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ABSTRACT 

P. aeruginosa causes chronic infections in people with the inherited disorder, cystic fibrosis 

(CF).  These chronic infections result in a high rate of morbidity and mortality.  Once 

established, the infections are almost impossible to eradicate.  Pulmonary exacerbations, 

thought to be caused by P. aeruginosa, result in further damage that leads to deterioration in 

lung performance.  A sensor that would allow rapid, near patient testing of sputum samples 

would be a valuable addition to CF care by enabling more proactive identification of lung 

infections. 

In this study, a sensor has been developed using low cost screen printing in conjunction with 

electrochemical impedance spectroscopy for the detection of P. aeruginosa.  Screen printed 

electrodes were developed and characterised.  An impedance normalisation approach, 

developed in previous work, was used to identify characteristic changes in the impedance 

signature during the growth of P. aeruginosa.  Changes in the normalised impedance were 

observed under aerobic conditions in standard laboratory media and also under conditions 

more representative of the CF airway.  Specifically, testing was carried out in a number of 

different scenarios, culminating in tests in an artificial sputum medium that show 

Pseudomonas aeruginosa can be detected in the presence of Staphylococcus aureus, 

Haemophilus influenzae or Candida albicans.   

Investigations using mutant strains of P. aeruginosa PA14 demonstrate that the changes in 

impedance are largely related to the production of redox active phenazine compounds, 

including pyocyanin.  Slight changes in the impedance were observed with S. aureus and H. 

influenzae, but were not the same as those observed with P. aeruginosa.  This suggests that 

the sensor could be clinically useful for the detection of P. aeruginosa in patients with CF. 

After gaining the appropriate ethics approval, a pilot study was also carried out in human 

sputum samples from CF patients.  This study involved further development of the electrode 

and anecdotally suggests that the presence of P. aeruginosa could be detectable in sputum 

from patients. 

Future development should focus upon the optimisation of the device through effective 

integration into a sample pot which could include an increase in the number of electrodes 

used per sample, adjustment of the potential for more sensitive detection of pyocyanin and 

improvements in the consistency achieved between sensors. 
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SYMBOLS 

 Interface potential 

e Potential when interface is at equilibrium 

A Absorbance 

A Area 

a Particle radius 

b Light path-length 

B Susceptance 

β Function of the number of relaxation times within a dielectric 

β Transfer co-efficient 

C Molar concentration 

c0 Ion concentration of electrolyte 

ci Concentration of species i 
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CGC Gouy-Chapman capacitance 
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Cs Faradic series pseudocapacitance 
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Cseries Series capacitance 

D Diffusion coefficient 

d Distance 

e0 Electron charge (1.6 x 10
-19

 C) 

ε Extinction coefficient 

ε* Complex permittivity 

   Real permittivity 

    Imaginary permittivity 

   Permittivity of Free Space 

   Relative permittivity 

F Faraday constant (9.6472 x 10
4
 Cmol

-1
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fr Frequency of maximum dielectric loss 



 

vii 

   Vector of applied force 

G Conductance 

g Grams 

Hz Hertz 

I Current 

i0 Exchange current 

ian Net anodic current 

icath Net cathodic current 

j Imaginary unit (     

ji Current density 

Ji Diffusion flux of species i 

JT Total current density 

K Magnitude of CPE 

k Boltzmann’s constant (1.380 x 10
-23

 J K
-1

) 

    Debye- Hückel reciprocal length 

l Litres 

m Mass of ion 

M Molar 

N Number of collisions 

NA Avogardo constant (6.0221 x 10
23

 mol
-1

) 

  Viscosity 

  
  Bulk concentration of ion species i 

ρ Resistivity 

ψ0 Outer potential at the electrode 

ψM Potential at the electrode interface 

ψx Potential at point x 

r Radius of ion 

R Real gas constant 

R Resistance 

Rct Charge transfer resistance 

Rf Faradic resistance  

Rn Normalised resistance 
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Rseries Series resistance 

Rsol Solution resistance 

θ Phase angle (degrees) 

σ Conductivity 

Ω Ohms 

T Temperature 

t Time elapsed 

ti Transport number of ion species i 

  Mean time between collisions 

τ Characteristic relaxation time 

      Ion mobility 

      Ion mobility in applied electric field 

V Volts/Voltage 

   Velocity vector 

   Drift velocity 

ω Angular frequency 

ωmax Frequency in rad/sec at top of arc in complex plane 

x Distance 

X Force of applied electric field 

Y Admittance 

Z Complex impedance 

|Z| Impedance modulus 

   Resistance 

    Reactance 

zi Charge number of ion i 

Zpt Impedance of individual platinum electrodes 

Zspt Solution resistance 

ZTp Platinum-platinum pair impedance 

Zw Warburg impedance 

Zx Unknown electrode impedance 

   Valance of ion species i 
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ABPA Allergic Bronchopulmonary Aspergillosis 

AC Alternating Current 

Ag-AgCl Silver-Silver Chloride 

ASM Artificial Sputum Media 

Bcc Burkholderia cepecia complex 

CDC Centre for Disease Control 

CE Counter Electrode 

CF Cystic Fibrosis 

CFTR Cystic Fibrosis Transmembrane Regulator 

CFU Colony Forming Units 

CLSM Confocal Laser Scanning Microscopy 

CPE Constant Phase Element 

CRP C-reactive Protein 

CV Crystal Violet 

CV Coefficient of Variance 

DC Direct Current 

DNA Deoxyribonucleic acid 

DTT Dithiotheritol 

EIS Electrochemical Impedance Spectroscopy 

ELITE EarLy Inhaled Tobramycin for Eradication 

EPS Extra Polymeric Substances 

EtOH Ethanol 

FEV Forced Expiatory Volume 

GFP Green Fluorescent Protein 

HF High Frequency 

HTA Haemophilus Test Agar 

HTM Haemophilus Test Media 

ITO Indium Tin Oxide 

LB Luria Bertani 

LF Low Frequency 

MeOH Methanol 

MFC Microbial Fuel Cell 

MHA Mueller Hinton Agar 

MHB Mueller Hinton Broth 

MSA Mannitol Salt Agar 

NaCl Sodium Chloride 
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NHS National Health Service 

OCP Open Circuit Potential 

OD Optical Density 

PAB Pseudomonas Agar Base 

PBS Phosphate Buffered Saline 

PE Polyethylene 

PIA Pseudomonas Isolation Agar 

POCT Point of care testing 

PQS Pseudomonas quinolone signal 

Pt Platinum 

QS Quorum sensing 

Rad/sec Radians per second 

RCT Randomised Control Trial 

RE Reference Electrode 

RMS Root mean square 

RNS Reactive Nitrogen Species 

ROS Reactive Oxygen Species 

SD Standard Deviation 

SEM Scanning Electron Microscopy 

SPCE Screen Printed Carbon Electrode 

TSB Tryptone Soy Broth 

TSB-YE Tryptone Soy Broth with Yeast Extract 

UV Ultraviolet 

V Volts 

VOC Volatile Organic Chemical 

WE Working Electrode 

YE Yeast Extract 
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GLOSSARY OF TERMS 

Anaerobic grow Growth of a microorganism in the complete absence of oxygen. 

Anodic current Involves the transfer of electrons from the electrolyte to the electrode, 

in conjunction with oxidation within the electrolyte. 

Bacteriophage A virus that infects bacterial cells. 

Bio-affinity A protein or recognition element attached to a sensor, which has a high 

affinity for the analyate. 

Biofilm Growth of bacteria or fungi in colonies protected from destruction by a 

self produced extra polymeric matrix. 

Biofilm matrix The protective layers of material surrounding microbial cells in a 

biofilm, that afford the organisms protection from antimicrobial attack. 

Capacitance The storage of energy in an electric field, generally resulting from the 

turning of dipoles within the dielectric. 

Cathodic current Involves the transfer of electrons from the electrode to the electrolyte, 

in conjunction with reduction within the electrolyte. 

Charge Transfer The transfer of electrons across an electrode-electrolyte interface. 

Ciprofloxacin Antibiotic that inhibits DNA gyrase which is most effective in Gram 

negative organisms. 

Colistin Antibiotics with detergent action, that function by disrupting 

phospholipids in the cell membrane. 

Commensal A microorganism living on or in a host without causing infection or 

disease. 

C-reactive Protein Acute phase systemic protein released by the liver in response to 

inflammation. 

Death phase Decline of microorganism population in the long term absence of 

nutrients. 
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Dielectric 

spectroscopy 

Analysis of the dielectric properties of a sample through its impedance 

spectrum.  The dielectric properties relate to the charging current 

resulting from the rotation of dipoles within the sample.  

Dipoles Polar molecules that turn to orient themselves in an electric field, thus 

leading to energy storage. 

DNA profiling Use of molecular techniques to identify the presence of 

microorganisms or genes by looking for sequences of DNA. 

Double layer The capacitance between the electrode and the layer of molecules 

adsorbed to the electrode surface. 

Electroactive 

secondary 

metabolites 

Compounds secreted by microorganisms near the end of exponential 

growth, that are also redox active. 

Electrode The component within an electrochemical cell that interfaces directly 

with the electrolyte. 

Electrode active 

area 

The area of an electrode that can participate in chemical reactions and 

affect the performance of the electrode. 

Electrolyte The solutions in an electrochemical cell that connects the electrodes.  

Faradaic current Current that results from the transfer of charge across an electrode-

electrolyte interface. 

Fastidious 

organism 

An organism with a strict set of growth requirements. 

Fermentation Metabolic production of ATP through substrate level phosphorylation.  

Fimbria Filamentous structures on the outside of bacterial cells, often present in 

large numbers.  May play a role in cell-surface attachment. 

Flagellum Tail like appendage used for motility. 
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Gram negative The group of bacteria with one cell membrane surrounded by a thick 

peptidoglycan cell wall. 

Gram positive The group of bacteria with an inner and outer cell membrane, with a 

thin peptidoglycan cell wall in between. 

Lag phase Microorganism cell repair and recovery in the presence of abundant 

nutrients, prior to log phase growth. 

Log phase Constant cell division of bacteria or microorganisms when there is an 

abundance of required nutrients. 

Microaerophilic Microbial growth in an environment in with a lower oxygen 

concentration than atmospheric. 

Morphological Observed characteristics of growth of a particular microorganism, 

covering aspects such as shape and size of colonies (on agar plates), 

growth colour, growth rate. 

Mutant The strain of a species that has a genetic change, possibly resulting in a 

different phenotype to the wild type strain. 

Non-Faradaic 

current 

Charging current that results from the capacitive component of the 

electrochemical cell, and does not involve charge transfer. 

Non-motile A phenotype characterised by a lack of movement from an organism, 

for example because it is not expressing motility genes such as those 

required for flagella or pili. 

Normalisation In the context of this thesis, normalisation means division of an 

impedance parameter at a given timepoint against the same 

measurement at the first timepoint. 

Phase Angle The angle formed between the resistive and reactive measurements of 

the impedance, when viewed on a complex plane plot. 

Phenotype Collection of a specific set of characteristics of a species. 
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Pilus Small bacterial appendage used for a variety of functions, including 

movement across a surface and toxin injection into eukaryotic cells. 

Planktonic Single free floating microbial cell, not surface attached. 

Proton motive 

force 

A concentration gradient of protons created on the outside of bacterial 

cells, which is used for cellular functions (such as ion transport and 

flagella rotation). 

Pyocyanin Phenazine small molecule secondary metabolite produced and excreted 

by P. aeruginosa. 

Quorum sensing Intercellular chemical communication mechanism used by bacteria to 

sense cell density and subsequently regulate gene expression. 

Reactance The out of phase component of impedance resulting from capacitive or 

inductive elements within the circuit. 

Respiration Catabolic reactions that product ATP through an electron transport 

chain with organic or inorganic compounds as the final electron 

acceptors. 

Sessile Non motile bacteria cell, often attached to a surface. 

Stationary phase Existence of bacteria or other microorganism when insufficient 

nutrients exist to support further cell division. 

Swarming motility Movement across a surface, such as agar, through the use of flagella. 

Tobramycin An aminoglycoside antibiotic that works by inhibiting protein 

synthesis. 

Virulence factor Protein or other compound produced my microorganisms which cause 

host damage or stimulate an immune response. 

Volatile organic 

compounds 

Compounds with a high vapour pressure that readily evaporated at 

room temperature. 
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Wild type The natural strain of a species, with no genetic modification or 

mutation. 

Working electrode The electrode of interest in an electrochemical cell, where reactions are 

monitored. 
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1.1 Introduction 

Chronic lung infections caused by Pseudomonas aeruginosa are widely recognised as the 

leading cause of morbidity and mortality in patients with cystic fibrosis (CF).  Once people 

with CF have been colonised with P. aeruginosa, the infections are almost impossible to 

eradicate.  Pulmonary exacerbations in colonised patients result in further lung deterioration.  

As discussed in this thesis, early identification of P. aeruginosa or pulmonary exacerbations 

could help clinicians intervene sooner and improve patient quality of life. 

This thesis explores the use of electrochemical impedance spectroscopy (EIS), in 

conjunction with a low cost electrode for the specific detection of P. aeruginosa.  The ability 

to miniaturise the electronics required to conduct EIS and the low cost of the electrodes 

could lead to a portable, point of care testing (POCT) device (Figure 1-1).  The scope of the 

work described here focuses upon the detection of P. aeruginosa with EIS, in the context of 

the CF airway microbiome. 

 

Figure 1-1: Potential end use for P. aeruginosa detection system explored within this 

thesis.  (1) Low cost, disposable sensors integrated in sample pot are provided to patient 

for daily use. (2) Sputum produced by patient is placed into sample pot. (3) Sensor is 

used in conjunction with affordable portable device to test for P. aeruginosa.  After 

testing, sample pot containing sputum and sensor is discarded. (4) Sample monitored 

daily for changes indicating colonisation or pulmonary exacerbation. 

A review of the literature is given in this chapter.  The first section provides a summary of 

the CF airway microbiome and associated problems in the clinical context.  The second 

section describes electrochemical detection of microorganisms (with a focus on EIS) and 

recent findings on the electrochemical properties of microorganisms.  The literature 

reviewed in this chapter is used to form the basis of a set of research questions and a research 

hypothesis that is investigated within this thesis.  These research questions are outlined at the 
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end of the chapter.  For readers unfamiliar with either microbiology or electrochemistry, a 

review of the underpinning theory is provided in chapter 2 (Figure 1-2). 

 

Figure 1-2: Overview of the topics covered in chapter 1 and 2.  
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1.2 Cystic fibrosis and CF airway infection 

1.2.1 Introduction 

CF is the most common life shortening recessive genetic disease in people of European 

origin (Rosenstein and Zeitlin 1998).  It is caused by a mutation in the Cystic Fibrosis 

Transmembrane Regulator (CFTR) gene leading to either a non-existent or a dysfunctional 

membrane bound protein (Rosenstein and Zeitlin 1998; Greger 2000).  CF is a systemic 

disease, manifesting itself in all tissues where cells normally express the CFTR protein, 

including sweat glands, airway epithelia, gut, pancreas and exocrine glands, reproductive 

organs, the bile duct and gall bladder (Greger 2000).  Within the CF airway, production of 

sticky, viscous mucus leads to infections and consequently lung damage.  More specifically, 

lung disease is the leading cause of morbidity and mortality in CF patients and generally 

results from colonisation of the airway by P. aeruginosa (Harrison 2007; Hassett et al. 2009; 

Langton Hewer and Smyth 2009). 

