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ABSTRACT 
 
Oxidative stress-inducing chemical contamination in the environment is a significant concern for 
public health.  The depletion of antioxidants by these chemicals results in oxidative stress which 
may cause detrimental effects in many cell types.  For example, multiple stress responses may be 
activated in bacteria and several disorders including neurodegenerative disorders may occur in 
mammalian organisms.  Oxidative chemicals also have negative effects on engineered water 
systems as an oxidative stress response in bacteria has been implicated to cause process failure in 
wastewater treatment facilities.  Therefore, it is essential to monitor oxidative chemical 
contamination in water environments to provide early warning of potential negative effects.  
Whole-cell biosensors that indicate bacterial stress responses to oxidative toxic agents can be 
powerful tools in environmental monitoring.   
 
An oxidative stress response found in many Gram-negative heterotrophic bacteria called the 
glutathione-gated potassium efflux (GGKE) mechanism is a good biological indicator to be used 
in a biosensor designed to detect the presence of oxidative chemicals in water.  The authors of 
this study propose the development of a GGKE biosensor using an environmental strain of 
Pseudomonas aeruginosa.  The abundance of the global antioxidant glutathione, the gating 
compound in GGKE, in various cell types suggests that there may be connections between the 
responses of the different cell types to oxidative stress.  In this study, specific oxidative stress 
responses in two distantly related cell types were studied: the GGKE mechanism in Gram-
negative heterotrophic bacteria, and mitochondrial dysfunction in rat brain cells.  Furthermore, 
the use of an octanol-based emulsification method for the immobilization of P. aeruginosa in 
calcium alginate microbeads was evaluated for long-term mechanical stability, viability, and 
GGKE response of the immobilized cells.  The immobilization of cells is an important factor in 
the design of a whole-cell biosensor, and must yield viable and active cells over time. 
 
This study showed that the dose-dependent responses of GGKE in Pseudomonas aeruginosa 
cells and of mitochondrial dysfunction in a mixed culture of rat brain cells to a model oxidative 
electrophilic chemical, N-ethylmaleimide, correspond well to each other.  We also showed that 
both responses are accompanied by the depletion of intracellular glutathione, which precedes the 
GGKE response in P. aeruginosa as well as mitochondrial damage in rat brain cells.  Thus, this 
study suggests that bacterial responses to oxidative stress involving glutathione, such as GGKE, 
could potentially be used as an early warning to predict the presence of bioavailable oxidative 
chemicals that can induce oxidative stress in eukaryotic systems.  Although further research is 
needed, this suggests that bacterial stress response biosensors may be used to predict oxidative 
stress responses in mammalian brain cells. 
 
 



The octanol-based emulsification method produced P. aeruginosa encapsulated alginate 
microbeads with an average diameter of 200 μm.  The microbeads were mechanically stable in 
solutions containing up to 20 mg/L K+ for 15 days.  LIVE/DEAD® and specific oxygen uptake 
rate (SOUR) analyses showed that the microbead-immobilized cells recovered their membrane 
integrity within 5 days but not their net respiration potential.  The microbead immobilized cells 
had no net GGKE potential in response to 50 mg/L N-ethylmaleimide after 14 days whereas 
water-based alginate bead (2mm) immobilized cells did, albeit at a reduced level to planktonic 
cells.  Confirmation experiments revealed that octanol impeded cellular activities of the 
immobilized cells.  Overall, this study showed that the octanol-based emulsification method is 
not suitable for the immobilization of P. aeruginosa for use in the GGKE biosensor and other 
microscale immobilization methods should be evaluated. 
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Chapter 1.  Literature Review  
 

1.1  Introduction 

 Improving and maintaining the quality of natural and engineered water bodies in the 

environment continues to be one of the biggest challenges for countries throughout the world.  

Increasing cases of environmental pollution in many natural water bodies, such as rivers and 

lakes; the concern associated with intentional or accidental introduction of chemical toxic agents 

into engineered water and wastewater treatment systems; and the increasing concern for 

ecosystem and human health have emphasized the need for effective environmental monitoring 

tools.  Environmental monitoring not only deepens our understanding of the chemical, physical, 

and biological responses in a variety of environmental conditions, but also allows effective and 

rapid response to pollution events (Gruber 1988). 

 Many natural and engineered water systems are in constant danger of pollution.  

Chemical contamination in natural waters have had many negative effects on ecosystem and 

human health, such as the reproductive changes in aquatic organisms by endocrine disruptors 

(Falconer et al. 2006) and neurological defects due to oxidative methylmercury contamination as 

seen in Minamata disease (Usuki et al. 2001).  Contamination in engineered water systems, 

especially water and wastewater treatment plants, could result in decreased performance that 

could lead to decreased pathogen and nutrient removal and, hence, is a significant concern for 

public health safety.  For example, influents contaminated with oxidative toxic chemicals may 

cause activated sludge deflocculation in biological wastewater treatment, which has been 

implicated as one cause of process upset events at wastewater treatment plants (WWTPs) (Bott 

and Love 2002; Bott and Love 2004; Henriques et al. 2004).  These upset events result in poor 

effluent quality, the potential discharge of harmful toxicants, and possible pathogen loadings in 
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effluent-receiving streams.  It can take weeks to months for WWTPs to recover from such upset 

events.  

Early warning systems, such as chemical and biological sensors, are useful in both 

natural and engineered water systems for detecting the presence of toxic chemicals that may have 

negative effects on environmental and human health.  In particular, the use of an in situ biosensor 

is promising as an environmental monitoring tool.  This research considers the development of a 

biosensor based on a bacterial stress response to provide early warning of the presence of toxic 

chemical agents that induce oxidative stress.   

 

1.2  Biosensors 

Traditional environmental monitoring strategies involve laboratory analyses of samples 

obtained from the original environment, which may not represent the true behavior of chemical 

and biological species in the natural dynamic environment (Hanrahan et al. 2004).  Chemical and 

biological sensors are more effective methods that allow in situ environmental monitoring.  In 

particular, biosensors have been gaining strong interest as a tool for environmental monitoring 

(Belkin 2003; Hansen and Sorensen 2001).  A biosensor is a device that consists of a biological 

recognition element coupled with a microelectronic system to detect specific substances (Belkin 

2003).  Utilizing biosensors for environmental monitoring provides an advantage over chemical 

or physical sensors because of the high specificity of the biological elements and the ability to 

account for the bioavailability of toxic chemicals.  Furthermore, biosensors can allow direct 

measurement of the biological effects of chemicals or environmental conditions, thereby going 

beyond the identification of pollutants (Belkin 2003).  
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1.2.1 Stress-based whole-cell biosensors 

The biological recognition element in a biosensor can be sub-cellular material such as 

enzymes or DNA, whole cells, or whole organisms.  Using whole organisms and cells instead of 

sub-cellular components provides several advantages, including but not limited to the ability to 

account for bioavailability and toxicity of the substance and the reduced cost related to the 

preparation of the biological element (Lei et al. 2006).  While whole-organism biosensors 

typically use fish (Hayward et al. 1988), whole-cell biosensors utilize unicellular organisms, 

such as bacteria and fungi, or artificially cultured eukaryotic cell lines.  Microorganisms, 

especially bacteria, have been continually considered to be highly appropriate for whole-cell 

biosensors because they are robust relative to most eukaryotic cells and inexpensive to culture 

(Nivens et al. 2004).  In particular, utilizing stress responses of bacterial cells in biosensors as the 

biological indicators could potentially predict the ability of the substance to induce toxicological 

events in many types of cells in the environment.   

Many studies have been conducted on genetically modified bacterial cells to include 

reporter genes, such as lacZ encoding for β-galactosidase, as part of the detection system in 

whole-cell biosensors (Hansen and Sorensen 2001).  Several studies have developed genetically 

modified bacterial strains containing fusions of reporter genes to promoters that are inducible by 

various stresses, such as UV radiation (Elasri and Miller 1998; Vollmer et al. 1997), 

antimicrobial agents (Bianchi and Baneyx 1999), and oxidative stress (Belkin et al. 1996).  The 

expression of some reporter genes is not affected by environmental conditions such as oxygen 

availability, thereby allowing reliable detection of the upregulation of the target genes (Hansen 

and Sorensen 2001).  The use of reporter genes also provides high specificity to the biosensor as 

it can measure the expression of a single target DNA fragment (Harms et al. 2006).  However, 
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the detection of many reporter genes require expensive equipment (Hansen and Sorensen 2001).  

Furthermore, there is growing concern and unrest in the scientific community and the general 

public about the use of genetically modified organisms (Gilsdorf and Zilinskas 2005; Schlimme 

et al. 1997; Willamson 1992).  Some intrinsic stress responses in bacteria, as reviewed later in 

this chapter, are detectable by existing chemical analytical methods and do not require genetic 

modifications for detection.  These responses can be used to construct stress-based whole-cell 

biosensors from naturally-occurring bacterial strains.   

 

1.2.2 Immobilization methods 

In many cases, the biological element of a biosensor must be immobilized to ensure close 

contact of the recognition element with the analytical device and to prevent washout of the 

biological element (Lei et al. 2006).  Furthermore, immobilization strategies should be designed 

to preserve cell viability and activity, and physically protect cells from physical stress 

(Bjerketorp et al. 2006).  The immobilization strategy used in whole-cell biosensors should be 

rapid, simple, inexpensive, mechanically stable, have minimal impact on substrate or product 

diffusivity, and be biocompatible to minimize negative impacts on cell viability or activity.  

Several immobilization polymer matrices are available including photopolymerized gels such as 

a mixture of acrylic acid and methacrylate (Beebe et al. 2000) and poly(ethylene glycol) (Koh et 

al. 2002), and chemically polymerized hydrogels such as calcium alginate.  Calcium alginate 

hydrogels, in particular, have been used in many applications including live cell encapsulation 

(Periera et al. 2005; Weber et al. 2006), drug delivery systems (Fundueanu et al. 1998), and 

medical implantations (Dufrane et al. 2006). 
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Alginate is a water-soluble polysaccharide consisting of blocks of β-D-mannuronic acid 

(M) and α-L-guluronic acid (G).  When the alginate solution comes in contact with multivalent 

cations (typically Ca2+), hydrogels are formed instantaneously by ionic cross-linking of the 

monomers.  The hydrogel and solution forms of alginate are reversible in the presence of high 

concentrations of monovalent cations and some anions such as phosphate (Smidsrod and Skjak-

Braek 1990).  Cell encapsulation in the alginate hydrogels can be achieved by mixing the cell 

suspension with the alginate solution before solidifying with Ca2+.  Microscale encapsulation of 

live cells in alginate has gained strong interest in recent years, particularly in medical 

applications such as live cell therapy (Chen et al. 2007).  The microscale immobilization of 

whole cells is also beneficial for application to biosensors because they increase the specific 

surface area of immobilized beads, thereby decreasing diffusion limitations of cellular substrates 

into or products out of the polymer.  Several successful microscale immobilization methods 

using whole cells have been reported with the diameters of alginate microcapsules ranging from 

200 μm (Chandramouli et al. 2004) to 700 μm (Joki et al. 2001).   

Microscale immobilization in alginate can be attained by the use of poly-L-lysine (PLL).  

The alginate-PLL-alginate microparticle as an immobilization matrix has been studied for 20 

years (Gao et al. 2005).  A mixture of alginate and cells is sprayed into a Ca2+-containing 

aqueous solution with an air-atomizing device to form hydrogels, followed by incubation in a 

PLL solution to coat the microparticles and a final recoating step with alginate.  PLL-complexed 

alginate microbeads  have been shown to successfully encapsulate active, functional mammalian 

cells for up to six weeks (Joki et al. 2001). 

Several studies have shown that the use of chitosans produce stable alginate microbeads 

that may be suitable for the encapsulation of live mammalian cells (Baruch and Machluf 2006; 
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Chen et al. 2007).  In this method, hydrogel microparticles are formed as described above, 

followed by an incubation in a chitosan solution to form an additional protective layer around the 

alginate microparticles.  Lee et al. (2004) used the alginate-chitosan complex to immobilize 

Lactobacillus bulgaricus for use in probiotic administration and freeze-dried the microparticles 

immediately after immobilization.  However, the immobilization did not significantly improve 

the survival rate of L. bulgaricus compared to planktonic cells during storage in a skim milk 

solution for four weeks.  This may have been partially due to the antimicrobial properties of 

chitosans (Baytukalov et al. 2005; Muzzarelli et al. 1990), which make the chitosan 

complexation method unsuitable for the immobilization of live bacterial cells.     

The sizes of alginate-PLL-alginate and alginate-chitosan microparticles are limited by the 

nozzle of the air-atomizing device used to create the particles and typically are larger than 200 

μm in diameter .  A microscale immobilization technique involving a solvent-based 

emulsification step has been shown to form microcapsules containing antigens and drugs with 

diameters as small as 5 μm (Cho et al. 1998; Heng et al. 2003).  A mixture of organic solvents, 

such as octanol and isooctane, and various emulsifiers (i.e. surfactants and oils) creates an 

immiscible organic phase where the hydrophilic alginate solution is dispersed into fine 

microbeads with vigorous stirring.  The organic solvent also adds stability to the microbeads and 

prevents aggregation and clumping of microbeads (Heng et al. 2003).  The size of the 

microparticles created using this emulsification method can be optimized by changing the 

alginate concentration, the emulsifier content, or the stirring speed (Cho et al. 1998), indicating 

the potential to produce very small microbeads containing whole cells. 
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1.3  Bacterial responses to toxicity 

Bacteria are often exposed to various stimuli in the environment such as toxins, 

antibiotics, chemical toxicants, and extreme environmental conditions that can cause stress 

responses in the cells.  Many stress responses have distinct intracellular changes and some cause 

specific extracellular changes.  The stress response used as the biological recognition element in 

a stress-based biosensor must be rapid and detectable by existing technologies.  Various stress 

responses are reviewed next with a focus on oxidative stress responses. 

 

1.3.1 General stress responses 

The general stress proteins (GSPs) that are induced in response to various stimuli are well 

studied in model organisms such as Escherichia coli and Bacillus subtilis.  GSP genes are non-

specific and are turned on by regulatory proteins regardless of the exact nature of the stress 

(Hecker and Volker 1990).  The alternative sigma factor RpoS (σS) is a well known GSP that 

regulates emergency reactions to stress in E. coli and other proteobacteria (Hengge-Aronis 1999).  

RpoS levels are known to increase at the transition from late exponential phase to stationary 

phase in batch culture, thereby making stationary-phase cells more resistant to stress (Gentry et 

al. 1993; Lange and Hengge-Aronis 1994).  The importance of RpoS in E. coli stress responses 

ranges from starvation survival to heat shock and acidification; however, its role is less pivotal in 

other bacteria such as Pseudomonas aeruginosa, a well-studied opportunistic human pathogen 

(Schuster et al. 2004).  Other GSPs include protein-folding chaperones such as GroEL in E. coli 

(Lin and Rye 2006), DnaK in Enterococcus faecalis (Rince et al. 2000), and heat shock proteins 

(Hecker and Volker 1990). 
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1.3.2 Oxidative stress responses 

Oxidative damage is a specific stress response that has been studied extensively for 

decades.  There is increasing evidence that oxidative stress contributes to many human diseases 

such as cardiovascular disorders (Dringen and Hirrlinger 2003), cancer (Izzotti et al. 2006; Valko 

et al. 2006), and neuronal disorders (Mecocci et al. 1994; Polidori et al. 1999).  Oxidative stress 

is involved in environmental issues such as radical production in air pollution (Hogervorst et al. 

2006), heavy metal contamination (Geslin et al. 2001; Wang and Crowley 2005), drinking water 

contamination by anthropogenic toxicants (Mohamadin et al. 2005), and wastewater treatment 

plant upset by industrial toxicants (Bott and Love 2002; Bott and Love 2004). 

Oxidative stress in bacterial cells can be triggered by extracellular chemical oxidants 

(electrophilic chemicals) or by intracellular metabolites through the production of reactive 

oxygen species (ROS).  ROS include superoxide anions (O2
-), which are known to damage iron-

sulfur clusters in enzymes (Flint et al. 1993), hydrogen peroxide (H2O2), which readily oxidizes 

enzyme thiols (Storz and Imlay 1999; Zheng et al. 1998), and hydroxyl radicals (OH·).  Because 

the cell is constantly exposed to low levels of ROS through its own metabolism, it has effective 

defense systems consisting of many enzymes and stress proteins that detoxify ROS and repair the 

negative effects of such stressors.  However, when ROS formation in the cell exceeds the 

detoxifying mechanisms, ROS can damage the cell by inhibition of crucial enzymes, direct DNA 

damage and mutagenesis, and direct membrane damage.   

Many redox enzymes that detoxify ROS are regulated by SoxRS and OxyR transcription 

factors.  The expression of the SoxRS transcription factors is induced by elevated levels of the 

superoxide anion, and the redox-active center of the SoxR protein is an iron-sulfur cluster that is 

readily activated by O2
-.  Therefore, several important enzymes involved in the defense against 
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O2
- toxicity are regulated by SoxRS.  Examples of such enzymes are manganese superoxide 

dismutase (catalyzes the reaction from O2
- to H2O2), endonuclease IV (repairs DNA damage), 

aconitase and fumarase (O2
--resistant isozymes) (Storz and Imlay 1999).  On the other hand, the 

redox-active center of the OxyR protein is a disulfide bond that can be oxidized by H2O2; 

therefore, the expression of OxyR is induced by elevated intracellular levels of H2O2.  Catalases 

(catalyze the reaction of hydrogen peroxide to water and oxygen), hydroperoxide reductases 

(catalyze the reduction of H2O2 to water and oxygen), and glutathione reductase (catalyzes the 

reduction of oxidized glutathione) are regulated by OxyR along with several other enzymes 

(Storz and Imlay 1999).  SoxRS and OxyR regulons are also known to provide protection against 

organic solvents and reactive nitrogen species (Storz and Imlay 1999). 

 

1.3.3 Glutathione-gated potassium efflux (GGKE) 

 Glutathione (N-(N-L-γ-glutamyl-L-cysteinyl)glycine) (Figure 1.1) is known to be present 

in many types of cells and is involved in various detoxification mechanisms including protection 

from oxidative stress and protection of vitamins from depletion by xenobiotics (Watson et al. 

2004).  Initially, glutathione was thought to be present in all bacteria but researchers have found 

that while it is present in most Gram-negative bacteria, it could not be found in many Gram 

positive bacteria (Fahey et al. 1978).  In Gram-negative bacteria, reduced glutathione (GSH) and 

oxidized glutathione (GSSG) represent the majority of the low molecular weight thiol fraction in 

the cell (Apontoweil and Berends 1975).  GSH is susceptible to spontaneous attack by 

electrophilic oxidants such as N-ethylmaleimide (NEM) and methylglyoxal and is sacrificially 

oxidized to form either a conjugate with the electrophile (GSX) or its dithiol form, GSSG, to 
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protect the cell from oxidation (Figure 1.1) (Apontoweil and Berends 1975; Ferguson et al. 1993; 

Hibberd et al. 1978; Zheng et al. 1998).   
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Figure 1.1: The chemical reaction of glutathione.  Reduced glutathione (GSH) is converted to 
oxidized glutathione (GSSG) under oxidizing conditions, and conjugated to form GSX upon 
exposure to an electrophilic chemical. 
 

Meury and Kepes were among the first researchers to show the link between glutathione 

and potassium channels.  In 1980, they, along with colleagues, showed that NEM caused an 

immediate efflux of potassium in K+-loaded E. coli cells (Meury et al. 1980).  They showed in 

1982 that E. coli mutants deficient of GSH could not efficiently retain intracellular potassium 

compared to wild-type cells and therefore, suggested a gating mechanism of potassium channels 

by glutathione (Meury and Kepes 1982).  Two major genetic loci for potassium transport 

regulation have been identified: kefB (formerly known as trkB) and kefC (formerly trkC) which 

are K+-H+ antiporters (Bakker et al. 1987; Epstein and Kim 1971). While Hibberd and colleagues 
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(Hibberd et al. 1978) showed in 1978 that E. coli cells attacked by an electrophilic thiol-

oxidizing agent formed more glutathione-protein conjugates (GSX) than GSSG in the cell, there 

was a hole in their understanding of the exact relationship between electrophile attack, GSX, 

GSSG, and potassium channels.  In 1990, Elmore, Booth and colleagues filled the gap by 

showing that the glutathione-NEM conjugate formed when E. coli cells were exposed to NEM 

activates the potassium transport systems regulated by KefB and KefC, resulting in an efflux of 

potassium from the cell (Elmore et al. 1990).  Therefore, this system is known as the glutathione-

gated potassium efflux (GGKE) system and is shown in Figure 1.2.  The main mode of 

protection provided by the mechanism is cytoplasmic acidification.  The GGKE system has also 

been shown to be activated in E. coli cells exposed to methylglyoxal, a toxic electrophilic 

metabolite produced in all cells, and the electrophile chlorodinitrobenzene, suggesting that the 

system is activated when cells are exposed to not just NEM but to all electrophiles (Ferguson et 

al. 2000; Ferguson et al. 1993).  Once the oxidative stressor is detoxified and the threat is 

eliminated, the conjugates formed between GSH and the electrophilic chemical and GSSG is re-

reduced to GSH by glutathione reductase, which is regulated by OxyR.  The potassium efflux 

channels are inactivated and subsequent uptake of potassium occurs, indicating that the GGKE 

response is reversible (Ferguson et al. 2000). 

The GGKE system has been implicated to be a mechanism for biological wastewater 

treatment plant upset when high levels of electrophilic contaminants are present in the influent 

(Bott and Love 2002; Bott and Love 2004).  Biological treatment in WWTPs is critical in the 

pollution control of municipal and industrial wastewaters to ensure good effluent quality.  The 

quality of biological wastewater treatment depends on many factors such as solids retention time, 

influent characteristics, the community of microorganisms present, and activated sludge floc 
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integrity.  Activated sludge floc strength is strongly influenced by the monovalent-to-divalent 

cation ratio in the water with lower ratios (more divalent cations) forming dense flocs that are 

more resistant to shearing (Higgins and Novak 1997a; Higgins and Novak 1997b).  Based on 

these observations, Bott and Love showed that the increase in extracellular K+ concentration 

from the GGKE response in activated sludge to electrophilic toxicants can cause subsequent 

deflocculation and process upset (Bott and Love 2002; Bott and Love 2004).   

 

K+

 

GS-

Courtesy of  
N. Love 

Bioavailable 
electrophilic 

chemical  
stressor 

Figure 1.2: The GGKE response to bioavailable electrophilic chemicals in Gram-negative 
bacteria.  When bioavailable electrophilic chemicals enter the cell, glutathione is sacrificially 
conjugated to detoxify the chemical.  The conjugated compound (GSX) activates the K+-H+ 
antiporter, resulting in the efflux of potassium and influx of protons.  The subsequent 
acidification of the cytoplasm provides the cell with more protection against the stressor. 
  

1.4  Eukaryotic responses to toxicity 

Bacteria and mammalian cells have been shown in separate studies to elicit stress 

responses under similar toxic conditions, such as in the presence of hydrogen peroxide (Dringen 
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et al. 2005; Salunkhe et al. 2005), indicating that a bacterial stress response could act as an 

indicator of conditions that induce stress in eukaryotic cells.  However, it is necessary to find a 

connection between the stress responses of the different cell types.  Once the connection has 

been established, biosensors utilizing bacterial stress responses may potentially be applied in 

environmental monitoring of chemicals that are toxic to humans and mammals.   

