in the case of a consortium to challenge the 

organisms in different ways, since there may be quantitative and qualitative 

differences in the reaction of different micro-organisms to toxicants and 

physicochemical parameters. A battery of tests used in combination with each other, 

provide a better insight into the toxicity of a substance to cells as compared to a 

single test (Dalzell et al., 2002). Therefore, the Merck Spectroquant® ammonia test 
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kit was used to determine the effect of toxicants and ions on the ammonia oxidation 

capacity of CAOC. The test kit is based on the indophenol-blue method to detect 

levels of ammonium in solution. Under highly alkaline conditions, ammonium is 

present largely as NH3• During the test, the ammonia reacts with hypochlorite to form 

monochlorarnine, which then reacts with phenol to produce the deep blue coloured 

indophenol (Anon, 2002; Ivancic & Degobbis, 1984). The concentration of 

ammonium is determined by measuring O.D.712nm, using a spectrophotometer. 

The present test was used as a surrogate for the rnicrotitre plate growth assays. 

Initially the consortium was incubated as a suspension in the Nitrosomonas bathing 

solution at 30°C, for 6 hr. Control and test solutions were analysed using the Merck 

Spectroquant® test kit, but the ammonium levels in the test solution were found to be 

the same as that in the controls, which had contained no cells, indicating no ammonia 

oxidation had taken place. In natural environments, ammonia oxidisers are usually 

found in aggregates or attached to surfaces (Bock et al., 1991; Prosser, 1989). The 

consortium had failed to grow in liquid media during early attempts to isolate CAOC 

from the activated sludge. Just as in natural environments, growth only occurred on 

solid medium. The success of monitoring the CAOC in biosensor configuration also 

supports the findings that the CAOC needs to be attached to something in order to 

sustain ammonia oxidising capability. Failed attempts in liquid culture suggested that 

ammonia utilisation may be greatly reduced in the culture medium used for this 

assay. Therefore, several methods of cell-to-surface attachment were used to try and 

promote cell growth (layering of vials with glass fibre fi~ter paper, bacteriological 

agar or immobilisation of cells in sodium alginate). It was observed that when a thin 

layer of bacteriological agar was laid in sterile vials and the cells were incubated with 

the bathing solution for 24 hr, ammonia levels recorded from the test and the control 

vials were lower than those in the blanks, indicating ammonia oxidation was taking 

place. Although the decline in ammonia levels was not great (approx O.D.test 0.6), it 

was found to be significantly lower than the controls (approx O.D.controls = 0.75). An 

incubation period of 24 hr was chosen for the assay since a shorter test time period 
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was found to be inadequate for determining any differences between control and test 

samples even under this improved method ofcell presentation. 

To test the effect of 3,5-DCP on ammonia oxidation, the cells were incubated with 

the reference ECso concentration (17 ppm) that had been determined for the CAOC 

biosensors. Subsequent experiments showed a lack of reproducibility of the O.D. 

readings upon incubation with the toxicant. Similar experiments were carried out with 

4.5 ppm HgCh, which again yielded highly irreproducible results. Further 

experiments to detect combined toxicant and ion toxicity were abandoned due to time 

limitation and problems associated with lack of reproducibility. 

The reasons behind the irreproducibility of this methodology are not clear. The 

consortium was acknowledged to be an undefined mixture of AOB (probably more 

than one species) and other types of micro-organisms. The physical character of the 

consortium was also found to change over a period of time. Different types of 

ammonia oxidisers react differently to chemical inhibitors and environmental factors 

(Feray & Montuelle, 2003; Prosser, 1989) and'may have different metabolic rates. 

Heterotrophic organisms survive in the consortium and appear to grow commensally 

even under severe nutritional limitations. Such growth could affect the metabolic 

activity of the AOB during the incubation period and this, in turn could affect 

ammonia utilisation. Variability in the composition of the consortium, different 

metabolic rates and sensitivities of AOB species may all have contributed to the 

irreproducibility of the results. 
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5.6 Summary 

AOB form an integral part of activated sludge and play a very important part in 

removal of nitrogen from wastewater treatment plants, but are highly susceptible to 

death or metabolic damage from both toxic substances (Juliastuti et a/., 2003) and 

changes in environmental parameters (Bollmann & Laanbroek, 2002; Rysgaard et al., 

1999). Therefore, there is a need to develop bioassays to monitor the health of these 

organisms, through which they can act as early warning systems in the protection of 

wastewater treatment plants. This need has yet to be met because the inherent frailty 

of the organisms means that they are difficult to handle under contrived, artificial 

conditions. 

A natural consortium capable of sustaining ammonia oxidation (CAOC) when 

immobilised was isolated from activated sludge. However, it proved impossible to 

isolate pure AOB cultures. The CAOC was amenable to immobilisation in biosensor 

configuration and ammonia oxidation was detected indirectly through mediated 

amperometry. Though the level of biosensor response was lower than the 

heterotrophic E. coli, these novel sensors were found to respond reproducibly to the 

test toxicants. The sensors could not be freeze-dried due to the susceptibility of the 

AOB to the technique. 

The biosensors responded to changes in ion concentration of the bathing solution. 