In the UK, over 10, 000 people are registered with CF (Cystic Fibrosis Trust 2013) and over 

27, 000 people in the US have CF (Cystic Fibrosis Foundation 2012).  The life expectancy of 

patients with CF continues to rise, but is still low, with a median predicted age of survival in 

the US of 41.1 years (Cystic Fibrosis Foundation 2012).  The lifetime costs associated with 

CF care have recently been estimated at US $306, 000, with the greatest costs associated 

with hospital inpatients followed by pharmaceuticals (van Gool et al. 2013). 
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1.2.2 Cystic fibrosis airway microbiome 

The CF airway comprises a complex microbiome consisting of several different organisms, 

with  Staphylococcus aureus, Haemophilus influenzae, P. aeruginosa and Burkholderia 

cepecia complex (Bcc) commonly cultured from CF sputum (Harrison 2007; Sibley et al. 

2011; Cystic Fibrosis Trust 2013; McGuigan and Callaghan 2014).  Initially, H. influenzae 

and S. aureus are the most prevalent organisms found in sputum.  Over time however, the 

ecology of the airway changes and chronic colonisation with P. aeruginosa occurs (Figure 

1-3).  Once P. aeruginosa is present, the bacteria are thought to adapt rapidly to the 

conditions within the CF airway, changing from a planktonic non-mucoid phenotype to a 

sessile, biofilm forming mucoid phenotype.  This results in a chronic infection that cannot be 

eradicated (Ratjen and Döring 2003; Hassett et al. 2009).  Chronic lung infections with P. 

aeruginosa are therefore associated with a poor prognosis and increased mortality in CF 

patients (Littlewood 2004).  The changes that occur in the CF airway over time are 

summarised in Figure 1-4. 

 

Figure 1-3: Cystic fibrosis lung infections in 2012 (Cystic Fibrosis Trust 2013). 
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Figure 1-4: Simplified summary of CF airway infection.  Dysfunctional CFTR protein 

results in thick, viscous mucus which is difficult to clear.  This provides a niche for a 

complex microbiome, eventually leading to chronic infections with P. aeruginosa.  

Periodically, patients experience pulmonary exacerbations, which could be caused by a 

change in the state or density of the bacteria within the airway. 
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1.2.3 P. aeruginosa adaptation to the CF airway 

As described above, P. aeruginosa is known to adapt to the conditions within the CF airway 

to establish chronic infections.  Mutations caused by reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) from the host immune system are thought to drive an 

advantageous evolution of P. aeruginosa (Hassett et al. 2009).  Some of the common 

changes seen in P. aeruginosa over time are the production of polysaccharide alginate, 

failure to express virulent appendages such as flagella or pili  (Hassett et al. 2009), the 

appearance of small colony variants, antibiotic resistance and a decreased production of 

virulence factors (Harrison 2007).  Furthermore, P. aeruginosa may be able to use 

intracellular communication between oropharyngeal microflora leading to the up-regulation 

of specific genes relating to pathogenesis (Harrison 2007).  Morphological differences can 

often be seen between clinical isolates and laboratory strains.  In the case of mucoid 

phenotypes, these differences are thought to be related to the mutation of genes that control 

the alginate biosynthesis pathway (Hassett et al. 2009).  There is also evidence that P. 

aeruginosa grows anaerobically in the CF airway as a consequence of the low oxygen 

tension and is different to growth observed in vitro (Yoon et al. 2002; Hassett et al. 2009). 

Other studies highlight the presence of virulence factors produced by P. aerugionsa.  

Fothergill et al. (2007) isolated endemic strains of P. aeruginosa and found that they 

produced large quantities of exoproducts.  Hunter et al. (2012) found that the concentration 

of pyocyanin in sputum from CF patients was negatively correlated with FEV1.  In 

particular, pyocyanin and other phenazines have been related to quorum sensing in P. 

aeruginosa and in vitro are produced in early stationary phase in response to Pseudomonas 

quinolone signal (PQS) (Price-Whelan et al. 2007).  In other in vitro studies, pyocyanin has 

been found to have several toxic effects on the host, including inhibition of cell respiration 

and ciliary beating, inactivation of catalase and α1-protease and depletion of cellular 

glutathione (Lau et al. 2004). 

The resulting chronic CF airway infections caused by the host adapted P. aeruginosa involve 

growth of the bacteria in a biofilm phenotype, which has been indicated by both 

morphological and chemical evidence (Costerton 2001).  Interestingly, biofilm formation in 

the CF airway has been shown to differ in terms of genetics, morphology and physiology to 

that found in other surface attached biofilms (Hassett et al. 2009).   



 

8 

 

1.2.4 S. aureus and the CF airway 

The commensal organism, S. aureus is also commonly found in CF sputum.  S. aureus is a 

ubiquitous Gram positive bacterium especially found in the anterior nares and skin creases of 

healthy individuals (Archer et al. 2011; Goss and Muhlebach 2011; Krishna and Miller 2012; 

Pantosti and Venditti 2009).  The bacterium is known to colonise the CF airway from an 

early age (Mahenthiralingam et al. 2008; Madeira et al. 2013).  Several studies have shown 

that the presence of S. aureus in the absence of P. aeruginosa predicts longer term survival 

in patients over the age of 18 years (Lyczak et al. 2002).  Furthermore, it has been suggested 

that patients taking antistaphylococcal therapy show higher rates of P. aeruginosa 

acquisition (Lyczak et al. 2002).  More recently, however, a longitudinal study has shown 

that lower respiratory tract infection with S. aureus in infants is associated with a greater 

decline in lung function than patients with no infection (Pillarisetti et al. 2011).  Small 

colony variants of S. aureus can also appear within the CF lung and are associated with 

higher rates of antimicrobial resistance and more advanced lung disease (Goss and 

Muhlebach 2011). 

1.2.5 H. influenzae and the CF airway 

Haemophilus influenzae, another commensal bacteria of the upper respiratory tract, has been 

reported as the most common pathogen in CF patients less than 1 year old (Cystic Fibrosis 

Trust 2010).  H. influenzae is a fastidious, non-motile Gram negative bacilli which grows 

best at 35-37 
o
C under microaerophilic conditions (World Health Organisation 2011) and 

whose only natural host is humans (Fleischmann et al. 1995).  The genome of H. influenzae 

is relatively small and was the first complete self replicating organism to be sequenced in 

1995 (Fleischmann et al. 1995). 

1.2.6 Burkholderia cepecia complex and the CF airway 

Bcc represents an important group of microorganisms associated with the CF lung.  Bcc 

consists of a group of nine phenotypically similar bacteria widely isolated from the 

environment (Chiarini et al. 2006).  Whilst all nine members of the Bcc family have been 

isolated from the CF airway, B. cenocepacia and B. multivorans are most commonly found 

(Chiarini et al. 2006), with B. multivorans now more prevalent in the UK CF population than 

B. cenocepacia (Mahenthiralingam et al. 2008).  Studies have shown that infection with B. 
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cenocepica is associated with poor prognosis and accelerated decline in lung function 

(Mahenthiralingam et al. 2008; Madeira et al. 2013).  “Cepacia syndrome” affects 

approximately 10% of patients infected with B. cenocepica and results in rapid, fatal clinical 

decline (Mahenthiralingam et al. 2008).  Once a chronic infection with any strain of Bcc has 

become established, treatment is challenging due to the group’s resistance to antibiotics 

(Chiarini et al. 2006; Mahenthiralingam et al. 2008). 

1.2.7 Other important microorganisms within the CF airway 

The microbiome of the CF airway extends well beyond the commonly found species 

highlighted above.  Other bacteria including Stenotrophomonas maltophilia, Achromobacter 

xyloaozidans, Cupriavidus species and Pandoraea species (generally associated with 

nosocomial infections or not associated with human infection) have also been reported in the 

CF airway (Hassett et al. 2009; LiPuma 2010).  In addition, the fungi Aspergilluis has been 

found within the CF airway, particularly Aspergillius fumigatus (Balfour-Lynn and Elborn 

2007).  A.  fumigatus can result in allergic bronchopulmonary aspergillosis (ABPA), which 

has been reported to result in clinical deterioration (Shoseyov 2006), although the European 

Epidemiologic Registry of CF does not indicate a longitudinal decline in FEV when divided 

into severity subgroups (Balfour-Lynn and Elborn 2007).   An increasing prevalence of non-

tuberculosis mycobacterium has also been reported in patients with CF (LiPuma 2010).  

Specifically, the prevalence of Mycobacterium abscessus is increasing, with some evidence 

to suggest that indirect cross contamination between patients occurs (Bryant et al. 2013).  C. 

albicans is a eukaryotic yeast organism and is also often recovered from the lungs of patients 

with CF, in conjunction with P. aeruginosa (Bakare et al. 2003; Sudbery 2011).  Secreted 

factors produced by C. albicans have an effect upon P. aeruginosa, resulting in loss of 

swarming motility and enhanced biofilm formation (Peleg et al. 2010). 

More recently, through the use of molecular DNA profiling techniques, a number of studies 

have suggested that the CF airway microbiome is even more diverse and complex the 

previously thought (Rogers et al. 2003; Cox et al. 2010; Lynch and Bruce 2013; Lim et al. 

2014).  However, the sampling technique used could also affect the microbial complexity.  In 

contrast to studies highlighting a diverse microbiome, the lower CF airway has been shown 

to only contain a limited number of organisms, typical of those traditionally associated with 

CF (Goddard et al. 2012).  This was found by analysing DNA isolated from paired sputum 

samples and samples of removed lung tissue from patients that had just undergone lung 

transplantation (Goddard et al. 2012).  In another investigation, deep throat swabs were 
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compared to sputum samples and showed that the oropharyngeal microbiome did not appear 

to drive the microbial community composition of the sputum sample (Cox et al. 2010).  

Other investigators argue that microbes found in the oral cavity could colonise the lungs and 

should therefore be considered as part of the community (Lim et al. 2014). 

1.2.8 Pulmonary exacerbations 

Pulmonary exacerbations  are the most important cause of morbidity in CF patients 

chronically infected with P. aeruginosa and typically occur three to four times a year 

(Balfour-Lynn and Elborn 2007; Lapin and Pryor 2007).  Clinically, pulmonary 

exacerbations have been defined as a need for additional antibiotic treatment resulting from a 

change in at least two of the following: change in sputum volume or colour; increased cough; 

increase malaise, fatigue or lethargy; anorexia or weight loss; decreased pulmonary function 

by 10% or more, or radiographic changes; and increased dyspnoea (Bilton et al. 2011).  The 

underlying cause of pulmonary exacerbations in adults has not been firmly established.  

However, P. aeruginosa is thought to play an important role and antibiotic treatment for 

exacerbations typically target P. aeruginosa (Reid et al. 2013).  In contrast, S. aureus, H. 

influenzae are most commonly isolated in pulmonary exacerbations during infancy and 

childhood (Bhatt 2013), however respiratory viruses may also play an important role in these 

infections too (Reid et al. 2013). 

Some studies have found that the concentration of P. aeruginosa cells does not change in the 

lead up to a pulmonary exacerbation, with typical values of 10
8
 to 10

9
 CFU/ml reported 

(Stressmann et al. 2011; Reid et al. 2013).  Reid et al. (2013) suggest that this could indicate 

changes in the bacterial behaviour or dynamics of bacterial communities are responsible for 

exacerbations.  There is consensus across studies, however, that the concentration of P. 

aeruginosa decreases as a result of antibiotic treatment after an exacerbation  (Regelmann et 

al. 1990; Smith et al. 1999; Stressmann et al. 2011; Reid et al. 2013).  Another study found 

that the same clonal strain of P. aeruginosa was present throughout a pulmonary 

exacerbation, suggesting that the exacerbations are not caused by new strains of the bacteria 

(Aaron et al. 2004). 

1.2.9 P. aeruginosa eradication therapy 

As discussed above, early strains of P. aeruginosa are planktonic and non-mucoid (Hassett et 

al. 2009).  Antibiotic eradication therapy has therefore been explored as a strategy to prevent 

chronic infection (Schelstraete et al. 2013).    Langton Hewer and Smyth (2014) conducted a 
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systemic review of the evidence eradication therapy and  found that significantly more 

children with CF showed clearance of P. aeruginosa after two months of antibiotic therapy 

compared to a placebo group.  However, the authors also highlight the lack of well designed 

and executed studies to establish whether eradication therapy delays chronic infection and 

results in appreciable benefit without causing harm (Langton Hewer and Smyth 2014).  In 

the EarLy Inhaled Tobramycin for Eradication (ELITE) trail, it was found that inhaled 

tobramycin taken for 28 days or 56 days resulted in eradication rates of P. aeruginosa of 

66% and 69% respectively one month after the end of treatment (Ratjen et al. 2010).  More 

recently, an multi centre RCT trail found that 66% of patients taking inhaled colistin and oral 

ciprofloxacin and 65.2% of patients taking inhaled tobramycin and oral ciprofloxacin were 

P. aeruginosa negative after 6 months (Taccetti et al. 2012).  Whilst several studies show 

that rapid treatment of P. aeruginosa infections can increase the length of time before 

chronic colonisation, none demonstrate a 100% success (Schelstraete et al. 2013).  The 

reasons for this could include delays in detection of P. aeruginosa and the use of insensitive 

detection techniques (Schelstraete et al. 2013). 

1.2.10 Early detection of P. aeruginosa infection 

At present, no practical system exists that allows checking for infection with P. aeruginosa 

on a daily basis.  Whilst current guidelines highlight that microbiological surveillance should 

occur on every clinical visit, routine appointments can be every two to three months for a 

stable patient (Cystic Fibrosis Trust 2011) providing long periods of time between 

appointments in which chronic infections could develop.  Daily airway clearance exercises 

and chest physiotherapy form a key part of patient care and can help to prevent infection and 

lung deterioration (Lapin and Pryor 2007). 

1.2.11 CF sputum composition 

CF sputum is composed of mucin, lipids, proteins, amino acids, ions, DNA, filamentous 

actin, proteoglycans, biofilms, bacteria and inflammatory cells (Voynow and Rubin 2009).  

In the airways the mucins found are primarily MUC5A, secreted from goblet cells and 

MUC5B, secreted from submucosal cells (Rubin 2007).  Evidence suggests that CF sputum 

contains almost no intact mucin when compared to normal airway mucus (Voynow and 

Rubin 2009).  This may be caused by proteolytic degradation, or be due to the presence of 

large quantities of other molecules diluting the relative concentration of mucins (Voynow 

and Rubin 2009).  CF sputum is also associated with higher levels of amino acids, which 
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have been found to promote the growth of P. aeruginosa (Barth and Pitt 1996). Furthermore, 

a greater concentration of amino acids was associated with CF samples containing 

auxotrophic strains of P. aeruginosa (Barth and Pitt 1996).  Some investigators have 

developed laboratory based artificial sputum for assessment of the growth of P. aeruginosa 

(Kirchner et al. 2012; Sriramulu et al. 2005).  These typically contain mucin, amio acids and 

DNA. 

1.2.12 Clinical practices for the identification of microorganisms in CF sputum 

Clinically, the detection of bacteria within sputum samples is achieved by conventional 

culturing of samples on selective agar media after homogenising in a DTT solution, such as 

Sputasol (Cystic Fibrosis Trust 2010).  The principle behind this approach is to use the 

properties of the given microorganism to enable growth of the organism of interest whilst 

preventing the growth of other organisms.  For P. aeruginosa, this can be achieved through 

the use of Pseudomonas selective agar, whereby Pseudomonas agar base is supplemented 

with Cetrimide and Nalidixic acid, with the aim of specifically isolating Pseudomonas 

species from other species within the sputum.  In contrast, the isolation of S. aureus is 

achieved through the use of mannitol salt agar, which has a high salt content.  The 

peptidoglycan wall of Gram positive bacteria can resist the osmotic pressure resulting from 

the high salt concentration within the media that causes Gram negative species, such P. 

aeruginosa to lyse. 
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1.3 Rapid techniques for the identification of microorganisms 

A number of detection approaches have been developed for the rapid detection of bacteria in 

a point of care scenario.  Rapid point of care testing predominantly relies on one of three 

fundamental processes (Table 1-1).  Each of these techniques are described briefly below, to 

provide a context for the succeeding detailed review of the literature relating to the use of 

reagentless and labeless impedance spectroscopy for bacterial detection. 