Mammalian brain cells are ideal for the comparison of responses as it is a mixture of 

neurons that have high susceptibility to toxicity, astrocytes that are more tolerant to toxicity, and 

other microglial and glial cells.  Damage in mammalian brain cells caused by toxicants is also of 

public health significance as it suggests the toxicant’s ability to trigger the onset of various brain 

disorders (Thompson 1995).  The following review of eukaryotic responses to toxic conditions 

focuses on mammalian brain cells. 

 

1.4.1 General stress responses 

Physiological homeostasis in mammalian brain cells is achieved through complex 

mechanisms involving stress response pathways and regulators.  Many intracellular and 

extracellular signals induce stress response pathways in brain cells, such as changes in ion 

concentrations, especially extracellular K+ (D'Mello et al. 1997; D'Mello et al. 1993) and 

intracellular Ca+ (Tymianski and Tator 1996), DNA damaging agents, nitric oxide, irradiation, 

neurotoxicants, and oxidative stress (Sastry and Rao 2000).  Stress response pathways that are 

regulated by certain transcription factors are important factors in determining cell survival or cell 

death (Tong et al. 1998).  Commonly used parameters for quantifying cell damage due to stress 

are mitochondrial dysfunction and membrane integrity.   
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1.4.2 Programmed cell death 

Interestingly, cell death is common to a certain degree and even necessary for the 

elimination of unwanted cells during development of multi-cell eukaryote organisms (Jabs 1999).  

Programmed cell death (PCD) is a physiological mechanism regulated by an intrinsic suicide 

program that is activated when the cell is unnecessary to the system or is severely damaged 

beyond repair (Jabs 1999; Sastry and Rao 2000).  Two types of cell death have been identified in 

eukaryote cells: apoptosis and necrosis.  Many researchers have debated the difference between 

apoptosis and necrosis for decades.  Apoptosis, a term coined by Kerr and colleagues in 1972, 

occurs during developmental phases and involves morphological changes such as cell shrinkage, 

chromatin condensation, and requires macromolecular synthesis activation (Kerr et al. 1972).  

Apoptosis occurs in a cascade that is regulated by a class of enzymes called caspases.  Necrosis 

is a cell death process commonly induced by physical or chemical injury that involves the loss of 

cellular homeostasis, cell swelling, leaky membranes, and depletion of ATP.  Increasingly, 

evidence shows that the two types of cell death represent the two extremes of cell death 

mechanisms, and that there are a wide range of cell death types in between (Jabs 1999).  PCD 

was initially thought to be the same as apoptosis; however, additional evidence indicates that 

PCD includes all cell deaths that are mediated by the intracellular suicide program (Sastry and 

Rao 2000).  PCD generally occurs after the cell has been severely damaged. 

 

1.4.3 Oxidative stress responses 

Apoptosis of neurons is a common occurrence during the development of the nervous 

system (Sastry and Rao 2000).  Many studies have shown that oxidative stress caused by 

intracellular mechanisms that produce ROS as well as extracellular oxidizing agents are common 
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inducers of neuronal apoptosis and programmed cell death (Jabs 1999; Park et al. 1998; Ratan et 

al. 1994; Tan et al. 1998).  The major excitatory neurotransmitter glutamate is a model stressor in 

neuronal cultures for which the mechanism of toxicity has been studied extensively.  Glutamate 

toxicity along with oxidative stress has been shown to contribute to many neurodegenerative 

disorders including ischemia, hypoxia, Huntington’s, Parkinson’s, and Alzheimer’s diseases 

(Michaelis 1998).  High extracellular concentrations of glutamate are known to induce neuronal 

apoptotic death through two proposed mechanisms.  The first mechanism known as 

excitotoxicity was proposed by Rothman and Olney in 1986 and involves excessive activation of 

ionotropic and metabotropic glutamate receptors (Chen et al. 2000; Rothman and Olney 1986).  

The over-activation of glutamate receptors results in interference with calcium homeostasis 

which leads to increased ROS in the cell and eventually, cell death (Choi 1988).  This excitotoxic 

pathway can be inhibited by glutamate receptor antagonists (Choi 1988).  The second mechanism 

involves the activation of a glutamate/cysteine antiporter, which also leads to changes in calcium 

homeostasis and accumulation of ROS and finally, cell death (Murphy et al. 1988; Murphy et al. 

1989).  This programmed cell death is ultimately caused by oxidative stress and can be inhibited 

by antioxidants (Davis and Maher 1994; Murphy et al. 1989; Tan et al. 1998).   

Other oxidative stressors that have been studied are hydrogen peroxide, which is 

produced inside brain cells during cellular metabolism, pesticides such as phosphine, heavy 

metals, and organic electrophilic toxins.  A common biomolecule in the cellular response to these 

oxidative stressors is the antioxidant, glutathione (Dringen et al. 2005; Fonnum and Lock 2004; 

Hsu et al. 2002; Tukov et al. 2004).  In all cases, a significant decrease in antioxidant activity in 

a cell under severe oxidative conditions results in increased intracellular ROS concentration and 

ultimately in cellular damage such as a decrease in membrane integrity, DNA damage, and 
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mitochondrial dysfunction as shown in Figure 1.3.  Depending on the severity of cellular damage, 

the cell can recover or undergo apoptosis. 

 

Bioavailable 
oxidative 
chemicals 

Figure 1.3:  The oxidative stress responses of eukaryotic brain cells to bioavailable oxidative 
toxicants.  Antioxidants, such as glutathione, are among the first line of defense when the 
oxidative chemical enters the cell.  Once the antioxidants are overwhelmed, ROS builds up in the 
cell, causing damage to many cellular components including DNA, mitochondria, and membrane.  
When the damage cannot be repaired, the cell undergoes apoptosis. 

 

The mitochondrion is especially prone to oxidation because of its central role in aerobic 

respiration, especially the localizing of the electron transport chain (ETC).  The mitochondrial 

ETC itself produces ROS when the mitochondrial transmembrane potential is decreased or 

disrupted (Chance et al. 1979).  Interestingly, the intracellular oxidation of thiol groups, 

especially glutathione, inhibits complex I of the mitochondrial ETC (Jha et al. 2000) 

subsequently increasing the production and buildup of ROS in the mitochondria. Once ROS 

generation is increased in the mitochondria, it damages the ETC and further stimulates ROS 

production (Jacobson et al. 2005).  The mitochondrion counters the ROS buildup with its own 

defense mechanisms; however, it lacks the enzyme, catalase, and instead depends only on SOD 

and glutathione (Green and Reed 1998) which makes it a more vulnerable organelle to oxidative 
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stress and subsequent dysfunction.  In fact, the decrease in mitochondrial function caused by 

oxidative stress has been directly correlated with disease-inducing factors such as the aging 

process (Beckman and Ames 1998) and specific neurodegenerative disorders such as Parkinson’s 

disease (Choi et al. 2006), Alzheimer’s disease (Blass 1993; Mecocci et al. 1994), and 

Huntington’s disease (Polidori et al. 1999). 

 

1.4.4 The significance of glutathione 

 The role of glutathione in eukaryote cells is very similar to that in bacterial cells in that 

GSH sacrificially gets oxidized into GSSG or GSX to detoxify and reduce ROS.  ROS is 

generated in the brain during oxidative phosphorylation and in response to oxidizing agents 

(Dringen and Hirrlinger 2003).  Intracellular GSH is a critical factor in cellular defenses against 

oxidative stress and ROS as seen in many studies.  Peroxide toxicity is alleviated by catalase and 

the oxidation of GSH into GSSG in which oligodendrocytes were shown to be most efficient at 

peroxide removal (Dringen et al. 2005).  Hiroi and colleagues (2005) found that GSH was 

oxidized to GSSG and the level of oxidation controlled their fate of apoptosis or survival when 

PC12 pheochromocytoma cells were exposed to iron and ascorbic acid simultaneously, as seen in 

infants with perinatal asphyxia.  In this study, iron was found to catalyze hydroxyl radical 

production, which lead to the oxidation of GSH and oxidative stress.  Similarly, copper, a heavy 

metal that may trigger the formation of ROS and have toxic interactions with ROS, was found to 

be more toxic after glutathione depletion in primary neuronal cultures (White et al. 1999).  

Glutathione also plays a critical role in the protection of rats exposed to the pesticide phosphine 

(Hsu et al. 2002) and in the regulation of neuronal cell death in PC12 cells exposed to repin, a 

 17



plant extract thought to be responsible for equine nigropallidal encephalomalacia (Tukov et al. 

2004). 

The extracellular concentration of GSH in the brain under normal conditions is low but 

depolarization can cause GSH to be released from viable astrocytes, which is regulated by a 

multidrug resistance protein (MRP) (Dringen et al. 1997; Hirrlinger et al. 2002).  The release of 

GSH provides additional protection against oxidizing conditions to neuronal and glial cells.  

Extracellular GSH is thought to be the first line of defense against ROS generated in the 

extracellular fluid in the mammalian brain and may also contribute to the maintenance of GSH 

levels in the cerebrospinal fluid (Dringen and Hirrlinger 2003).   

 

1.5  Scope of research 

Based on the review of literature, it is clear that environmental monitoring of oxidative-

stress-inducing conditions is important for environmental and human health.  Biosensors 

utilizing bacterial stress responses as the biological recognition element have the potential to be 

applied in such environmental monitoring schemes.  In particular, previous research indicates 

that the GGKE response to oxidative electrophilic chemicals in Gram-negative bacteria can be 

used in a biosensor designed to provide early warning of process upsets in WWTPs by detecting 

the presence of glutathione-oxidizing chemicals upstream of the plant.  Moreover, separate 

studies done on bacteria and mammalian cells suggest that bacterial stress-based biosensors 

could be applied to early warning systems that detect potential risks to human and mammalian 

health.  However, characterization studies that show direct correlations between bacterial stress 

responses and damage in other cell types in the presence of toxic chemicals are lacking. 
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This research proposes the development of a P. aeruginosa GGKE biosensor that detects 

the presence of bioavailable, glutathione-reacting, oxidative chemicals in environmental waters.  

The biosensor will consist of bacterial cells immobilized in alginate microbeads contained in a 

flow-through column, and potassium concentrations will be measured by potassium 

microelectrodes before and after the column.  When the potassium concentration after the 

column is significantly higher than the concentration before the column, it indicates the presence 

of one or more oxidative chemicals in the water.  This study will focus on providing a 

characterization study of the correlation between bacterial and mammalian cell responses upon 

exposure to oxidative chemicals with the intention being to broaden the application of the GGKE 

biosensor, as well as the microscale immobilization of P. aeruginosa for use in the biosensor.  

The objectives of this research are to: 

1. evaluate the correlation between P. aeruginosa and mammalian brain cell responses 

to oxidative electrophilic toxins, and 

2. evaluate the use of a solvent-based microscale immobilization methods for 

immobilizing P. aeruginosa in alginate for use in the biosensor.   
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2.1 ABSTRACT 

Oxidative stress-inducing chemical contamination in the environment is a significant concern for 
public health.  The depletion of antioxidants by these chemicals results in oxidative stress which 
may cause detrimental effects in many cell types; for example, multiple stress responses may be 
activated in bacteria and neurodegenerative disorders may occur in mammalian systems.  
Glutathione is an important global antioxidant involved in cellular defense against oxidative 
stress.  In this study, specific oxidative stress responses in two distantly related cell types are 
studied: the glutathione-gated potassium efflux (GGKE) mechanism found in Gram-negative 
heterotrophic bacteria, and mitochondrial dysfunction in rat brain cells.  The GGKE system is a 
bacterial defense mechanism targeted against oxidative stress caused by electrophilic chemicals 
that directly involves glutathione.  This study shows that the dose-dependent responses of GGKE 
in Pseudomonas aeruginosa cells and of mitochondrial dysfunction in a mixed culture of rat 
brain cells to a model oxidative electrophilic chemical, N-ethylmaleimide, correspond well to 
each other.  We also show that both responses are accompanied by the depletion of intracellular 
glutathione, which precedes the GGKE response in P. aeruginosa as well as mitochondrial 
damage in rat brain cells.  Thus, this study suggests that bacterial responses to oxidative stress 
involving glutathione, such as GGKE, could potentially be used as an early warning to predict 
the presence of bioavailable oxidative chemicals that can induce oxidative stress in eukaryote 
systems. 
 

2.2 INTRODUCTION 

Oxidative stress induced by biological, chemical, or physical insults that damage proteins, 

nucleic acids, and cell membranes is harmful for many organisms.  In humans and mammals, 

many diseases and disease-inducing factors are induced by oxidative stress at the cellular, tissue, 

or organ level.  For example, hyperlipidemia (Liu et al. 2005) and cancer (Izzotti et al. 2006) 

have been linked to oxidative stress.  Furthermore, oxidative stress is thought to be a common 
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precursor to neurodegenerative disorders and stroke (Dringen and Hirrlinger 2003; Fonnum and 

Lock 2004).  Reactive oxygen species (ROS) buildup can be caused by exposure to toxic 

chemicals in the environment; for example, methylmercury contamination in the environment 

caused various adverse effects including oxidative stress in central nervous system (CNS) cells, 

resulting in Minamata disease (Shanker and Aschner 2001; Usuki et al. 2001).   

The biological cell possesses several protective defense mechanisms against oxidative 

stress such as catalase and superoxide dismutase (SOD) enzymes, the biomolecule glutathione, 

and repair activities.  Glutathione is the most abundant nonprotein thiol in both bacteria and 

eukaryotic cells that acts not only as an important antioxidant but also as a protective molecule 

for proteins and vitamins (Watson et al. 2004).  Earlier studies have shown that oxidative stress 

caused by electrophile-induced glutathione depletion ultimately induces apoptosis in neurons 

(Ratan et al. 1994; Tan et al. 1998).  Other researchers have directly correlated apoptosis caused 

by cellular glutathione depletion to neurodegeneration (Desole et al. 1997). 

In bacteria, oxidative stress induced by toxic chemical agents results in several different 

stress responses and later in cell death.  Interestingly, the defenses against oxidative stress by 

Escherichia coli and several other bacterial species are sufficient to avoid endogenous toxicity 

but not adequate to protect the cell if intracellular ROS production is accelerated (Storz and 

Imlay 1999).  Therefore, once the cellular defense is overwhelmed after extracellular oxidative 

chemical attack, bacteria are susceptible to rapid oxidative stress and, ultimately, cell death.  As 

bacteria are important in many environmental processes, oxidative stress-causing chemicals and 

conditions that are bactericidal are harmful to the environment.  Not only is the decrease in 

bacterial concentrations in the environment detrimental, but some stress responses can also have 

destructive effects on bacterial-based engineered environmental technologies.  
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A stress response in Gram-negative bacterial cells induced by electrophilic oxidative 

chemicals that involves glutathione is termed the glutathione-gated potassium efflux (GGKE) 

response.  The GGKE mechanism (as shown in Figure 1A) has been observed in several Gram-

negative bacteria including E. coli, Pseudomonas aeruginosa, Salmonella typhimurium, and 

Rhodobacter sphaeroides (Booth et al. 1993).  When the bacterial cells are exposed to oxidative 

chemicals, glutathione is sacrificially oxidized to form a dimer or conjugated if the chemicals are 

electrophilic.  The reduced (GSH) and conjugated (GSX) glutathione molecules regulate the 

opening of two K+-H+ antiporters, KefB and KefC (Elmore et al. 1990; Meury and Kepes 1982).  

When electrophilic chemicals are present in the surrounding environment, intracellular GSH is 

converted to GSX, which activates the ion channels and results in the efflux of potassium ions 

from the cell (Elmore et al. 1990; Hibberd et al. 1978; Meury and Kepes 1982).  Oxidized 

glutathione (GSSG) may also form upon exposure to oxidative chemicals; however, previous 

studies suggest that GSSG does not play a significant role in the GGKE response (Booth et al. 

1993).  Protons are pumped into the cell simultaneously, causing acidification of the cytoplasm 

which provides the cell with increased protection to stress (Ferguson et al. 2000).  The GGKE 

response is reversible when GSX is re-reduced to GSH by glutathione reductase activity, leading 

to inactivation of the efflux channels by GSH and the subsequent uptake of potassium ions.  

GSSG is also re-reduced to GSH, which increases the available GSH portion in the cell and 

further inactivates the efflux channels (Elmore et al. 1990).  The GGKE stress response 

mechanism has been implicated to have negative effects on engineered environmental systems.  

Bott and Love previously reported a direct link between the bacterial GGKE response and 

activated sludge biomass deflocculation in wastewater contaminated with electrophilic chemicals 

(Bott and Love 2002; Bott and Love 2004).   
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In eukaryotic cells, a significant decrease in antioxidant activity in a cell under severe 

oxidative conditions results in increased intracellular ROS concentration and ultimately in 

cellular damage including reduced membrane integrity, DNA damage, and mitochondrial 

dysfunction as shown in Figure 1B.  Depending on the severity of cellular damage, the cell can 

recover or undergo apoptosis.  In particular, the mitochondrion is an important organelle in 

which most metabolic pathways associated with aerobic respiration such as glycolysis, the TCA 

cycle, and ATP synthesis, are localized.  The mitochondrion is especially prone to oxidation 

because of its central role in aerobic respiration, especially the localizing of the electron transport 

chain (ETC).  The mitochondrial ETC itself produces ROS when the mitochondrial 

transmembrane potential is decreased or disrupted (Chance et al. 1979).  Interestingly, the 

intracellular oxidation of thiol groups, especially glutathione, inhibits complex I of the 

mitochondrial ETC (Jha et al. 2000) subsequently increasing the production and buildup of ROS 

in the mitochondria. Once ROS generation is increased in the mitochondria, it damages the ETC 

and further stimulates ROS production (Jacobson et al. 2005).  The mitochondrion counters the 

ROS buildup with its own defense mechanisms; however, it lacks the enzyme catalase and, 

instead, depends only on SOD and glutathione (Green and Reed 1998) which makes it more 

vulnerable to oxidative stress and subsequent dysfunction than other organelles.  Therefore, 

damage to the mitochondria can lead to devastating consequences for the cell, triggering adverse 

effects in tissues and organs and may serve as a biomarker for such disorders.   
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Figure 2.1: Examples of cellular responses to oxidative chemical exposure: GGKE response in 
Gram-negative bacteria (A) and eukaryotic cell damage cascade (B). 

 

Oxidative chemical contamination in the environment, which is largely from industrial 

waste and pesticide usage, is a significant concern for public health safety.  Early warning 

systems that detect the presence of oxidative chemicals can allow for effective preventative 

measures that protect the environment and public health.  One such early warning device is a 

biosensor, a sensing device using a biological recognition element interfaced to an analytical 

device for detection of certain responses from the biological recognition element.  In particular, a 

bacterial bionsensor that monitors stress responses that involve common antioxidant 

biomolecules such as glutathione could potentially predict the ability of bioavailable oxidative 

stressors to induce toxicological events in many cell types.   

In this study, we propose the bacterial GGKE stress response as an appropriate biological 

indicator for use in biosensors designed to detect bioavailable oxidative chemicals in water 

samples.  The abundance of the antioxidant glutathione, the gating compound in GGKE, in 

various cell types suggests that there may be connections between the responses of the different 

cell types to oxidative stress.  In this study, we have hypothesized that: (i) chemicals that elicit 

the GGKE response in bacteria can also elicit oxidative stress responses in mammalian brain 
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cells, and (ii) the responses of both cell types are correlated with glutathione oxidation.  The 

hypotheses were tested by comparing the GGKE response in an environmental isolate of P. 

aeruginosa, a well-studied Gram-negative bacterium, and mitochondrial dysfunction in a mixed 

culture of rat brain cells. 

 

2.3 MATERIALS AND METHODS 

Growth conditions.   

An environmental strain of P. aeruginosa was isolated previously from a local 

wastewater treatment facility (Love et al. 1998) and was grown on Luria-Bertani (LB) agar 

plates.  Cells from single colonies were grown in a mineral salt medium denoted PA M9.  This 

media consisted of NaH2PO4, 3.0 g; Na2HPO4, 6.0 g; NH4Cl, 1.0 g; NaCl, 0.5 g; Mg SO4•7H2O, 

0.246 g; CaCl2, 0.0147 g; KH2PO4, 17.4 mg; FeSO4•7H2O, 2.5 mg; ZnCl2, 0.25 mg; 

MnSO4•H2O, 0.185 mg; CuSO4, 0.030 mg; NaMoO4•2H2O, 0.006 mg; CoCl2•6H2O, 0.001 mg; 

H3BO3, 0.03 mg; glacial acetic acid, 0.89 mL per liter and the pH was adjusted to 7.0.  The 

bacterial culture was grown at 37°C with stirring at approximately 400 rpm for aeration until late 

exponential phase (optical density of approximately 0.5 at 600 nm).  All media components were 

obtained from Fisher Scientific (Pittsburgh, PA). 

 Mixed rat brain cell cultures including neuronal and glial cells were prepared from 24- to 

48-hour-old neonatal Harlan Srague-Dawley rat pups (Hilltop Lab Animals, Scottdale, PA) as 

previously described (Weber et al. 2001).  In brief, after the brains were aseptically removed, 

cortices were dissected from the brains and cleaned to leave only the neocortex.  The neocortex 

was placed in dissecting saline containing 0.125% trypsin (Sigma-Aldrich, St. Louis, MO) to 

dissociate the cells and was transferred into culture medium containing Dulbecco’s modified 
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Eagle’s medium (DMEM, Mediatech, Herndon, VA) supplemented with 20 mM glucose, 10% 

fetal bovine serum (Summit Biotechnology, Fort Collins, CO), 100 units/ml penicillin, 100 

mg/ml streptomycin, and 2 mM L-glutamine.  After multiple washing, the tissue fragments were 

further dissociated by trituration in culture medium.  The cell concentration of the suspension 

was counted with a hemacytometer and one-mL aliquots of the cell suspension containing 1 × 

106 cells were seeded into each well of a collagen-coated six-well Flex Plate (Flexcell 

International, McKeesport, PA).  Cells were cultured in a 5% CO2 incubator at 37°C for 12-14 

days until use.  Every two to three days, half of the medium was removed from each well and 

replaced with equal parts of neuronal growth medium.  Neuronal growth medium contained 

DMEM, 10 mM glucose, 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine, 

and 5% horse serum (Life Technologies, Inc., Gaithersburg, MD).   

Bacterial potassium efflux experiments.   

Bacterial potassium efflux experiments were carried out by measuring extracellular 

potassium concentration changes in response to exposure to varying doses of N-ethylmaleimide 

(NEM) (Sigma-Aldrich, St. Louis, MO).  A known volume of late exponential phase P. 

aeruginosa cells were exposed to varying concentrations of NEM.  Inhibition studies of specific 

oxygen uptake rates (SOURs) on P. aeruginosa were used to determine the appropriate NEM 

concentrations (data shown in Appendix A, Figure A3).  The NEM final concentrations used 

were 0, 0.0080, 0.080, 0.24, 0.40, 0.60, and 0.80 mM with the highest concentration 

corresponding to the saturation point of SOUR inhibition.  The cells that received no toxin 

addition served as negative controls.  Samples were taken before the addition of toxin and 3, 22, 

42, and 62 minutes after addition.  Each sample was processed by filtering through 0.22 μm 

nitrocellulose MCE filters (Fisher Scientific, Pittsburgh, PA) and acidifying using trace-metal 
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grade nitric acid (to a 10% nitric acid solution) immediately after each sampling event.  Filtered 

and acidified samples were then diluted 1:10 with nanopure water, followed by replacing 1/10 

volume of diluted sample with equal volume of 12.7 g/L cesium chloride solution to minimize 

sodium interferences.  Potassium standards were prepared by diluting a potassium reference 

solution with nanopure water and treating with cesium chloride.  Samples and standards were 

analyzed for K+ concentrations using a Perkin-Elmer flame atomic absorption spectrophotometer 

(5100 PC Atomic Absorption Spectrometer, Perkin Elmer Inc., Wellesley, MA).  All glassware 

was prepared by soaking overnight in 10% nitric acid, followed by thorough rinsing with 

nanopure water.  To confirm results, experiments were run in triplicate using P. aeruginosa cells 

grown from different starting cultures.   