Experiments to determine the effects ofNaCl and NaN"03 on the consortium showed 

that both the salts were toxic to the cells, though cr was found to be more inhibitory 

as compared to N03-. However, the ions were found to be less toxic to the consortium 

as compared to the results cited for toxicity testing using pure cultures (Rysgaard et 

al., 1999). 

EC50 determination for 3,5-DCP and HgCh indicated that the consortium was less 

sensitive to the toxicants than E. coli. The fact that consortia are generally more 
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robust than pure cultures (Evans et al., 1998) and the cells from wastewater treatment 

works are usually adapted to small doses of toxicants (Gernaey et al., 1997) could 

have been a major factor in these results. Attempts to determine the combined effects 

of 3,5-DCP and the inorganic ions produced highly anomalous data. Presence of 

NaCl was found to reduce the toxicity of 3,5-DCP, while high concentrations of 

NaN03 exacerbated the impact of the toxicant on the consortium. The reasons behind 

these results were not evident, though the presence of heterotrophic micro-organisms 

may have played a role in the biosensor response. Exposure of the CAOC biosensors 

to combinations of HgClz and NaCl led to highly irreproducible results. The 

combinations of salts and toxicants used in the current study have not been tested 

previously on AOB by other researchers. Therefore, it can be hypothesised that 

presence of different cell species within the consortium and possible differences in 

Hg(II) uptake by cells (Bienvenue et al., 1984) led to the present set of results. 

Measuring ammonia oxidation in an undefmed consortium using the Merck 

Spectroquant® ammonia test kit produced irreproducible results. However, the assay 

did highlight the need for the CAOC to be immobilised to sustain ammonia oxidation 

since the consortium was found to be incapable of growth in suspension. Low levels 

of ammonia utilisation by the CAOC when immobilised on bacteriological agar 

support biosensor testing that the AOB were indeed present in the consortium, albeit 

in apparently changing amounts. 

The current study led to the development of a novel· biosensor with an 

environmentally relevant microbial population. It was demonstrated that it is possible 

to harness ammonia oxidation activity using both types of bioassays within 

limitations imposed by the inherent difficulties of isolating and culturing AOB. It 

would be interesting to employ other bioassays such as the Clark oxygen electrode 

test to gain a deeper insight into the effects of salts and toxicants on these micro

organisms. Further experimentation is also required to develop new fast, low cost 
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toxicity tests, since an array of tests provide a better insight into the toxicity of 

chemicals and the effects of physicochemical parameters on test organisms. 
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6 Conclusions 

6.1 Aims and Objectives 

Micro-organisms form an important part of the food chain and are essential for 

nutrient cycling in natural environments. Natural habitats of micro-organisms are 

subject to the influx of toxic compounds and fluctuations in physicochemical 

factors such as osmolality, pH and temperature, which can lead to high amounts 

of cellular stress and a reduction in viability. Therefore, it is important to 

characterise the effects of these factors on the micro-organisms. Bioassays have 

long . been used to inform on the effects of different types of toxicants and 

physicochemical stressors on naturally .occurring micro-organisms, though the 

data on combined effects of the toxicants and stressors is very limited. Also, most 

toxicity assessment procedures are carried out using well-defined, standard 

protocols which do not take into account the physicochemical variations occurring 

in nature (Goodfellow et al., 2000). 

The main aim of the project was to use existing microbial bioassays alongside 

developmental sensors to investigate the combined effects of toxicants and 

environmental stressors on microbial cells. Investigations were carried out using 
\ 

axenic cultures of E. coli and an ammonia oxidising consortium of cells (CAOC) 

isolated from activated sludge. E. coli, a heterotrophic model test organism, was 

selected for its well characterised response to the chosen toxicants and also to the 

chosen physicochemical stressor, osmolality (Meury & Kohiyarna, 1992; Wood, 

1999). CAOC is an environmentally relevant consortium of cells, which made it 

highly suitable as a test species in the biosensors. The effects of osmolality on the 

toxicity of chemicals to ammonia oxidisers have not been characterised before. 

Use of CAOC in biosensor format also provided an opportunity to assess the 
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impact of the above mentioned parameters. Bioassays with different end-points 

(mediated biosensors, Clark oxygen electrode and growth tests) were used to 

detect the effects of the chosen toxicants (3,5-DCP or HgCh) and changing ion 

concentration on bacterial cells. Physicochemical sensor constructs developed 

within LIRANS (conductivity and DO), were validated with the intent of 

exploiting them for purposes of toxicity testing. The conductivity sensor construct 

was used to indirectly inform on the osmolality of the test medium. A 

combination ofmicrobial bioassays have been used by other researchers to inform 

on toxicity of environmental, industrial and medical samples (Pill eta/., 1991; 

Ren, 2004), but the battery of biological and physicochemical tests in the above

mentioned combination for multi-parameter testing has not been used previously. 

The objectives outlined in chapter 1 were met with varying degrees of success and 

lead to some extremely interesting observations. They are discussed in the 

following sections. 