Table 1-1: Principal techniques and technologies for rapid detection of 

microorganisms. 

Principle Immunochemistry DNA Detection 
Volatile Organic 

Compounds Signatures 

Description 

Antibodies capture 

analyate, which can then 

be detected using a 

number of enabling 

technologies. 

Extraction and 

amplification or direct 

identification of DNA 

strands specific to the 

species of interest. 

Volatile Organic 

Compounds released by 

the sample are 

interrogated for the 

identification of 

biomarkers or patterns of 

biomarkers. 

Example 

enabling 

technologies 

Electrochemical 

Photonic 

Nanoparticles 

Magnetic beads 

ELISA 

LFI 

Microfluidics 

PCR reagents 

Electrochemical 

Photonic 

 

Microfluidics 

FAIMS 

MALTI-TOF 

Solid state ion selective 

devices 

Commercialised 

Examples 

Quidel QuickVue 

Alere BinaxNOW 

Alere Affinion 

Cepheid GeneXpert 

BD BDMax 
Owlstone 

Advantages 

Mature, well developed 

technology. 

High specificity. 

Can be tailored to 

detection of any strand of 

DNA 

PCR principles well 

established 

Reduced/no requirement 

for reagents or 

consumables 

Drawbacks 
Antibodies expensive to 

produce and store 

Contamination and DNA 

extraction are 

problematic 

Interference is a potential 

problem 

Relies on production and 

release of diagnostically 

useful VOCs from 

sample  
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1.3.1 Immunochemistry devices 

Immunochemistry devices rely upon the immobilisation of antibodies specific to a particular 

protein produced either by the host during infection or by the pathogen to be detected.  

Several devices have been developed, some of which are fully commercialised, whereas 

other, more novel approaches are still in the early stages and take advantage of recent 

enabling technologies. 

Li et al. (2011) have developed a paper based immunochemistry device capable of 

detecting S. aureus or P. aeruginosa between cell concentrations of 500 to 5000 CFU/ml.  

Gold nanoparticles are used to produce a colour change in the test strip that indicates the 

presence of pathogen of interest.  Impedance spectroscopy approaches have also been 

employed for the detection of pathogens using apatamers and antibodies (Muñoz-Berbel et 

al. 2008b).  An example of this is the system developed by Bekir et al. (2015).  In this 

system, anti S. aureus antibodies were immobilised on a gold electrode.  Using impedance 

spectroscopy and cyclic voltammetery in conjunction with a redox probe, the investigators 

demonstrated that stressed S. aureus cells could be detected down to a concentration of 10 

CFU/ml. 

A number of well established commercial devices are also available, such as those based 

upon lateral flow immunochromotography (LFI), which rely on a fluid sample absorbed onto 

a solid substrate.  Market leading individual cartridge tests are provided by Alere 

(BinaxNOW) for Legionella, S. aureus and Streptococcus pneumoniae infections, in addition 

to a number of viral and malaria tests. LFI tests are also available from Quidel (QuickVue) 

for Legionella and Streptococcal pharyngitis.  Clinical studies highlight that a key limitation 

of these tests is the interpretation of the result, which can lead to false negatives (Moore et al. 

2013).  Furthermore, the tests require the use of reagents with expiry dates and require 

trained personnel for their use.  Also, only a limited number of bacteria are detectable via 

these tests, and each species requires a different cartridge. 

An alternative approach using LFI tests is to screen for inflammatory biomarkers produced 

by the host.  In particular, LFI tests are available for the detection of CRP, an inflammatory 

marker of infection.  Point of care tests measuring CRP is a well established market with 

several suppliers (e.g. Alere Affinion).  The tests are widely used to support decision making 

for antibiotic prescription in Scandinavian countries.  They have been found to be cost 

effective and are believed to be part of the reason for the reduced levels of antibiotic 
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resistance seen (Oppong et al. 2013; Hunter et al. 2015).  The main drawback of this 

approach is that once CRP is expressed and detectable, the infection is already present and 

established.  

1.3.2 DNA diagnostic devices 

Molecular diagnostic devices are based upon the detection of small molecules, indicative of 

a particular pathogen, such as short DNA sequences or specific biomarkers.  Several 

different innovative approaches have been developed, at different levels of maturity, 

including microfluidic molecular devices (Wu et al. 2013).  Numerous systems have also 

been developed that use impedance spectroscopy to detect the presence of PCR product.  For 

example, by immobilising short strands of peptide nucleic acid (PNA) on the surface of a 

gold electrode, Corrigan et al. (2012) were able to detect down to 10 pM of DNA from the 

MecA gene in S. aureus using impedance spectroscopy.  Several steps were required to 

prepare the electrodes and sample, but a change in the charge transfer resistance could be 

seen after 2-3 minutes of adding the mecA gene to the electrode.  Commercially available 

devices currently rely on the detection of DNA sequences and are aimed at the small 

laboratory user, rather than the GP or patient at home.  This is partly due to the need for 

significant sample preparation, instrument operation and results interpretation.  Molecular 

systems related to infection detection are currently available from Cepheid (GeneXpert) for 

the detection of S. aureus (including MRSA) and C. difficile, in addition to a number of virus 

targets.  A system is also produced by BD,BDMax, for the detection of hospital acquired 

infection pathogens: C. difficile, MRSA and S. aureus.  

1.3.3 Volatile organic compounds signature devices 

Much research effort has been put into the detection of disease through breath analysis and 

the detection of other volatile compounds.  These technologies are attractive because of the 

minimally invasive nature of a breath sample.  In practice however, it is susceptible to 

interference.  For example, P. aeruginosa produces hydrogen cyanide (HCN), a detectable 

volatile compound, but Helicobacter pylori (a stomach pathogen) also produces HCN (Sethi 

et al. 2013).  A novel spinout company called Owlstone entered the VOC market for 

detection of explosives with a reprogrammable microchip sensor.  They are moving into the 

medical device market, and have demonstrated the ability to identify TB but their approach 

and technology is yet to be conclusively proved in the detection of lung pathogens. 
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1.4 Electrochemical changes mediated by microbial growth 

This section provides an overview of the literature related to the electrochemical detection of 

the growth of microorganisms.  Electrochemical changes caused by bacteria have been 

broken down into three broad processes: direct microbial interactions at the electrode-

electrolyte interface, changes to the media as an indirect effect of microbial growth, and the 

production of electroactive compounds as a consequence of microbial growth.  Each of these 

are discussed in detail below, with a focus on the detection of changes using impedance 

spectroscopy.  A large proportion of the research relating to the electrochemical detection of 

microorganisms focuses upon the use of bio-affinity agents for the specific detection of the 

analyate (Varshney and Li 2009).  As the focus of this project relates to the detection of 

microorganisms using a reagentless, labeless sensor, this review focuses upon those studies 

that do not use specific chemical targets such as antibodies, DNA probes or apatmers for 

detection. 

1.4.1 Direct microbial changes caused by cell-electrode mechanisms 

1.4.1.1 Microbial attachment and biofilm formation 

Several studies have demonstrated the use of interdigitated microelectrodes to detect the 

presence of microorganisms within a sample.  These systems are advantageous because their 

small size allows a greater rate of reactant supply, effective cycling of ionic species and 

therefore improved sensitivity (Varshney and Li 2009).  Yang et al. (2003; 2004) studied the 

detection of Salmonella tyhimurium using impedance spectroscopy.  In two separate studies, 

one with a gold working electrode (Yang et al. 2003) and one with an indium tin oxide (ITO) 

electrode (Yang et al. 2004) they used basic series RC circuit models to interpret the 

observed impedance signatures and found that the capacitance of the double layer increased, 

attributable to presence of more ionic compounds as the media was broken down by the 

bacteria (Figure 1-5).  In the gold electrode system, they found that the charge transfer 

resistance increased as a result of cells impeding the flow of current (Yang et al. 2003).  An 

increase in the corrected resistance (after taking into account solution conductivity) was also 

thought to occur in the case of the ITO electrode system (Yang et al. 2004).  In this case, the 

microbial cells themselves were not thought to directly affect the double layer because the 

electrode-cell surface gap is greater than the double layer thickness, instead impeding the 

current immediately adjacent to the electrode. 
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Figure 1-5: Equivalent circuit used by Yang et al. (2003). 

Muñoz-Berbel et al. (2006) also used gold microelectrodes with a simple series equivalent 

circuit to characterise the attachment of P. aeruginosa.  A constant phase element related to 

the double layer capacitance was found to drop after 80 hours growth, resulting in an 

increase in the impedance.  The authors attribute this change to the attachment of cells and 

biofilm formation (microbial attachment was observed by microscopy at 50 hours) reducing 

the electrode active area. 

 

 

Figure 1-6: Equivalent circuit used by Muñoz-Berbel et al. (2006). 

Characterisation of E. coli at platinum electrodes was also thought to result in a drop in the 

interface capacitance (Muñoz-Berbel et al. 2007).  In this study, the attachment of bacterial 

cells to the working electrode was detectable after 40 minutes.  Furthermore, larger 

concentrations of bacteria resulted in larger changes to the calculated interfacial capacitance 

parameter (Muñoz-Berbel et al. 2007).  Developing this concept further, the investigators 

went on to explore whether it was possible to detect microbial attachment over relatively 

short time periods (Muñoz-Berbel et al. 2008c).  Using E. coli, they observed an initial 

increase in the interface capacitance (using a CPE in an equivalent circuit - Figure 1-7) 

thought to be due to the counter ion effects of the attachment of small numbers of microbial 

cells to the electrode surface (Muñoz-Berbel et al. 2008c).  In addition, a capacitance related 

to the AgAgCl reference electrode was also included in the measurement (Cref), although the 

investigators don’t report the rationale for including the capacitance of the reference 

electrode, or why it is placed in parallel with the working electrode.  A subsequent drop in 

the CPE occurred, resulting from the maturation of the biofilm during which the electrode 

surface becomes coated with extrapolysacchride matrix and bacteria cells with a low 

capacitance.   
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Figure 1-7: Equivalent circuit used by (Muñoz-Berbel et al. 2008c).   Cref is related to a 

capacitance associated with the reference electrode and did not change throughout the 

experiment. 

The system described above was subsequently applied to the detection of bacteriophages in 

E. coli and P. putida biofilms (Muñoz-Berbel et al. 2008a).  In this study, a more 

sophisticated equivalent circuit was used (Figure 1-8), with a capacitive parameter to 

describe the porosity of the biofilm (Cbiofilm).  This was found to increase throughout the first 

5 days of the experiment.  Cbiofilm dropped as a result of bacteriophage infection of the 

biofilm, whereas the double layer component of the equivalent circuit remained the same.  

The impedance results suggested that the biofilm structure changed as a result of infection, 

but that the inner cells remained attached to the electrode surface. 

 

Figure 1-8: Equivalent circuit used by Muñoz-Berbel et al. (2008). 
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In situ biofilm formation of S. epidermidis has been studied with gold electrodes printed onto 

a silicon oxide wafer (Paredes et al. 2012).  In this investigation, real-time labeless 

monitoring of biofilms was carried out using an adapted version of the centre for disease 

control (CDC) bioreactor.  The electrodes consisted of 20 µm fingers separated by a distance 

of 30 µm.  Changes to the impedance were thought to be caused by a change in the 

composition of the media and deposition of cells and biofilm matrix onto the sensor surface.  

The greatest changes to the impedance occurred at lower frequencies (<1 kHz) where the 

investigators found that microorganism concentration was directly related to an increase in 

the capacitance.  Furthermore, over the course of the experiment, there was a relative drop in 

the impedance magnitude, with characteristic changes appearing in the series resistance and 

capacitance data over the course of the experiment.  Paredes et al. (2013) adapted the 

interdigitated electrodes to characterise the attachment and growth of S. aureus and S. 

epidermidis strains in 96 well microtitre plates.  The aim was to evaluate the sensors for 

possible use in intravascular catheters.  The greatest change in the impedance was again 

observed at lower frequencies, as an increase in the resistance and capacitance (Paredes et al. 

2013).  These were thought to be related to the deposition of cells on the electrode surface, 

which caused a greater impedance change than metabolic processes.  Additionally, the initial 

inoculation volume affected the rate at which the measured resistance and capacitance 

parameters changes, with higher initial inoculation volumes resulting in greater changes to 

the impedance.  A similar result to this was also observed by Zikmund et al. (2010) with E. 

coli, where they found a 10% increase in the impedance of a Tantalum-Nikel-Platinum 

electrode following 24 hours of E. coli growth. 

Using larger electrodes, the impedance properties of P. aeruginosa biofilms grown on 

platinum discs have been explored.  Interestingly, the results of Kim et al. (2011) show 

consistency with other studies (Yang et al. 2003, 2004; Muñoz-Berbel et al. 2007).  It was 

found that initial microbial attachment to the electrode surface resulted in a decrease in the 

double layer capacitance, caused by bacteria and associated  material reducing the electrode 

active area (Kim et al. 2011) .  In order to specifically study the effect of biofilm formation, 

the investigators replaced the media with fresh electrolyte to perform the spectroscopy 

measurements.  A PA14wspF mutant was also tested, which overproduces EPS biofilm 

material, thus creating thicker biofilm structures.   A drop in the double layer capacitance 

was observed throughout the experiment, which was related to the formation of biofilm 

across the electrode surface.  However, only a slight difference in the impedance existed 

between the wild type and the mutant strain.  In a related study, the double layer capacitance 



 

20 

was found to drop as a result of the attachment of P. aeruginosa cells to an interdigitated 

microelectrode (Kim et al. 2012) .  These changes were thought to result from cellular 

appendages such as flagella, fimbriae and pili attached to the electrode surface reducing the 

electrode surface area.  A slight change was also observed in the charge transfer resistance 

however this did not vary significantly from the negative control (Kim et al. 2012). 

Pires et al. (2013) used gold electrodes in conjunction with a microfluidic device to measure 

cellular respiration and biofilm formation caused by P. aeruginosa.  They report that the 

impedance modulus increased as a consequence of P. aeruginosa growth.  Furthermore, 

using the amperometric system they had developed, they found that it was possible to detect 

respiration activity within the biofilm, which disappeared when treated with sodium azide 

(known to be an effective biocidal compound).  The electronic system used to measure the 

impedance was also produced by the group and was based upon a microcontroller, indicating 

that a low cost impedance measurement system for monitoring microorganisms is 

achievable. 

Dheilly et al. (2008) studied the formation of a biofilm by two different microorganisms (P. 

aeruginosa PAO1 and Bacillus subtilis) on stainless steel working electrodes.  They also 

observed an increase in charge transfer resistance as a result of biofilm formation (verified 

through the use of SEM and CSLM).  Furthermore, they found that the thickness of the 

biofilm affected the charge transfer resistance.  The authors argue that the growth of cells on 

the surface of the electrode interferes with the electron transfer process and consequently 

leads to an increase in the measured resistance.    