For each experiment, cell concentrations were determined by plate counts of the negative 

control samples performed on LB agar plates.  In brief, the initial cell sample was serially diluted 

1:10 in PA M9.  Aliquots (100 μL) of three serial dilutions were spread onto LB agar plates in 

triplicate for each sample.  The LB agar plates were incubated at 37°C for 24 hours and the 

numbers of colonies for the appropriate serial dilution plates were counted.  Cell concentrations 

of the initial samples were reported as the colony forming units (CFU) per mL of culture.  The 

potassium concentrations for each sample were normalized to the cell concentrations.   

Rat brain cell MTT assays.   

Mitochondrial damage in rat brain cell cultures in response to NEM and Cu2+ were 

determined using the conversion of MTT (3-(4, 5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) to formazan by mitochondrial dehydrogenases.  Mixed culture of neurons and glial 

cells were used 12-13 days after removal from the rat.  Medium in each well was aspirated and 

replaced with fresh neuronal growth medium and NEM to give final concentrations of 0, 0.016, 
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0.080, 0.240, 0.400, and 0.800 mM.  The plates were incubated at 37°C and 5% CO2 for 30 

minutes.  The MTT assay was performed following the procedures of the assay kit (Sigma-

Aldrich Inc., St. Louis, MO) with some modifications.  In brief, the MTT solution was added 

(10% of initial volume in wells) after the toxin exposure time.  The plates were incubated at 

37°C and 5% CO2 for 1.5 hours.  The liquid in each well was aspirated and replaced with an 

equivalent volume of MTT solvent.  The plates were shaken by gently rocking back and forth for 

a few minutes then aliquots from each sample were transferred into a 96-well microtiter plate.  

The absorbance of the 96-well plate was measured at 570 nm with a reference wavelength of 690 

nm on a μQuantTM Universal Microplate Spectrophotometer (BioTek® Instruments, Inc., 

Winooski, VT).  Each sample was measured in triplicate and the exposure to each concentration 

of toxin was performed in duplicate.  The experiment was conducted using cells from three 

separate dissection events to confirm results and ensure biological replication. 

 The formazan concentration of each sample was calculated using the 17 mM-1cm-1 

extinction coefficient as previously described (Miura et al. 2006).  The results from the MTT 

assay were reported as the percentage of formazan production lost due to toxin exposure, which 

was calculated by comparing the concentration of formazan in the negative control that was not 

shocked by any toxin to that of the shocked samples. 

Mitochondrial damage (% of formazan production lost) =
(formazan concentration of unstressed sample)(mM) (formazan concentration of stressed sample)(mM)

(formazan concentration of unstressed sample)(mM)
− 100×

 (eq. 1) 

Glutathione determination in P. aeruginosa.   

Late exponential phase cultures of P. aeruginosa were exposed to various concentrations 

of NEM (0, 0.008, 0.08, 0.24, 0.40, 0.80 mM) for 30 minutes with stirring at 400 rpm.  The 

negative control samples were taken before the addition of NEM.  Cells were harvested by 
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centrifugation at 5,500 × g for 10 minutes at 4°C.  Subsequently, cells were washed twice with 

phosphate buffer saline (PBS) (NaCl, 7.6 g; NaH2PO4, 0.38 g; Na2HPO4, 0.97 g; NaHCO3, 

0.0325 g per liter) and concentrated to approximately 100 times the initial cell concentration.  

Well-mixed samples of the concentrated cultures were taken for cell concentration determination 

after the second washing step.  Cells were centrifuged at 12,500 × g for 5 minutes and the cell 

pellets were exposed to 10 mg/mL lysozyme (Fisher Scientific, Pittsburgh, PA) in PBS for 30 

minutes at room temperature to allow adequate rupturing of the cells.  Lysed samples were stored 

at -80°C until analysis but no longer than 30 days.  Samples were prepared in triplicate. 

 Samples were analyzed for glutathione using the Bioxytech® GSH-420TM glutathione 

analysis kit manufactured by Oxis ResearchTM (Oxis International, Portland, OR).  All samples 

were analyzed for reduced (GSH) glutathione.  In addition, unstressed cells were also analyzed 

for total glutathione (GSH + GSSG).  Lysed cell samples were thawed and centrifuged for 2 

minutes at 12,500 × g.  The supernatant was then analyzed for glutathione according to the 

suggested method by Oxis ResearchTM with some modifications.  In brief, 40 μL of standards 

and total glutathione samples were transferred to a microplate in duplicate.  Equal volumes (40 

μL) of Buffer solution and Reducing Agent solution containing tris(2-carboxyethyl)phosphine 

were added to each well and mixed by pipetting.  Equal volumes of the Chromogen solution 

containing a thiol-scavenging agent, 1-methyl-4-chloro-7-trifluoromethylquinolinium 

methylsulfate, and the Color Developer solution containing NaOH was added to each well with 

mixing after each addition step.  The plate was incubated at room temperature in the dark for 30 

minutes and the absorbance of each well was measured at 420 nm using the microplate 

spectrophotometer.  Lysed samples were treated with Precipitation Reagent (trichloroacetic acid) 
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prior to analysis to precipitate proteins that could interfere with the assay.  GSH samples were 

measured by eliminating the Reducing Agent from the reaction mixture provided in the assay kit.  

Cell concentrations for each sample were measured by microscopic cell counting.  

Briefly, the initial cell samples were diluted 1:1,000 through serial dilutions in PBS and spotted 

onto a Helber Bacteria Counting Chamber (Hawksley, London, UK).  Cells were counted in ten 

squares and the average was used to determine the initial cell concentration.  Reduced and total 

glutathione concentrations were normalized to cell concentrations of each sample and the GSH 

concentration relative to total glutathione concentration was calculated as shown below. 

GSH/cell of stressed sample ( mol as GSH/cell)GSH/total glutathione
Total glutathione of unstressed sample/cell ( mol as GSH/cell)

μ
μ

=  

 (eq. 2) 

Glutathione determination in rat brain cells. 

Growth medium in each well was aspirated with minimal disturbance to the rat brain cells 

adhered to the bottom of each well and replaced with fresh neuronal growth medium and various 

concentrations of NEM (0, 0.04, 0.08, 0.24, 0.40, 0.80 mM).  The plates were incubated at 37°C 

and 5% CO2 for 30 minutes.  Cells were washed twice in PBS by aspiration then ruptured by 

adding diluted Triton X (2% v/v in PBS) to each well.  The lysate samples were stored at -80°C 

until analysis but no longer than 50 days.  Samples were prepared through three separate 

experiments.  Samples were analyzed for reduced and total glutathione as described previously.   

Protein concentrations were determined using the Micro BCATM Protein Assay Kit 

(Pierce, Rockford, IL).  Lysate samples were diluted 1:30 in nanopure water and measured for 

protein concentrations following the procedures recommended by Pierce.  Glutathione 

concentrations were normalized to protein concentrations of each sample and the GSH 

concentrations relative to total glutathione was calculated as shown below. 
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GSH/mg protein of stressed sample ( mol as GSH/mg protein)GSH/total glutathione
Total glutathione of unstressed sample/mg protein ( mol as GSH/mg protein)

μ
μ

=

 (eq. 3) 

Statistical analysis. 

To assess statistical significance between values within an experiment, 2-sided paired t-tests 

were performed.  Values were determined to be statistically different with a p-value of less than 

0.05. 

 

2.4 RESULTS 

Bacterial GGKE and rat brain cell mitochondrial damage were elicited at similar 
concentrations of NEM. 
 
The GGKE response of P. aeruginosa upon exposure to NEM was time-dependent (data shown 

in Appendix A, Figure A1) and dose-dependent (Figure 2).  Rat brain cell mitochondria damage 

in response to NEM was also dose-dependent (Figure 2).  Both responses followed a saturation 

curve model and reached a maximum at 0.4 mM NEM.  The GGKE response was shown to be 

reversible at low concentrations of NEM (up to 0.24 mM) but irreversible at higher 

concentrations (data shown in Appendix A, Figure A1). 
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Figure 2.2: The dose-dependent responses of the GGKE mechanism in P. aeruginosa and 
mitochondrial damage in rat brain cells upon exposure to NEM.  Each data point represents 
the average value from three experiments performed on different cultures.  Error bars 
indicate the standard deviation of all samples analyzed at each time point.  The equations of 
the saturation curves are as follows, where x = NEM concentration (mM) and y = K+ 
efflux/cell (mmol K+/cell) or mitochondrial damage (% formazan production lost). 
(a) P. aeruginosa K+ efflux :                          (b) Rat brain cell mitochondrial damage: 
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GSH decreased in both cell types exposed to NEM. 

The GSH portion of the total intracellular glutathione pool decreased significantly with exposure 

to NEM in P. aeruginosa and in rat brain cells (Figure 3).  The GSH portion was depleted 

quickly in rat brain cells and reached a minimum at 0.080 mM of NEM, whereas in P. 

aeruginosa, the decrease was more gradual and reached a minimum at 0.24 mM of NEM.  These 
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concentrations were lower than the NEM concentrations at which K+ efflux and mitochondrial 

damage reached a maximum (Figure 3).  Both cell types did not experience complete depletion 

of GSH even at 0.80 mM of NEM.  
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Figure 2.3: The change in the available antioxidant, GSH, portion in the total intracellular 
glutathione pool in P. aeruginosa and rat brain cells upon exposure to NEM.  Each data point 
represents the average value from three experiments performed on different cultures.  Error bars 
indicate the standard deviation of all samples analyzed at each time point. 
 

The extent of potassium efflux and mitochondrial damage relative to GSH depletion increases 
with increasing NEM concentrations. 
 
As shown in Table 1, both the amount of K+ effluxed per cell in the P. aeruginosa GGKE 

response and the extent of mitochondrial damage relative to depleted GSH increase as NEM 
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concentration increases.  The increase suggests that the GSH depletion included in the 

denominator correlated with an increasing amount of the conjugated form of NEM, N-ethyl-

succinimido-S-glutathione (ESG, Figure 4), which is not detected by the assay kit used.  ESG is 

also a direct regulator of the GGKE response (Bakker and Mangerich 1982; Ferguson et al. 

1997) and opens K+-H+ antiporters in bacterial cell membranes, which is seen by the increase of 

K+ effluxed from the cells.  On the other hand, the depletion of GSH indicates a decrease in 

antioxidants in the cells and possible increased susceptibility of the cell to oxidants.  While 

glutathione is one of several antioxidants in eukaryotic cells, these results indicate that its 

depletion may lead to increased mitochondrial damage. 

 

Table 2.1: The correlations of P. aeruginosa GGKE response and rat brain cell mitochondrial 
damage (i.e. decrease of MTT reduction to formazan by mitochondrial enzymes) to the depletion 
of intracellular GSH. 
      

 P. aeruginosa Rat brain cells 

NEM concentration K+ effluxed/GSH depleted 
MTT reduction lost/GSH 

depleted 

mM (mmol K+)/(mmol GSH) 
(mmol formazan production 

lost)/(mmol GSH) 
0.00 - - 
0.008 (-0.777 ± 2.8)×10-3 0.020 (± 0.23) 
0.08 (2.2 ± 0.37) ×10-5 1.1 (± 0.56) 
0.24 (7.6 ± 1.9) ×10-5 2.1 (± 0.78) 
0.40 (1.4 ± 3.6) ×10-5 2.4 (± 0.78) 
0.80 (1.4 ± 0.48) ×10-4 2.3 (± 0.66) 
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Figure 2.4: Chemical reaction of reduced glutathione and NEM to form the glutathione conjugate, 
N-ethyl-succinimido-S-gltuathione (ESG). 
 

2.5 DISCUSSION 

 The results presented in this study support the hypotheses that specific bacterial and 

eukaryotic cells experience stress when exposed to oxidative electrophilic chemicals and that 

GSH conjugation is involved in both oxidative stress responses.  Furthermore, the extent of stress 

in the two cell types correlate well at similar concentrations of the electrophilic oxidative 

chemical, NEM.  Intracellular GSH was depleted to a similar extent in both cultures, indicating 

that the antioxidant depletion is a common response in both cell types. 

The results from the current study indicated that the concentration of NEM at which the 

greatest decrease of intracellular GSH occurred did not coincide with the NEM concentrations 

that resulted in the maximum level of GGKE response in bacteria and mitochondrial damage in 

rat brain cells.  In P. aeruginosa, the greatest depletion of GSH was reached at a lower 

concentration (0.24 mM NEM) than the maximum K+ efflux (0.40 mM NEM).  This was 

expected as the formation of ESG, i.e. the depletion of GSH, precedes K+ efflux in the GGKE 

system.  In contrast, GSH was rapidly depleted in rat brain cells upon exposure to low 

concentrations of NEM (0.080 mM), but the maximum level of mitochondrial dysfunction did 

 43



not occur until at higher concentrations (0.40 mM).  This suggests that other antioxidants that 

protect cells from electrophile attack and ROS buildup were present in addition to glutathione.  

For example, SOD acts to substantially delay oxidative damage in the mitochondria (Chance et 

al. 1979) and is known to be activated in response to oxidative chemical stressors in rat brain 

cells (Li et al. 2006).   

Previous studies have shown that the depletion of intracellular GSH may start a cascade 

of oxidative stress responses, followed by the generation and buildup of ROS, and ultimately 

resulting in the rapid loss of mitochondrial function (Seyfried et al. 1999; Wullner et al. 1999).  

Furthermore, the decrease in mitochondrial function caused by oxidative stress has been directly 

correlated with specific neurodegenerative disorders such as Parkinson’s disease (Choi et al. 

2006), Alzheimer’s disease (Blass 1993; Mecocci et al. 1994), and Huntington’s disease 

(Polidori et al. 1999).  The current study also indicates that increased oxidative stress response 

occurs with increased GSH depletion.  Therefore, while GSH depletion does not fully explain the 

dose-dependent mechanism of NEM-induced oxidative stress, this study suggests that it may be a 

useful indicator molecule of certain oxidative stress responses.  

Whole-cell bacterial biosensors are advantageous for early warning systems for toxic 

substances in the environment because they can assess the bioavailable portion of the toxin rather 

than the total concentration, miniaturize to reduce bulk, and can be inexpensive relative to 

chemical or molecular sensors and eukaryotic biosensors (Hansen and Sorensen 2001).  This 

study shows that the GGKE mechanism of Gram-negative bacteria is a suitable indicator for a 

stress-based biosensor designed to detect the presence of bioavailable oxidative chemicals that 

may induce adverse effects on mammalian brain cells and possibly other cell types.  Not only 

can it detect the presence of oxidative chemical agents, but it can also predict the overall extent 
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of cellular oxidative stress caused by a range of chemicals.  P. aeruginosa cells are inexpensive 

and easy to culture, and using naturally-occurring environmental isolates makes the indicator 

environmentally acceptable.  The bacterial cells are able to reverse the response to replenish 

intracellular potassium supplies (Bott and Love 2004; Ferguson et al. 2000), thereby allowing the 

biological element in the sensor to be reused.  Furthermore, the results from this study indicate 

that intracellular GSH depletion can trigger oxidative stress in the cell that could eventually lead 

to disorders at the organ level.  This indicates that mechanisms that involve glutathione, such as 

GGKE, are good biological indicators for the presence of oxidative stress-inducing chemicals. 

Unlike single-cell organisms such as bacteria, mammals have multiple layers of 

protection before toxic chemicals are able to pass through into the crucial inner organs.  The 

brain, in particular, has a variety of defense mechanisms and filters, one of which is called the 

blood-brain barrier.  The blood-brain barrier is a group of highly specialized cells that act as a 

vascular barrier between the blood circulation and the central nervous system that precisely 

controls the influx and efflux of chemicals from the brain (Engelhardt 2003).  Once an oxidative 

chemical passes through the blood-brain barrier into the brain, it will elicit mitochondrial 

dysfunction and oxidative stress, possibly leading to neurodegeneration.  While the bacterial 

GGKE mechanism is suitable as a biological indicator in a biosensor designed to detect oxidative 

chemicals in water, it is not a direct predictor of the neurological effects of the chemicals in 

mammalian systems.  However, it is still a potent indicator of bioavailable portions of the 

chemicals that have the potential to cross such protective barriers in eukaryotic organisms. 

NEM is a model oxidative electrophilic chemical that has been used in previous GGKE 

research but it does not hold much environmental significance.  Several chemicals of 

environmental concern have been shown to induce the GGKE response in Gram-negative 
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bacteria, such as 1-chloro-2,4-dinitrobenzene (CDNB), p-chloromercuribenzoate, p-

chloromercuribenzene sulfonate (Booth et al. 1993), and copper (data shown in Appendix C).  

These toxic chemicals are also thought to conjugate with glutathione to deplete the available 

portion of intracellular GSH.  Nonetheless, testing additional chemicals for the GGKE response 

in P. aeruginosa and for mitochondrial damage in eukaryotic cells will ensure the applicability 

of a GGKE biosensor to the detection of environmentally relevant toxic chemicals.  

 In summary, a similar correlation is seen between the bacterial GGKE response and 

mitochondrial damage in eukaryotic cells upon exposure to the same oxidative chemical.  The 

involvement of glutathione depletion in both responses strengthens the correlation and provides 

support for the use of the bacterial GGKE response to predict oxidative damage in eukaryotic 

cells.  While other protective mechanisms are present in situ in eukaryotic organisms, the use of 

the bacterial GGKE response could predict the bioavailable concentrations of harmful oxidative 

chemicals that potentially pass through such barriers.  Overall, our proof-of-concept study 

indicates that bacterial-based biosensors could be used to predict public health threats in a variety 

of systems. 
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3.1 ABSTRACT 

Whole-cell biosensors that indicate the upregulation of bacterial stress responses to toxic 
substances can be powerful tools in environmental monitoring.  An oxidative stress response, 
found in many Gram-negative heterotrophic bacteria and called the glutathione-gated potassium 
efflux (GGKE) response, can be incorporated in a biosensor designed to detect the presence of 
oxidative chemicals in water.  We propose the development of a GGKE biosensor using an 
environmental strain of Pseudomonas aeruginosa.  The immobilization of cells is an important 
factor in the design of a whole-cell biosensor, and must yield viable and active cells capable of 
continued sensing over time.  We adapted published procedures for an octanol-based 
emulsification method to immobilize P. aeruginosa in calcium alginate microbeads.  The process 
was evaluated for long-term mechanical stability of the microbeads and immobilized cell 
function, measured as viability and GGKE response .  The alginate microbeads were 
mechanically stable in solutions containing up to 20 mg/L K+ for 15 days.  LIVE/DEAD® and 
specific oxygen uptake rate (SOUR) analyses showed that the microbead-immobilized cells 
recovered their membrane integrity within 5 days but not their respiration potential.  The 
microbead immobilized cells had no GGKE potential in response to 50 mg/L N-ethylmaleimide 
after 14 days whereas water-based immobilized cells did, albeit at a reduced level to planktonic 
cells.  Confirmation experiments revealed that octanol impeded cellular activities of the 
immobilized cells.  Overall, the octanol-based emulsification method is not suitable for the 
immobilization of P. aeruginosa for use in the GGKE biosensor and other microscale 
immobilization methods should be evaluated. 
 

3.2 INTRODUCTION 

Biosensors are sensing devices that use a biological recognition element interfaced to an 

analytical device to detect targeted substances.  Applications for biosensors include medicine, 

defense, food processing and safety, and environmental monitoring.  In particular, early warning 
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systems in environmental monitoring are of increasing interest as many pollutants in the 

environment have been shown to have severe negative impacts on public and overall ecosystem 

health.  Utilizing biosensors for environmental monitoring provides an advantage over traditional 

chemical or physical analyses because many biological elements have high specificity.  

Furthermore, biosensors allow direct measurement of the biological effects of chemicals or 

environmental conditions, thereby going beyond the identification of pollutants (Belkin 2003).   

The biological element in a biosensor could be DNA, enzymes, antibodies, or whole cells.  

Using whole cells instead of cellular components has several advantages, including but not 

limited to the ability to account for bioavailability and toxicity of the substance and the reduced 

cost related in preparing the biological element.  Microorganisms, especially bacteria, are highly 

appropriate for whole-cell biosensors because of they are robust and inexpensive to culture 

(Nivens et al. 2004).  In particular, detecting the induction of bacterial stress responses as the 

biological indicator in biosensors has the potential to predict the ability of a substance or 

chemical mixture to induce toxicological events.  

In many cases, the biological element of a biosensor must be immobilized to ensure close 

contact of the recognition element with the analytical device and to prevent washout of the 

biological element (Lei et al. 2006).  Furthermore, immobilization of cells preserves cell viability 

and activity and physically protects the cells from stress, making the whole-cell biosensor more 

durable (Bjerketorp et al. 2006).  Several immobilization polymer matrices are available 

including photopolymerized gels, sol-gels, and chemically polymerized hydrogels.  The 

immobilization strategy used in a whole-cell biosensor should be rapid, simple, mechanically 

stable, have high porosity to minimize nutrient impermeability, inexpensive, and biocompatible 

to minimize negative impacts on cell viability or activity.  Calcium alginate is a chemically 
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polymerized hydrogel that is suitable for such applications.  Alginate is a water-soluble 

polysaccharide consisting of blocks of β-D-mannuronic acid (M) and α-L-guluronic acid (G).  

When aqueous alginate solutions encounter multivalent cations (typically Ca2+), hydrogels are 

formed instantaneously by ionic cross-linking of the monomers.  The hydrogel and solution 

forms of alginate are reversible in the presence of high concentrations of monovalent cations and 

some anions such as phosphate (Smidsrod and Skjak-Braek 1990).  Cell encapsulation in the 

alginate hydrogels can be achieved by mixing the cell suspension with the alginate solution 

before crosslinking with Ca2+.  Alginate has been used in many research applications including 

live cell encapsulation (Periera et al. 2005; Weber et al. 2006), drug delivery systems 

(Fundueanu et al. 1998), and medical implantations (Dufrane et al. 2006). 

Microscale encapsulation of live cells in alginate has gained strong interest in recent 

years, particularly in medical applications such as live cell therapy (Chen et al. 2007).  

Microscale immobilization of whole cells is also beneficial for use in biosensors to increase the 

specific surface area of the immobilized particle and to increase nutrient transport to 

immobilized cells.  Several successful micro-immobilization methods using whole cells have 

been reported with the diameters of microcapsules ranging from 200 μm (Chandramouli et al. 

2004) to 700 μm (Joki et al. 2001).  A cost-effective microscale immobilization technique 

involving a solvent-based emulsification step has been shown to form microcapsules containing 

biological molecules with diameters as small as 5 μm (Cho et al. 1998; Heng et al. 2003).  A 

mixture of organic solvents, such as octanol and isooctane, and various emulsifiers (i.e. 

surfactants and oils) creates an immiscible organic phase where the hydrophilic alginate solution 

is dispersed into fine microbeads with vigorous stirring.  The organic phase stabilizes the 

microbeads and prevents aggregation and clumping of microbeads (Heng et al. 2003).  The size 
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of the microparticles created using this emulsification method can be optimized by changing the 

alginate concentration, the emulsifier content, or the stirring speed (Cho et al. 1998); therefore, it 

is possible to create very small microbeads that contain whole cells. 