6.2 Use of a Battery of Assays for Multi-Parameter Toxicity Testing and 

Suggestions for Future Work 

6.2.1 Validation of Conductivity and Dissolved Oxygen (DO) Sensor Constructs 

Prototype, disposable physicochemical sensor constructs had been developed 

within LIRANS as part of an EPSRC project (Birch et a/., 2001), with the 
\ 

potential of being incorporated into a multi-sensor array system, for rapid multi

parameter testing, along with the microbial biosensors. One sensor, namely the 

conductivity sensor construct, had been shown to respond to changes in ionic 

concentrations of solutions. A second prototype, termed the DO sensor construct, 

had responded qualitatively to the physical removal of oxygen from bulk 

solutions. 
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The osmolality of an ionic salt solution is directly proportional to conductivity of 

the solution. Changes in the osmolality of the bioassay medium/test solution can 

cause stress to the microbial test species. Determination of this parameter prior to 

the biological analysis of a test sample can provide vital information about the 

potential impact ofchanges in the osmolality of the sample on the test species. 

The aim of utilising the conductivity sensor in this project was to provide 

conductivity data on CellSense™ biosensor/Clark oxygen electrode test samples, 

which could then be related to the standard osmolality values. The validation 

procedure consisted of the assessment of various salt solutions (NaCl, NaN03, 

KCl and KN03) using the conductivity sensor construct. Although an increase in 

the sensor output values was observed with a rise in salt concentration, the 

relationship was not found to be linear and the sensor response became insensitive 

(saturated response) at higher salt values. The response profile of the sensor 

limited· its use to a broad range finding device, where the sensor output readings 

could be related to low, medium or high osmolality values; for example, the 

sensor output for 0.85% NaCl (bacteriological saline) was 0.27 V, a value taken to 

equate to medium osmolality. The non-linear relationship between the sensor 

output values and salt concentration plus its low sensitivity were thought to be due 

to problems with the design of the electronic circuitry. Though the sensor 

constructs were insensitive at high salt concentrations (> 1% ), concentrations 

lower than 1% were found to have a linear relationship with the sensor output 

values. The saturation of response at higher salt concentrations can be addressed 

by diluting the test sample before analysis and then extrapolating the result to the 
' 

initial test concentration, since a linear relationship exists between the standard 

conductivity/osmolality values and the salt concentration. This experimental 

procedure would provide more accurate information about the test sample, but 

may not then allow both physicochemical and biological testing of the same 

aliquot of the test sample. 

Further work with the conductivity sensor construct could include a re-design of 

the electronic circuit board to enable an increased sensitivity of the sensor and a 
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linear relationship between the sensor output and the salt concentration over a 

wider concentration range. This would allow the sensor construct to be used both 

as a quick pre-test to the biological sensors to provide valuable information about 

the salt levels of the test samples and also for simultaneous testing with biological 

sensors. 

The in-house DO sensor construct was designed to be used as an alternative 

bioassay to mediated biosensors, to provide an additional method of monitoring 

respiratory activity of the microbial cells. The prototype in-house sensor construct 

was made available to this project following preliminary qualitative validation. 

The qualitative (physicochemical) validation was repeated using N2 gas and 

NazS03 to ensure the reliability of the new batch of screen-printed sensors. The 

second stage in validation of the sensor (biological validation) was carried out by 

monitoring the effect of 3,5-DCP on oxygen utilisation by E. coli cells in 

suspension. Experiments revealed that although the magnitude of response was 

stable, it was non-reproducible when monitoring bacterial cells in suspension. 

Further characterisation of the sensor using electrochemical methods such as LSV 

divulged a shift in the peak potential with each subsequent scan to higher values 

that were considered unsuitable for reduction of oxygen at the electrode surface. 

This was thought to be due to problems associated with the reproducibility of the 

D14 carbon ink used for the working electrode (Morrin et a/., 2003). Similar 

problems in reproducibility were observed between different batches of screen

printed electrodes in the current study. Though this specific carbon ink had been 

chosen after careful comparison with other carbon inks avai,lable on the market 

(Birch et a/., 2001), the problems with the inappropriate peak potential and 

reproducibility may not have been apparent in the developmental work carried out 

for the EPSRC project. 

The lack of reproducibility may also have been exacerbated due to the differences 

in the thickness of the hand-layered semi-permeable polystyrene membrane. 

Attempts to screen-print the membrane had not been successful due the high 

evaporation rates of the solvent (toluene), which led to clogging of the screens. 
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The polystyrene had been chosen during the development of the sensor after 

careful comparison with other materials such as poly vinyl alcohol (PV A). Other 

authors have investigated semi-permeable membranes such as cellulose acetate, 

PVC and PTFE for use with DO sensors with gold working electrodes (Atkinson 

eta/., 1999; Glasspool & Atkinson, 2003). The success of their models could have 

been based on the differences in the working electrode materials and the fact that 

the semi-permeable membrane was either screen-printed or spray painted, instead 

ofbeing hand-painted. 