Some investigators have reported changes to the charge transfer upon initial attachment of 

microbial cells to an electrode surface.  These transient charge transfer effects have been 

reported in Staphyloccous epidermidis, Streptococcus salivarius and Actinomyces naeslundii 

(Poortinga et al. 1999, 2001).  Indium tin oxide and titanium oxy nitride electrodes were 

used to measure the change in potential as a consequence of microbial attachment over two 

hours (Bayoudh et al. 2008).  During this time, the potential of the electrodes dropped, an 

effect thought to be related to the transfer of surface charge from the bacterium.  Impedance 

spectroscopy was also used to detect the presence of P. stutzeri and S. epidermidis to ITO 

electrodes (Bayoudh et al. 2008).  The intrinsic conducting and dielectric properties of the 

bacterial cells were found to decrease the charge transfer resistance at the electrode-

electrolyte interface (Bayoudh et al. 2008). 
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A screen printing approach was used to produce electrodes for the detection of S. aureus, 

with a sensor that could be integrated into a POCT product such as a wound dressing.  

Farrow (2010) investigated the use of carbon and Ag-AgCl screen printed electrodes for 

detection of biofilm formation in chronic wounds (such as a diabetic leg ulcer) in order to 

detect the presence of infection-causing bacteria.  In this study, electrode material and 

electrolyte selection were assessed in terms of their ability to inhibit growth and biofilm 

formation of S. aureus and also their ability to allow the detection of the bacteria using 

electrical impedance.  Analysis was carried out by normalising the electrode impedance, a 

procedure which involves dividing the impedance measured at time n against the starting 

impedance (Connolly and Shedden 2010).  This can be done for the measured value of the 

resistance, reactance, phase and magnitude.  It removes the individual differences found 

between electrodes and allows changes between the starting signature and subsequent 

signatures to be easily identified.  In these experiments, a shift in the phase angle peak and 

the peak magnitude frequency could be observed using Ag-AgCl electrodes at a 

concentration above 8.5 x 10
6
 CFU/ml (Farrow 2010; Farrow et al. 2012).  During biofilm 

experiments, microscopic analysis of the electrode surface was carried out and indicated that 

few cells grew on the electrode surface.  On the Ag-AgCl electrode, this was thought to be 

related to silver ions released into the adjacent electrolyte inhibiting the growth of cells. 

Biofilm formation has also been characterised on ITO electrodes integrated into a flow cell 

device (Ben-Yoav et al. 2011).  An equivalent circuit model for the analysis of impedance 

has also been presented (Figure 1-9), with an anomalous diffusion parameter to characterise 

the porosity of the biofilm on an ITO electrode (Ben-Yoav et al. 2011).  Interestingly, the 

impedance characteristics of the biofilm formed on the electrode surface were dependent 

upon the DC bias potential across the electrode, with a DC bias of 600 mV correlated to 

biofilm growth.  Applying their equivalent circuit model, they found that the capacitance of 

the biofilm increased over a deposition time of 120 minutes, whereas the biofilm resistance 

(as defined by their equivalent circuit) decreased. 
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Figure 1-9: Equivalent circuit model used by Ben-Yoav et al. (2011).   Rs is the solution 

resistance, Cb is the biomaterial capacitance, Rb is the biomaterial resistance, Zd is the 

anomalous diffusion typw Ib impedance element, CPEi is the constant phase element of 

the solution electrode interface and Rct is the charge transfer resistance. (Taken from 

Ben-Yoav et al. 2011). 

 

Biofilm matrix resulting from the growth of bacteria on the electrode surface is believed to 

affect the electrochemical characteristics of the electrode-electrolyte interface by changing 

both the capacitive and electron transfer properties.  Conductive biofilms have been found in 

Geobacter sulffureducens, in contrast to other bacteria where the biofilm matrix is thought to 

have insulating properties (Lovley 2008).  G. sulffureducens anode biofilms were shown to 

possess a discharge current when grown in the presence of a polarisation potential (Schrott et 

al. 2011).  This was believed to result from cytochrome-c present in the biofilm matrix 

capable of acting as an electron acceptor shunt when the anode was at OCP.  On re-

polarisation of the anode, the stored charge within the biofilm was released (Schrott et al. 

2011).  Mechanisms of this nature suggest that biofilm structures produced by some bacteria 

could be electrically conductive. 

 

1.4.1.2 Impedance changes caused by high cell densities 

High cell densities could affect the conductivity and dielectric properties of the sample and 

the electrode interface.  Applying principles of dielectric spectroscopy, Harris et al. (1987) 
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were able to show that it is possible to quantify the mass of yeast cells that existed in a 

fermentation process.  Their measurement was carried out using screened platinum 

electrodes at frequencies ranging between 100 kHz and 10 MHz.  By measuring the 

impedance (and specifically the capacitance) in the frequency range associated with the beta 

dispersion, the investigators were able to identify a linear relationship between the 

capacitance and the mass of cells present.  The greatest change in the capacitance measured 

was observed at the lower range of the frequency spectrum measured (300 kHz).  

Furthermore, they identified that the conductivity of the extracellular media varies only a 

small degree at high concentrations.  When calcium carbonate was added to the medium 

during the impedance test (to represent artefact), it did not affect the measured capacitance.  

This meant that it would theoretically be possible to measure microbial mass from 0.2 mg/ml 

up to 100 mg/ml. 

1.4.1.3 Electrochemical changes mediated by outer membrane proteins 

In some microbial species, electron transfer may be facilitated through a direct contact 

pathway (Hernandez and Newman 2001).  Reguera et al. (2005) used conducting probe 

atomic force microscopy and found that pilus-like nanowires produced by Geobacter species 

were electrically conductive, whilst no conductivity was found in S. oneidensis or P. 

aeruginosa species.  From this, they proposed a model for extracellular electron transfer 

through the pilus from electron donors in the periplasm or outer membrane electron transfer 

proteins (Reguera et al. 2005).  The role of conductive pilus has also been implicated in the 

long range transfer of electrons during G. sulfurreducens biofilm growth through the 

production of a network of nanowires (Reguera et al. 2006).  In a separate study a different 

approach was adopted using scanning tunnelling microscopy and spectroscopy to identify 

conductive nanowires in S. oneidensis in response to electron acceptor limitations (Gorby et 

al. 2006).  Importantly, Gorby et al. 2006 report that a cyanobacterium (Synechocystis spp) 

and a thermophilic fermentative bacterium (Pelotomaculum thermopropionicum) also 

produce conductive nanowires, which suggests that this mechanism is not limited to metal-

reducing bacteria.  These studies demonstrate the flexibility of bacteria to use multiple 

mechanisms to facilitate electron transfer over large distances. 
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1.4.2 Indirect electrode-electrolyte changes caused by microbial mechanisms 

1.4.2.1 Microbial breakdown of growth media 

A number of impedance based microbial growth measurement techniques were developed in 

the 1970s and 1980.  The basis of these approaches was the monitoring of impedance during 

microbial growth in different media.  During growth, the bacteria within the media break 

down nutrients into charged particles, which are subsequently detectable through the changes 

they cause to the bulk conductivity.  Specifically, the increased number of charged 

molecules, along with their smaller size lead to increased motility and result in a higher 

conductivity within the medium (Cady 1975).  These techniques resulted in the development 

of commercial devices, such as the Bactometer® and the Malthus Microbiological Growth 

Analyser (Firstenberg-Eden and Eden 1984). 

Cady (1975) produced a system consisting of gold electrodes and sterile media to detect the 

relative changes in impedance between a reference and sample well.  After inoculation, the 

system was placed into a shaking incubator to ensure adequate mixing of the media and 

bacteria along with adequate aeration.  Through measurement of microbial growth in a 

number of different media at the same time, Cady (1975) was able to determine a specific 

signature for different species of bacteria.  In another series of experiments, by controlling 

the level of salt through the choice of media used, the sensitivity of the sensor could be 

improved.  For example, the detection of red blood cell lysis was possible through the use of 

a low salt medium.  The rapid detection of E. coli was also facilitated through the use of a 

low salt medium.  The changes observed between the inoculated cell and the control cell 

indicate a fall in the overall impedance, thought to be due to an increase in the dielectric 

constant and an increase in the number of charged, highly mobile ions.  Furthermore, a link 

was postulated between the bacterial growth and metabolite accumulation on the electrode 

surface.  A charged layer was thought to develop at the electrode surface, which could be 

removed over time when the electrode cell was washed and flooded with sterile media 

(Figure 1-10).  It is interesting that the impedance rose over a long period in fresh media, 

rather than immediately upon removal from the inoculated media.  This may suggest that the 

charged layer on the electrode surface had been chemically adsorbed. 
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Figure 1-10: De-adsorption of metabolites from the electrode surface following flooding 

of measurement cell with sterile media. (Cady 1975) 

Through the measurement of conductivity, Richards et al. (1978) showed that it was possible 

to detect the presence of E. coli bacteria and conducted a series of experiments to prove the 

validity of their results.  In their experimental system, wire electrodes fabricated from 

platinum were fused into test tubes.  The cell was then filled with media and the whole 

assembly autoclaved prior to inoculation.  Measurement of impedance focused exclusively 

on the conductivity of the media, as a consequence of the authors’ observations that the 

capacitance was subject to significant random fluctuations (Richards et al. 1978). 

Changes in conductivity of an inoculated growth medium were studied extensively by 

(Firstenberg-Eden and Eden 1984).  They suggest some of the pathways through which the 

nutrients within the media may be broken down.  For example, carbohydrates may be broken 

down into lactate and then carbonic acid or bicarbonate.  The authors also highlight the 

importance of temperature in the measured conductivity.  They used the change in 

temperature to explain the initial sharp rise in conductivity at the start of the experiment, 

resulting from the start of the incubation period. 

1.4.2.2 Ion adsorption on the electrode surface 

Early researchers developed theories of the changes that occur to the double layer as an 

indirect result of microbial growth (Hause et al. 1981; Noble et al. 1999).  Hause et al. 

(1981) found that an abrupt change in the impedance could be observed between 5 and 10 

hours of culture growth.  The drop in impedance signature observed was greatest at low 

frequency suggesting that the effect is due to changes at the electrode surface (Hause et al. 
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1981).  They present a model that shows the phase angle associated with diffusion controlled 

impedance can fall between 45 and 90 when the proportion of ions participating in electron 

transfer (for example, as tissue dispersive effects appear).  Using this model, the increased 

angle of the Warburg impedance during the experiment may have been due to adsorbed ions 

from the media participating in the double layer capacitance.  As mentioned above, at least 

one investigator noticed that the capacitance was subject to unpredictable fluctuation and 

recommended against its use (Richards et al. 1978).  This view highlights the important of 

the electrochemical cell design.  In their experiment, Richards et al. (1978) used relatively 

small electrodes with a large distance between them (in contrast to many other studies).  This 

may have led to the detection of artefact (such as stray capacitance) in the measurements 

taken.  It has been reported that the electrode size, configuration and cell geometry have a 

profound effect upon the measured impedance (Muñoz-Berbel et al. 2008b). 

Analysis of the electrode-electrolyte interface properties as a result of microbial growth have 

been studied theoretically and experimentally by Noble (1999) and Noble et al. (1999).  

Noble (1999) proposes that the susceptance is defined by the Stern model for the double 

layer, combined with a series contribution from a passive oxide layer formed on stainless 

steel electrodes.  This model implies a link between the ionic concentration of the media and 

the measured susceptance, because the diffuse layer described by the Stern model decreases 

as the ionic concentration of the bulk electrolyte increases.  This was supported by their 

experimental finding (Noble et al. 1999), which showed that an increased in the ion 

concentration of an electrolyte with low conductivity resulted in an increase in the 

susceptance, whereas little increase in susceptance was observed for an electrolyte that 

already had a high conductivity.  The hypothesis suggested by (Noble et al. 1999) is also in 

agreement with the findings of Yang et al. (2004) who suggest that the changes observed in 

the measured double layer are due to ionic changes in the media, given that there is gap of 

between 10 nm to several 100 nm between the electrode and the bacterial cell surface (see 

section 1.4.1).  Noble et al. (1999) suggest that the change observed in the susceptance may 

also be the result of proton production in bacterial metabolism.  In this case, the protons were 

thought to interact with the oxide passivation layer on the electrode surface, rather than 

affecting the stern capacitance.  Noble et al. (1999) didn’t identify any relationship between 

the susceptance and the adsorption of organic or inorganic molecules on the electrode 

surface.  However, a drop in the double layer capacitance has been observed in an 

electrochemical cell when tryptone was added to the electrolyte (Kim et al. 2011). 
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Felice and Valentinuzzi (1999) attempted to break down the components of the observed 

frequency into a resistance from the culture medium (Rm), an interface reactance (Xi) and an 

interface resistance (Ri).  They achieved this through a frequency variation measurement and 

electrode distance variation measurement.  The frequency variation was used to calculate the 

resistance at high frequency where the contribution to the measured resistance from the 

interface resistance is minimal and then subtracting this value from the measured resistance 

at low frequency in order to determine Ri.  The interface reactance was calculated as follows: 

           [1-1] 

    
   

  
       

 
 [1-2] 

Where Xt is the total reactance, Xi is the interface reactance, Xp is the reactance of the media, 

Cm is the capacitance of the media, ω is the angular frequency and Gm is the conductivity of 

the media.  From the investigations and subsequent analysis, they conclude that no detectable 

effects can be seen on the interface reactance or resistance.  Instead, the attribute the change 

in the impedance they observed to the changes in Rm (i.e. resistance of the culture media) as a 

result of microbial growth. 

1.4.2.3 Microbial production of electroactive metabolites 

A number of studies have been carried out that suggest electroactive compounds produced 

by microorganisms could have an electrochemical effect.  These mechanisms are distinct 

from changes in the bulk conductivity of the media, as they allow charge transfer to occur 

between the electrode and electrolyte and are more specific to particular species of 

organsims. 

Several facultative anaerobic bacteria are known to produce electroactive secondary 

metabolites.  Some of these compounds have been elucidated in the context of microbial fuel 

cells, particularly in Shewanella spp. (Brutinel and Gralnick 2012; Gralnick and Newman 

2007; Hernandez and Newman 2001; Marsili et al. 2008a; Newman and Kolter 2000).  

Riboflavin produced by Shewanella has been shown to be redox active and is thought to play 

a role in extracellular respiration (Marsili et al. 2008a).  By replacing the supernatant of the 

media with fresh media, Marsili et al. (2008) showed that extracellular compounds changed 

the redox properties of the culture.  They went on to relate these changes to riboflavin 
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adsorbed to the electrode surface.   There is evidence to suggest that extracellular flavins 

secreted into the supernatant transfer electrons through cytochrome outer membrane proteins 

to insoluble electron acceptors, such as Fe(III) or electrodes (Brutinel and Gralnick 2012). 

Whilst much of the work in this field has been carried out on Shewanella spp, other 

microorganisms are also capable of secreting redox active metabolites.  It is well known that 

P. aeruginosa produces the phenazine pyocyanin, a known virulence factor in infection 

(Baron and Rowe 1981; Fothergill et al. 2007; Hassett et al. 1992; Lau et al. 2004; Pierson 

and Pierson 2010; Ran et al. 2003).  Furthermore, the phenazine family of compounds to 

which pyocyanin belongs have been widely reported as being redox active and implicated in 

the facilitation of extracellular respiration (Pierson and Pierson 2010; Price-Whelan et al. 

2007; Rabaey et al. 2004; Wang et al. 2011). 

Another group used an E. coli strain which they evolved within an microbial fuel cell (MFC) 

to produce a higher power output (Zhang et al. 2006, 2008b).  The change in power output 

was possibly caused by the following redox active electron carriers: ethyl 2-

aminoacetimidate, methyl 4-ethoxybutanoate and 3-isobutylhexahydropyrrolo[1,2-

a]pyrazine-1,4-dione (Zhang et al. 2008b). 