Oxidative chemical contamination in the environment, which is largely from improperly 

managed industrial waste, is a significant concern for public health safety and performance of 

engineered treatment systems.  Oxidative stress induced by chemical contamination could have 

many negative impacts on human health, such as cancer and neurological disorders as seen in 

some cases of industrial pollution such as Minamata disease (Usuki et al. 2001).  Oxidative stress 

responses in bacteria in the environment could also result in detrimental effects in engineered 

systems such as wastewater treatment plants (WWTPs).  For example, a bacterial oxidative stress 

response has been implicated as a cause of upset events in WWTPs induced by electrophilic 

oxidative chemicals (Bott and Love 2002; Bott and Love 2004).  Therefore, early warning 

systems that detect the presence of oxidative chemicals and allow for rapid and effective 

preventive measures are useful in various environmental water samples.   

In particular, a biosensor utilizing a bacterial stress response called the glutathione-gated 

potassium efflux (GGKE) response may be useful in early warning systems.  The GGKE 

response is induced by electrophilic and oxidative chemicals and has been observed in several 

Gram-negative bacteria including Escherichia coli and Pseudomonas aeruginosa (Booth et al. 

1993).  When bacterial cells are exposed to oxidizing electrophilic chemicals, intracellular 

glutathione (GSH) conjugates with the chemicals, thereby activating and opening transmembrane 

ion channels, which results in the efflux of potassium ions from the cell (Elmore et al. 1990; 

Hibberd et al. 1978; Meury and Kepes 1982).  Protons are pumped into the cell simultaneously, 

causing acidification of the cytoplasm, which provides the cell with increased protection from 
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stress (Ferguson et al. 2000).  The GGKE response is reversible when oxidized and conjugated 

glutathione is re-reduced to GSH by glutathione reductase activity or chemical reducing agents, 

leading to inactivation of the efflux channels by GSH and the subsequent uptake of potassium 

ions.   

The GGKE response is particularly useful as the biological recognition element in a 

biosensor designed to detect the presence of electrophilic oxidative chemicals because the 

response is reversible, allowing reuse after detecting oxidative chemicals.  Bott and Love 

previously reported a direct link between the GGKE stress response and activated sludge 

biomass deflocculation in wastewater contaminated with electrophilic chemicals that results in 

WWTP upset events (Bott and Love 2002; Bott and Love 2004), indicating that the GGKE 

biosensor may be used in WWTP early warning systems.  The GGKE biosensor may also be 

applied in early warning systems to detect oxidative chemical-induced public health threats 

because of the widespread presence of the antioxidant glutathione in various cell types (Ikuma et 

al. 2007, in preparation). 

 We propose the development of a P. aeruginosa-immobilized GGKE biosensor that 

detects the presence of oxidative chemicals in environmental water samples.  The objective of 

this study was to evaluate the use of a solvent-based immobilization method for P. aeruginosa 

cells in calcium alginate microbeads for use in the biosensor.  In particular, the long-term 

stability, viability, and GGKE potential of the immobilized cells were assessed. 
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3.3 MATERIALS AND METHODS 

Growth conditions.   

An environmental strain of P. aeruginosa was previously isolated from a local 

wastewater treatment facility (Love et al. 1998) and was grown on Luria-Bertani (LB) agar 

plates.  Cells from single colonies were grown in a mineral salt medium denoted PA M9.  This 

medium consisted of NaH2PO4, 3.0 g; Na2HPO4, 6.0 g; NH4Cl, 1.0 g; NaCl, 0.5 g; Mg 

SO4•7H2O, 0.246 g; CaCl2, 0.0147 g; KH2PO4, 17.4 mg; FeSO4•7H2O, 2.5 mg; ZnCl2, 0.25 mg; 

MnSO4•H2O, 0.185 mg; CuSO4, 0.030 mg; NaMoO4•2H2O, 0.006 mg; CoCl2•6H2O, 0.001 mg; 

H3BO3, 0.03 mg; glacial acetic acid, 0.89 mL per liter and the pH was adjusted to 7.0.  The 

bacterial culture was grown at 37°C with stirring at approximately 400 rpm for aeration until late 

exponential phase (optical density of approximately 0.5 at 600 nm).  All media components were 

obtained from Fisher Scientific (Pittsburgh, PA). 

Preparation of solutions. 

 Alginate solutions were prepared by dissolving sodium alginate powder (Protanal LF200 

with G-unit content of 65-75%, FMC Biopolymer, Philadelphia, PA) in sterile nanopure water at 

2% or 5% w/v.  An octanol-emulsifier solution was used for microbead immobilization and was 

prepared by adding 5% v/v emulsifier mixture consisting of 7 parts Span 80 (Sigma-Aldrich, St. 

Louis, MO) and 3 parts castor oil (Columbus Oil, Chicago, IL) into pure n-octanol and stirring 

overnight.  Octanol-CaCl2 solutions were prepared by mixing either 1% or 5% w/v CaCl2 into 

pure n-octanol and stirring overnight.  Potassium-free PA BT medium (low sodium and low 

phosphate) used for microbead stability experiments was a modification of PA M9 medium with 

changes in the concentrations of NaH2PO4 (0.15 g/L), Na2HPO4 (0.30 g/L), NH4Cl (0.05 g/L), 

NaCl (0.025 g/L), KH2PO4 (no addition), and the addition of 6.0 g/L bis-Tris.  Varying 
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concentrations of potassium ions (5, 10, 20 mg K+/L) were added in the form of KH2PO4.  The 

high salt medium used to dissolve the beads was a modification of PA M9 medium with changes 

in concentrations of NaH2PO4 (9.0 g/L), Na2HPO4 (18.0 g/L), NH4Cl (3.0 g/L), and NaCl (1.5 

g/L).  PA BT medium and high salt medium contained no acetic acid to minimize bacterial 

growth.  Primary effluent samples were obtained from local wastewater treatment plants 

(WWTPs) and were filtered through 1.2 μm pore size filters and sterilized by autoclaving for 30 

minutes at 121°C and 15 psi.  Supplemented primary effluent was prepared by adding 0.89 mL/L 

of glacial acetic acid and adjusting the pH to 7.0 before sterilization. 

Alginate bead immobilization. 

 Late exponential phase of P. aeruginosa was harvested by centrifugation at 10,000 × g 

for 15 minutes.  The cells were washed once with primary effluent, then resuspended in 1/30 

volume of primary effluent.  The concentrated cell culture (1 mL) was mixed well with 19 mL of 

2% w/v alginate solution and equilibrated for 10 minutes.  The mixture was transferred to a 

sterile plastic syringe assembled with a 21G syringe needle (Fisher Scientific, Pittsburgh, PA) 

and dropped into a 5% CaCl2 solution to form spherical beads (made in nanopure water for the 

water-based beads and made in pure n-octanol for the octanol-based beads).  Each batch of beads 

was made from 20 mL of the alginate-bacteria mixture.  The alginate beads were allowed to 

solidify for a few minutes then washed four times with sterilized primary effluent by settling and 

decanting the liquid.  Each batch of beads was suspended in 40 mL of supplemented primary 

effluent with the addition of 0.5 mg/L yeast extract and was incubated at room temperature with 

orbital shaking at 300 rpm (Gyrotory® Water Bath Shaker Model G76, New Brunswick 

Scientific, Edison, NJ).  The medium was replaced with fresh sterilized supplemented primary 

effluent every 2 to 3 days.  The longest total incubation time was 14 days.   
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Alginate microbead immobilization. 

 Late exponential phase P. aeruginosa cells were concentrated as described above and 1 

mL was mixed well with 19 mL of 5% alginate gel.  The mixture was equilibrated for 10 minutes 

and transferred into a sterile plastic syringe.  The emulsification-based immobilization procedure 

was performed as previously described (Cho et al. 1998; Heng et al. 2003) with modifications.  

In brief, the alginate-bacteria mixture was dropped into 6 parts of octanol-emulsifier solution 

with rapid mixing at 1,200 rpm on a SUPER-NUOVATM stir plate (Barnstead International, 

Dubuque, IA) using a 25G syringe needle (Fisher Scientific, Pittsburgh, PA) that was cut to 

approximately 3 mm length to minimize pressure buildup.  The alginate droplets were stirred in 

the octanol-emulsifier solution for 15 minutes.  Subsequently, two parts 1% octanol-CaCl2 

solution were dropped into the stirring mixture over a five minute period using a syringe needle 

and then one part 5% octanol-CaCl2 solution was added.  The microbeads were allowed to 

solidify and stabilize for 10 minutes with rapid stirring at 1,200 rpm on a SUPER-NUOVATM stir 

plate (Barnstead International, Dubuque, IA).  One batch of microbeads was made from 20 mL 

of the alginate-bacteria mixture.  Each batch of microbeads was washed four times with primary 

effluent by settling and decanting the supernatant, and then suspended in 40 mL supplemented 

primary effluent.  The microbeads were incubated under the same conditions as the beads for up 

to 15 days.  Abiotic microbeads were prepared as described above with no addition of bacteria to 

the alginate solution. 

Bead size analysis. 

Average alginate bead diameter was determined from an aliquot of at least 100 beads 

analyzed using the Horiba LA-300 Laser Scattering Particle Size Distribution (PSD) Analyzer 

(HORIBA Jobin Yvon, Longjumeau, France).  Three representative samples were taken from 
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each batch and measured on the PSD analyzer with appropriate dilutions in nanopure water.  The 

mean diameter of each measurement was recorded.  The reported values are the averages of three 

measured mean diameters. 

Bead stability experiments. 

 Alginate structure stability was assessed in environmentally relevant concentrations of 

monovalent cations with an emphasis on K+ concentration.  The following solutions were used in 

the stability experiment: primary effluent from the Town of Christiansburg WWTP 

(Christiansburg, VA) containing approximately 15 mg/L K+; primary effluent from the Peppers 

Ferry Regional Wastewater Treatment Authority (Radford, VA) containing approximately 55 

mg/L K+; K+-free PA BT; PA BT with 5 mg/L K+; PA BT with 10 mg/L K+; PA BT with 20 

mg/L K+; and high salt medium.  The Town of Christiansburg WWTP receives predominantly 

residential sewage, whereas the Peppers Ferry WWTP has some industrial wastewater input in 

addition to residential sewage.  The high salt medium provided a positive control that degraded 

the alginate structure from gel to solution at high monovalent cation concentrations.  All 

solutions were autoclaved to minimize bacterial contamination during the experiment.  Abiotic 

beads and microbeads were used to minimize bacterial outgrowth and subsequent change in ion 

balance of the solutions.  Batches of microbeads were suspended in 40 mL of the respective 

solutions and incubated with orbital shaking at 300 rpm for up to 15 days.  Samples were taken 

immediately after curing (denoted t = 0), and 0.1, 0.54, 1, 5, and 15 days after immobilization.  

Microbead size analysis and microscopic imaging were performed on each sample.  

Representative images of alginate beads and microbeads are shown in Figure 1. 
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Figure 3.1: Representative  picture of alginate beads (A), and microscopic image of alginate 
microbeads (B).  Scales show relative sizes of objects in each image. 
 

Viability experiments. 

 Viability of immobilized cells was determined using the LIVE/DEAD® BacLightTM 

Bacterial Viability Kit (Molecular Probes, Invitrogen Corporation, Carlsbad, CA) and by 

measuring the specific oxygen uptake rate (SOUR) of each sample.  Alginate microbeads were 

prepared as described above and incubated for up to 14 days.  Sacrificial batches were taken at t 

= 0.15, 1, 3, 5, 8, 11, and 14 days after immobilization and washed four times with freshly 

autoclaved primary effluent to minimize the presence of planktonic cells.  A small portion of the 

batch (one mL) was dissolved in high salt medium for one hour for the LIVE/DEAD® analysis 

and two hours for microscopic cell counting.  The remaining microbeads were transferred to 20-

mL EPA vials and used intact for SOUR analysis.  All viability experiments were performed in 

triplicate using different sets of microbeads made from different cultures of P. aeruginosa. 

LIVE/DEAD® analysis.  The alginate microbeads were partially dissolved after one hour 

of exposure to the high salt medium.  The partially dissolved microbead samples were exposed to 

an equal volume mixture of SYTO 9 (LIVE dye) and propidium iodide (DEAD dye) as 

recommended by the manufacturer and analyzed using an epi-fluorescence microscope 
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(Axioskop 2, Carl Zeiss, Oberkochen, Germany).  For each sample, six to ten images were 

acquired using Axiovision® software (Carl Zeiss, Oberkochen, Germany).  The LIVE cell 

numbers and DEAD cell numbers in each image were quantified using ImageJ® (Scion Corp, 

Frederick, MD).  The LIVE fraction (% LIVE) was calculated as the number of LIVE cells 

divided by the total number of cells and multiplied by 100 to give percent.  Planktonic cells 

exposed to high salt medium for the same duration were also analyzed to determine whether 

exposure to the medium resulted in lower cell viability. 

SOUR analysis.  SOUR analysis was performed as previously described (Henriques et al. 

2005) with modifications.  In brief, the microbeads placed in 20-mL EPA vials were suspended 

in fresh supplemented primary effluent.  Oxygen uptake rates (OURs) of the microbeads were 

determined in duplicate using Orion model 97-08 oxygen electrodes (Orion Research, Inc., 

Beverly, MA) connected to an Accumet dual channel pH/Ion meter (model AR25, Fisher 

Scientific, Pittsburgh, PA).  Dissolved oxygen (DO) readings were recorded every 6 seconds 

using an automated data acquisition system (Labview 6.0, National Instruments, Austin, TX).  

Each assay was run for at least 20 minutes or until the DO readings decreased by more than 2 

mg/L.  OUR was defined as the slope of the linear portion of the DO versus time curve.  SOUR 

was calculated by dividing the OUR by the cell concentration, which was determined by 

dissolved microbead cell counts. 

Alginate microbead potassium efflux experiments. 

Potassium efflux experiments were carried out on microbeads that were incubated for 6, 

10, and 14 days after immobilization by measuring supernatant potassium concentration changes 

in response to varying doses of N-ethylmaleimide (NEM) (Sigma-Aldrich, St. Louis, MO), a 

model oxidative toxin known to induce GGKE in E. coli.  Planktonic cultures of P. aeruginosa 
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were used as controls to validate the presence of the GGKE mechanism in response to NEM.  

Microbead batches were washed four times with freshly autoclaved primary effluent to minimize 

the presence of planktonic cells, and then were resuspended in 40 mL of supplemented primary 

effluent.  Planktonic late exponential phase P. aeruginosa cells were harvested and concentrated 

as described above.  Known volumes of concentrated planktonic culture were added to 40 mL of 

supplemented primary effluent to roughly equal the cell number in the microbead samples.  One 

batch of microbeads and one sample of planktonic cells were shocked with 50 mg/L NEM.  The 

batch of microbeads and sample of cells that received no NEM served as negative controls.  

Samples were taken immediately before the addition of NEM (t=0) and 3, 22, 42, 62 minutes 

after addition.  Each sample was processed by filtering through 0.22 μm nitrocellulose MCE 

filters (Fisher Scientific, Pittsburgh, PA) and acidifying using trace-metal grade nitric acid to 

achieve a final concentration of nitric acid of 10% v/v immediately after each sampling event.  

Filtered, acidified samples were then diluted 1:10 with nanopure water, followed by replacing 

1/10 volume of diluted sample with equal volume of 12.7 g/L cesium chloride solution to 

minimize sodium interferences during analysis.  Potassium standards were prepared by diluting a 

potassium reference solution (Fisher Scientific, Pittsburgh, PA) with nanopure water and treating 

with cesium chloride as described above.  Samples and standards were analyzed for K+ 

concentrations using a Perkin-Elmer flame atomic absorption (AA) spectrophotometer (5100 PC 

Atomic Absorption Spectrometer, Perkin Elmer Inc., Wellesley, MA).  The K+ concentrations of 

the samples were calculated from the absorbance values measured by the AA spectrophotometer 

using the standard curve and corrected for the dilution factor and volume displacement imposed 

by the nitric acid addition to the original samples.  The concentration of K+ effluxed per cell was 
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determined as the maximum extracellular K+ per cell minus the extracellular K+ per cell 

concentration of the sample before NEM addition. 

All glassware used in these experiments was prepared by soaking overnight in 10% nitric 

acid, followed by thorough rinsing with nanopure water.  To confirm results, experiments were 

run in triplicate using different sets of microbeads made with different cultures of P. aeruginosa.   

Alginate bead experiments. 

 To determine the effect of octanol on immobilized cells, octanol-based and water-based 

alginate beads were prepared as described above and incubated for 6 days.  LIVE/DEAD® 

analysis was done on partially dissolved beads at t=0.15 and 6 days after immobilization.  SOUR 

analysis was performed on the beads at t=6 days after immobilization.  Potassium efflux 

experiments were also performed on octanol-based and water-based beads and planktonic 

samples at t=6 days after immobilization.  All experiments and analyses were performed as 

described above.  SOUR analysis and K+ efflux experiments were repeated three times and 

LIVE/DEAD® analysis was repeated twice on different batches of beads. 

Determination of cell concentration. 

Total cell concentrations in planktonic, bead, and microbead samples were determined by 

microscopic cell counting.  Microbeads (a known volume of well-mixed sample) and beads (a 

known number) were exposed to high salt medium for 2 hours to dissolve the alginate.  A 

Z30000 Helber Counting Chamber (Hawksley, London, UK) was used according to 

manufacturer’s recommendations to count cells in planktonic, dissolved microbead, and 

dissolved bead samples under light microscopy.  The total cell concentration for the microbeads 

was determined as cells per mL and the total cell concentration for the beads was determined as 

the number of total cells in one batch of beads divided by the total sample volume. 
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Statistical analysis. 

 To assess statistical significance between values, 2-sided Student’s t-tests were 

performed.  The analyses were performed paired when comparing results across the biological 

replications of the same experiments for microbeads or beads, and unpaired when comparing 

results between different immobilization procedures and between immobilized and planktonic 

cells.  A 95% confidence interval was chosen (α=0.05). 

 

3.4 RESULTS 

Alginate microbead structure is stable in a range of environmentally relevant K+ 
concentrations. 
 

Alginate microbeads with an average diameter of 200 μm were found to be stable in 

many solutions containing various concentrations of K+ for up to 15 days (Figure 2).  Microbead 

diameters decreased significantly within 3 hours of incubation, from 341 (± 5.34) μm to 11.2 (± 

0.281) μm when suspended in high salt medium, indicating that the alginate structure dissolved 

leaving small residual bead fragments at high monovalent cation concentrations.  The diameter 

of microbeads were not significantly smaller at any time point (p-value > 0.05) from the 

diameters measured immediately after bead preparation when suspended in Christiansburg 

primary effluent (containing approximately 15 mg/L K+), PA BT, PA BT + 5 mg/L K+, PA BT + 

10 mg/L K+, and PA BT + 20 mg/L K+.  The microbeads suspended in Peppers Ferry primary 

effluent (containing approximately 55 mg/L K+) were reduced significantly in size from 142 (± 

5.90) μm to 122 (± 12.2) μm within 3 hours after curing (p=0.018).  However, the microbead 

sizes stabilized after t=0.1 days, indicating that the Peppers Ferry primary effluent did not 

 63



completely dissolve the microbeads.  On the other hand, the microbeads incubated in PA BT + 5, 

10, 20 mg/L K+ increased in microbead diameter by 18%, 12%, and 13% respectively from the 

initial microbead diameters in bead diameter after 0.5 days.   
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Figure 3.2: PSD analysis of abiotic microbeads over time in various K+-containing solutions.  
Data through day 5 are shown only for clarity; however, samples were stable between days 5 and 
15 (all data given in Appendix B, Table B1, Figure B1).  Error bars indicate the standard 
deviation of three replicates at each time point. 
 

LIVE/DEAD® and SOUR analyses indicate recovery of microbead immobilized cells after 5 
days.  

LIVE/DEAD® analysis of partially dissolved microbeads indicated significant recovery 

of immobilized cell viability within 5 days after immobilization (Figures 3 and 4).  Planktonic 

cells exposed to high salt medium for the same duration as the microbeads did not show 

significant differences in the LIVE fractions (data shown in Appendix B, Table B4), indicating 

that the dissolution step in the procedure had no effect on the analysis.  SOURs of immobilized 
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cells also appeared to recover after 5 days; however, SOURs decreased to the initial level after 8 

days (Figure 3).  Statistical analysis indicated that the increase in SOURs at t=5 days after 

immobilization was not significant (p = 0.106).  SOURs at all time points were significantly 

lower (p < 0.05) than SOUR of late-planktonic cells, which was (5.63 ± 1.91) ×10-13 mg 

O2/cell/min).  While LIVE/DEAD® analysis measured cell viability by assessing the cytoplasmic 

membrane integrity, the SOUR analysis assessed the respiration activity of the immobilized cells.  

The different results between the two analyses indicated that cell membrane integrity recovered 

over time but cell activity did not. 
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Figure 3.3: LIVE/DEAD® and SOUR results of microbead-immobilized cells over 14 days.  
Each point represents the average value from three experiments performed on different 
microbeads.  Error bars indicate the standard deviation of all samples analyzed at each time point. 
 
 

 65



    

Figure 3.4: Representative images from LIVE/DEAD® analysis of immobilized P. aeruginosa 
cells in partially dissolved microbeads 3 hours (A), 5 days (B), 14 days (C) after immobilization.  
Green dots represent live cells and red dots represent membrane-compromised cells. 
 

No significant cell growth was seen in the microbeads. 

Microscopic cell counts of dissolved microbeads (Table 1) indicate that no net cell 

growth occurred in the microbead samples over time.  Therefore, the recovery of the LIVE cell 

fraction and SOURs of the immobilized cells is due to the recovery of initially immobilized cells 

and not newly grown cells in the microbeads. 

Table 3.1: Microscopic cell counts of microbeads dissolved in high salt medium.  Student’s t-test 
was performed for each time point starting with t = 1 d in comparison to the initial cell 
concentration in the microbeads (t = 0.15 d).  
 

Time after 
immobilization (d) Cell counts (cells/mL) 

Student's t-test   
p-value 

0.15 (1.3 ± 0.47) ×109  
1 (1.5 ± 0.54) ×109 0.524 
3 (1.6 ± 0.37) ×109 0.467 
5 (1.6 ± 0.53) ×109 0.515 
8 (2.1 ± 0.33) ×109 0.214 
11 (1.9 ± 7.9) ×109 0.328 
14 (1.8 ± 4.1) ×109 0.102 
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Microbead-immobilized cells showed no significant GGKE response to NEM. 

P. aeruginosa cells immobilized in alginate microbeads did not efflux a significantly 

different amount of K+ in response to NEM addition relative to unexposed microbeads (Figure 5).  

The planktonic cells showed significant K+ efflux upon exposure to the same concentration of 

NEM, indicating that P. aeruginosa cells used in the study do have the GGKE response, but that 

the process of immobilizing bacteria into microbeads somehow inactivated this response. 
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Figure 3.5: Cellular K+ efflux of unstressed (no NEM addition) and stressed (NEM 50 mg/L) 
samples of microbead-immobilized cells and planktonic cells.  The values reported are averages 
of at least three experiments performed on different microbeads and different planktonic cultures.  
Error bars indicate the standard deviation of all samples analyzed. 
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Octanol appeared to stress the immobilized cells resulting in decreases in viability and 
functionality. 
 
 The viability and activity of octanol-based beads and water-based beads with diameters 

ranging from 2 mm to 3 mm (an order of a magnitude larger than the microbeads) were assessed.  

LIVE/DEAD and SOUR analyses of octanol-based and water-based beads indicated that P. 

aeruginosa cells immobilized in alginate using octanol-CaCl2 were negatively impacted 

compared to the cells immobilized using water-CaCl2 (Figure 6).  Although the LIVE fraction of 

the immobilized cells increased after 6 days for both types of beads (Figure 6B), the fraction was 

still significantly higher in water-based beads than octanol-based beads, implying that the use of 

octanol decreased the membrane integrity of the immobilized cells.  Similarly, SOUR was 

significantly higher for cells immobilized in water-based beads compared to octanol-based beads 

(p = 0.000630) (Figure 6A).   