The CellSense™ electrode, on which the design of the in-house sensor was based, 

was subsequently modified and operated as a DO sensor. The CellSense™ 

electrode is a well characterised, professionally screen-printed sensor and has 

shown great reproducibility of both inter- and intra-batch response over many 

years. However, the results of experiments similar to that carried out with the in

house sensor construct revealed that the CellSense™ electrode is relatively 

insensitive to changes in dissolved oxygen levels in solution. A thorough 

validation of both the in-house sensor construct and the modified CellSense™ 

electrode during this project demonstrated the inadequacy of the carbon ink 

electrodes to function as DO sensors. 

Most screen-printed DO sensors utilise gold or platinum inks for their working 

electrodes (Atkinson eta/., 1999) since reduction ofoxygen at the surface of these 

precious metals is more readily achieved than on the surface of the carbon inks. 

The major drawback of these gold and platinum inks is tJteir high cost and the 

requirement of high curing temperatures, which necessitates specialised 

equipment. In contrast, carbon inks have low costs and the screen-printed sensors 

can be cured at 80°C, which makes them ideal in the production of laboratory 

scale disposable sensors. However, the complex formulation of the D 14 carbon 

ink appears unable to facilitate reproducible oxygen reduction. An economic 

compromise may be found in the utilisation of platinised carbon inks. These inks 

have lower costs than the pure metal inks but increased sensitivity for the 

reduction of oxygen as compared to the carbon inks due to incorporation of 
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platinum particles in the carbon ink. Deposition of the semi-permeable membrane 

through screen-printing methods instead of hand layering would also enhance the 

reproducibility of the sensors. Use of a solvent with a lower evaporation rate than 

toluene or materials such as PTFE that can be spray-painted onto the sensors may 

also help the sensor to achieve its full potential. 

A large number of rapid microbial tests have been developed to assess the toxicity 

of environmental, industrial and medical samples. Although these assays are 

useful in the determination of factors such as bioavailability, cytotoxicity and 

genotoxicity, they do not address the equally important physicochemical 

characterisation of the test sample. Such characterisation is important in gaining a 

better understanding of the biological data and detailed chemical assays available 

can be expensive and time' consuming. The recent development of thick film 

sensors that can be used to analyse the physicochemical stressors offers low cost, 

mass fabrication and high reproducibility of the sensors. The experimental-phase 

physicochemical sensors made available for this project had been developed for 

such purposes. However, further validation of the sensor constructs found certain 

limitations with both conductivity and DO prototypes. 

The drawbacks associated with the two sensor constructs prevented them from 

being utilised to their full potential. As suggested earlier, it may be possible to 

make certain alterations in these sensors to overcome the problems and integrate 

them into hybrid sensors. There is a distinct need for development of sensor arrays 

which include both, the biological and the physicochemical sensing elements. 
\ 

Though electrochemical hybrid sensors have been developed (Atkinson et al., 

1999), they only assess selected physicochemical factors and consist of gold 

electrodes which are more expensive for use in disposable sensors. Moreover, 

hybrid sensors that analyse both biological and physicochemical parameters have 

not been developed previously. Therefore, development of a biological

physicochemical hybrid sensor would be valuable. The current sensor prototypes 

have the advantage of being cost effective and user friendly. They are also 

compatible with a modified version of the CellSense™ biosensor system. This 
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modified system has the ability to monitor both amperometric and potentiometric 

sensors, which makes it possible to integrate the physicochemical sensors with the 

CellSense™ biosensors to produce a hybrid sensor system for multi-parameter 

testing. 

Currently, individual sensors, screen-printed on separate substrates are used for 

toxicity testing. With the miniaturisation (screen-printing) facilities available, it 

would be possible to fabricate electrodes monitoring pH, temperature, redox, 

conductivity and DO onto a common substrate. Since the currently available 

sensors are already compatible with a single sensing system, it would also be 

possible to develop sensors to monitor other factors, for e.g., pH, temperature and 

redox and integrate them onto a single substrate. Production of a sensor array 

would help in real-time monitoring of all the above mentioned factors. The data 

generated from the different sensors could then be used for pre-biosensor 

screening purposes. The physicochemical characterisation of samples and most 

bioassays are not carried out under field conditions, though it is possible to use 

certain portable systems such as CellSense™ on site. Rejection of a sample can 

lead to further delays (Fig. 6.1 ). Moreover, a large number of standardised 

bioassays do not account for changes in the physicochemical factors occurring in 

natural environments. 
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Sample Sample passed 
rejected 

Chemical Analysis with an 
characterisation of alternate bioassay 

the sample 

Fig. 6.1. A flowchart depicting standard bioassay testing procedures. 