Electroactive species have been identified in a Klebsiella pneumoniae, strain L17 isolated 

from forest sediment (Li et al. 2013; Xia et al. 2010; Zhang et al. 2008a).  Biofilm formation 

and nanowires produced by the bacteria could have caused the observed electrochemical 

changes (Zhang et al. 2008a).  A later study suggested that the changes were due to quinone-

like substances secreted into the media (Xia et al. 2010). 

Two electrochemically active strains of Clostridium spp. have also been identified, C. 

butyricum and C. beijerinckii, however, the electrochemical change is thought to originate 

from the breakdown of starches whereas the pathogenic strains (C. botulinum and C. tetanie) 

gain their energy through fermentation (Niessen et al. 2004).  

Detection of electroactive compounds have also been explored for use in POCT devices.  

Sharp et al. (2010) used carbon fibre tow to detect the presence of the P. aeruginosa 

secondary metabolite pyocyanin.  Their device, which they propose could be adapted for use 

in a smart bandage, is capable of linear detection of pyocyanin within the physiologically 

relevant range between 1 µM and 100 µM.  It operates using square wave voltammetry to 

detect the presence of an oxidation peak at -0.17 volts.  



 

29 

1.5 Conclusion 

The diverse discipline of electrochemistry provides techniques and tools that can be used to 

study electrolytes and interfaces.  Several investigators have used these tools in order to 

detect the presence of bacteria with different experimental arrangements.  The literature 

discussed above demonstrates that the use of impedance spectroscopy to detect the presence 

of bacteria in a regaentless manner is feasible.  Most of these detection techniques, however, 

rely on sophisticated equipment, electrodes that are challenging and expensive to 

manufacture, or require specialist expertise to operate.  Therefore there are several obstacles 

towards implementation in a POCT context. 

It is also worth noting the work that has been carried out in the study of microbial fuel cells.  

Several species which are also known to be pathogenic such as P. aeruginosa, K. pneumonae 

and E. coli have been studied within this context and the literature relating to the 

mechanisms of charge storage and transfer could be useful as detection strategies in POCT 

scenarios. 

The most common CF airway pathogen is arguably P. aeruginosa, which is a major cause of 

respiratory dysfunction and mortality (Hassett et al. 2009).  Recent outcomes relating to 

eradication therapy suggest that the prompt detection of initial infection with P. aeruginosa 

could help to delay chronic infection and improve patient quality of life.  Whilst the trigger 

event for pulmonary exacerbations has not been clearly elucidated, it is widely 

acknowledged that treatment with antibiotics reduces symptoms and density of cells.  

Monitoring P. aeruginosa concentration and phenotypic behaviour within sputum samples 

on a daily basis could allow the detection of a pulmonary exacerbation before the patient 

becomes symptomatic and also provide important information on the underlying processes. 

Whilst P. aeruginosa is recognised as an important CF airway pathogen, other pathogens are 

also found, specifically Haemophilius influenzae, Staphylococcus aureus, and Burkholderia 

cepacia complex (Harrison 2007).  Therefore, sputum samples from patients are likely to be 

complex, and the specific detection of P. aeruginosa against a background of other 

microorganisms using a reagentless sensor is inevitably challenging. 

Impedance spectroscopy could be a useful electrochemical technique within this context, as 

different electrochemical processes are dominant at different frequencies.  As described in 

the previous sections, a number of bacteria mediated electrochemical processes have been 

identified, which could have an effect upon an electrode-electrolyte interface that would be 
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detectable using impedance spectroscopy (Figure 1-11).  Some of these processes have been 

postulated to cause a change in impedance in other studies carried, as described above. 

 

Figure 1-11: Principal proposed mechanisms affecting impedance as a result of 

microbial material.  (1) Electroactive secondary metabolites facilitate a charge transfer 

at the electrode/electrolyte interface; (2) Biofilm matrix attached to the electrode 

surface affects capacitance and/or charge transfer; (3) Direct microbial attachment, 

through pili, flagella and outer membrane proteins facilitate charge transfer; (4) Outer 

cell membrane contact at high cell densities affects capacitance; (5) Breakdown of 

nutrients within the media reduce solution resistance; (6) Protein/macromolecule 

adsorption on the electrode surface influences double layer capacitance. 
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1.6 Objectives of this study 

1.6.1 Research goal 

The goal of this research is to use a screen printed electrochemical sensor in conjunction 

with EIS to determine if it is possible to detect the presence of P. aeruginosa against a 

background of other microorganisms commonly found within the CF airway. 

1.6.2 Research questions 

Within this thesis, the following research questions are explored: 

1. Is it possible to detect the growth of P. aeruginosa using impedance spectroscopy 

and a screen printed sensor? 

2. Is there a characteristic impedance signature that indicates the presence of P. 

aeruginosa in microbial broths also containing other microorganisms commonly 

found in the CF airway? 

3. Why does the impedance change as a result of microbial growth? 

4. Is it possible to link a given impedance signature with a specific metabolite or 

compound produced by the bacteria? 

5. What impact does biofilm formation have on the impedance signature, both directly 

and indirectly? 
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2 ELECTROCHEMISTRY AND MICROBIOLOGY THEORY 
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2.1 Electrical theory 

Resistance is defined by Ohm’s law as the ratio between the voltage and current of a given 

conductor.  In a DC circuit: 

   
 

 
 [2-1] 

Where V is the potential difference in Volts, I is the current in Amperes and R is the 

resistance in Ohms or Ω. 

Capacitance relates to a transient increase in the potential difference between conductors that 

are separated by an insulating material (Figure 2-1). 

 

Figure 2-1: Fundamental Principles of Capacitance.  (A) In an open circuit, there is no 

electromotive force and therefore equal charge density exists on both plates. (B) On 

application of an electromotive force, electron buildup on plate A results in an electric 

field large enough to displace electrons on plate B, leading to a flow of current at point 

B.  This continues until the maximum charge density is achieved at plate A then no 

further current can flow and the maximum potential difference exists between plates A 

and B. 

In a vacuum, the properties of a capacitor are defined by its area and the distance between 

the plates: 

   
   

 
 [2-2] 
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Where C is the capacitance measured in Farads,    is the permittivity of free space (i.e. of a 

vacuum –                C
2
N

-1
m

-2
 ), A is the area in m

2
 and d is the distance between 

the plates in metres.  Replacement of the vacuum between the plates by an insulating 

material containing polar molecules (called dipoles) affects the capacitance. 

Dipoles in the dielectric play a key role in the capacitance by turning under the influence of 

an electric field (Koryta 1991).  Orientation of the dipoles within the dielectric partially 

compensates for the effect of the charge that builds up on the capacitor plates and therefore 

leads to an increase in the capacitance (Koryta 1991).  The effect of the dielectric material on 

the capacitance is defined by the dielectric constant of the material, which is quoted relative 

to the permittivity of free space (  ).  Thus: 

   
     

 
 [2-3] 

Where    is the relative permittivity. 

In an AC circuit capacitive and inductive components may impede the flow of current in 

addition to resistance.  The contribution to impedance produced by inductive and capacitive 

elements is called the reactance, whilst the contribution made by the resistive element is 

termed the resistance.  The term impedance is used to describe the obstruction to current 

presented by the whole system (i.e. combined contributions from resistance and reactance) 

and is frequency dependant.  In terms of the electrochemistry of biological matter, the 

capacitive and resistive aspects of the impedance are of most interest as inductance is rarely 

observed (Muñoz-Berbel et al. 2008).  The reciprocal of resistance and reactance are termed 

the conductance and susceptance (Table 2-1). 
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Table 2-1: Corresponding relationships between key terms 

Impedance Term Admittance Term Relationship 

Impedance (Z) Admittance (Y)    
   

Resistance (R, Z’) Conductance (G)    
   

Reactance (X, Z’’) Susceptance (B)    
   

Resistivity ( ) Conductivity ( )    
   

Impedance can be usefully interpreted through the application of complex numbers where 

the resistance is treated as the real part and the reactance as the imaginary part, leading to: 

           [2-4] 

Where   is the overall impedance,    is the real (resistive) component,     is the imaginary 

(reactive) component and      .  This complex number is related to the phase shift that 

occurs between the current and voltage in AC circuits with reactive components and can be 

shown in a complex impedance plot, or Nyquist plot (Figure 2-2).  The complex number may 

also be expressed in polar form as follows: 

         [2-5] 

Where     is the modulus of impedance defined as the vector between the reactance and the 

resistance (Figure 2-2): 

                   [2-6] 

And   is the phase angle, defined by: 

         
   

  
  [2-7] 
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Figure 2-2: Example plot of impedance vector, showing the relationship between 

resistance (  ), reactance (   ), impedance magnitude (   ) and the phase angle ( ). 

In a perfectly capacitive circuit, the current leads the voltage by 90
o
.  The impedance in this 

instance may be described as: 

                             [2-8] 

Therefore, a purely capacitive circuit, (i.e. one in which the current leads the voltage by 90
o
) 

can be described completely by a vector at 90
o
 from the real axis, with a magnitude of 

                .  Similarly, in the case of a purely resistive circuit, the current and the 

voltage are perfectly in phase.  Therefore the phase angle is 0
o
, and: 

                            [2-9] 

This can be described by a vector located purely on the real axis.  A combination of resistive 

and capacitive components will result in a plot that fall somewhere between these two 

extremes, whereby: 

        

A summary of the relationship between the complex plot and the time domain is shown for a 

purely resistive and purely reactive circuit in Figure 2-3. 
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Figure 2-3: Relationship between time domain and complex plot for (a) a purely 

resistive circuit and (b) a purely capacitive circuit. 

2.2 Electrochemical theory 

2.2.1 Introduction: Fundamental electrochemical processes and impedance 

spectroscopy 

Several fundamental processes occur at an electrode-electrolyte interface.  Impedance 

spectroscopy measures the resistance and reactance of an electrode in contact with an 

electrolyte across a spectrum of AC frequencies.  A number of electrochemical processes 

affect these two measurements at different frequencies as shown in Figure 2-4 (Bard and 

Faulkner 2001; K’Owino and Sadik 2005).  The ability of the electrode to exchange 

electrons with the electrolyte is governed by the electrode material and the composition of 

the media.  For example, if electroactive compounds are present within the electrolyte and 

the electrode is held at an appropriate redox potential, then a charge transfer is possible that 

affects the measured impedance.  The availability of the electroactive species at the electrode 

surface also has an impact on the electron transfer rate across the interface and therefore the 
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impedance in a diffusion dependant manner.  Other processes which affect impedance 

include the dielectric properties of the electrolyte adjacent to the electrode and the resistance 

of the bulk electrolyte.  The former is known as the double layer capacitance and is defined 

by the relationship between polar and non-polar molecules and structures in very close 

proximity to the electrode.  The latter is defined by the number and size of ions and other 

charged compounds within the media that convey charge between the electrodes.  Solvation 

of ions will also influence their movement through the media. These fundamental processes 

are discussed in detail in the following section. 

 

Figure 2-4: Fundamental electrochemical processes.   A number of processes can occur 

in an electrochemical system, including charge transfer, double layers, diffuse regions, 

Warburg impedance, ionic movement, solvation and dielectric dipoles. 

2.2.2 Properties of electrolytes 

2.2.2.1 Solvation and hydration 

When a salt is placed into a solvent such as water, the water ionises the salt producing an 

electrically conducting solution (Grimnes and Martinsen 2008).  In response to the presence 

of the ion, a structural organisation of water molecules occur around the ion known as ion 

solvation or ion hydration if the solvent is water (Koryta 1991).  Dipole solvent molecules 

orientate themselves with the appropriate charged end towards the ion to create a solvent 

sheath (Bockris and Reddy 1998).  In the immediate vicinity of the solvated ion, the solvent 

molecules are still partly affected by the ion (and associated solvent sheath) and orientate out 

of the solvent and towards the ion to varying degrees (Bockris and Reddy 1998).  These 

changes are due to van-der-Waals forces acting between the ion and the oppositely charged 

end of the H2O dipole.  Ion solvation affects the rate at which the ion moves through the 

solution.  This is because the hydration sheath increases the effective diameter of the moving 
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particle, resulting in an increase in the viscosity (Grimnes and Martinsen 2008; Koryta 

1991). 

Whilst the hydration sheath holds ions of opposite charge away from each other, the central 

ion attracts ions of opposite charge into the same vicinity, resulting in an ionic atmosphere 

surrounding the reference ion (Grimnes and Martinsen 2008; Koryta 1991).  This thickness 

of this region is called the Debye-Hückel length and is defined as (Bockris and Reddy 1998): 

       
   

  

 

   
   

   
 

 

  [2-10] 

Where     is the Debye- Hückel reciprocal length,   
  is the bulk concentration of ion 

species i and    is valance of ion species i and k is Boltzmann’s constant. 

2.2.2.2 Diffusion of ions and Fick’s laws 

The process of diffusion and viscous flow are related through the Einstein-Stokes equation, 

which links the mobility of an ion to its charge and radius (Bockris and Reddy 1998): 

   
  

    
 [2-11] 

Where D is the diffusion coefficient, r is the radius of the ion and   is the viscosity of the 

solution. 

Fick’s laws of diffusion are important because they enable diffusion within a system to be 

characterised.  The first law defines diffusion in a system that is at or near its steady state, 

whereas the second law is related to a system that is in a transient (i.e. non-steady) state.  

Fick's first law states that the diffusion flux is proportional to the gradient of the 

concentration between two points.  Therefore, steady state diffusion can be described as: 

      
   
  

 [2-12] 

Where    is the diffusion flux of species i, D is the diffusion co-efficient, ci is the 

concentration of species i and x is the distance.  Fick's first law can be used in the 

characterisation of systems that do not vary as a function of time.  Fick's second law, on the 
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other hand, states that the concentration of a species varies with respect to time and space as 

follows: 

 
  

  
  

   

   
 [2-13] 

2.2.2.3 Ion drift and mobility 

An applied electric field imparts a force that causes  an ion to accelerate.  Where the electric 

field is small, the acceleration of the ion stops each time it collides with other molecules.  

The ion gradually migrates through the electrolyte towards the region of opposite charge.  

Following a collision, the ion is subject to two forces: a component from the collision that 

may occur in any direction and a component resulting from the applied electric field.  The 

force resulting from the applied field can be described as (Bockris and Reddy 1998): 

 
  

 
 
   

  
 [2-14] 

Where    is the vector of the applied force, m is the mass of the ion, and 
    

  
 is the change in 

velocity with respect to time.  The average time between collisions can be described as: 

   
 

 
 [2-15] 

Where   is the mean time between collisions, t is the time elapsed and N is the number of 

collisions.  The average drift velocity can thus be determined from equations [2-14] and 

[2-15]: 

    
  

 
  [2-16] 

Where vd is the drift velocity.  A description of the mobility of an ion is defined as follows: 

      
 

 
 

  

  
  [2-17] 

Where       is the absolute mobility.  More specifically, for an applied electric field: 
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 [2-18] 

Where           is the conventional mobility of species i,    is the force of the applied 

electric field, zi is the charge number of species i and e0 is the electron charge constant.  

Equation [2-16] shows that the higher the force and the fewer the collisions, the greater the 

drift velocity (Bockris and Reddy 1998).  Furthermore, because the mobility (equation [2-17] 

and [2-18]) of the ion is related to the number of collisions, it is a function of the electrolyte 

the ion is in, rather than a constant value. 