 The difference between octanol-based and water-based beads was evident in the GGKE 

responses as well.  Octanol-based beads did not have significant K+ efflux in response to NEM 

whereas the response in water-based beads was significantly greater than for octanol-based beads 

(p = 0.0495) (Figure 7).   

Compared to planktonic cells, the SOURs of cells immobilized in water-based beads 

were much lower (Figure 6 B).  Similarly, the K+ efflux response was also much lower in cells 

immobilized in water-based beads than in planktonic cells (Figure 7).  These results imply that 

either slowed diffusion in the water-based bead matrix impedes cellular respiration and GGKE 

response by limiting the transfer of nutrients, or that the immobilization procedure itself imposes 

a stress on cells that impedes activity. 
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Figure 3.6: Comparison of SOUR at 6 days after immobilization (A) and % LIVE at 0.15 and 6 
days after immobilization (B) of cells immobilized in octanol-based and water-based beads, and 
planktonic cells.  The values reported are averages of at least two experiments performed on 
different microbeads and different planktonic cultures, in which at least three samples were taken 
and analyzed.  Error bars indicate the standard deviation of all samples analyzed. 
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Figure 3.7: Cellular K+ efflux of unstressed (no NEM addition) and stressed (NEM 50 mg/L) 
samples of microbead-immobilized cells and planktonic cells.  The values reported are averages 
of at least three experiments performed on different microbeads and different planktonic cultures.  
Error bars indicate the standard deviation of all samples analyzed. 
 

3.5 DISCUSSION 

Alginate hydrogels are cured through cross-linking the monomers with divalent cations.  

Monovalent cations, on the other hand, disrupt the ionic crosslinks to dissolve the hydrogels.  

This characteristic of alginate is a disadvantage in the application of biosensors using alginate-

immobilized cells because the biosensors cannot be used in environmental waters that have high 

monovalent cation concentrations such as in estuarine or marine environments where 
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monovalent cation concentrations can reach 4 g/L and 10 g/L, respectively (Zachary 1976).  The 

use of alginate in GGKE biosensors also is of concern as the stress response itself increases 

monovalent cation concentrations in extracellular water.  However, the results from the 

microbead stability experiments showed that the microbeads can tolerate an increase in K+ 

concentration due to GGKE until the final concentration reaches 20 mg/L; however, beyond that 

concentration the mechanical stability of the microbeads may become compromised.  This study 

also showed that the alginate microbeads can be applied in WWTPs that receive predominantly 

residential wastewater, such as the Christiansburg plant, because typical K+ concentrations are 

well below the 20 mg/L K+ threshold.  On the other hand, a K+ concentration of 55 mg/L in an 

industrial wastewater-influenced publicly owned treatment works (POTW) caused dissolution of 

the microbeads, implying that the microbeads may not be applicable in such environments. 

The appropriate encapsulation method for the P. aeruginosa GGKE biosensor needs 

sufficient permeability to yield viable and functional cells over a prolonged period and allow the 

cells to rapidly sense the aqueous milieu outside the bead.  The results from the present study 

indicate that while the octanol-based emulsification method initially damages the cells, the 

cellular membrane integrity recovers over time.  However, cellular respiration (SOUR) did not 

improve to a significant degree, implying that the recovery of membrane integrity does not 

directly indicate the recovery of some or all cellular functions as seen in the insignificant GGKE 

potential of the microbead-immobilized cells.  Recent studies have shown immobilized cells to 

be viable over time by membrane integrity assays (Chandramouli et al. 2004; Periera et al. 2005), 

however, the cells may have very low activity that is not detected by these viability assays.  

Therefore, assays that reveal metabolic performance, such as SOUR for bacterial cells, are more 

suitable methods for measuring the true viability of immobilized cells.     
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The comparison between octanol-based beads and water-based beads revealed that 

octanol interfered with the activity and functions of the microbead-immobilized cells.  Previous 

studies have shown that long-chained alcohols decrease membrane integrity but cells can recover 

from these membrane effects over time (Baer et al. 1989; Sikkema and De Bont 1995).  The 

decrease in membrane integrity causes an influx of protons resulting in the dissipation of the 

proton motive force across the cytoplasmic membrane and also the partial inhibition of ATPase 

activity in the cell (Sikkema and De Bont 1995).  As a result, the pH gradient is disrupted and the 

cells may experience a significant reduction of transport and other cellular activities (Poolman et 

al. 1987).  The results from the present study suggest that while the membrane effects of octanol 

are reversible, the intracellular effects may be long-lasting.  Although the octanol-based 

emulsification method for microscale immobilization can produce smaller microbeads, this study 

showed that octanol is not biocompatible for immobilizing P. aeruginosa. 

Water-based beads also show much lower respirometric and GGKE activities compared 

to planktonic cells, which may be due to limitations in diffusivity across the alginate hydrogel.  

Although the alginate open lattice structure allows permeation of large molecules such as 

proteins (Smidsrod and Skjak-Braek 1990), the relatively high concentrations of alginate used in 

bead-shaped hydrogels may form many layers around individual cells that limit diffusion of 

nutrients and substrates.  Microscale immobilization in the alginate hydrogels using a 

biocompatible immobilization method is beneficial to overcome diffusivity issues seen in the 

larger beads by increasing surface area and decreasing the layers of alginate around each cell. 

Alginate microbeads can be prepared by employing methods other than the 

emulsification procedure used here that involved an organic solvent that was not biocompatible.  

Several studies have shown that complexation of alginate with chitosans produce stable 
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microbeads that may be suitable for the encapsulation of live mammalian cells (Baruch and 

Machluf 2006; Chen et al. 2007; Lee et al. 2004).  However, chitosans have antimicrobial 

properties (Baytukalov et al. 2005; Muzzarelli et al. 1990) and may not be suitable for use in the 

P. aeruginosa GGKE biosensor.  Microscale immobilization in alginate microbeads can also be 

attained by the use of poly-L-lysine (PLL).  PLL-complexed alginate microbeads have been 

shown to successfully encapsulate active, functional mammalian cells for up to six weeks (Joki 

et al. 2001).  The viability and function of PLL-alginate immobilized P. aeruginosa cells are 

currently being investigated by the authors. 

In conclusion, the activity of the immobilized cells was suppressed with the use of 

octanol, which also led to the decrease in functions such as the GGKE stress response.  Therefore, 

the octanol-based immobilization in calcium alginate microbeads is not a suitable method for use 

in the P. aeruginosa GGKE biosensor because of long-lasting negative effects of octanol on the 

cells.  Although water-based immobilization of the cells improved cellular activity compared to 

the octanol-based methods, the cells were considerably less active.  Therefore, other microscale 

immobilization methods for use in the GGKE biosensor should be studied to overcome the 

diffusivity limitations of the larger alginate beads as well as the potential negative impact on the 

cells during immobilization. 
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Chapter 4.  Statement on Engineering Significance 

 

 Maintaining high water quality in natural and engineered environments continues to be a 

major challenge amidst increasing levels of industrialization throughout the world.  

Environmental monitoring for the contamination of water systems is essential for environmental 

and public health safety.  In particular, toxic chemicals that induce oxidative stress pose a direct 

threat to human and mammalian health as well as to the performance of biological wastewater 

treatment.  Early warning systems that detect the presence of oxidative chemicals and allow for 

rapid and effective preventive measures are useful in various environmental water systems.  This 

research proposed the development of a biosensor utilizing the bacterial stress response, GGKE, 

in a naturally-occurring strain of P. aeruginosa.  The biosensor was designed to detect the 

presence of bioavailable forms of oxidative chemicals in water.  This biosensor, as suggested in 

earlier studies, may be applied in WWTPs to provide early warning of process upset events 

resulting in activated sludge deflocculation.  The biosensor can allow operators to implement 

appropriate corrective actions to prevent or minimize the effects of such upset events. 

This research established a correlation between the GGKE response in P. aeruginosa and 

mitochondrial damage in rat brain cells upon exposure to the oxidative chemical, NEM, and 

showed that glutathione depletion was conserved in both responses.  This is one of the first 

studies to show the direct correlation between oxidative stress responses in bacteria and 

mammalian cells, and that glutathione is depleted to a similar degree in different cell types in 

response to the same chemical.  While other in situ protective mechanisms are present in 

eukaryotic organisms, the bacterial GGKE response may be used to predict the bioavailable 

concentrations of harmful oxidative chemicals that could potentially pass through such barriers 
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and cause mitochondrial dysfunction.  As mitochondrial dysfunction in mammalian brain cells 

has been implicated as a cause of neurological disorders induced by oxidative stress, this study 

suggests that the GGKE biosensor has the potential to be applied in early warning systems for 

oxidative public health threats in environmental water systems.  

To develop a biosensor that could be used in such an early warning capacity, the P. 

aeruginosa cells require immobilization to enhance cell retention and performance of the 

detection system.  In order to overcome the nutrient diffusion barrier of large beads, a microscale 

immobilization method was applied.  P. aeruginosa was immobilized in alginate microbeads 

using a method that involved the use of octanol and emulsifiers.  The method was determined to 

be unsuitable for use in this biosensor because the octanol was shown to specifically impede the 

activity of the microbead immobilized cells.  This study also showed that the immobilization of 

P. aeruginosa in alginate microbeads significantly lowered the measured cell activity and 

suggested that a biocompatible microscale immobilization method should be used.  The use of 

water-based alginate beads resulted in improved cellular respirometric and GGKE activities 

compared to octanol-based beads that were still low relative to planktonic cells, suggesting that 

alginate is a biocompatible polymer that requires both higher nutrient permeability and less 

damaging processing methods.  Additionally, the alginate hydrogel structure was determined to 

be stable in wastewater from a predominantly domestic WWTP.  However, alginate is not 

suitable for use in waters containing high monovalent cations, including WWTPs receiving a 

large input of industrial wastewater, and marine and estuarine environments.  Further research is 

necessary to find a suitable microscale immobilization strategy.  Meanwhile, this study clarified 

the importance of using metabolic activity measurements, such as SOUR analysis, to determine 
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the true viability of immobilized cells instead of solely using viability assays based on membrane 

integrity, such as the LIVE/DEAD® analysis.   

 Overall, this research provides a proof-of-concept that bacterial biosensors based on 

oxidative stress responses are feasible as predictors of oxidative stress in other cell types.  

Further work is necessary for the P. aeruginosa GGKE biosensor to be implemented in the 

environment; however, this research has expanded our understanding of whole-cell 

immobilization techniques in alginate hydrogels for use in the biosensor. 
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Table A1.  Change in extracellular K+ concentrations over time in response to NEM.  NEM was added to each sample (with the 
exception of the negative control) immediately after the time = 0 samples were taken. 

Sample Time 
(min)

avg std dev avg std dev avg std dev avg std dev

no NEM 0 3.48 0.188 8.07E+08 1.10E-13 3.06 0.091 5.37E+08 1.46E-13 3.12 0.045 6.83E+08 1.17E-13 1.24E-13 1.89E-14
3 3.41 0.190 1.08E-13 3.11 0.097 1.48E-13 3.15 0.025 1.18E-13 1.25E-13 2.07E-14
22 3.16 0.138 1.00E-13 2.65 0.121 1.26E-13 3.12 0.021 1.17E-13 1.14E-13 1.31E-14
42 2.82 0.235 8.93E-14 2.91 0.241 1.38E-13 2.95 0.103 1.11E-13 1.13E-13 2.46E-14
62 3.53 0.240 1.12E-13 2.80 0.240 1.33E-13 2.95 0.032 1.11E-13 1.19E-13 1.27E-14

0 3.54 0.145 1.12E-13 3.08 0.226 1.46E-13 3.13 0.030 1.17E-13 1.25E-13 1.85E-14
3 2.97 0.107 9.43E-14 3.14 0.181 1.50E-13 3.15 0.025 1.18E-13 1.21E-13 2.78E-14
22 2.82 0.227 8.93E-14 3.03 0.226 1.44E-13 3.13 0.041 1.17E-13 1.17E-13 2.75E-14
42 2.96 0.113 9.37E-14 2.76 0.080 1.32E-13 3.01 0.026 1.13E-13 1.13E-13 1.89E-14
62 2.83 0.130 8.97E-14 2.71 0.257 1.29E-13 3.06 0.025 1.15E-13 1.11E-13 2.00E-14

0 3.00 0.320 9.50E-14 3.15 0.191 1.50E-13 3.11 0.019 1.16E-13 1.21E-13 2.78E-14
3 3.07 0.243 9.73E-14 2.98 0.115 1.42E-13 3.23 0.036 1.21E-13 1.20E-13 2.23E-14
22 3.38 0.319 1.07E-13 3.44 0.366 1.64E-13 3.42 0.057 1.28E-13 1.33E-13 2.87E-14
42 3.13 0.170 9.92E-14 3.34 0.238 1.59E-13 3.27 0.031 1.22E-13 1.27E-13 3.01E-14
62 2.97 0.132 9.43E-14 3.15 0.340 1.50E-13 3.19 0.014 1.20E-13 1.21E-13 2.80E-14

0 2.89 0.232 9.16E-14 2.88 0.336 1.37E-13 3.24 0.019 1.21E-13 1.17E-13 2.30E-14
3 3.54 0.273 1.12E-13 3.28 0.221 1.56E-13 3.77 0.050 1.41E-13 1.36E-13 2.24E-14
22 4.48 0.159 1.42E-13 4.70 0.281 2.24E-13 4.86 0.038 1.82E-13 1.83E-13 4.09E-14
42 4.24 0.375 1.34E-13 4.55 0.171 2.17E-13 4.44 0.021 1.66E-13 1.72E-13 4.15E-14
62 3.75 0.255 1.19E-13 4.11 0.185 1.96E-13 4.22 0.031 1.58E-13 1.58E-13 3.85E-14

0 2.91 0.109 9.24E-14 2.59 0.181 1.23E-13 3.01 0.013 1.13E-13 1.09E-13 1.57E-14
3 3.86 0.280 1.22E-13 3.83 0.156 1.82E-13 4.26 0.113 1.60E-13 1.55E-13 3.02E-14
22 5.29 0.156 1.68E-13 5.40 0.140 2.57E-13 5.71 0.047 2.14E-13 2.13E-13 4.48E-14
42 5.45 0.275 1.73E-13 5.65 0.190 2.69E-13 5.98 0.045 2.24E-13 2.22E-13 4.80E-14
62 6.14 0.245 1.95E-13 6.01 0.366 2.86E-13 6.09 0.043 2.28E-13 2.36E-13 4.63E-14

0 2.86 0.202 9.06E-14 2.90 0.359 1.38E-13 3.06 0.107 1.15E-13 1.14E-13 2.38E-14
3 3.66 0.142 1.16E-13 3.86 0.310 1.84E-13 4.06 0.025 1.52E-13 1.51E-13 3.40E-14
22 5.69 0.392 1.80E-13 5.72 0.242 2.72E-13 5.49 0.062 2.06E-13 2.19E-13 4.75E-14
42 6.49 0.292 2.06E-13 6.26 0.166 2.98E-13 5.99 0.084 2.24E-13 2.43E-13 4.88E-14
62 6.57 0.178 2.08E-13 6.37 0.200 3.03E-13 5.94 0.047 2.23E-13 2.45E-13 5.13E-14

0 3.57 0.249 1.13E-13 2.66 0.310 1.27E-13 3.03 0.030 1.13E-13 1.18E-13 7.89E-15
3 4.00 0.139 1.27E-13 3.78 0.178 1.80E-13 4.03 0.031 1.51E-13 1.53E-13 2.67E-14
22 5.83 0.154 1.85E-13 6.06 0.295 2.89E-13 5.38 0.037 2.02E-13 2.25E-13 5.58E-14
42 6.74 0.248 2.14E-13 6.44 0.378 3.07E-13 5.63 0.093 2.11E-13 2.44E-13 5.47E-14
62 6.56 0.316 2.08E-13 6.49 0.292 3.09E-13 5.58 0.037 2.09E-13 2.42E-13 5.82E-14

exp 3
1K+ conc (mg/L) plate 

counts 
(cfu/mL)

K+/cell 

(mmol/cell)

K+/cell 

(mmol/cell)
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Figure A1.  Representative graph of time-dependent K+ efflux in response to NEM addition.  All data shown in Table A1. 
 
Table A2.  P. aeruginosa K+ efflux data for Figure 2.2.  K+ efflux of each NEM concentration was calculated as the maximum 
extracellular K+ concentration minus time = 0 K+ concentration using data presented in Table A1. 

NEM (mM) exp 1 exp 2 exp 3 average standard 
deviation

0.000 1.72E-15 2.30E-15 1.26E-15 1.76E-15 5.229E-16
0.008 -1.80E-14 3.17E-15 9.46E-16 -4.62E-15 1.162E-14
0.080 1.23E-14 1.38E-14 1.15E-14 1.25E-14 1.175E-15
0.240 5.04E-14 8.70E-14 6.09E-14 6.61E-14 1.883E-14
0.400 1.02E-13 1.63E-13 1.15E-13 1.27E-13 3.195E-14
0.599 1.18E-13 1.65E-13 1.10E-13 1.31E-13 3.001E-14
0.799 1.01E-13 1.82E-13 9.74E-14 1.27E-13 4.816E-14

K effluxed/cell (mmol K+/cell)
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Table A3.  Mixed rat brain cell culture MTT assay results.  Three separate experiments were performed with duplicate samples 
(indicated as “rep”).  

NEM conc avg std dev
(mM) n n n n n n

0 0.057 ± 0.012 12 0.058 ± 0.0078 12 0.079 ± 0.009 12 0.079 ± 0.0087 12 0.040 ± 0.005 12 0.040 ± 0.0050 12 3.553 5.6205
0.040 0.052 ± 0.0111 3 0.061 ± 0.0013 3 0.076 ± 0.0008 3 0.062 ± 0.0013 3 0.042 ± 0.0007 3 0.039 ± 0.0007 3 0.903 1.3956
0.080 0.041 ± 0.0004 3 0.045 ± 0.0014 3 0.042 ± 0.0004 3 0.038 ± 0.0016 3 0.024 ± 0.0009 3 0.021 ± 0.0011 3 0.895 1.4006
0.16 0.031 ± 0.0021 3 0.026 ± 0.0004 3 0.020 ± 0.0010 3 0.018 ± 0.0004 3 0.012 ± 0.0015 3 0.005 ± 0.0010 3 0.889 1.4044
0.24 0.021 ± 0.0006 3 0.018 ± 0.0002 3 0.016 ± 0.0016 3 0.012 ± 0.0004 3 0.010 ± 0.0007 3 0.007 ± 0.0005 3 0.888 1.4056
0.40 0.014 ± 0.0006 3 0.010 ± 0.0007 3 0.012 ± 0.0011 3 0.013 ± 0.0005 3 0.005 ± 0.0003 3 0.000 ± 1 0.941 1.4337
0.80 0.009 ± 0.0017 3 0.009 ± 0.0010 3 0.013 ± 0.0014 3 0.008 ± 0.0003 3 0.001 ± 0.0001 3 0.002 ± 0.0005 3 0.885 1.4071

rep 1 rep 2
exp 3

rep 2

Formazan conc (mM)
exp 1 exp 2

rep 1 rep 1rep 2

 
 
Table A4.  Rat brain cell MTT assay data for Figure 2.2.  Data were calculated based on results presented in Table A3 and equation 1 
in Chapter 2. 
 

NEM (mM) exp 1      
(rep 1)

exp 1      
(rep 2)

exp 2      
(rep 1)

exp 2      
(rep 2)

exp 3      
(rep 1)

exp 3      
(rep 2)

average standard 
deviation

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.040 7.31 -6.57 2.94 21.13 -5.92 2.30 0.37 10.17
0.080 27.82 21.86 46.04 51.86 38.86 47.72 24.84 11.91
0.160 45.91 54.84 74.74 77.59 68.59 88.40 50.37 15.59
0.240 63.32 69.13 80.17 84.13 74.47 82.76 66.23 8.23
0.400 75.66 82.38 84.63 83.56 86.87 N/A 79.02 4.23
0.799 83.27 85.15 83.78 89.24 96.70 94.52 84.21 5.74

formazan production lost (% of negative control)

 
 
Table A5a.  P. aeruginosa glutathione assay results (experiment 1). 

concentration 
(mM)

avg range of two 
values

avg range of two 
values

avg std dev avg range of 
two values

avg range of two 
values

0.000 184.9 ± 1.6 231.1 ± 17.630 9.20E+07 ± 2.35E+06 2.01E-12 ± 1.70E-14 2.51E-12 ± 1.92E-13
0.008 192.8 ± 9.4 ± 9.60E+07 ± 4.09E+06 2.01E-12 ± 9.79E-14 ±
0.080 117.5 ± 21.9 ± 8.00E+07 ± 2.83E+06 1.47E-12 ± 2.74E-13 ±
0.240 84.6 ± 1.6 ± 9.00E+07 ± 3.56E+06 9.40E-13 ± 1.74E-14 ±
0.400 58.0 ± 6.3 ± 9.00E+07 ± 3.92E+06 6.44E-13 ± 6.96E-14 ±
0.799 70.5 ± -- ± 9.80E+07 ± 2.74E+06 7.20E-13 ± -- ±

1GSH (uM) 2cell counts (cells/mL) 1GSH/cell (umol/cell)1total glutathione (uM) 1total glutathione/cell (umol/cell)
exp 1

 
1n=2, 2n=10 

 83



Table A5b.  P. aeruginosa glutathione assay results (experiment 2). 

concentration 
(mM)

avg std dev avg std dev avg std dev avg std dev avg std dev

0.000 107.9 ± 3.4 170.3 ± 8.4 9.40E+07 ± 4.12E+07 1.15E-12 ± 3.57E-14 1.81E-12 ± 8.93E-14
0.008 109.9 ± 6.7 ± 8.80E+07 ± 2.35E+07 1.25E-12 ± 7.63E-14 ±
0.080 65.3 ± 22.7 ± 1.00E+08 ± 4.42E+07 6.53E-13 ± 2.27E-13 ±
0.240 23.6 ± 18.5 ± 9.40E+07 ± 3.89E+07 2.51E-13 ± 1.97E-13 ±
0.400 35.2 ± 6.1 ± 1.04E+08 ± 3.24E+07 3.38E-13 ± 5.82E-14 ±
0.799 35.2 ± 4.4 ± 9.80E+07 ± 3.58E+07 3.59E-13 ± 4.53E-14 ±

exp 2
1GSH (uM) 1total glutathione (uM) 2cell counts (cells/mL) 1GSH/cell (umol/cell) 1total glutathione/cell (umol/cell)

 
1n=3, 2n=10 
 
Table A5c.  P. aeruginosa glutathione assay results (experiment 3). 

concentration 
(mM)

avg std dev avg std dev avg std dev avg std dev avg std dev

0.000 95.7 ± 0.0 146.5 ± 12.770 9.40E+13 ± 3.78E+06 1.02E-12 ± 0.0E+00 1.56E-12 ± 1.36E-13
0.008 83.0 ± 3.4 ± 8.40E+13 ± 2.27E+06 9.44E-13 ± 4.03E-14 ±
0.080 34.2 ± 2.9 ± 1.00E+14 ± 4.42E+06 3.42E-13 ± 2.93E-14 ±
0.240 22.5 ± 2.9 ± 9.60E+13 ± 4.09E+06 2.39E-13 ± 3.05E-14 ±
0.400 18.6 ± 4.5 ± 1.02E+14 ± 3.46E+06 1.78E-13 ± 4.39E-14 ±
0.799 18.6 ± 1.7 ± 9.80E+13 ± 3.58E+06 1.89E-13 ± 1.73E-14 ±

exp 3
1GSH (uM) 1total glutathione (uM) 2cell counts (cells/mL) 1GSH/cell (umol/cell) 1total glutathione/cell (umol/cell)

 
1n=3, 2n=10 
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Table A6.  P. aeruginosa data for Figure 2.3.  Ratios were calculated based on the results presented in Table A5 (a, b, c) and equation 
2 in Chapter 2. 