Production of a hybrid physicochemical sensor would allow a pre-bioassay 

screening test to be developed. The relatively small size of the sensor would make 

it possible to be used on-site and detect changes in conductivity, dissolved oxygen 

concentration, temperature, pH etc. and the shorter time period required as 

compared to other detailed chemical analyses would make it an attractive tool for 

toxicity testing. Any variations from the normal test range of these stressors 

would help in further decision making (Fig. 6.2). Depending on the type of 

stressor and levels of variations, specialised bioassays could then be used. High 

conductivity readings would mean elevated levels of ions in the sample, which 

could interact with the compounds in the bioassay medium and give rise to false 

results. Customisation of the medium to reduce interaction would give a better 

indication of the toxicity of the test sample. Very large variations in the 

physicochemical stressors would require remediation of the sample before further 

biology-based experiments are carried out. 
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Production of a hybrid physicochemical sensor would allow a pre-bioassay 

screening test to be developed. The relatively small size of the sensor would make 

it possible to be used on-site and detect changes in conductivity, dissolved oxygen 

concentration, temperature, pH etc. and the shorter time period required as 

compared to other detailed chemical analyses would make it an attractive tool for 

toxicity testing. Any variations from the normal test range of these stressors 

would help in further decision making (Fig. 6.2). Depending on the type of 

stressor and levels of variations, specialised bioassays could then be used. High 

conductivity readings would mean elevated levels of ions in the sample, which 

could interact with the compounds in the bioassay medium and give rise to false 

results. Customisation of the medium to reduce interaction would give a better 

indication of the toxicity of the test sample. Very large variations in the 

physicochemical stressors would require remediation of the sample before further 

biology-based experiments are carried out. 
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Fig. 6.l. A flowchart depicting the possible use of a hybrid physicochemical sensor as a pre

bioassay screening method. 
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Integration of a mediated biosensor element into the hybrid physicochemical 

sensor would result in a completely novel sensor array, which could then be used 

to provide simultaneous biosensor and physicochemical sensor data. The stressor 

data would help in the interpretation of the biosensor response and also help to 

build up a large database to develop models for organism-toxicant-stressor 

interactions. 

The physicochemical sensors also have the potential of being utilised as biosensor 

transducers. The initial aim of the DO sensor had been to apply it as an alternative 

biosensor transducer to the mediated CellSense ™ sensors. Therefore, as a part of 

the hybrid sensor, it would be possible to use it for dual purposes, i.e., to detect 

changes in the partial pressure of oxygen in the bulk solution and as a biosensor 

transducer. It would also be interesting to immobilise the biological cells onto the 

conductivity and pH sensors and detect the changes in conductivity/pH as a 

response of the cells to toxicants. It is known that microbial growth can result in 

changes in the conductivity and pH of a medium. Immobilisation of cells onto the 

conductivity sensor would provide data about the ionic changes occurring in the 

cellular micro-environment. Similar biology-based experiments with the pH and 

redox sensors would offer information on different facets of the impact of toxic 

chemicals and physicochemical factors on cells. It would also be a step forward in 

better understanding of the effects of stressor-stressor and stressor-toxicant 

interactions on micro-organisms, which till now have been relatively poorly 

understood. 

6.2.2 Effects of Toxicants and Changing Ion Concentrations on Escherichia coli 

E. coli was used as the biological test element for the assessment of combined 

toxicity of inorganic salts (NaCl, NaN03, KCl, and KN03) and the chosen test 

toxicants (3,5-DCP and HgCh). The bacterial cells were interrogated using three 

different bioassays, namely, the mediated CellSense™ biosensors, the Clark 

oxygen electrode and the 96-well microtitre plate tests. While the biosensors and 
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the oxygen electrode monitor the bacterial respiratory chain, the plate tests look at 

the overall effect of physicochemical factors and toxicants on cellular growth. The 

aim of this section of the study was to compare and contrast the information 

obtained from microworganisms monitored in bioassays comprising different end

points, and thereby, to fill in the gaps in the understanding of stressor-toxicant 

interactions with micro-organisms. The inorganic salts and the toxicants were 

selected based on their well characterised effects on microbial cells and their 

importance in natural environments. 

Comparison of the results from the three bioassays showed a variation in response 

of the cells to the inorganic salts. The inorganic ions (Na+, K+, cr and NOJ) have 

both non-specific and specific effects on the cells. The non-specific effect is 

exerted in the form of changing osmolality. Osmotic upshifts cause a sudden 

decline in carbohydrate uptake and respiration, though these effects can be 

alleviated by accumulation of compatible solutes by the cells within 20-60 min of 

exposure to high osmolality (Roth et a/., 1985b; Wood, 1999). A high 

concentration of salts in the test media is thus expected to cause a decline in the 

cellular metabolism. Both CellSense™ and the Clark oxygen electrode generated 

the hypothesised results, i.e., an increase in the toxicity of ions with an increase in 

their concentration. In contrast, growth of E. coli cells was found to be highly 

stimulated in the presence of the inorganic ions. The differences in the results can 

be attributed to the differences in the test times and the composition of the 

bioassay media. Both the biosensor and the oxygen electrode assays were short

term (30 min) as compared to the 6 h microtitre plate tests. Moreover, the plate 

tests utilised half strength nutrient broth as the growth medium. Since nutrient 

broth is the growth medium of choice for E. coli and consists of many undefined 

compounds, the probability of the presence of some compatible solutes is high. 

The 6 hr time period would also allow the cells to accumulate and synthesis 

compatible solutes and overcome the deleterious effects ofhigh osmotic pressure. 