From the concept of absolute mobility, a relation (called the Einstein relation) can be derived 

to describe the diffusion co-efficient of a particular species, Di, which shows the diffusion 

co-efficient to be concentration dependent (Bockris and Reddy 1998): 

    
  

       
 [2-19] 

2.2.2.4 Total ionic movement: Combining migration and diffusion 

If there is a concentration gradient within an electrolyte and a migration flux caused by an 

applied electric field, then a combined expression is required to describe the total flux 

encountered.  This can be defined through the Nernst-Plank expression for independent flux 

(Bockris and Reddy 1998): 

    
  
  

         
   
  

 [2-20] 

Where Ji is the flux density, Di is the diffusion coefficient, ci is the ion concentration, zi is the 

ion charge and X is the electric field.  Whilst equation [2-20] provides a unified expression 

for the movement of an ion within a solution (neglecting hydrodynamic forces), the ions 

within the electrolyte do not behave independently. Within the electrolyte, the interactions 

between ions result in the formation of ionic atmospheres, which affect diffusion and 

migration of each ion species.  Different ionic species have different radii, and therefore 

different mobilities as given by (Bockris and Reddy 1998): 
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 [2-21] 

Where η is the viscosity.  The greater the mobility of an ion, the more it contributes to the 

transport of charge.  The transport number can be used to describe the proportion of the 

current carried by a particular species.  An expression for the transport number is: 

    
  
  
 

  
   

 [2-22] 

Where    is the transport number of ion species i,    is the current density and    is the total 

current.  The current density of a given species can be related to its mobility and 

concentration through: 

                   [2-23] 

Cations are generally smaller than anions, therefore the transport number of a cation is 

normally higher.  The transport number shows that some species are involved in the transport 

of current within the electrolyte, whereas other species facilitate the charge transfer reactions 

at the electrode surface, but have a transport number of zero.  These species are not depleted 

at the electrode surface because the removal of their charge by redox reactions produced a 

diffusion flux in the vicinity of the electrode, drawing more ions of the given species towards 

the electrode surface (Bockris and Reddy 1998). 

2.2.2.5 Dielectric properties 

The dielectric constant of the material and the dielectric loss are related through the Debye 

equation (Bone and Zaba 1992): 

               
       

     
 [2-24] 

Where   is the complex permittivity composed of a real part (  ) representing the 

permittivity and an imaginary part (      representing the dielectric loss.     is the low 

frequency permittivity,    is the permittivity at high frequency,   is the angular frequency, 

and   is the characteristic relaxation time, defined by (Bone and Zaba 1992): 
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 [2-25] 

Where    is the frequency of the maximum dielectric loss.  For a dielectric with more than 

one relaxation time, equation [2-24] can be written as (Bone and Zaba 1992): 

               
       

        
 [2-26] 

Where       and is a function of the number of relaxation times within the dielectric.  

For a dielectric with an infinite number of relaxation times,      and for a system with one 

relaxation time,    .  Equation [2-26] is also known as the Cole-Cole equation and is 

more appropriate for the measurement of biological tissues, which are heterogenous and 

contain a distribution of relaxation frequencies (Rigaud et al. 1996). 

The above analysis of dielectric relaxation can be represented by a plot of the dielectric 

permittivity (  ) against the dielectric loss (   ), called a Cole-Cole plot (Figure 2-5).  The 

angle between the centre of the semicircle and the intersection between the perimeter and the 

real axis is defined as      rads. (Bone and Zaba 1992), which is related to the parameter 

beta as follows: 

       [2-27] 
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Figure 2-5: Cole-Cole plot for a dielectric with multiple relaxations.  The angle between 

the centre of the semicircle and the real axis is related to equation [2-26] (Adapted from 

Bone and Zaba 1992). 

Thus, when the centre of the semi-circle in the Cole-Cole plot falls below the real axis, the 

dielectric exhibits more than one time constant.  As mentioned above, a distribution of 

relaxation times is characteristic of a biological dielectric (Rigaud et al. 1996).  Dielectric 

properties of biological tissues can be characterised by three different relaxation effects:  

Dipolar relaxation, Maxwell-Wagner Relaxation and counterion relaxation (Rigaud et al. 

1996). 

2.2.2.5.1 Dipolar relaxation 

The relaxation time of the dipolar molecule can be related to the viscosity and thermal 

agitation of the electrolyte (Rigaud et al. 1996).  For a spherical dipole (Bone and Zaba 

1992): 

   
     

  
 [2-28] 

Where   is the viscosity of the solution,   is the radius of the dipole,   is Boltzmann’s 

constant and   is the absolute temperature.  Equation [2-28] can be further developed for an 

ellipsoidal particle, which exhibits a high degree of agreement to experimentally obtained 

values of   (Bone and Zaba 1992). 
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2.2.2.5.2 Maxwell Wagner relaxation 

The Maxwell-Wagner relaxation relates to a heterogenous electrolyte which is composed of 

more than one phase (Bone and Zaba 1992; Foster and Schwan 1989; Rigaud et al. 1996).  

The higher rate of ionic movement under the influence of an electric field in one part of the 

electrolyte will result in the build-up of a charge at a phase boundary (Bone and Zaba 1992). 

In a simple analysis, the Maxwell-Wagner equation can be developed for two phases 

adjacent to each other with different dielectric properties using an associated equivalent 

circuit (Figure 2-6; Rigaud et al. 1996). 

 

Figure 2-6: Example of the equivalent circuit for a two phase material, used to 

determine Maxwell-Wagner relaxation (Adapted from Rigaud et al. 1996). 

For a simple two phase model, the time constant, along with the high and low limits of 

permittivity can be related through circuit theory and the application of the Debye equation 

(equation [2-24]).  This gives (Rigaud et al. 1996): 

   
               

           
 [2-29] 

    
     

           
 [2-30] 

    
         

        
   

           
 

 [2-31] 
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 [2-32] 

Lipid membranes can be studied through the application of the Maxwell-Wagner relaxation, 

by representing the polar and non-polar regions of the phospholipid as phases with different 

dielectric properties (Bone and Zaba 1992). 

2.2.2.5.3 Counterion relaxation 

The counterion relaxation is related to the ion double layer that forms on charged surfaces 

(such as cells and DNA molecules) when they are placed within a solvent (Bone and Zaba 

1992; Foster and Schwan 1989).  The dispersion caused by counterion relaxation effects is 

seen in the frequency range between 15 and 20 kHz and due to coupled electrical and 

hydrodynamic effects is difficult to study (Foster and Schwan 1989).  Schwartz 

demonstrated that the relaxation time constant for such a system can be described by 

(Grimnes and Martinsen 2008): 

   
    
    

 [2-33] 

Where   is the particle radius, µ is the counterion mobility, k is Boltzmann’s constant and T 

is absolute temperature.  Counterion relaxation effects have been applied to dielectric data 

from bacteria by Einolf and Carstensen, taking into account the inside and outside surfaces 

of the cell wall (Foster and Schwan 1989). 

2.2.2.5.4 Dielectric spectra of biological materials 

Three major dielectric dispersions are observable in biological material between the low 

frequencies and 10 MHz (Figure 2-7; Foster and Schwan, 1989).  The alpha dispersion 

appears to be a phenomena relating to cell-membrane and electrolyte interactions, and thus 

may be considered as a dipolar relaxation of the cell due to the build-up of opposite charge 

either side of the membrane (Rigaud et al. 1996).   At higher frequencies, a beta dispersion 

results from the capacitive charging of lipid membranes within the sample.  The gamma 

dispersion occurs at much higher frequency (25 GHz) due to the relaxation of water 

molecules (Foster and Schwan 1989). 
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Figure 2-7: Major Dispersions in Biological Tissues (adapted from Rigaud et al. 1996). 

2.2.3 Properties of the electrode-electrolyte interface 

2.2.3.1 Electrode-electrolyte interface and the interphase 

At an interface, for example between an electrode and the electrolyte, a charge is created in 

each phase of equal and opposite magnitude (Bockris et al. 2000).  Consider the situation of 

an electrolyte of infinite volume (i.e. unbound by any other phase).  In the absence of any 

external force, the ions and molecules exist in a state of homogenous equilibrium, where the 

net charge per unit area is zero (Figure 2-8).  If another phase (i.e. an electrode) is then 

introduced into the first phase, this equilibrium at the boundary is unbalanced and the net 

charge of a unit area overlapping the phases in no longer zero.  In order to compensate for 

this difference, a redistribution of charge occurs at the boundary.  The change in the charge 

distribution at the boundary between phases results in the formation of an electric field and 

therefore a potential difference (Bockris et al. 2000). 
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Figure 2-8: Origins of charge distribution across a phase boundary.  The right hand 

box shows the hypothetical scenario whereby no phase boundary exists and any given 

unit volume has a net charge of zero.  The left hand square shows the situation 

immediately following the introduction of a second phase (e.g. an electrode), whereby 

the net charge of a given volume across the interface is no longer zero. 

Assuming the electrolyte solvent is water, immediately adjacent to the phase boundary, a 

hydration sheath is formed, consisting of a layer of water molecules, with their dipoles 

oriented to reflect the charge density in the electrode phase.  In addition, at the immediate 

phase boundary, some ions may exist that are specifically adsorbed to the electrode surface, 

this is known as the Inner Helmholtz Plane.  Moving away from the phase boundary towards 

the bulk electrolyte, a layer of solvated ions is encountered, called the Outer Helmholtz 

Plane.  If the charge between the phases is not compensated by the distribution of ions in the 

three layers discussed above, a dispersion zone forms to fully counteract the charge density 

within the electrode phase (Figure 2-9). 
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Figure 2-9: Distribution of ions at the electrode-electrolyte boundary (adapted from 

Bockris et al. 2000) 

Three classic models exist to describe the capacitive properties of the double layer.  The 

Helmholtz-Perrin model is based upon a single plane of ions adjacent, but not in contact with 

the electrode surface (Bockris et al. 2000).  This model is therefore analogous to a parallel 

plate capacitor with a very high capacitance because the distance between the electrode 

surface and the outer Helmholtz plane is very small.  The capacitance is linear across this 

distance.  The capacitance of this interface is represented by (Bockris et al. 2000): 

    
 

   
 [2-34] 

Where   is the Helmholtz capacitance,   is the dielectric permittivity of the dipoles between 

the electrode surface and the outer Helmholtz plane and d is the distance between the 

electrode surface and the outer Helmholtz plane.  The Helmholtz-Perrin model only proves 

to be valid where the double layer does not change with applied potential (Bockris and 

Reddy, 1998). 

Gouy-Chapman considered the ions that composed the outer Helmholtz plane to be capable 

of movement into the electrolyte as a consequence of thermal forces and the random walk 
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(Bockris et al. 2000).  Thus, the electrode is surrounded by an ionic atmosphere similar to 

that experienced by individual ions and defined through the Debye length.  Thus, the 

potential of the Gouy-Chapman layer drops exponentially as a consequence of distance from 

the electrode surface (Bockris et al. 2000): 

       
    [2-35] 

Where    is potential at point x,    is the outer potential at the electrode, and   is the Debye 

length.  The capacitance associated with the Gouy-Chapman model is described by: 

      
     

   
    

 

   

    
     

  
 [2-36] 

Where     is the Gouy-Chapman capacitance,   is the dielectric constant of Gouy-Chapman 

diffuse layer,    is the ion concentration of the electrolyte,   is the potential at the electrode 

interface. Equations [2-35] and [2-36] indicate that as the ion concentration of the electrolyte 

increases, the potential drops more sharply as a function of distance towards the bulk 

electrolyte.  However, the Gouy-Chapman model has limited validity during experimental 

assessment and is found to only be valid when the ion concentration of the electrolyte is very 

low (Bockris et al. 2000). 

Stern provided the synthesis of the Helmholtz-Perrin and Gouy-Chapman models of 

capacitance (Bockris et al. 2000).  This model recognises that the double layer is influenced 

by the ionic concentration of the electrolyte (as described by the Gouy-Chapman model), but 

also that the ions are not point charges and therefore remain a finite distance off the electrode 

surface, as described by the Helmholtz-Perrin model (Bockris et al. 2000).  Thus, the Stern 

capacitance is described by the Helmholtz-Perrin and Gouy-Chapman capacitance in series: 

 
 

  
 

 

  
 

 

   
 [2-37] 

Equation [2-37] provides an indication of the concentration dependence of the double layer.  

At high concentrations the Helmholtz-Perrin component of the capacitance is dominant.  

Conversely, at low concentrations, the Gouy-Chapman component of the capacitance 

dominates (Bockris et al. 2000). 
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2.2.3.2 Faradaic and non Faradaic current and electrode polarisation 

A Faradaic current results from the transfer of charge between the electrode and the 

electrolyte.  Charge transfer between the electrolyte and the electrode occurs through 

oxidation or reduction reactions, called redox reactions.  In contrast, non-Faradaic current 

does not involve the transfer of charge across the electrode-electrolyte interface.  Electrodes 

that resist a change in potential at the interface between the electrode and electrolyte are 

known as non-polarisable, because a charge separation between the two phases cannot build 

up.  This situation occurs when the electrode-electrolyte interface readily allows charge 

transfer.  In a polarisable electrode, no charge can pass between the electrode and the 

electrolyte and therefore the interface is analogous to that of a capacitor (Bard and Faulkner 

2001).  No electrode is perfectly polarisable or non-polarisable, with the extent to which an 

electrode becomes polarised being a function of the both the properties of the electrode (e.g. 

electrode material and potential) and the electrolyte (e.g. the presence of redox active 

compounds, compatible with electrode potential and the dielectric properties of the 

electrolyte). 

2.2.3.3 Redox reactions 

Reduction and oxidation reactions describe the gain or loss of electrons from one species to 

another.  Reduction refers to the gain of one or more electrons, whereas oxidation relates to 

the loss of one or more electrons from a species.  In addition to redox reactions occurring 

between species in solution, they can also occur between an electrode and electrolyte.  In 

electrochemistry, half cell reactions can be used to describe these oxidation or reduction 

reactions (Fifield 2000).  Formal potentials are determined by measuring the half cell 

potential of a redox couple with reference to a normal hydrogen electrode when the ratio of 

the oxidised and reduced species is unity (Bard and Faulkner 2001). 

The terms anode and cathode are used to describe the flow of electrons in an electrochemical 

system (Figure 2-10).  The anode acts as the electron sink, where ions or neutral substances 

in the electrolyte lose electrons and are oxidised.  Conversely, the cathode acts as an electron 

source, whereby ions or neutral substances gain electrons to become reduced (Grimnes and 

Martinsen 2008). 
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Figure 2-10: Anode and cathode reactions 

 If the activity coefficients of the oxidised and reduce species are the same, then the Nernst 

equation can be used to determine the potential where the oxidised and reduced 

concentration of the species differ (Bard and Faulkner 2001): 

       
  

  
  
  
 

  
  [2-38] 

Where E is the electrode potential,      is the formal electrode potential, R is the real gas 

contant, T is the absolute temperature, n is the number of electrons transferred,   
  is the bulk 

concentration of oxidised species and   
  is the bulk concentration of reduced species. 

2.2.3.4 Charge transfer 

In conditions where Faradaic current exists, redox reactions occur between electroactive 

species within the electrolyte and the electrode.    When the electrode-electrolyte interface is 

at equilibrium, no current flows through the cell and the reduction and oxidation of the 

species both occur at equal and opposite rates (Southampton Electrochemistry Group 2001).  