NEM 
concentration 

(mM)

exp 1 exp 2 exp 3 average std 

deviation
0.000 0.80 0.63 0.65 0.70 0.091
0.008 0.80 0.69 0.61 0.70 0.099
0.080 0.55 0.36 0.22 0.38 0.168
0.240 0.33 0.14 0.15 0.21 0.108
0.400 0.20 0.19 0.11 0.17 0.047
0.799 0.24 0.20 0.12 0.19 0.061

GSH/total glutathione

 
 
Table A7a.  Rat brain cell glutathione assay results (exp 1). 

concentr
ation 
(mM)

avg range of 
two 

values

avg range of 
two 

values

avg range of 
two 

values

avg range of 

two values

avg range of two 

values
0.000 29.1 ± 0.75 52.2 ± 1.86 493.47 ± 8.02 5.89E-02 ± 1.51E-03 1.06E-01 ± 3.78E-03
0.008 5.2 ± 0.75 ± 443.70 ± 3.44 1.18E-02 ± 1.68E-03 ±
0.080 3.7 ± 0.75 ± 363.63 ± 2.29 1.03E-02 ± 2.05E-03 ±
0.240 3.7 ± 0.75 ± 347.60 ± 4.58 1.07E-02 ± 2.14E-03 ±
0.400 3.0 ± 0.00 ± 328.38 ± 1.15 9.08E-03 ± 0.00 ±
0.799 3.0 ± 0.00 ± 328.95 ± 1.15 9.07E-03 ± 0.00 ±

exp 1
1GSH (uM) 1total glutathione (uM) 1protein (mg/L) 1GSH/protein (umol/mg) 1total glutathione/protein (umol/mg)

 
1n=2 
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concentr
ation 
(mM)

avg range of 
two 

values

avg range of 
two 

values

avg range of 
two 

values

avg range of 

two values

avg range of two 

values
0.000 21.7 ± 0.00 35.5 ± 0.93 809.54 ± 5.73 0.0268 ± 0.00 0.0438 ± 1.15E-03
0.008 5.2 ± 0.00 ± 662.98 ± 5.73 0.0079 ± 0.00 ±
0.080 3.7 ± 0.00 ± 764.89 ± 4.58 0.0049 ± 0.00 ±
0.240 3.0 ± 2.24 ± 531.30 ± 9.16 0.0056 ± 1.39E-03 ±
0.400 2.2 ± 0.00 ± 524.43 ± 2.29 0.0043 ± 0.00 ±
0.799 0.7 ± 0.00 ± 427.10 ± 12.60 0.0017 ± 0.00 ±

exp 2
1GSH (uM) 1total glutathione (uM) 2protein (mg/L) 1GSH/protein (umol/mg) 1total glutathione/protein (umol/mg)

 

concentr
ation 
(mM)

avg range of 
two 

values

avg range of 
two 

values

avg range of 
two 

values

avg range of 

two values

avg range of two 

values
0.000 17.9 ± 2.24 31.7 ± 0.93 791.22 ± 14.89 0.0227 ± 2.83E-03 0.0401 ± 1.18E-03
0.008 4.5 ± 2.24 ± 650.38 ± 0.00 0.0069 ± 3.45E-03 ±
0.080 3.7 ± 0.00 ± 602.29 ± 2.29 0.0062 ± 0.00 ±
0.240 2.2 ± 0.00 ± 259.92 ± -- 0.0086 ± 0.00 ±
0.400 2.2 ± 1.49 ± 218.70 ± -- 0.0102 ± 0.01 ±
0.799 0.7 ± 0.00 ± 431.68 ± 8.02 0.0017 ± 0.00 ±

exp 3
1GSH (uM) 1total glutathione (uM) 2protein (mg/L) 1GSH/protein (umol/mg) 1total glutathione/protein (umol/mg)
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Table A7b.  Rat brain cell glutathione assay results (exp 2). 

1n=2 
 
Table A7c.  Rat brain cell glutathione assay results (exp 2). 

1n=2 
 
 
 
 
 
 
 

 



Table A8.  Rat brain cell data for Figure 2.3.  Ratios were calculated using results presented in 
Table A7 (a, b, c) and equation 3 in Chapter 2. 

NEM 
concentration 

(mM)

exp 1 exp 2 exp 3 average std 

deviation
0.000 0.557 0.611 0.565 0.577 0.0289
0.040 0.111 0.180 0.343 0.212 0.1193
0.080 0.097 0.111 0.155 0.121 0.0300
0.240 0.101 0.128 0.215 0.148 0.0593
0.400 0.086 0.097 0.255 0.146 0.0947
0.799 0.086 0.040 0.043 0.056 0.0256

GSH/total glutathione

 
 
Experimental background data for Chapter 2 
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Figure A2.  Growth curve of P. aeruginosa environmental strain in PA M9 media. 
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Figure A3.  SOUR inhibition curve of P. aeruginosa exposed to NEM. 
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Figure A4.  SOUR inhibition curve of P. aeruginosa exposed to methylglyoxal. 
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Figure A5.  SOUR inhibition curve of E. coli exposed to methylglyoxal. 
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Figure A6.  Change in extracellular K+ concentration in P. aeruginosa in response to 
methylglyoxal.  The results were inconclusive and we decided to only use NEM and Cu at this 
point. 
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Figure A7.  Change in extracellular K+ concentration in E. coli in response to methylglyoxal.  
This was a replication of Ferguson et al. (1993); however, we could not reproduce their results.  
The results were inconclusive and we decided to only use NEM and Cu at this point. 
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Figure A8.  SOUR inhibition curve of P. aeruginosa exposed to paraquat. 
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Figure A9.  Change in extracellular K+ concentration in P. aeruginosa in response to paraquat.  
The results suggested that paraquat does not induce GGKE and we decided to only use NEM and 
Cu at this point. 
 
 
Table A9.  Rat brain cell LDH (lactose dehydrogenase) assay results for varying concentrations 
of copper and 50 mg/L NEM to assess membrane integrity.  Copper interfered with the LDH 
assay so only the MTT assay was used. 

sample

concentration 

(mg/L)

exposure time average 
absorbance 

(both 
replicates)

standard 
deviation      

(both 
replicates)

avg abs - 

unshocked abs

% LDH released

lysed control 
30min (1:10 

dilution) 0 30 1.456 0.2179 1.1943 100.00

unshocked 0 30 0.262 0.0146 0.0000 0.00

Cu 5 30 0.032 0.0012 -0.2300 -19.26
30 30 0.022 0.0010 -0.2398 -20.08
50 30 0.021 0.0023 -0.2408 -20.17
75 30 0.018 0.0005 -0.2438 -20.42
125 30 0.017 0.0008 -0.2448 -20.50
150 30 0.017 0.0008 -0.2453 -20.54

Cu lysed after 
30min 50 30 0.022 0.0010 -0.2398 -20.08

NEM 50 30 0.407 0.0302 0.1448 12.13
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Figure A10.  Abiotic glutathione experiment.  In brief, a 275 μM GSH solution was prepared in 
nanopure water and placed in an anaerobic glove chamber to minimize oxidation to GSSG.  Each 
concentration of NEM and Cu were added to the GSH solution in the glove chamber and let react 
for 30 minutes.  Samples were taken and analyzed for total glutathione using the total glutathione 
assay kit (using reducing agent) as described in Chapter 2.  The large decrease in “total” 
glutathione in response to NEM addition suggests that the kit cannot measure the conjugated 
form of glutathione (GSX).  
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Statistical analysis
sample time (d) 1 2 3 average std deviation Paired t test p-values 

compared to t=0
Christiansburg 0 126.17 147.83 159.25 144.42 16.80 significantly lower
primary effluent 0.1 140.74 128.67 141.76 137.06 7.28 0.525 significantly higher

0.54 162.73 137.30 144.07 148.03 13.17 0.784
1 154.03 146.22 163.32 154.52 8.56 0.406
5 150.58 157.35 91.97 133.30 35.95 0.653
15 156.26 138.81 166.65 153.91 14.07 0.495

Peppers Fer
primary effl

PA BT (no K)

PA BT +
5 mg/L K+

PA BT +
10 mg/L K+

PA BT +
20 mg/L K+

high salt me

Mean diameter (

Table B1.  Alginate microbead stability experiment results (Figure 2.2).  Student’s T-test results 
comparing mean diameters of microbeads at different time points to mean diameters of the same 
sample at t=0.  Confidence interval chosen was 95%.  Significantly lower values indicate 
shrinking of the microbeads, and significantly higher values indicate swelling of the microbeads. 

ry 0 166.09 158.78 154.42 159.76 5.90
uent 0.1 130.42 116.59 141.00 129.34 12.24 0.018

0.54 130.84 144.82 142.40 139.35 7.47 0.021
1 134.45 153.43 145.02 144.30 9.51 0.075
5 130.16 120.15 112.80 121.04 8.71 0.003
15 144.17 107.68 133.12 128.32 18.71 0.050

0 143.23 179.78 183.94 168.98 22.40
0.1 159.76 145.72 161.07 155.52 8.51 0.385
0.54 188.60 179.80 182.02 183.47 4.58 0.334

1 209.36 217.67 218.46 215.16 5.04 0.025
5 187.72 141.81 213.70 181.08 36.40 0.650
15 175.28 191.27 156.69 174.41 17.31 0.756

0 162.50 175.68 159.20 165.79 8.72
0.1 153.54 153.67 155.31 154.17 0.99 0.084
0.54 184.08 177.12 187.98 183.06 5.50 0.044

1 182.62 200.52 203.63 195.59 11.34 0.023
5 181.23 170.62 171.96 174.60 5.78 0.218
15 175.36 172.11 175.55 174.34 1.93 0.173

0 200.80 215.59 209.20 208.53 7.42
0.1 192.36 197.23 194.09 194.56 2.47 0.036
0.54 206.47 204.83 236.97 216.09 18.10 0.540

1 240.35 235.10 223.18 232.88 8.80 0.021
5 211.90 204.06 228.08 214.68 12.25 0.498
15 198.95 200.24 201.98 200.39 1.52 0.136

0 224.47 238.39 237.90 233.59 7.90
0.1 269.02 249.45 234.87 251.11 17.14 0.183
0.54 253.71 267.64 267.18 262.84 7.91 0.011

1 252.44 268.89 254.49 258.61 8.96 0.022
5 252.16 255.11 262.24 256.50 5.18 0.014
15 257.73 251.77 251.77 253.76 3.44 0.015

dia 0 352.34 346.51 357.17 352.01 5.34
0.1 13.08 12.52 12.77 12.79 0.28 4.108E-08
0.54 16.89 14.54 15.96 15.80 1.18 4.660E-08

1 14.35 17.21 15.46 15.67 1.44 4.866E-08
5 29.85 29.75 29.80 4.150E-06

μm)
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Figure B1.  Alginate microbead stability experiment: all data including day 15. 
 
 
Table B2a.  SOUR data for Figure 3.3 part a. 

time after 

immob.

1OUR range of 

two values

2avg cell 

counts

std dev 1SOUR range of 

two values

1OUR range of 

two values

2avg cell 

counts

std dev 1SOUR range of 

two values
 (d)
0.15 0.0075 ± 2.70E-03 8.72E+07 ± 1.71E+07 8.60E-15 ± 3.10E-15 0.0199 ± 1.40E-03 1.82E+09 ± 3.85E+08 1.10E-14 ± 7.71E-16

1 0.0239 ± 3.00E-04 8.64E+07 ± 2.50E+07 2.77E-14 ± 3.47E-16 0.0135 ± 7.50E-04 1.73E+09 ± 2.45E+08 7.78E-15 ± 4.34E-16
3 0.0336 ± 7.15E-03 1.16E+08 ± 4.19E+07 2.89E-14 ± 6.16E-15 0.0113 ± 1.40E-03 1.58E+09 ± 3.09E+08 7.17E-15 ± 8.88E-16
5 0.0865 ± 2.15E-02 1.02E+08 ± 2.20E+07 8.51E-14 ± 2.12E-14 0.0427 ± 6.90E-03 1.58E+09 ± 2.89E+08 2.70E-14 ± 4.36E-15
8 0.0535 ± 8.30E-03 2.19E+08 ± 3.62E+08 2.44E-14 ± 3.79E-15 0.0154 ± 0.00 1.74E+09 ± 4.79E+08 8.87E-15 ± 0.00

11 0.0110 ± 5.00E-05 1.08E+08 ± 2.63E+07 1.01E-14 ± 0.00 0.0140 ± 6.35E-03 1.85E+09 ± 4.05E+08 7.55E-15 ± 3.44E-15
14 0.2964 ± 6.48E-02 1.18E+08 ± 2.45E+07 2.51E-13 ± 5.49E-14 0.0293 ± 3.15E-03 1.95E+09 ± 3.50E+08 1.50E-14 ± 1.61E-15

3planktonic 0.964 ± 0.35 7.21E+08 1.34E-12 ± 4.85E-13 0.7855 ± 7.19E-02 1.35E+09 5.82E-13 ± 5.32E-14

exp 2

(mg O2/L/min) (cells/mL) (mg O2/cell/min)(mg O2/L/min) (cells/mL) (mg O2/cell/min)

exp 1

 
1n=2, 2n=10, 3planktonic samples normalized to plate counts 
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Table B2b.  SOUR data for Figure 3.3, including t-test results to show significance (confidence interval 95%).  Statistical significance 
indicates that microbead-immobilized cells had lower SOUR than planktonic samples. 

time after 
immob.

1OUR range of 
two values

2avg cell 
counts

std dev 1SOUR range of 
two values

 (d)
0.15 0.0210 ± 2.30E-03 1.28E+09 ± 6.49E+08 1.64E-14 ± 1.80E-15 1.20E-14 ± 4.00E-15 0.0240

1 0.0197 ± 2.00E-04 1.86E+09 ± 4.63E+08 1.06E-14 ± 1.08E-16 1.54E-14 ± 1.08E-14 0.7111 0.0244
3 0.0341 ± 3.20E-03 1.90E+09 ± 5.17E+08 1.79E-14 ± 1.68E-15 1.80E-14 ± 1.09E-14 0.4976 0.0247
5 0.1621 ± 7.15E-03 2.07E+09 ± 4.84E+08 7.82E-14 ± 3.45E-15 6.34E-14 ± 3.18E-14 0.1059 0.0303
8 0.0284 ± 5.45E-03 2.38E+09 ± 5.74E+08 1.19E-14 ± 2.29E-15 1.51E-14 ± 8.24E-15 0.6793 0.0243
11 0.0649 ± 1.19E-02 2.66E+09 ± 1.07E+09 2.44E-14 ± 4.46E-15 1.40E-14 ± 9.09E-15 0.6015 0.0242
14 0.0616 ± 1.44E-02 1.80E+09 ± 1.46E+09 3.42E-14 ± 7.97E-15 1.00E-13 ± 1.31E-13 0.3725 0.0372

2planktonic 0.8043 ± 6.14E-02 2.02E+09 3.99E-13 ± 3.05E-14 5.63E-13 ± 1.91E-13

std 

deviation

t-test (p-value)
compared 

to t=0.15

compared 
to 

planktonic

SOUR (mg/cell/min)
average

exp 3

(mg O2/L/min) (cells/mL) (mg O2/cell/min)

 
1n=2, 2n=10, 3planktonic samples normalized to plate counts 
 
Table B3a.  LIVE/DEAD data for Figure 3.3: experiment 1.  Ten aliquots were assessed per experiment, noted as “1.x”. 

time (days 
after immob)

sample 
1.1

1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 1.10

0.15 82.82 83.65 87.49 87.53 84.55 86.29 85.65 86.74 87.79 85.05
1 89.54 94.21 85.03 87.42 89.66 86.14 90.36 72.34 91.34 84.27
3 88.40 91.66 91.80 91.12 90.77 87.86 94.97 88.34 73.84 92.42
5 93.17 93.93 92.55 95.19 94.44 95.49 92.57 94.95 87.53 95.67
8 98.40 97.99 96.81 96.58 95.36 90.44 96.62 98.05 97.62 95.36
11 98.55 98.42 97.36 94.07 97.04 96.42 97.94 97.62 97.29 97.35
14 98.83 98.27 98.47 98.74 98.23 95.86 95.45 93.32 96.73 96.74

% Live

 
Table B3b.  LIVE/DEAD data for Figure 3.3: experiment 2.  Ten aliquots were assessed per experiment, noted as “1.x”. 

time (days 
after immob)

sample 
2.1

2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 2.10

0.15 80.38 71.27 68.69 72.22 78.75 73.11 69.49 82.08 85.14 75.59
1 89.19 85.46 87.40 81.26 86.07 75.84 71.43 85.41 81.24 87.92
3 90.75 87.65 91.64 88.09 86.10 91.34 88.12 92.66 95.53 89.61
5 90.80 94.06 87.50 92.03 93.28 85.65 85.75 90.34 86.73 93.51
8 77.88 80.57 85.91 90.58 88.00 94.69 81.07 81.89 85.43 84.47
11 60.48 65.52 55.53 64.65 64.48 65.24 59.29 64.31 59.36
14 91.74 94.50 89.25 84.62 88.30 92.08 88.47 88.59 94.03 86.28

% Live
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Table B3c.  LIVE/DEAD data for Figure 3.3: experiment 3.  Ten aliquots were assessed per experiment, noted as “1.x”. 

time (days 
after immob)

sample 
3.1

3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 3.10

0.15 64.02 62.51 65.27 67.56 66.40 67.97 68.55 71.82 59.57 61.15
1 93.74 87.12 72.21 82.09 80.41 87.91 76.42 88.44 82.25 81.93
3 82.76 90.99 74.22 79.32 93.07 79.69 82.48 84.72 92.88 85.25
5 89.40 92.06 90.46 91.55 92.28 88.49 94.49 88.24 93.10 92.34
8 83.96 88.02 77.13 87.78 68.85 86.90 84.64 90.72 72.32 76.21

11 85.89 87.73 94.32 87.16 94.77 89.76 90.94 93.56 88.64 89.34
14 92.91 90.31 98.82 66.39 96.08 93.66 95.45 93.18 88.92 91.45

% Live

 
 
Table B3d.  LIVE/DEAD data for Figure 3.3: average and significance (95% confidence interval).  Student’s t-test results indicate 
that % LIVE recovered significantly after 1 day incubation (compared to immediately after immobilization). 

time (days after 

immob)

average of all 

values

std 

deviation

t-test p-values 

compared with t=0.15d
0.15 75.64 9.274

1 84.47 6.075 2.27E-05
3 87.93 5.570 6.68E-08
5 91.58 2.960 1.20E-10
8 87.67 8.224 1.04E-10
11 83.90 15.411 1.18E-02
14 92.52 6.349 3.13E-11
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Table B4.  LIVE/DEAD results of planktonic cells exposed to high salt media.  This experiment was aimed to show that exposure to 
high salt media during the microbead dissolution (preceding L/D and microscopic cell counts) does not negatively affect the % LIVE 
results.  In brief, planktonic cells were kept in PA M9 growth media (negative control) or high salt media and exposed for 2 hours.  
L/D analysis was performed immediately after suspension and 2 hours after suspension.  Statistical analysis indicated that there is no 
significant difference between the % LIVE of the cells in PA M9 and in high salt media. 

time in suspension (hr) Planktonic cells in PA 
M9 media (negative 

control)

Planktonic cells in 

high salt media
0 96.6 (± 3.31) 97.0 (± 2.43)
2 94.6 (± 4.59) 96.2 (± 1.62)

Student's T-test
comparing t=0 and 2 hr 0.383 0.465
comparing t=0 of each sample
comparing t=2 of each sample

% LIVE

0.813
0.390
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Table B5a.  Microbead-immobilized cells GGKE experiment 1. 

time 
(min)

avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev

planktonic 0 15.24 ± 0.28 9.88E+08 ± 1.58E+08 1.543E-11 ± 2.82E-13 11.92 ± 0.11 1.14E+09 ± 2.17E+08 1.05E-11 ± 9.71E-14 11.48 ± 0.36 1.09E+09 ± 1.80E+08 1.06E-11 ± 3.31E-13
control 3 15.93 ± 0.14 1.613E-11 ± 1.45E-13 11.29 ± 0.07 9.91E-12 ± 6.35E-14 12.45 ± 0.15 1.15E-11 ± 1.34E-13

20 14.44 ± 0.04 1.461E-11 ± 4.04E-14 10.91 ± 0.15 9.57E-12 ± 1.32E-13 10.46 ± 4.20 9.63E-12 ± 3.87E-12
40 15.10 ± 0.38 1.529E-11 ± 3.85E-13 10.64 ± 0.00 9.33E-12 ± 0.00 11.70 ± 0.04 1.08E-11 ± 3.87E-14
60 14.16 ± 0.04 1.433E-11 ± 4.04E-14 ± ± 11.48 ± 0.11 1.06E-11 ± 1.02E-13
90 13.95 ± 0.28 1.412E-11 ± 2.82E-13 10.08 ± 0.42 8.85E-12 ± 3.67E-13 10.95 ± 0.18 1.01E-11 ± 1.69E-13

120 13.17 ± 0.14 1.333E-11 ± 1.45E-13 9.92 ± 0.14 8.70E-12 ± 1.27E-13 11.24 ± 0.34 1.03E-11 ± 3.17E-13

planktonic 0 15.04 ± 0.22 1.09E+09 ± 2.29E+08 1.382E-11 ± 2.04E-13 10.40 ± 0.44 9.18E+08 ± 1.35E+08 1.13E-11 ± 4.76E-13 10.99 ± 1.09 1.09E+09 ± 1.80E+08 1.01E-11 ± 1.00E-12
NEM 50 mg/L 3 16.99 ± 0.22 1.562E-11 ± 2.04E-13 13.42 ± 0.18 1.46E-11 ± 1.99E-13 14.05 ± 0.15 1.29E-11 ± 1.34E-13

20 18.60 ± 0.36 1.710E-11 ± 3.30E-13 15.88 ± 0.41 1.73E-11 ± 4.49E-13 19.27 ± 0.11 1.77E-11 ± 1.02E-13
40 20.21 ± 0.56 1.858E-11 ± 5.13E-13 16.53 ± 0.04 1.80E-11 ± 4.56E-14 19.83 ± 0.34 1.83E-11 ± 3.17E-13
60 20.63 ± 0.17 1.896E-11 ± 1.60E-13 18.27 ± 0.04 1.99E-11 ± 4.56E-14 19.73 ± 0.19 1.82E-11 ± 1.77E-13
90 21.50 ± 0.43 1.976E-11 ± 3.96E-13 18.46 ± 0.38 2.01E-11 ± 4.18E-13 20.22 ± 0.23 1.86E-11 ± 2.16E-13

120 22.08 ± 0.11 2.029E-11 ± 9.70E-14 19.02 ± 0.25 2.07E-11 ± 2.77E-13 21.46 ± 0.18 1.98E-11 ± 1.69E-13

Microbead 0 17.08 ± 0.14 4.06E+08 ± 3.73E+08 1.052E-11 ± 8.50E-14 19.07 ± 0.11 4.38E+08 ± 7.53E+08 1.09E-11 ± 6.32E-14 15.65 ± 0.15 1.28E+09 ± 3.16E+08 1.22E-11 ± 1.14E-13
control 3 18.12 ± 0.14 1.116E-11 ± 8.50E-14 17.96 ± 0.52 1.02E-11 ± 2.98E-13 15.34 ± 0.08 1.20E-11 ± 6.57E-14