The specific ion toxicity was observed with the differences in the effects of the 

two anions (Cr and N03) and the two cations (Na+ and K). As expected, Cr and 
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Na+ were found to be more toxic to respiration than N03" and K+ respectively 

(Moreno-Vivian et al., 1999; Serrano, 1996). However, all the ions at their chosen 

test concentrations, with the exception of 2.5% NaCl caused stimulation in cell 

growth, confirming their importance in bacterial growth and metabolism. The 

results also demonstrate the robustness of E. coli and its ability to overcome the 

deleterious effects ofhigh salt concentrations, under the right growth conditions. 

The results from all the three bioassays confirmed that toxicity is a multi

parameter phenomenon, and micro-organisms are influenced by the stresses of the 

natural environment. None of the bioassays employed were able to recreate the 

natural habitat of the organism used where the cells are exposed to limited 

nutrients over long periods of time. The sensor procedures did allow comparative, 

real-time monitoring of test samples to be undertaken for more than one parameter 

but the solute requirements for both electrochemical and biological functioning at 

the point of toxic challenge compromised their validity as mimics of natural 

environments. Therefore, further work needs to be carried out through the 

development of new bioassays which mimic the environmental conditions or by 

exposure of the mediated and non-mediated sensor to the test salts for a longer 

period of time for comparative results with the microtitre plate growth tests. 

Utilising the current bioassays in this manner will provide a better idea on the 

overall effects of these salts on heterotrophic bacteria. 

Assessment of the toxic impact of 13 ppm 3,5-DCP (EC5o dose) and the inorganic 

salts to E. coli cells again revealed differences among the bioassays. 3,5-DCP 

manifests its effect through two main modes of action, narcosis and uncoupling. 

As initially hypothesised, the CellSense™ biosensors recorded a significant 

increase in the toxicity of the chlorophenol with increasing salt concentration. The 

decline in respiratory rates was attributed to the combined narcotic effect caused 

by the toxicant and the negative effects of high osmotic pressure. Similar 

observations were made with the microtitre plate growth tests, though the 

inhibition in growth was found to be higher than that for the biosensor assay. This 

result supports the fmdings of other workers that long-term exposure of bacterial 
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cells to narcotic chemicals leads to a build-up of the compound in the cytoplasmic 

membrane (Escher et al., 1996), which can lead to a reduction in cell viability. 

Moreover, it is also possible that the cells divert their energy to overcome the 

effects of the toxicant, thereby reducing their ability to multiply. Comparison of 

these findings with those obtained with the Clark oxygen electrode indicated a 

non-narcotic mode of toxic action by 3,5-DCP, since a rise in oxygen utilisation 

was recorded by the electrode. The compound is a mild uncoupler, which can 

cause a short-term increase in the respiratory rate. This may be a compensatory 

mechanism by the cells to overcome the effects of the toxicant on cellular 

metabolism. 

Mercuric compounds have long been recognised as a major biohazard. HgCh 

causes its toxicity to cells by binding to the thiol groups in amino acids, thereby 

inhibiting protein function. It also leads to production of reactive oxygen species, 

which can cause oxidative damage to the cells (De Magalhaes & Tubino, 1995; 

Wright & Mason, 2000). Oxygen consumption monitored by the Clark cell was 

found to be greatly reduced by 1 ppm HgCh, but the toxicity of the compound 

was found to decrease in the presence of increasing potassium salt concentrations. 

This relationship between K+ and HgCh was unexpected and remains 

unexplained. However, it may be postulated that since K+ acts to alleviate the 

effects ofhigh osmolality, it might also exert some protective effect on the cells. 

The main point of interest arising from the biosensor studies on combined 

mercury and inorganic salt toxicity was an ionic dependent effect on toxicity. 

While the chloride salts, in conjunction with the toxicant were inhibitory to the 

cells, stimulation in biosensor response was observed with the nitrates. There is no 

evidence of any documentation on the combined effects of HgCh and 

NaN03/KN03, but since similar results were not observed with the oxygen 

electrode, this was thought to be a mediated biosensor effect rather than a true 

manifestation of the cellular response to the stressors and the toxicants since 

preliminary tests using Hg(N03)2 as the toxicant and NaCl as the stressor did not 

produce similar results. Analysis of the effect of HgCh on bacterial growth rates 

146 



revealed the importance of the chemical composition ofthe bioassay media and its 

association with bioavailability of the test substance to the test species. The 

microtitre plate tests were carried out in the presence of half strength nutrient 

broth, which contains a high number of proteins. The test concentration of 

mercury was not seen to affect the growth rates, a result which was attributed to 

the binding ofmercury to the proteins in the nutrient broth resulting in a reduction 

in the bioavailability of the metal, thereby rendering it less or non-toxic. 

Therefore, use of complex media for monitoring unknown samples can lead to an 

inaccurate estimation of risk. 

It would be fascinating to further characterise the stimulatory effects of mercury 

and the nitrate salts on the mediated biosensors. Since the low concentration of the 

toxicant with the plate assays did not provide any definitive results, it would be 

interesting to monitor the effects of higher concentrations of HgClz on bacterial 

growth in the presence of the nitrate salts. It would also be useful to monitor the 

cut-off point where mercury becomes bioavailable and how that relates to media 

used in other established bioassays. As mentioned above, preliminary experiments 

to test the combined effects of Hg(N03) 2 and NaCl yielded very different set of 

data from that of HgClz and NaN03• Experiments with different permutations and 

combinations of toxic chemicals and ions would also be of great interest. 