Therefore, at equilibrium, there is a charge transfer between the electrode and the electrolyte 

with a net current of zero (Bockris et al. 2000).  Thus: 

              
      

  
                   

         

  
  [2-39] 
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Where    is the current density, cM is the concentration of metal ions, cA is the surface 

concentration of atoms on the electrode, β is the transfer coefficient, i0 is the exchange 

current density,    and     are rate constants, and     is the potential when the interface is at 

equilibrium.When an external current sink or source (i.e. an electromotive force) is applied 

to the electrode, the electrode-electrolyte interface is no longer in equilibrium and a change 

occurs in the electrode potential, expressed in terms of the equilibrium potential as an 

overpotential (Bockris et al. 2000): 

          [2-40] 

Where   is the overpotential,    is the interface potential and     is the potential when the 

interface is at equilibrium.  Thus, when the overpotential is negative, there will be a net 

cathodic current and when positive a net anodic current (Bockris et al. 2000).  The net 

current flow can be expressed by the Bulter-Volmer equation for a net anodic or net cathodic 

current (Bockris et al. 2000): 

              
    

  
      

       

  
   [2-41] 

            
       

  
      

    

  
   [2-42] 

Where icath is the net cathodic current and ian is the net anodic current.  The Bulter-Volmer 

equation is valid where the current is driven by transfer of charge across the electrode-

electrolyte interface, and not by diffusion processes bringing species to the electrode 

(Bockris et al. 2000).  In essence, the Bulter-Volmer equations indicate that the flow of 

current across the electrode-electrolyte interface is dependent upon the overpotential and 

varies in a non-linear manner. 

2.2.3.5 Warburg impedance 

In the situation where electron transfer is sustained, the redox active species available within 

the electrolyte adjacent to the electrode interface become depleted.  The transfer of charge 

then becomes dependent upon the transport of electroactive species from the bulk electrolyte 

to the electrode surface (Muñoz-Berbel et al. 2008b).  In terms of the resistance and 

reactance, the Warburg impedance appears as an equal contribution from both components 
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(thus forming a 45
o
 line on a complex plane plot across a range of frequencies).  However, it 

is important to note that the Warburg impedance may show different behaviours depending 

upon the electrode geometry and experimental conditions (Muñoz-Berbel et al. 2008b).  

2.2.4 Randles equivalent circuit 

The Randles equivalent circuit is frequently used to represent an electrochemical cell, as 

seen in Figure 2-11  (Bard and Faulkner 2001).  In this model, the charging capacitance of 

the electrode-electrolyte interface is represented by a capacitor in parallel with a Faradaic 

component.  These are then placed in series with a solution resistance (Bard and Faulkner 

2001).  In reality, the electrode-electrolyte interface does not behave like a perfect capacitor 

and deviates in relation to the surface roughness of the electrode (Muñoz-Berbel et al. 

2008b).  Therefore, a component called the constant phase element (CPE) is sometimes 

introduced to describe the charging capacitance (Muñoz-Berbel et al. 2008b): 

     
 

        
    

 [2-43] 

Where KCPE is the magnitude of the CPE and is proportional to the capacitance and nCPE is an 

index of the surface roughness at the electrode interface. 

The Faradaic component in Randles circuit (Figure 2-11) can be represented by a resistor in 

series with a pseudocapacitance, or by a charge transfer resistance in series with a Warburg 

impedance reflecting mass transfer processes (Bard and Faulkner 2001). 
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Figure 2-11: The Randles equivalent circuit and alternative representations for the 

double layer capacitance (Cdl) and the Faradaic resistance (Rf).  Rsol - electrolyte 

resistance, Rs - Faradaic series resistance, Cs - Faradaic series pseudocapacitance, Rct - 

charge transfer resistance, Zw - Warburg impedance (Bard & Faulkner 2001). 

In an ideal system, the shape of the impedance curve resulting from the Randles equivalent 

circuit can be used directly to determine the values of the circuit components (Figure 2-12).  

Measurement of the impedance in an electrochemical cell provides reactance and resistance 

values that represent the entire system being measured (i.e. assuming the system behaves as 

described in Figure 2-11, all the circuit elements within the equivalent circuit).  It can be 

shown that a simple equivalent circuit consisting of a resistor and capacitor in parallel both 

contain portions of the measured resistance and reactance.  Therefore, the identification of 

equivalent circuit values needs to be based upon transformation of equivalent circuits from a 

series form to a parallel form (Yuan et al. 2010).  A series combination of resistance and 

capacitance: 

       
 

   
 [2-44] 

Can be described by the equivalent parallel components as: 
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[2-45] 

     
  

       
   

  [2-46] 

Many curve fitting approaches can be employed to fit empirical data to an equivalent circuit.  

With this approach, however, care has to be taken to ensure that the chosen circuit has a 

valid physical basis as several different circuits can fit the same data (Macdonald 1987). 

 

 

Figure 2-12: Example complex plane impedance plot of the Randles equivalent circuit. 

  At high frequencies, the impedance is dominated by the solution resistance, as the 

measurement frequency drops, the charge transfer resistance increasingly plays a role.  

Eventually the impedance is controlled by the diffusion of redox active compounds to 

the electrode surface, and thus the impedance plot reflects 45
o
 line, known as the 

Warburg impedance.



 

57 

2.3 Microbiology fundamentals and biofilm formation 

The following section describes the basic properties of prokaryote organisms with a focus on 

cell structure, growth and respiration.  The later section describes the properties of biofilms 

and the process of biofilm formation.  It also includes a review of the literature on recent 

findings relating to the difference between in vitro and in vivo biofilms. 

2.3.1 Prokaryotic cells 

Prokaryotes are found in all environmental niches and are classically defined by their 

structure (Figure 2-13).  As shown, the prokaryote cell consists of a cytoplasmic membrane 

surrounded by a cell wall. 

 

Figure 2-13: An example of a typical Gram negative rod prokaryote.  Drawing is based 

upon P. aeruginosa, which has a polar pili and flagella. 

The cytoplasmic membrane acts as a permeability barrier, protein anchor and provides the 

charge separation required for the proton motive force (Brock and Madigan 2009).  Ions and 

small molecules are actively transported across the membrane through specific transport 

proteins, whilst water molecules are able to diffuse across the membrane (although the 

presence of aquaporins enhances this process; Brock and Madigan 2009).  Enclosed within 

the cytoplasmic membrane is the nucleoid which is a covalently closed and circular double 

stranded DNA in most prokaryotes (Brock and Madigan 2009).  Additionally, the cytoplasm 

contains macromolecules, organic molecules, inorganic ions, ribosomes and plasmid DNA 

(Brock and Madigan 2009). 
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The cell wall protects the bacteria against this osmotic lysis and gives the cell shape and 

rigidity.  It is constructed from several crosslinked layers of peptidoglycan chains, the 

thickness of which varies depending upon the species of bacteria (Brock and Madigan 2009).  

In addition to the cell wall, some bacteria also have a second, outer membrane consisting of 

phospholipids, proteins and lipopolysaccharides.  Cells containing an outer membrane have 

thinner cell walls than those without (Brock and Madigan 2009).  The presence of an outer 

cell membrane is used as a basis to classify prokaryotes as Gram-negative or Gram-positive.  

Those without an outer membrane are described as Gram-positive, whereas those with an 

outer membrane are described as Gram-negative (Figure 2-14).  In Gram-negative bacteria, a 

space exists between the inner membrane and outer membrane, called the periplasm, which 

contains proteins for initial degradation of nutrients, transport and chemotaxis (Brock and 

Madigan 2009).  Prokaryotic cells may also secrete polysaccharides or proteins on their 

surface, called a capsule or a slime layer.  This layer helps in cellular attachment to surfaces, 

protection from phagocytosis and possibly also resistance from dehydration (Brock and 

Madigan 2009). 

 

Figure 2-14: Differences between Gram-negative and Gram-positive bacteria. 

Cellular appendages such as fimbriae can enable attachment to surfaces or tissues, whilst pili 

are larger appendages which may be involved in the transfer of genetic material between 

cells and also with cellular motility in the case of type IV pili (Brock and Madigan 2009).  

Another motility appendage found on some species of bacteria, called the flagella, are long 

structures that allow the cell move through an aqueous phase in a process called swimming 

(Brock and Madigan 2009).  Finally, some cells are motile through an ability to glide across 

a surface (Brock and Madigan 2009). 
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2.3.2 Microbial growth 

Microbial growth of prokaryotic cells is described in terms of an increase in the number of 

cells and is achieved through a process of binary fission, where one cell divides to become 

two cells (Madigan et al. 2009).  In laboratory conditions, microbial growth can be studied in 

terms of the microbial growth cycle, which typically consists of a lag phase, exponential 

growth phase, a stationary phase and then finally a death phase (Figure 2-15; Brock and 

Madigan 2009).   The lag phase is defined as the period of time between inoculation of fresh 

medium with the bacteria and the start of cell division.  It occurs due to the time required for 

the cells to adapt to the new environment, replenish and biosynthesise depleted constituents, 

and to allow the cells to undertake any repairs that may be necessary prior to cell division.  

The exponential growth phase is marked by the binary division of the cells within the 

medium, facilitated by the presence of nutrients.  The rate of growth of the culture is 

governed by the generation time, which is defined as the length of time required for one cell 

to divide.  The generation time varies between species and is also dependent upon the 

environmental conditions, such as the availability of nutrients and temperature.  The 

depletion of nutrients in the culture and the build-up to toxic waste products eventually 

brings an end to the exponential growth phase.  At this point, the bacteria enter stationary 

phase where the number of cells dividing balance the number of cells that die in a 

phenomenon called cryptic growth.  Eventually the cells within the culture will die and the 

population concentration will drop, which is characterised by the death phase.  The decline 

in the cellular population is typically much slower than the exponential growth phase. 
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Figure 2-15: Typical microbial growth cycle.  (1) The duration of the lag phase is 

dependent on the history of the bacteria and the properties of the growth media.  The 

lag period is greater if the cells were previously damaged.  (2) The log growth phase 

covers a period of binary cell division and growth, generally limited by exhaustion of 

nutrients and accumulation of waste products.  (3) In stationary phase, the population 

growth is zero but cells functions still continue.  (4) Eventual death of cells occurs in the 

final phase, typically at a much slower rate than exponential growth. 

2.3.3 Microbial respiration and fermentation 

ATP synthesis can be achieved through either fermentation or respiration pathways.  

Fermentation generates energy through substrate level phosporylation and generates much 

less energy than respiration, which requires the presence of an electron donor such as O2 

(Brock and Madigan 2009).  Many prokaryotes are capable of using a diverse range of 

electron acceptors during respiration, in addition to oxygen (Figure 2-16) such as nitrate, 

nitrite and ferric oxide (Figure 2-17).  The phenotype of microorganisms can be classified 

according to their ability respire aerobically or anaerobically (Table 2-2).  Recent research 

also suggests that bacteria are capable of using solid electrodes, poised at an appropriate 

potential, as electron acceptors (Gralnick and Newman 2007; Hernandez and Newman 2001; 

Richardson 2000; Wang and Newman 2008).  This approach, known as extracellular 

respiration, could form the basis for some of the electroactive compounds discussed in 

section 1.4.2.3. 
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Figure 2-16: Aerobic respiration uses O2 as an electron acceptor in generation of the 

proton motive force. 

 

 

Figure 2-17: Anaerobic respiration can use a number of different substrates as electron 

acceptors, including nitrate, nitrite and ferric oxide. 
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Table 2-2: Categorisation of microorganisms based upon respiratory properties 

(Adapted from Brock & Madigan 2009) 

Group Relationship to O2 
Type of 

Metabolism 
Examples 

Obligate aerobe Required Aerobic Respiration Micrococcus spp. 

Facultative aerobe 
Not required but growth 

better with O2 

Aerobic Respiration 

Anaerobic 

Respiration 

Fermentation 

P. aeruginosa 

E. coli 

Staphylococcus spp. 

Microaerophilic 
Required but at levels 

lower than atmospheric 
Aerobic Respiration 

Campylobacter spp. 

Helicobacter spp. 

Aerotolerant anaerobe 

Not required and growth 

no better with presence 

of O2 

Fermentation Streptococcus spp. 

Obligate anaerobe O2 harmful or lethal 

Fermentation or 

anaerobic 

respiration 

Clostridium spp. 

2.3.4 Quorum sensing in microorganisms 

Quorum sensing (QS) is an intracellular communication strategy employed by organisms to 

control within species gene expression in a cell density dependent manner (Sifri 2008).  QS 

systems exist in several Gram negative and Gram positive species.  There is evidence that 

the organisms explored in this study utilise QS networks to control gene expression and 

virulence.  A brief description of QS systems in S. aureus, H. influenzae and C. albicans is 

provided below, followed by a more detailed overview of the QS mechanisms of P. 

aeruginosa. 

QS in S. aureus is governed by the accessory gene regulator, switches off the expression of 

several cell surface proteins and turns on the expression of several virulence factors 

(Yarwood and Schlievert 2003).  In non typeable H. influenzae the mechanism of QS is 

thought to promote biofilm formation within the species (Swords 2012).  Additionally, it is 

thought that in a polymicrobial infection with H. influenzae and Moraxella catarrhalis, M. 

catarrhalis is able to respond to QS signals produced by H. influenzae, suggesting that a 

model for interspecies QS could also exist (Swords 2012).  Interestingly, the eukaryote 

organism C. albicans also exhibits a QS system.  C. albicans is capable of undergoing 

morphogenesis from a non invasive single cell yeast phenotype to an invasive filamentous 
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growth, which can be induced in response to several mechanisms (Gow et al. 2012).  It been 

shown that morphogenesis of C. albicans can be triggered in a cell dependent manner, 

suggesting that within species QS also plays a role in this morphogenesis (Kruppa 2009). 

P. aeruginosa contains at least three QS signal/response systems (Wade et al. 2005; Dietrich 

et al. 2006a; Price-Whelan et al. 2006; Holm and Vikström 2014).  Two of these systems are 

based upon secreted N-acetyl homoserone lactones (AHL) and are known as the las and rhl 

systems (Holm and Vikström 2014).  The las system governs subsequent activation of the rhl 

system, and also a third system that is mediated by a quinolone signalling molecule, referred 

to as Pseudomonas Quinolone Signal (PQS) (Déziel et al. 2004).  Production of PQS is 

negatively regulated by the rhl system, but positively regulated by the las system through the 

MvfR regulator (Wade et al. 2005).  The QS molecules from all three systems result in the 

production and secretion of numerous virulence factors.  The rhl and las systems are known 

to control the activation of over 300 genes (Holm and Vikström 2014).  In addition to the 

three QS networks described above, a further network, dependent upon the phenazine 

pyocyanin has also been suggested.  Through the protein SoxR, this results in the 

upregulation of a limited number of genes including a proton driven efflux pump and a 

monooxygenase (Dietrich et al. 2006a).  The relation between these systems is shown in 

Figure 2-18. 
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Figure 2-18: P. aeruginosa quorum sensing network. QS molecules are initially 

produced by the las system, which controls the rhl system and ultimately the 

production of PQS.  Pyocyanin has also been shown to drive the expression of a limited 

number of genes.  Yellow boxes show proteins, blue boxes show example secreted 

virulence factors controlled by the QS systems.  3-oxo-C12-HSL = N-3-oxo-dodecanoyl-

Homoserine lactone; C4-HSL = N-butyryl-Homoserine lactone; PYO = pyocyanin; 

PQS = Pseudomonas quinolone singnal. 

2.3.5 Secondary metabolites produced by P. aeruginosa 

Many of the genes expressed by P. aeruginosa in response to secreted QS molecules are 

known to be virulence factors capable of damaging host tissue, and promotion of infection 

and inflammation (Holm and Vikström 2014).  Furthermore, a key phenotypic change that 

occurs to P. aeruginosa in response to QS molecules is the production of biofilms (de Kievit 

2009).  In addition to these metabolites, P. aeruginosa also produces siderophores such as 

pyoverdin and pyochelin.  These are expressed and secreted in iron depleted conditions to 

sequester extracellular iron to allow uptake by the cell for essential metabolism (Brandel et 

al. 2012).  Important metabolites produced and secreted by P. aeruginosa are described in 

Table 2-3. 
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Table 2-3: Metabolites produced and secreted by P. aeruginosa 

Metabolite Description Reference 

Quorum Sensing Molecules 

N-acyl homoserine 

lactones 
Signalling molecules of the rhl and las QS system. 