20 17.89 ± 0.46 1.102E-11 ± 2.83E-13 17.71 ± 0.04 1.01E-11 ± 2.39E-14 16.19 ± 0.17 1.26E-11 ± 1.31E-13
40 17.57 ± 0.18 1.082E-11 ± 1.13E-13 17.47 ± 0.27 9.97E-12 ± 1.57E-13 16.09 ± 0.57 1.26E-11 ± 4.44E-13
60 18.47 ± 0.14 1.137E-11 ± 8.50E-14 18.12 ± 0.36 1.03E-11 ± 2.04E-13 16.29 ± 0.04 1.27E-11 ± 3.28E-14
90 18.83 ± 0.11 1.160E-11 ± 6.50E-14 18.68 ± 0.13 1.07E-11 ± 7.16E-14 16.55 ± 0.04 1.29E-11 ± 3.28E-14

120 19.00 ± 0.28 1.170E-11 ± 1.72E-13 18.90 ± 0.07 1.08E-11 ± 4.13E-14 17.23 ± 0.04 1.35E-11 ± 3.28E-14

Microbead 0 16.45 ± 0.19 3.56E+08 ± 3.53E+08 1.155E-11 ± 1.34E-13 15.35 ± 0.14 4.3E+08 ± 3.70E+08 8.92E-12 ± 8.42E-14 15.27 ± 0.46 1.32E+09 ± 2.48E+08 1.16E-11 ± 3.50E-13
NEM 50 mg/L 3 17.11 ± 0.29 1.201E-11 ± 2.02E-13 15.95 ± 0.18 9.27E-12 ± 1.06E-13 14.78 ± 0.45 1.12E-11 ± 3.44E-13

20 16.95 ± 0.07 1.190E-11 ± 4.85E-14 16.51 ± 0.25 9.60E-12 ± 1.46E-13 15.05 ± 0.43 1.14E-11 ± 3.23E-13
40 19.48 ± 0.60 1.368E-11 ± 4.24E-13 17.01 ± 0.19 9.89E-12 ± 1.11E-13 15.82 ± 0.48 1.20E-11 ± 3.67E-13
60 17.22 ± 0.07 1.209E-11 ± 4.85E-14 17.84 ± 0.42 1.04E-11 ± 2.47E-13 15.78 ± 0.15 1.20E-11 ± 1.15E-13
90 17.52 ± 0.40 1.230E-11 ± 2.84E-13 17.21 ± 0.08 1.00E-11 ± 4.86E-14 16.04 ± 0.11 1.22E-11 ± 8.43E-14

120 18.03 ± 0.35 1.266E-11 ± 2.44E-13 17.35 ± 0.08 1.01E-11 ± 4.86E-14 16.72 ± 0.21 1.27E-11 ± 1.59E-13

experiment 1

K+/cell (mg/cell)
day 6 day 10 day 14

cell counts (cells/mL) K+/cell (mg/cell) K+ conc (mg/L) cell counts (cells/mL)1K+ conc (mg/L) 2cell counts (cells/mL) 1K+/cell (mg/cell) K+ conc (mg/L)

 
1n=3, 2n=10 
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Table B5b.  Microbead-immobilized cells GGKE experiment 2.  Day 10 experiments were done in conjunction with exp 1 day 14. 

time 
(min)

avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev

planktonic 0 11.90 ± 0.15 1.00E+09 ± 2.15E+08 1.19E-11 ± 1.52E-13 9.06 ± 0.22 1.01E+09 ± 1.59E+08 9.01E-12 ± 2.18E-13
control 3 12.07 ± 0.18 1.21E-11 ± 1.84E-13 8.57 ± 0.06 8.52E-12 ± 6.04E-14

20 12.00 ± 0.15 1.20E-11 ± 1.52E-13 9.69 ± 0.27 9.64E-12 ± 2.63E-13
40 12.05 ± 0.04 1.20E-11 ± 4.22E-14 9.41 ± 0.43 9.36E-12 ± 4.23E-13
60 11.85 ± 0.11 1.19E-11 ± 1.12E-13 9.45 ± 0.21 9.39E-12 ± 2.09E-13
90 11.61 ± 0.28 1.16E-11 ± 2.77E-13 8.89 ± 0.34 8.83E-12 ± 3.37E-13
120 11.10 ± 0.36 1.11E-11 ± 3.61E-13 8.85 ± 0.16 8.80E-12 ± 1.60E-13

planktonic 0 11.17 ± 0.11 1.00E+09 ± 2.15E+08 1.12E-11 ± 1.12E-13 8.78 ± 0.06 1.01E+09 ± 1.59E+08 8.73E-12 ± 6.04E-14
NEM 50 mg/L 3 14.58 ± 0.13 1.46E-11 ± 1.27E-13 11.41 ± 0.22 1.13E-11 ± 2.18E-13

20 16.17 ± 0.42 1.62E-11 ± 4.22E-13 12.92 ± 0.28 1.28E-11 ± 2.77E-13
40 18.63 ± 0.11 1.86E-11 ± 1.12E-13 10.39 ± 0.46 1.03E-11 ± 4.56E-13
60 19.02 ± 0.26 1.90E-11 ± 2.57E-13 11.59 ± 0.80 1.15E-11 ± 8.00E-13
90 19.60 ± 0.40 1.96E-11 ± 4.03E-13 10.54 ± 0.22 1.05E-11 ± 2.18E-13
120 19.80 ± 0.66 1.98E-11 ± 6.55E-13 10.57 ± 0.16 1.05E-11 ± 1.60E-13

Microbead 0 14.83 ± 0.45 1.50E+09 ± 3.28E+08 9.88E-12 ± 2.98E-13 15.39 ± 0.18 1.49E+09 ± 3.42E+08 1.03E-11 ± 1.23E-13 14.08 ± 0.11 1.53E+09 ± 2.11E+08 9.22E-12 ± 6.89E-14
control 3 ± ± 15.75 ± 0.18 1.06E-11 ± 1.23E-13 14.85 ± 0.16 9.72E-12 ± 1.05E-13

20 15.56 ± 0.30 1.04E-11 ± 2.03E-13 15.95 ± 0.52 1.07E-11 ± 3.48E-13 15.24 ± 0.18 9.97E-12 ± 1.19E-13
40 16.02 ± 0.15 1.07E-11 ± 1.01E-13 16.53 ± 0.14 1.11E-11 ± 9.66E-14 15.20 ± 0.22 9.95E-12 ± 1.43E-13
60 15.56 ± 0.60 1.04E-11 ± 3.97E-13 16.75 ± 0.80 1.13E-11 ± 5.38E-13 15.38 ± 0.49 1.01E-11 ± 3.18E-13
90 16.00 ± 0.11 1.07E-11 ± 7.44E-14 17.68 ± 0.58 1.19E-11 ± 3.89E-13 16.12 ± 0.12 1.05E-11 ± 7.96E-14
120 16.83 ± 0.18 1.12E-11 ± 1.23E-13 19.38 ± 0.21 1.30E-11 ± 1.42E-13 16.71 ± 0.21 1.09E-11 ± 1.38E-13

Microbead 0 15.05 ± 0.15 1.50E+09 ± 3.28E+08 1.00E-11 ± 1.01E-13 15.10 ± 0.07 1.49E+09 ± 3.42E+08 1.01E-11 ± 4.64E-14 14.22 ± 0.24 1.53E+09 ± 2.11E+08 9.31E-12 ± 1.59E-13
NEM 50 mg/L 3 15.36 ± 0.15 1.02E-11 ± 1.01E-13 15.12 ± 0.14 1.02E-11 ± 9.66E-14 14.40 ± 0.11 9.42E-12 ± 6.89E-14

20 15.90 ± 0.22 1.06E-11 ± 1.46E-13 15.19 ± 0.24 1.02E-11 ± 1.63E-13 14.78 ± 0.06 9.67E-12 ± 3.98E-14
40 16.14 ± 0.04 1.08E-11 ± 2.81E-14 15.24 ± 0.24 1.02E-11 ± 1.61E-13 14.96 ± 0.06 9.79E-12 ± 3.98E-14
60 15.97 ± 0.22 1.06E-11 ± 1.46E-13 15.44 ± 0.40 1.04E-11 ± 2.72E-13 15.73 ± 0.22 1.03E-11 ± 1.43E-13
90 16.61 ± 0.26 1.11E-11 ± 1.71E-13 16.19 ± 0.07 1.09E-11 ± 4.64E-14 16.12 ± 0.30 1.05E-11 ± 1.99E-13
120 16.63 ± 0.13 1.11E-11 ± 8.44E-14 16.29 ± 0.04 1.09E-11 ± 2.68E-14 16.26 ± 0.16 1.06E-11 ± 1.05E-13

1K+/cell (mg/cell)2cell counts (cells/mL) 1K+/cell (mg/cell) 1K+ conc (mg/L) 2cell counts (cells/mL)1K+ conc (mg/L) 2cell counts (cells/mL) 1K+/cell (mg/cell) 1K+ conc (mg/L)

experiment 2
day 6 day 10 day 14

 
1n=3, 2n=10 
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Table B5c.  Microbead-immobilized cells GGKE experiment 3.  Day 6 was done with exp 2 day 14, Day 14 was done with exp 3 day 
10. 

time 
(min)

avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev

planktonic 0 5.52 ± 0.53 9.98E+08 ± 2.24E+08 5.53E-12 ± 5.35E-13
control 3 5.91 ± 0.66 5.92E-12 ± 6.59E-13

20 5.30 ± 0.23 5.32E-12 ± 2.33E-13
40 5.69 ± 0.66 5.70E-12 ± 6.59E-13
60 5.11 ± 0.44 5.12E-12 ± 4.37E-13
90 4.92 ± 0.07 4.93E-12 ± 7.26E-14
120 4.60 ± 0.36 4.61E-12 ± 3.58E-13

planktonic 0 5.45 ± 0.04 9.98E+08 ± 2.24E+08 5.46E-12 ± 4.19E-14
NEM 50 mg/L 3 8.61 ± 0.33 8.63E-12 ± 3.33E-13

20 10.74 ± 1.17 1.08E-11 ± 1.17E-12
40 11.85 ± 0.18 1.19E-11 ± 1.83E-13
60 12.33 ± 0.79 1.24E-11 ± 7.96E-13
90 12.64 ± 0.79 1.27E-11 ± 7.96E-13
120 12.50 ± 0.04 1.25E-11 ± 4.19E-14

Microbead 0 13.46 ± 0.08 1.51E+09 ± 3.63E+08 8.90E-12 ± 5.27E-14 9.12 ± 0.32 1.50E+09 ± 3.01E+08 6.08E-12 ± 2.10E-13 9.506 ± 0.21 1.52E+09 ± 3.37E+08 6.25E-12 ± 1.38E-13
control 3 14.10 ± 0.08 9.32E-12 ± 5.27E-14 9.75 ± 0.18 6.50E-12 ± 1.22E-13 9.675 ± 0.11 6.36E-12 ± 7.28E-14

20 14.12 ± 0.14 9.34E-12 ± 9.51E-14 9.70 ± 0.32 6.47E-12 ± 2.10E-13 9.288 ± 0.25 6.11E-12 ± 1.67E-13
40 14.56 ± 0.08 9.63E-12 ± 5.27E-14 9.48 ± 0.22 6.32E-12 ± 1.45E-13 9.602 ± 0.11 6.32E-12 ± 7.28E-14
60 15.17 ± 0.07 1.00E-11 ± 4.57E-14 9.75 ± 0.04 6.50E-12 ± 2.79E-14 9.119 ± 0.40 6.00E-12 ± 2.65E-13
90 15.51 ± 0.11 1.03E-11 ± 6.98E-14 9.80 ± 0.11 6.53E-12 ± 7.38E-14 10.013 ± 0.08 6.59E-12 ± 5.50E-14
120 16.07 ± 0.17 1.06E-11 ± 1.15E-13 10.28 ± 0.13 6.85E-12 ± 8.36E-14 10.278 ± 0.07 6.76E-12 ± 4.77E-14

Microbead 0 12.76 ± 0.18 1.51E+09 ± 3.63E+08 8.44E-12 ± 1.21E-13 8.66 ± 0.42 1.50E+09 ± 3.01E+08 5.77E-12 ± 2.83E-13 9.216 ± 0.30 1.52E+09 ± 3.37E+08 6.06E-12 ± 1.98E-13
NEM 50 mg/L 3 13.46 ± 0.33 8.90E-12 ± 2.16E-13 8.95 ± 0.25 5.97E-12 ± 1.70E-13 8.950 ± 0.15 5.89E-12 ± 9.92E-14

20 13.44 ± 0.08 8.89E-12 ± 5.27E-14 9.07 ± 0.08 6.05E-12 ± 5.58E-14 9.240 ± 0.22 6.08E-12 ± 1.46E-13
40 13.51 ± 0.04 8.94E-12 ± 2.64E-14 9.43 ± 0.23 6.29E-12 ± 1.55E-13 9.143 ± 0.30 6.02E-12 ± 1.98E-13
60 14.22 ± 0.25 9.40E-12 ± 1.65E-13 9.17 ± 0.11 6.11E-12 ± 7.38E-14 9.481 ± 0.26 6.24E-12 ± 1.72E-13
90 14.49 ± 0.11 9.58E-12 ± 6.98E-14 9.60 ± 0.11 6.40E-12 ± 7.38E-14 9.530 ± 0.11 6.27E-12 ± 7.28E-14
120 14.36 ± 0.50 9.50E-12 ± 3.29E-13 9.92 ± 0.00 6.61E-12 ± 0.00 10.157 ± 0.40 6.68E-12 ± 2.62E-13

1K+/cell (mg/cell)2cell counts (cells/mL) 1K+/cell (mg/cell) 1K+ conc (mg/L) 2cell counts (cells/mL)1K+ conc (mg/L) 2cell counts (cells/mL) 1K+/cell (mg/cell) 1K+ conc (mg/L)

experiment 3
day 6 day 10 day 14

 
1n=3, 2n=10 
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Table B6.  Alginate microbead K+ efflux data for Figure 3.5 (raw data shown in Figures B5a, b, c).  Student’s t-test performed to 
compare control and shocked samples at each time point (95% confidence interval).  Statistical significance indicates that the samples 
showed net GGKE response to NEM. 

 

t-test p-values

time after 
immobilization 

(d)

control shocked control shocked control shocked control shocked control shocked b/w control and 

shocked
6 1.18E-12 2.13E-12 1.33E-12 1.06E-12 1.74E-12 1.15E-12 1.42E-12 1.44E-12 2.90E-13 5.92E-13 0.942
10 5.37E-13 1.45E-12 2.66E-12 7.96E-13 7.73E-13 8.37E-13 1.32E-12 1.03E-12 1.17E-12 3.64E-13 0.694
14 1.23E-12 1.10E-12 1.21E-12 9.34E-13 5.15E-13 6.28E-13 9.85E-13 8.88E-13 4.07E-13 2.41E-13 0.741

planktonic 6.99E-13 6.47E-12 -5.51E-13 9.39E-12 8.94E-13 9.63E-12 3.20E-13 7.21E-12 5.61E-13 2.19E-12 0.0001
1.71E-13 5.75E-12 3.86E-13 4.80E-12

K+ effluxed/cell (mg/cell)
exp 1 exp 2 exp 3 average std deviation

Table B7.  SOUR data for Figure 3.6.  Student’s t-test performed using confidence interval 95% comparing samples to water-based 
beads and to planktonic.  Statistical significance indicates that octanol-based beads had significantly lower SOUR than water-based 
beads and that both beads had lower SOUR than planktonic cells. 

1 2 avg std dev avg std dev 1 2 average std 

deviation

compared to 
water-based 

beads

compared to 

planktonic
0.0124 -0.0010 0.020 0.018 2.37E+12 3.89E+08 5.23E-15 -4.21E-16 0.0006 0.0022
0.0414 0.0279 1.89E+12 4.09E+08 2.20E-14 1.48E-14
0.5256 0.4935 0.507 0.054 4.88E+12 6.04E+08 1.08E-13 1.01E-13 0.0062
0.4405 0.5682 3.15E+12 8.11E+08 1.40E-13 1.80E-13

planktonic 0.3449 0.4019 0.963 0.588 9.36E+08 2.00E+08 3.68E-13 4.29E-13 5.63E-13 1.91E-13
1.0678 1.7196 2.02E+09 3.46E+08 5.29E-13 8.51E-13
1.2828 6.35E-13

3.61E-14

SOUR (mg/cell/min)

water-based 
beads

1.32E-13

octanol-based 
beads

1.04E-14 9.95E-15

OUR (mg/L/min) cell counts (cells/mL) t-test p-value

 
Table B8.  LIVE/DEAD data for Figure 3.6.  Student’s t-test (95% confidence interval) indicates that cells immobilized in both beads 
recover in membrane integrity by day 6 compared to immediately after immobilization. 
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t-test p-value

t=0.15 t=6 t=0 t=6d t=0.15 t=6
comparing t=0.15 

and 6
octanol-

based beads
53.60 78.86 2.13 5.09 6 12 4.35E-08

water-based 
beads

70.36 93.05 11.02 2.84 6 12 7.87E-04

average % live std deviations n

 
Table B9.  K+ efflux experiments comparing octanol-based and water-based beads.  Experiment 3 was done without planktonic 
samples. 

time (min) avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev avg std dev
planktonic 0 13.15 ± 0.78 1.02E+12 ± 8.45E+11 1.29E-11 ± 7.64E-13 11.43 ± 0.58 9.36E+11 ± 3.25E+12 1.22E-11 ± 6.15E-13
control 3 13.02 ± 0.13 1.28E-11 ± 1.30E-13 11.61 ± 0.20 1.24E-11 ± 2.16E-13

20 13.17 ± 1.05 1.29E-11 ± 1.03E-12 11.15 ± 0.67 1.19E-11 ± 7.21E-13
40 12.65 ± 0.57 1.24E-11 ± 5.58E-13 11.68 ± 0.40 1.25E-11 ± 4.31E-13
60 13.13 ± 0.65 1.29E-11 ± 6.39E-13 11.65 ± 1.13 1.25E-11 ± 1.21E-12
90 12.73 ± 0.60 1.25E-11 ± 5.84E-13 11.61 ± 0.74 1.24E-11 ± 7.87E-13

planktonic 0 12.21 ± 0.50 1.02E+12 ± 8.45E+11 1.20E-11 ± 4.86E-13 10.91 ± 0.40 9.36E+11 ± 3.25E+12 1.17E-11 ± 4.29E-13
NEM 50 mg/L 3 14.17 ± 1.13 1.39E-11 ± 1.11E-12 11.50 ± 0.83 1.23E-11 ± 8.81E-13

20 13.81 ± 0.46 1.35E-11 ± 4.53E-13 11.74 ± 0.45 1.25E-11 ± 4.8E-13
40 14.12 ± 0.81 1.38E-11 ± 7.91E-13 12.01 ± 1.16 1.28E-11 ± 1.24E-12
60 13.79 ± 0.70 1.35E-11 ± 6.86E-13 11.88 ± 0.44 1.27E-11 ± 4.7E-13
90 12.95 ± 0.86 1.27E-11 ± 8.42E-13 12.43 ± 0.63 1.33E-11 ± 6.73E-13

Octanol-based bead 0 8.75 ± 0.54 1.89E+12 ± 6.64E+11 4.64E-12 ± 2.85E-13 8.02 ± 0.27 2.37E+12 ± 6.33E+11 3.38E-12 ± 1.13E-13 6.24 ± 0.52 3.64E+12 ± 1.18E+13 1.71E-12 ± 1.42E-13
control 3 8.79 ± 0.43 4.66E-12 ± 2.30E-13 7.76 ± 0.25 3.27E-12 ± 1.05E-13 6.49 ± 1.32 1.78E-12 ± 3.64E-13

20 8.79 ± 0.30 4.66E-12 ± 1.61E-13 8.11 ± 0.67 3.42E-12 ± 2.84E-13 5.35 ± 1.14 1.47E-12 ± 3.13E-13
40 8.37 ± 0.21 4.44E-12 ± 1.13E-13 7.89 ± 0.47 3.33E-12 ± 1.98E-13 5.55 ± 1.06 1.52E-12 ± 2.91E-13
60 9.32 ± 0.07 4.94E-12 ± 3.50E-14 7.98 ± 1.11 3.36E-12 ± 4.67E-13 5.86 ± 0.92 1.61E-12 ± 2.52E-13
90 8.99 ± 0.46 4.77E-12 ± 2.45E-13 7.93 ± 0.67 3.34E-12 ± 2.83E-13 5.39 ± 0.98 1.48E-12 ± 2.69E-13

Octanol-based bead 0 8.26 ± 0.41 1.89E+12 ± 6.64E+11 4.38E-12 ± 2.19E-13 7.34 ± 0.07 2.37E+12 ± 6.33E+11 3.09E-12 ± 2.78E-14 5.58 ± 0.70 3.64E+12 ± 1.18E+13 1.53E-12 ± 1.91E-13
NEM 50 mg/L 3 8.62 ± 0.36 4.57E-12 ± 1.93E-13 7.67 ± 0.37 3.23E-12 ± 1.55E-13 6.54 ± 0.17 1.80E-12 ± 4.57E-14

20 8.73 ± 0.70 4.63E-12 ± 3.69E-13 7.87 ± 0.58 3.32E-12 ± 2.43E-13 6.43 ± 0.75 1.77E-12 ± 2.06E-13
40 8.79 ± 0.64 4.66E-12 ± 3.38E-13 7.30 ± 0.46 3.07E-12 ± 1.96E-13 6.40 ± 0.17 1.76E-12 ± 4.80E-14
60 8.79 ± 0.34 4.66E-12 ± 1.82E-13 7.67 ± 0.30 3.23E-12 ± 1.28E-13 6.00 ± 1.19 1.65E-12 ± 3.27E-13
90 8.88 ± 0.34 4.71E-12 ± 1.80E-13 7.60 ± 0.54 3.20E-12 ± 2.28E-13 5.80 ± 0.52 1.59E-12 ± 1.42E-13

Water-based bead 0 9.17 ± 0.55 3.15E+12 ± 1.32E+12 4.86E-12 ± 1.74E-13 8.90 ± 0.56 4.88E+12 ± 9.81E+11 3.75E-12 ± 1.15E-13 6.43 ± 0.38 4.03E+12 ± 2.04E+13 1.77E-12 ± 9.32E-14
control 3 9.19 ± 0.83 4.87E-12 ± 2.62E-13 8.64 ± 1.05 3.64E-12 ± 2.14E-13 6.52 ± 0.68 1.79E-12 ± 1.68E-13

20 9.25 ± 0.20 4.91E-12 ± 6.29E-14 8.75 ± 0.53 3.69E-12 ± 1.09E-13 7.30 ± 0.96 2.01E-12 ± 2.37E-13
40 9.30 ± 1.00 4.93E-12 ± 3.18E-13 8.70 ± 0.17 3.67E-12 ± 3.41E-14 7.05 ± 1.03 1.94E-12 ± 2.56E-13
60 9.56 ± 0.42 5.07E-12 ± 1.35E-13 8.73 ± 0.41 3.68E-12 ± 8.46E-14 7.32 ± 0.17 2.01E-12 ± 4.34E-14
90 9.50 ± 1.09 5.04E-12 ± 3.47E-13 8.53 ± 0.54 3.59E-12 ± 1.11E-13 6.63 ± 0.96 1.82E-12 ± 2.39E-13

Water-based bead 0 8.44 ± 0.31 3.15E+12 ± 1.32E+12 4.48E-12 ± 9.90E-14 7.36 ± 0.33 4.88E+12 ± 9.81E+11 3.10E-12 ± 6.68E-14 7.32 ± 0.17 4.03E+12 ± 2.04E+13 2.01E-12 ± 4.34E-14
NEM 50 mg/L 3 9.63 ± 0.66 5.11E-12 ± 2.10E-13 8.07 ± 0.11 3.40E-12 ± 2.35E-14 7.54 ± 0.59 2.07E-12 ± 1.48E-13

20 9.92 ± 0.11 5.26E-12 ± 3.63E-14 8.46 ± 0.57 3.57E-12 ± 1.17E-13 9.51 ± 0.83 2.61E-12 ± 2.06E-13
40 10.16 ± 0.74 5.39E-12 ± 2.34E-13 8.46 ± 0.71 3.57E-12 ± 1.47E-13 8.12 ± 0.10 2.23E-12 ± 2.50E-14
60 10.69 ± 0.14 5.67E-12 ± 4.36E-14 8.46 ± 0.41 3.57E-12 ± 8.46E-14 8.04 ± 0.19 2.21E-12 ± 4.73E-14
90 10.55 ± 0.39 5.60E-12 ± 1.23E-13 8.73 ± 0.48 3.68E-12 ± 9.77E-14 8.28 ± 0.21 2.27E-12 ± 5.27E-14

1K+/cell (mg/cell)2cell counts (cells/L) 1K+/cell (mg/cell) 1K+ conc (mg/L) 2cell counts (cells/L)1K+ conc (mg/L) 2cell counts (cells/L) 1K+/cell (mg/cell) 1K+ conc (mg/L)
exp 1 exp 2 exp 3

 
1n=3, 2n=10 
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Table B10.  Data for Figure 3.7 (raw data shown in Table B10).  Planktonic data were taken from previous K+ efflux experiments as 
well.  Student’s t-test was performed (95% confidence interval) to compare between the control and shocked samples of octanol-based 
and water-based beads, and planktonic samples.  Statistical significance indicates that the sample had net GGKE response to NEM. 

t-test p-

control shocked control shocked control shocked control shocked control shocked
octanol-based beads

6.95E-14 2.63E-13 3.04E-13 3.27E-13 3.71E-14 2.23E-13 1.37E-13 2.71E-13 1.455E-13 5.260E-14 0.207
water-based beads 2.43E-13 6.01E-13 2.10E-13 1.19E-12 -6.50E-14 5.75E-13 1.30E-13 7.89E-13 1.693E-13 3.486E-13 0.042

6.99E-13 6.47E-12 -5.51E-13 9.39E-12 8.94E-13 9.63E-12 3.20E-13 7.21E-12 5.608E-13 2.186E-12 0.0001
1.71E-13 5.75E-12 3.86E-13 4.80E-12

planktonic

average std deviation
K+ effluxed/cell (mg/cell)

compare 
control and 

exp 1 exp 2 exp 3
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A.      B. 