The results obtained with all the three bioassays stress the importance of choosing 

toxicants with different physicochemical properties for investigative studies, since 

the bioavailability and toxicity of a toxicant vary with the test conditions. It is also 

important to understand the chemical composition of test media and what role it 

might play in the toxicity of a compound, and to use an array of bioassays with 

different end-points for routine testing, since they can provide valuable 

information about the nature and level of toxicity and the transient and long-term 

effects a toxicant may have in the natural environments. 
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6.2.3 Effects of Toxicants and Changing Ion Concentrations on a Consortium 

with Ammonia Oxidation Capacity (CAOC) 

Ammonia oxidising bacteria (AOB) are an important part of the nitrogen cycle 

and in the wastewater treatment plants, they are invaluable in helping to convert 

ammonia to nitrite. These organisms are highly susceptible to changes in 

physicochemical parameters (Rysgaard et al., 1999) and to the presence of toxic 

substances in the treatment plants (Grunditz, 1999). There remains an urgency to 

develop bioassays which characterise the effect of both the above-mentioned 

stressors, since attempts to date have failed to achieve a reliable real-time assay. 

Though a number of studies have been carried out on both pure cultures (Hunik et 

al., 1992; Macfarlane & Herbert, 1984) and activated sludge (Surmacz-Gorska et 

al., 1996), the combined effect of both toxicants and environmental factors on 

ammonia oxidation has not been characterised previously. 

Heterotrophic micro-organisms from activated sludge have been previously used 

in biosensor configuration within LIRANS for the assessment of environmental 

samples. Since the AOB are more susceptible to toxicants and environmental 

stressors than the heterotrophs, the use of these bacteria in biosensor configuration 

could provide useful information on this highly vulnerable population of the 

wastewater treatment plants, a consortium with ammonia oxidation capacity 

(CAOC) was isolated from activated sludge. Whilst isolation of pure cultures of 

ammonia oxidisers proved to be impossible under the conditions available, use of 

the consortium as the biosensor test species was thought to be more 

environmentally relevant since the AOB are usually present within a consortium 

in wastewater treatment plants. The consortium proved amenable to 

immobilisation in biosensor configuration, but did not survive freeze-drying. This 

was not unexpected since the AOB are notoriously sensitive to stress. Therefore, 

the CAOC biosensors had to be prepared fresh which meant a large number of 

sub-cultures were required to carry out this study. The physical appearance and 

the growth rate of the consortium suggested the presence of heterotrophic 

organisms along with the chemolithoautotrophic AOB, a hypothesis which was 

148 



confirmed by monitoring the CAOC biosensors in a non-selective mediwn. It was 

shown that a mediated response could be elicited from the sensors bathed in a 

minimal mediwn containing NaHC03 and (N~)S04, specific for promoting 

ammonia oxidation activity. In addition, the consortiwn was also shown to 

respond to ATU, which is a specific inhibitor of ammonia oxidation (Gemaey et 

a/., 1997). However, use of the specific bathing mediwn allowed the interference 

from the heterotrophs to be minimised, but the presence ofheterotrophs was taken 

into consideration during evaluation of experimental results, especially 

considering the potential variability in ratio of the two types of organisms within 

the population. 

The hypothesis that an increase in the salt concentration leads to a decline in the 

metabolic activity of bacteria held true in the case of the CAOC biosensors. cr 
was found to cause higher toxicity than N03-, though the toxicity of the salts was 

lower than that expected since the AOB are known to be susceptible to high 

salinity (Bollmann & Laanbroek, 2002; Rysgaard et a/., 1999). There have been 

suggestions that the effect of NaCl on nitrification is related to the original 

environment of the bacteria (Finstein & Bitzk:y, 1972). The current consortiwn 

had been isolated from a wastewater treatment plant handling mainly household 

and some industrial wastes, which makes it possible that the bacteria were 

acclimatised to high levels of salts. Moreover, consortia are generally less 

susceptible to toxins as compared to pure bacterial cultures (Chapman, 2000; 

Evans eta/., 1998). 

The response of the consortiwn to the combined effects of 3,5-DCP and the 

inorganic salts was found to be very different from that observed with E. coli. cr 
is known to be more toxic to cells than N03-, but the toxicant was found to be 

more toxic to the cells in the presence of NaN03 than when exposed in 

combination with NaCl. The reason behind this observation was not readily 

apparent, though the presence of both AOB and heterotrophic populations within 

the consortiwn could have been a contributing factor. This study raises new 

questions about the interaction of physicochemical stressors and toxicants with 
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consortia, though the lack of information on the joint effects of the toxicants and 

the inorganic ions makes it difficult to identify the exact reasons behind these 

results. Microbial toxicity tests which inform on other aspects of ammonia 

oxidation need to be carried out to provide a better understanding of the reasons 

underlying the above-mentioned results. For example~ examining the effects of the 

above mentioned parameters on production of nitrite by the consortium would be 

used as an alternative assay. 