       
 
Figure B2.  Alginate microbead immobilization setup (A).  The beaker contains the octanol-emulsifier mixture and the syringe 
contains the alginate + bacteria mixture.  After calcium chloride is added, the mixture turns cloudy (B). 
 
 

 



Experimental background data for Chapter 3 
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Figure B3.  The use of microscopic cell counts for SOUR normalization vs. plate counts in 
response to octanol exposure.  In brief, planktonic cells were exposed to varying concentrations 
of octanol and samples were taken after 60 minutes of exposure.  Each sample was analyzed for 
OUR, microscopic cell counts, plate counts, and LIVE/DEAD.  The OUR values were 
normalized using either microscopic cell counts (A) or plate counts (B).  Overall, normalizing 
using microscopic cell counts resulted in SOUR data that corresponds to changes in % LIVE, 
whereas normalizing with plate counts resulted in skewed data.  Therefore, it was concluded that 
microscopic cell counts should be used for SOUR normalization.

 105



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix C 
 
 
 

Cadmium data:  
 

Cadmium did not induce the GGKE response in pure culture P. aeruginosa 
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Introduction 

Chemicals that potentially induce the GGKE response in P. aeruginosa, such as 

methylglyoxal, paraquat (results shown in Appendix A) and cadmium were screened.  In 

particular, cadmium nitrate (110 mg/L as Cd2+) was shown to induce deflocculation in activated 

sludge (Bott and Love 2002).  Since the GGKE mechanism has been implicated as a cause of 

deflocculation (Bott and Love 2004) and because cadmium is a heavy metal that is likely to be 

thiol-active, we expected that cadmium would induce the GGKE response in a pure culture of the 

activated sludge-isolated strain of P. aeruginosa. 

 

Methodology 

SOUR inhibition experiments 

Late-exponential P. aeruginosa cells (environmental strain) were exposed to varying 

concentrations of cadmium (Cd2+) in the form of Cd(NO3)2.  SOUR analysis was performed on 

each sample immediately following cadmium addition.  The details of the SOUR procedure can 

be found in Chapter 3.  The inhibition curve was used to choose relevant concentrations of 

cadmium for further use. 

The % SOUR inhibition was calculated using the following equation: 

unstressed stressed

unstressed

SOUR SOURSOUR % inhibition = 100
SOUR

⎛ ⎞−
×⎜ ⎟

⎝ ⎠
 

K+ efflux experiments 

K+ efflux experiments were performed as described in Chapter 2 using late-exponential P. 

aeruginosa cells (environmental strain) exposed to varying concentrations of cadmium (Cd2+) in 

the form of Cd(NO3)2: 10, 25, and 100 mg/L.  A culture sample exposed to 50 mg/L NEM served 

as a positive control for the GGKE response. 
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Results and Discussion 

SOUR inhibition curve indicated that the maximum inhibition occurs at 50 mg/L Cd2+. 

The SOUR inhibition curve for cadmium is shown in Figure C1.  The results indicated 

that 50 mg/L Cd2+ induces maximum SOUR inhibition in P. aeruginosa.  Three concentrations 

were chosen for further use in the K+ efflux experiments: 25, 50, and 100 mg Cd2+/L. 
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Figure C1.  SOUR inhibition curve for P. aeruginosa cells exposed to cadmium (Cd2+) in the 
form of Cd(NO3)2. 
 
Cadmium did not induce the GGKE response in a pure culture of P. aeruginosa. 

The K+ efflux experiment results are shown in Figure C2.  The positive control (50 mg/L 

NEM) induced an increase in extracellular K+ concentration indicating the activation of the 

GGKE response in the cells.  However, all concentrations of cadmium tested (25, 50, and 100 

mg/L Cd2+) show virtually no change in extracellular K+ concentration.  This experiment was 

repeated three times and the results were consistent each time.  This suggests that the GGKE 

mechanism is not induced by exposure of the pure culture cells to cadmium at these 

concentrations, which would contradict the results shown in the earlier study. 

The reasons behind the difference in results are unclear.  It is possible that the interaction 

of Cd2+ with the extracellular polymeric substrances (EPS) in activated sludge resulted in an 

intermediate that conjugated with glutathione in the cell, thereby inducing the GGKE response 
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and subsequent deflocculation.  However, a study by Hultberg (1998) showed that a pure culture 

of Pseudomonas fluorescens exposed to 12 mg/L cadmium had decreased intracellular 

glutathione concentrations.  The Hultberg study was done in TSB (tryptic soy broth), which is a 

rich media containing several different polysaccharides and amino acids that may be similar to 

the EPS content in activated sludge, and hence, may be reacting with cadmium in such a way to 

conjugate with glutathione.  Figueira and colleagues (2005) also showed that glutathione is 

depleted in response to cadmium exposure; however, this study was performed using rich media 

was well.  Other studies that show the effect of cadmium on glutathione levels in pure cultures in 

oligotrophic environments (e.g. using minimal media) were not found.  Further work is needed to 

determine the role of EPS in cadmium-induced deflocculation of activated sludge and the role of 

rich media constituents on glutathione depletion induced by cadmium exposure. 
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Figure C2.  Change in extracellular K+ concentrations in P. aeruginosa in response to cadmium. 
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Introduction 

Copper is a transitional metal that is an essential micronutrient for many types of cells, 

which can be highly toxic at higher concentrations.  Studies have shown that copper in water can 

cause oxidative stress by inducing ROS formation (Gunther et al. 1995) and that copper can 

easily react with ROS to form more radicals (Nies 1999).  White et al. (1999) showed that 

murine neuronal cultures depleted of glutathione (GSH) are highly susceptible to copper toxicity, 

indicating that GSH indeed has an important role in cellular defense against copper toxicity.   

 

Methodology 

SOUR inhibition experiment 

Late-exponential P. aeruginosa cells (environmental strain) were grown in PA M9 as described 

in Chapter 2.  The cells were harvested by centrifugation at 10,000 × g, and washed and 

resuspended in PA BT media to minimize phosphate interference with Cu2+ bioavailability.  

Varying concentrations of Cu2+ was added in the form of CuSO4 to the culture and SOUR 

analysis was performed as described in Chapter 3.  The SOUR % inhibition values were 

calculated as described in Appendix C. 

Bacterial K+ efflux experiments 

P. aeruginosa cells were washed and resuspended in PA BT as described above.  The 

experiments were performed as described in Chapter 2 and were repeated three times with 

different starting cultures of P. aeruginosa. 

Rat brain cell MTT assays 

The experiments were performed as described in Chapter 2 in duplicate and were repeated three 

times using cells from separate dissection events. 
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Bacterial glutathione assays 

P. aeruginosa cells were washed and resuspended in PA BT as described above.  The 

experiments were performed as described in Chapter 2 and were repeated twice. 

Rat brain cell glutathione assays 

The experiments were performed as described in Chapter 2 and were repeated three times using 

cells from separate dissection events. 

 

Results and Discussion 

SOUR was significantly inhibited at low concentrations of Cu2+. 

The SOUR inhibition curve (Figure D1) indicates that 20 mg/L Cu2+ results in 80% inhibition of 

SOUR.  Six Cu2+ concentrations (0.25, 0.5, 0.75, 1, 2, 5 mg/L) were chosen for further use in the 

bacterial experiments. 
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Figure D1.  P. aeruginosa SOUR inhibition curve for copper. 
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Bacterial GGKE and rat brain cell mitochondrial damage were elicited at different 

concentrations of Cu2+. 

 The GGKE response in P. aeruginosa was induced at as low as 0.5 mg/L Cu2+ and was 

dose- and time-dependent (Tables D1 and D2, Figures D2 and D3).  Similar concentrations of 

Cu2+ did not induce mitochondrial damage in rat brain cells (Figure D4); exposure to at least 5 

mg/L was necessary for the damage to be evident (Tables D3 and D4, Figure D3).  Abiotic 

experiments revealed that NEM and Cu2+ solutions did not significantly interfere with the MTT 

assay (Table D5). 

 Glutathione assay results for P. aeruginosa samples were inconclusive (Tables D6 and 

D7, Figure D5).  On the other hand, the rat brain cell data indicate that intracellular GSH was 

depleted in rat brain cells upon exposure to Cu2+ (Tables D8 and D9, Figure D5), although to a 

smaller degree than with NEM exposure (Chapter 2). 

Although both responses to Cu2+ were dose dependent, the concentrations that induced 

the responses were greatly different.  Interestingly, Cu2+ exposure did not result in similar 

decreases in intracellular GSH as NEM in rat brain cells, which suggests that rat brain cells may 

have additional defense mechanisms to copper toxicity.  The K+ efflux response was seen in P. 

aeruginosa cells exposed to Cu2+ but the glutathione assay results were inconclusive, indicating 

that something may be interfering with the glutathione assay.  Further work could reveal the 

additional defenses to Cu2+ in rat brain cells as well as clarify the changes in glutathione 

concentration in P. aeruginosa cells.  This work suggests that while the GGKE biosensor may be 

useful as a detection system in many water environments, the difference in minimum toxicity 

concentrations for different cell types much be considered when applying the biosensor for 

public health purposes.  However, this study also clarifies that the sensitivity of the bacterial 

GGKE response strengthens its use in the detection of contaminants to provide early warning. 
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Table D1.  Change in extracellular K+ concentrations over time in response to Cu2+.  Cu2+ was 
added to each stressed sample immediately after the time = 0 samples were taken. 

Sample
time 
(min) exp 1 exp 2 exp 3 avg

std 
deviation

no Cu 0 1.49E-11 1.88E-11 1.29E-11 1.55E-11 2.99E-12
10 1.34E-11 1.84E-11 1.18E-11 1.45E-11 3.42E-12
24 1.44E-11 2.03E-11 1.22E-11 1.56E-11 4.16E-12
42 1.39E-11 2.43E-11 1.18E-11 1.67E-11 6.70E-12
62 1.42E-11 2.06E-11 1.19E-11 1.56E-11 4.50E-12

0.25 mg/L Cu 0 1.43E-11 1.97E-11 1.28E-11 1.56E-11 3.64E-12
10 1.31E-11 1.79E-11 1.16E-11 1.42E-11 3.32E-12
24 1.48E-11 2.01E-11 1.23E-11 1.57E-11 3.99E-12
42 1.47E-11 2.03E-11 1.22E-11 1.57E-11 4.15E-12
62 1.48E-11 2.14E-11 1.25E-11 1.62E-11 4.61E-12

0.5 mg/L Cu 0 1.41E-11 1.96E-11 1.28E-11 1.55E-11 3.58E-12
10 1.31E-11 1.94E-11 1.11E-11 1.45E-11 4.32E-12
24 1.45E-11 2.07E-11 1.26E-11 1.59E-11 4.26E-12
42 1.52E-11 2.24E-11 1.42E-11 1.73E-11 4.49E-12
62 1.58E-11 2.45E-11 1.50E-11 1.85E-11 5.27E-12

0.75 mg/L Cu 0 1.47E-11 1.90E-11 1.26E-11 1.55E-11 3.27E-12
10 1.35E-11 1.93E-11 1.23E-11 1.50E-11 3.76E-12
24 1.49E-11 2.25E-11 1.34E-11 1.69E-11 4.91E-12
42 1.61E-11 2.31E-11 1.64E-11 1.85E-11 3.98E-12
62 1.58E-11 2.51E-11 1.70E-11 1.93E-11 5.04E-12

1 mg/L Cu 0 1.41E-11 1.89E-11 1.26E-11 1.52E-11 3.27E-12
10 1.33E-11 1.89E-11 1.17E-11 1.46E-11 3.82E-12
24 1.55E-11 2.60E-11 1.43E-11 1.86E-11 6.44E-12
42 1.64E-11 2.79E-11 1.74E-11 2.06E-11 6.34E-12
62 1.74E-11 2.71E-11 1.72E-11 2.06E-11 5.65E-12

2 mg/L Cu 0 1.45E-11 1.95E-11 1.25E-11 1.55E-11 3.60E-12
10 1.79E-11 2.54E-11 1.30E-11 1.88E-11 6.22E-12
24 2.16E-11 3.08E-11 1.82E-11 2.35E-11 6.54E-12
42 2.23E-11 3.08E-11 1.82E-11 2.38E-11 6.44E-12
62 2.06E-11 3.08E-11 1.80E-11 2.31E-11 6.77E-12

5 mg/L Cu 0 1.43E-11 1.93E-11 1.29E-11 1.55E-11 3.35E-12
10 1.90E-11 2.68E-11 1.81E-11 2.13E-11 4.78E-12
24 2.19E-11 3.04E-11 1.95E-11 2.39E-11 5.71E-12
42 2.09E-11 3.02E-11 1.96E-11 2.35E-11 5.77E-12
62 2.07E-11 3.04E-11 1.89E-11 2.33E-11 6.20E-12

30 mg/L Cd 0 1.39E-11 1.89E-11 1.16E-11 1.48E-11 3.77E-12
(negative control) 10 1.46E-11 2.18E-11 1.10E-11 1.58E-11 5.46E-12

24 1.54E-11 2.54E-11 1.20E-11 1.76E-11 7.01E-12
42 1.53E-11 2.78E-11 1.29E-11 1.87E-11 7.97E-12
62 1.50E-11 2.93E-11 1.26E-11 1.90E-11 9.01E-12

50 mg/L NEM 0 1.45E-11 1.87E-11 1.21E-11 1.51E-11 3.37E-12
(positive control) 10 1.66E-11 1.89E-11 1.43E-11 1.66E-11 2.35E-12

24 1.79E-11 2.02E-11 1.56E-11 1.79E-11 2.29E-12
42 1.88E-11 2.05E-11 1.61E-11 1.85E-11 2.23E-12
62 1.96E-11 2.04E-11 1.60E-11 1.87E-11 2.36E-12

K+/cell (mg/cell)

 

 114



1.00E-11

1.20E-11

1.40E-11

1.60E-11

1.80E-11

2.00E-11

2.20E-11

0 10 20 30 40 50 60

time (min)

K
+/

ce
ll 

(m
g/

ce
ll)

control
0.25 mg/L Cu
0.5 mg/L Cu
0.75 mg/L Cu
1 mg/L Cu
2 mg/L Cu
5 mg/L Cu
30 mg/L Cd
30 mg/L NEM

 
Figure D2.  A representative figure of the change in extracellular K+ concentrations in response 
to Cu2+.    
 
Table D2.  GGKE in response to varying concentrations of Cu2+.  Raw data is shown in Table D1.  
K+ efflux/cell was calculated as the max K+ concentration minus t=0 K+ concentration.  The 
range of the two values is shown for cadmium instead of the standard deviation. 

Cu conc 
(mg/L)

exp 1 exp 2 exp 3 avg std 
deviation

0 -5.35E-13 1.76E-12 -6.50E-13 1.93E-13 1.36E-12
0.25 5.35E-13 1.67E-12 -3.08E-13 6.31E-13 9.91E-13
0.5 1.69E-12 4.95E-12 2.19E-12 2.94E-12 1.75E-12
0.75 1.38E-12 6.06E-12 4.38E-12 3.94E-12 2.37E-12

1 3.34E-12 9.00E-12 4.79E-12 5.71E-12 2.94E-12
2 7.80E-12 1.13E-11 5.71E-12 8.28E-12 2.85E-12
5 7.57E-12 1.11E-11 6.70E-12 8.46E-12 2.34E-12

Cd 1.47E-12 1.37E-12 -- 1.42E-12 5.11E-14
NEM 5.17E-12 1.03E-11 4.00E-12 6.50E-12 3.37E-12

K+ efflux/cell (mg/cell)

 
Table D3.  Mixed rat brain cell culture MTT assay results in response to Cu2+.  Three separate 
experiments were performed with duplicate samples (indicated as “rep”). 

Cu conc
(mg/L) (rep 1) (rep 2) (rep 1) (rep 2) (rep 1) (rep 2) avg std dev

0 0.057 0.058 0.079 0.079 0.040 0.040 0.058 0.0175
5 0.049 0.049 0.068 0.073 0.031 0.036 0.051 0.0167
30 0.030 0.030 0.051 0.045 0.019 0.017 0.032 0.0137
50 0.022 0.023 0.040 0.032 0.012 0.009 0.023 0.0116
75 0.030 0.022 0.032 0.030 0.012 0.009 0.023 0.0099
125 0.018 0.011 0.024 0.019 0.006 0.007 0.014 0.0072
150 0.010 0.013 0.016 0.016 0.001 0.001 0.010 0.0069

Formazan conc (mM)
exp 1 exp 2 exp 3
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Table D4.  Mitochondrial damage in response to Cu2+. 

Cu conc
(mg/L) (rep 1) (rep 2) (rep 1) (rep 2) (rep 1) (rep 2) avg std dev

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 13.17 14.27 13.60 7.04 20.90 9.54 13.72 4.73
30 47.37 47.58 35.37 42.93 52.56 58.28 47.47 7.87
50 60.50 60.49 49.08 59.69 68.91 77.45 60.49 9.60
75 46.98 60.93 59.58 61.56 69.88 77.12 53.95 10.21
125 68.00 80.55 69.27 75.64 84.13 82.36 74.27 6.84
150 82.36 77.45 79.73 79.58 97.66 96.70 79.90 9.13

exp 1 exp 2 exp 3
Formazan production lost (% of negative control)
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Figure D3.  The dose-dependent responses of the GGKE mechanism in P. aeruginosa and 
mitochondrial damage in rat brain cells upon exposure to Cu2+.  Each data point represents the 
average value from three experiments performed on different cultures.  Error bars indicate the 
standard deviation of all samples analyzed at each time point.   
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Figure D4.  MTT assay using lower concentrations of Cu2+.  These lower concentrations showed 
little response so the concentration was increased in subsequent experiments. 
 
 
Table D5.  Abiotic MTT assay using NEM 50 mg/L and copper 100 mg/L.  Student’s t-test (95% 
confidence interval) was performed across all 6 values comparing samples with no addition of 
chemical to samples exposed to NEM or copper. 

average std dev average std dev 
no addition 0.057 0.0232 0.147 0.1251
NEM 50 mg/L 0.013 0.0079 0.039 0.0313 0.134
Copper 100 mg/L 0.012 0.0010 0.005 0.0021 0.066

Student's t-test comparing no 

addition to NEM and copper
1replicate 1 1replicate 2

absorbance at 570 nm

 
1n=3 
 
 
Table D6.  P. aeruginosa reduced and total glutathione concentrations in response to Cu2+. 

Cu 
concentration 

(mg/L)

GSH/cell 

(umol/cell)

total 
glutathione/cell 

(umol/cell)

GSH/cell 

(umol/cell)

total 
glutathione/cell 

(umol/cell)
0 3.71E-13 3.00E-13 4.18E-13 5.86E-13

0.25 3.52E-13 4.18E-13
0.5 3.85E-13 3.52E-13
1 4.02E-13 4.85E-13
2 2.68E-13 2.51E-13
5 5.02E-13 3.52E-13

exp 1 exp 2
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Table D7.  P. aeruginosa GSH/total glutathione ratio in response to Cu2+. 

Cu 
concentration 

(mg/L)

exp 1 exp 2 average range

0 1.24 0.71 0.98 0.26
0.25 1.17 0.71 0.94 0.23
0.5 1.28 0.60 0.94 0.34
1 1.34 0.83 1.08 0.25
2 0.89 0.43 0.66 0.23
5 1.67 0.60 1.14 0.54

GSH/total glutathione

 
 
Table D8.  Rat brain cell reduced and total glutathione concentrations in response to Cu2+. 

Cu 
concentration 

(mg/L)

GSH/protein 

(umol/mg)

total 
glutathione/protein 

(umol/mg)

GSH/protein 

(umol/mg)

total 
glutathione/protein 

(umol/mg)

GSH/protein 

(umol/mg)

total 
glutathione/protein 

(umol/mg)
0 3.39E-02 6.18E-02 2.68E-02 4.38E-02 2.27E-02 4.01E-02
5 4.72E-02 1.88E-02 0.0241

50 2.68E-02 1.90E-02 0.0185
75 3.77E-02 1.66E-02 0.0125
125 3.86E-02 1.65E-02 0.0159
150 4.92E-02 1.21E-02 0.0154

exp 1 exp 2 exp 3

 
 
Table D9.  Rat brain cell GSH/total glutathione ratio in response to Cu2+. 

Cu 
concentration 

(mg/L)

exp 1 exp 2 exp 3 average std 

deviation
0 0.549 0.752 0.711 0.670 0.107
5 0.764 0.492 0.681 0.646 0.140
50 0.433 0.496 0.523 0.484 0.046
75 0.610 0.434 0.353 0.466 0.132
125 0.625 0.430 0.450 0.502 0.107
150 0.796 0.316 0.435 0.516 0.250

GSH/total glutathione
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Figure D5.  The change in the available antioxidant, GSH, portion in the total intracellular 
glutathione pool in P. aeruginosa and rat brain cells upon exposure to Cu2+.  Error bars for P. 
aeruginosa data represent the range of 2 samples; the error bars for rat brain cell data correspond 
to the standard deviation of all samples analyzed. 
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