The consortium was also interrogated using the Merck Spectroquant® ammonia 

test kit. Initial experiments demonstrated the inability of the CAOC to grow in 

suspension~ which was a requirement of the assay. In natural environments such 

as wastewater treatment plants, the cells are usually found in floes or attached to 

various surfaces (Grunditz~ 1999). The inability to monitor the consortium in 

suspension suggests that even under controlled laboratory conditions~ cells need to 

attach to surfaces to sustain metabolic activity and growth. Further experiments 

with cells immobilised on bacteriological agar demonstrated this hypothesis to be 

true. However, whilst ammonia oxidation was detected in control samples, 

exposure to 3~5-DCP and HgCh did not produce reproducible results. 

Experiments with the CAOC emphasise the fact that great care needs to be taken 

during development of new bioassays using consortia as the test species~ since the 

presence of cells with different nutritional requirements can affect the results to a 

large extent. 

In the present study only the effects of sodium salts on the toxicity of 3,5-DCP 

and HgCh were examined. It would be interesting to study the combined impact 

of potassium salt and the toxicants on the consortium. This project has highlighted 

the benefits of using an array of bioassays for toxicity testing. Therefore, future 

work using microbial toxicity tests such as the dissolved oxygen electrode and, 

the development~ and use, of other consortium specific growth tests would 

provide a better insight into the effects of the above-mentioned factors. It would 

also be interesting to characterise the CAOC using 16s rRNA techniques for a 

better understanding of the types of organisms present in the consortium. This 
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would also enhance the interpretation of the current results. Characterisation of 

the effects of physicochemical parameters and toxicants on key enzymes in 

ammonia oxidation, such as ammonia monooxygenase, using molecular biology 

techniques would also be of use. Use of techniques such as quantitative RT-PCR 

would be helpful in determination of levels of such enzymes over different time 

periods and provide a molecular level understanding of the stressor and toxicant 

effects. 

6.3 Further Perspectives 

This project has emphasised the importance of using multiple bioassays with a 

variety of end-points for toxicity testing. The mediated and the non-mediated 

sensors provide an opportunity for real time event monitoring, while the growth 

tests assess a more integrated impact on cell physiology. Though previous studies 

have been carried out to assess organism-stressor and organism-toxicant 

interactions (Escher eta/., 2002; Serrano, 1996), very few consider the interaction 

of all three factors. The present study confirms the fact that the effects produced 

by toxicants and stressors depend on the type of micro-organism being 

interrogated. It also demonstrated the importance of multi-parameter testing for 

the evaluation ofnovel organism-stressor-toxicant interactions. 

Although the current project addressed the impact of toxicants and stressors on 

prokaryotic cells, it did not evaluate such effects on eukaryotic micro-organisms. 

The CellSense™ has already used algae and fish cells for commercial testing 

purposes in the past. Therefore, it would be interesting to look at fungal cells such 

as yeast, in conjunction with the sensor system. Since the eukaryotic respiratory 

chain is housed in the mitochondria, development of such sensors would also 

require optimisation of an appropriate respiratory substrate solution and a 

lipophilic mediator to access the eukaryotic ETC. It would be vital to consider the 

fact that such mediators are more invasive and can themselves be toxic to the 

cells. Therefore, use of a compound that would offer reproducibility and 
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negligible toxicity to the cells would be important. These sensors would provide a 

clearer perception of the differences in the responses of prokaryotes and 

eukaryotes to possible stressors in the natural environments. 
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Appendix. A 

Preparation ofNitrosomonllS Bathing Solution for CAOC Biosenson 

Procedure 

1. Weigh out 0.504 g NaHC03 and 0.528 g (Nf4)2S04. Dissolve them in 100 ml 

de-ionised water to prepare the stock solution. 

2. Make a 1 :20 dilution of the stock bathing solution to produce the bathing 

solution for the CAOC biosensors. Store in the fridge at 4°C for further use. 

3. Bring back to room temperature before use with the biosensors. 
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AppendixB 

Agar Media for CAOC 

Ingredients 

1.0 g KzHP04 

0.2 g MgS04.?HzO 

0.05 g FeS04.?HzO 

0.02g CaC}z.2HzO 

0.002 g MnCh.4HzO 

0.001 g NazMo04.2HzO 

1.5 g N~Cl 

5.0 g CaC03 

1000 ml De-ionised water 

Procedure 

1. Weigh out the above mentioned ingredients and dissolve/suspend the 

chemicals in 1000 ml de-ionised water. 

2. Distribute the suspension into two 500 ml ·bottles. Since the medium is highly 

turbid, make sure that the precipitate is equally distributed between the bottles. 

3. Add a concentration of 1.5% bacteriological agar (by weight), to each bottle 

and autoclave at 121°C for 15 min. 

4. Temper the bottles to about 60°C and pour the agar medium into the Petri 

plates, shaking the bottles at regular intervals to ensure equal distribution of 

the precipitate. Approximately 23-25 plates should be obtained per 1000 m1 of 

agar. 
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5. Let the plates cool slowly in piles to maintain high moisture conditions within 

the agar, since the consortium does not grow well on dry plates. 

6. After the plates have cooled sufficiently, store them at 4°C for further use. 
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