(Holm and 

Vikström 2014) 

4-Hydroxy-2-

alkylquinolines 

(HAQ) 

Intracellular signalling molecules, which play an important 

role in quorum sensing.  Some HAQ are known to have 

antibacterial properties. 

(Déziel et al. 

2004; Gross and 

Loper 2009) 

Virulence Factors 

Phenazines 

(including 

pyocyanin) 

Intracellular signalling molecules with antibiotic and 

antifungal properties.  Have also been implicated in 

extracellular respiration. 

(Price-Whelan 

et al. 2006) 

Hydrogen Cyanide Inhibition of cytochrome c oxidase and other metaloproteins. 
(Gross and 

Loper 2009) 

Elastinolytic and 

proteolytic 

enzymes 

Impair host defences by degradation of host proteins and 

breakdown of physical barriers that typically prevent 

bacterial attachment. 

(Kessler and 

Safrin 2014) 

ExoU 
Cytotoxic enzyme directly injected into target eukaryotes via 

type III secretion system. 

(Sawa et al. 

2014) 

Rhamnolipid 

Glycolipids with biosurfactant activity that play an important 

role in establishment and maintanence of biofilms.  

Numerous actions , including haemolytic activity in human 

pathogensis, antimicrobial activity, solubilisation of PQS and 

promotion of swarming motility. 

(de Kievit 2009; 

Reis et al. 2011) 

Extracellular 

polysacchrides 

Secreted during biofilm formation as part of the matrix 

which holds cells together and allows the formation of three 

dimensional structures. 

(Sharma et al. 

2014) 

Siderophores 

Pyoverdin 

Pyochelin 

Sequester Fe(III) from the environment. 
(Gross and 

Loper 2009) 
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2.3.6 Biofilm fundamentals 

Bacteria are known to exist in two distinct states: single planktonic cells (thought to make up 

less than 0.1% of total microbial biomass) and sessile aggregates of cells, known as biofilms 

(Bjarnsholt 2013).  A biofilm was defined by Costerton et al. (1999) as a “structured 

community of bacterial cells enclosed in a self-produced polymeric matrix, adherent to an 

inert or living surface”.  In hostile environments, biofilms provide protection to bacteria, 

allowing them to evade antimicrobial attack and therefore survive and grow (Costerton et al. 

1999). 

Biofilms preferentially develop on inert surfaces, such as dead tissue or medical devices and 

growth is usually slow with host symptoms taking a long time to develop.  The dispersion of 

planktonic cells appears to occur periodically, causing recurrent acute infection.  These 

planktonic cells are susceptible to antibiotics but the underlying biofilm is not effectively 

attacked by them (Costerton et al. 1999).  Many  microorganisms are capable of growing in 

biofilms, including Gram-positive and Gram-negative, aerobic and anaerobic bacteria, 

mycobacteria and fungi (Bjarnsholt et al. 2013b).  

Biofilm formation can be broken down into a number of stages (Figure 2-19).  Prior to the 

attachment of a cell to the surface, a conditioning layer composed of material in the media 

forms a substratum upon which the bacteria are able to attach (Garrett et al. 2008).  Once a 

substratum has been formed, bacteria arriving at the surface through either motility or 

external forces reversibly attach (Costerton et al. 1999; Garrett et al. 2008).  Reversible 

attachment occurs as a result of physical forces such as van der Waals forces, steric 

interactions and electrostatic interactions.  Bacterial adhesion may also be related to the zeta 

potential of the cell (Bayoudh et al. 2008), collectively known as the Derjaguin and Landau 

and Verway and Overbeek (DLVO) theory (Garrett et al. 2008).  More recently, it has been 

suggested that biofilm formation does not require an abiotoic or biotic surface for a biofilm 

to form (Bjarnsholt 2013), as described above. 

Following reversible attachment, the bacteria are thought to form microcolonies as a result of 

attachment between motility appendages, such as flagella or pili (Bjarnsholt 2013; Costerton 

et al. 1999).  However, there is also evidence that microcolony formation is the result in situ 

of microbial growth (Klausen et al. 2003).  At some point, those cells that have not been 

removed from the surface by either repulsive forces or external forces consolidate their 
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position and irreversibly attach to the surface (Costerton et al. 1999; Garrett et al. 2008).  

This could be achieved through the use of appendages, overcoming repulsive forces to attach 

to the conditioning substrate (Garrett et al. 2008).  During the attachment phase, the bacteria 

start to excrete extracellular matrix materials, which provide protection to the microcolonies 

(Costerton et al. 1999).  These extracellular matrix materials are known to consist of 

polysaccharides, extracellular DNA, other large macromolecules such as proteins, lipid, 

biosufactants, flagella and pili (Bjarnsholt 2013).  Binary fision of the bacteria also occurs 

and the microcolonies form into a mature biofilm (Garrett et al. 2008).  At high cell 

densities, intercellular signalling called quorum sensing control the expression of genes 

related to biofilm growth, such as the production of secondary metabolites (Costerton et al. 

1999).  The colonies formed by biofilms may assume a classic mushroom shape (Costerton 

et al. 1999), which is believed to facilitate the passage of nutrients (Garrett et al. 2008).  

However, biofilm morphology has been found to differ as a function of the media the cells 

are grown in, as well as the existence of motility appendages (Klausen et al. 2003).   

Furthermore, the shape and size of in vitro biofilms, compared to in vivo biofilms has been 

challenged.  Reviewing publications of in vivo biofims, Bjarnsholt et al. (2013a)  show that 

across multiple different types of chronic infection, biofilms ranging from 5 to 200 µm 

diameter aggregates existed rather than the large, more extensive biofilms found in vitro.  

These differ to in vitro model systems which can produce biofilms of several square 

centimetres.  

From the mature biofilm, the sessile microcolonies are capable of giving rise to planktonic 

bacteria which have motility and are therefore capable of dispersal and rapid multiplication 

(Costerton et al. 1999).  This complete the biofilm cycle and may be the reason that 

microbial colonisation of the CF airway follows a pattern of exacerbations resulting from 

acute infection (Costerton et al. 1999). 
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Figure 2-19: Typical biofilm lifecycle, consisting of (1) target surface, (2) surface 

conditioning, (3) reversible microbial attachment, (4) irreversible attachment and 

microcolony formation, (5) growth and biofilm production, (6) biofilm maturation, (7) 

dispersion of planktonic cells. 
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3.1 Introduction 

As described in chapter 1, this study sets out to determine if it is possible to detect the 

presence of P. aeruginosa using a screen printed electrode and electrochemical impedance 

spectroscopy.  To test the functionality of the sensor further, the specific capability to detect 

P. aeruginosa against a background of other species commonly found in the CF airway was 

also tested.  Although not part of the original study aims, a small series of experiments were 

also carried out in human sputum samples.  The materials and methods used to achieve all of 

this work are covered in the chapter. In addition, the data analysis approach and techniques 

used are covered here. 

The experiments carried out in this study and the order they have been undertaken in are 

summarised in Figure 3-1.  In the first part of the study, electrodes were developed and 

manufactured using screen printing techniques and carbon and Ag-AgCl inks.  Following 

electrode development, initial microbial studies were carried out with P. aeruginosa to 

determine whether the bacterium could be detected.  Once the ability to detect P. aeruginosa 

was established, development and characterisation of the electrode was performed to 

optimise consistency between electrodes. 

A series of experiments with both P. aeruginosa and other microorganisms found in the CF 

airway were then carried out in an artificial sputum media to determine how useful the 

device would be in the context of a CF infection.  An investigation was performed to identify 

some of the root causes for changes observed in the impedance spectrum and these were fed 

into the final part of the project, where the device was tested in a small number of human 

sputum samples. 

The measurements carried out in human sputum required modifications to the electrode 

assembly.  These are described in this chapter and covered in more detail in chapter 6.  In the 

final experiment, the electrode and associated assembly resulting from the human sputum 

measurement was used in an in vitro performance test in order to determine the detection 

limit of the sensor in terms of cell density and pyocyanin concentration. 
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Figure 3-1: Research roadmap for this study.  Chapter numbers relate to presentation 

of results.  The methods for each experiment are described in this chapter. 
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3.2 Media, buffers and microbial strains 

3.2.1 Microbial strains 

The microorganisms used in experiments came from the Tucker laboratory culture stocks, or 

from the National Collection of Type Culture (Public Heath England) as described in Table 

3-1.  In addition to type strains such as P. aeruginosa PA14, a number of well-studied 

clinical isolates have also been used in this study (i.e. J1385, J1532, C1426 and C1433), 

originally from John Govan at the University of Edinburgh (Stewart et al. 2013).  In some 

experiments, mutant strains of P. aeruginosa PA14 were employed to determine the 

underlying causes for changes in impedance.  These were taken from a copy of the PA14NR 

set (Liberati et al. 2006) with the exception of the double knockout mutant (PA14phzA1-

G1/A2-G2) which was provided by Dianne Newman at the California Institute of 

Technology (Dietrich et al. 2006b).  All strains were streaked out to single colonies, which 

were checked for appropriate morphology prior to use, on the appropriate media as indicated 

in the following sections.  Mutant strains from the PA14NR set were initially streaked out 

onto plates containing gentamicin to ensure that they were not wild type.  The stains, along 

with a reference to their use within the literature are described in Table 3-1.  In addition, a 

cross reference is provided to the results section where they have been used in this study.  A 

description of the storage procedure is provided in section 3.2.3 below. 
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Table 3-1: Strains used in this project 

Strain Comment Reference 
Thesis section 

where used 

PA14WT 
P. aeruginosa wild type 

laboratory strain 
(Liberati et al. 2006) 

4.4.1;4.2.2; 0; 

5.3.1.2; 5.3.2.2; 

5.3.3.2; 5.4.3; 5.5; 

6.6 

PAO1 RHL GFP 

P. aeruginosa laboratory strain 

with GFP protein expression 

inserted after the RHL operon. 

Filloux et al. Imperial 

College, Personal 

Communication 

4.2.1 

J1385 
P. aeruginosa non-mucoid CF 

clinical isolate 
(Stewart et al. 2013) 4.4.2 

J1385 
P. aeruginosa mucoid CF 

clinical isolate 
(Stewart et al. 2013) 4.4.2 

C1426 
P. aeruginosa non-mucoid CF 

clinical isolate 
(Stewart et al. 2013) 4.4.2 

C1433 
P. aeruginosa mucoid CF 

clinical isolate 
(Stewart et al. 2013) 4.4.2 

RN4220 
S. aureus wild type laboratory 

strain 
(Nair et al. 2011) 5.3.1 

HI680 H. influenzae NCTC 5.3.2 

SC5314 C. albicans (Gillum et al. 1984) 5.3.3 

PA14phzS 

P. aeruginosa PA14 mutant 

from the PA14NR set (gene ID: 

44099) 

(Liberati et al. 2006) 5.4.4 

PA14phzM 

P. aeruginosa PA14 mutant 

from the PA14NR set (gene ID: 

40343) 

(Liberati et al. 2006) 5.4.4 

PA14phzA1-

G1/A2-G2 

P. aeruginosa double knockout 

mutant 

(Dietrich et al. 

2006b) 
5.4.4 

3.2.2 Media and buffers 

The following section describes the media and buffers used in the experiments carried out in 

this study.  Solid agar versions of the media were used to maintain cultures of the 

microorganisms used (long term storage of strains is described in section 3.2.3) and also for 

colony counting experiments as described below.  Some of the media described below were 

also used in impedance experiments as indicated in the text.  Additionally, this section 

outlines the recipes for buffers used for electrode conditioning and for microscopy. 

3.2.2.1 LB media 

LB media was used for the growth of stock culture of P. aeruginosa and C. albicans strains.  

Liquid culture was used for initial impedance experiments with P. aeruginosa.  It was made 

by mixing 10 g of tryptone (order code: BPE1421, Fisher Scientific, Loughborough, UK), 5 
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g NaCl (order code: 31434, Sigma Aldrich) and 5g yeast extract (order code: 92144, Fluka) 

with 1000 ml of w/v dH2O.  The media was then autoclaved at 121
o
C for 20 minutes.  To 

make solid media, 5% w/v agar was added prior to autoclaving.  Plates were poured once the 

media cooled to 50
o
C and left in a laminar flow hood to dry for at least 20 minutes. 

3.2.2.2 Mueller Hinton media 

Mueller Hinton Agar (MHA) was used for stock cultures of S. aureus and was made by 

mixing 38 g of MHA media (CM0337, Oxoid) with 1000 ml of dH2O.  The media was then 

autoclaved at 121
o
C for 20 minutes.  Plates were poured once the media cooled to 50

o
C and 

left in a laminar flow hood to dry for at least 20 minutes.  Mueller Hinton Broth (MHB) was 

used as the base for Haemophilus Test Media and was made by mixing 21 g of MHB 

(CM0405, Oxoid) to 1000 ml of dH2O.  The media was then autoclaved at 121
o
C for 20 

minutes. 

3.2.2.3 Haemophilus test media 

Haemophilus test media (HTM) was used to maintain cultures of H. influenzae, for colony 

counting.  Liquid HTM media was also used for impedance experiments with H. influenzae.  

HTM was made by mixing 38 g of MHB (see above) and 5g yeast extract (92144, Fluka) 

with 1000 ml dH2O.  The media was then autoclaved at 121
o
C for 20 minutes.  Once cooled 

to approximately 50
o
C, NAD (N7004, Sigma-Aldrich) and Hemin (H9039, Sigma-Aldrich) 

were added to the media to a final concentration of 15 mg/l w/v each.  To make solid media, 

5% w/v agar was added prior to autoclaving.  Plates were poured once the media cooled to 

50
o
C and left in a laminar flow hood to dry for at least 20 minutes. 

3.2.2.4 Tryptone soy broth 

Tryptone soy broth (TSB) was used in liquid form for impedance experiments with S. aureus 

and was made by mixing 30 g of TSB media (CM0129, Oxoid) with 1000 ml of dH2O.  The 

media was then autoclaved at 121
o
C for 20 minutes. 

3.2.2.5 Tryptone soy broth with yeast extract 

Tryptone soy broth with yeast extract (TSB-YE) was used for impedance growth 

experiments with C. albicans and was produced by mixing 30 g of TSB media (CM0129, 

Oxoid) with 5 g yeast extract (order code: 92144, Fluka).  The media was then autoclaved at 

121
o
C for 20 minutes. 
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3.2.2.6 Muller Hinton agar with salt 

MHA with salt was used for colony counting S. aureus in polymicrobial experiments with P. 

aeruginosa.  It was made by adding 75 g/l NaCl to 1000 ml of MHA.  The media was then 

autoclaved at 121
o
C for 20 minutes.  Plates were poured once the media cooled to 50

o
C and 

left in a laminar flow hood to dry for at least 20 minutes. 

3.2.2.7 Pseudomonas isolation agar 

Pseudomonas isolation agar (PIA) was used for colony counting of P. aeruginosa during 

polymicrobial experiments and was made by mixing 45 g of PIA media (17208, Fluka) with 

1000 ml dH2O containing 20 ml glycerol (G/0600/17, Fisher Scientific).  The media was 

then autoclaved at 121
o
C for 20 minutes. 

3.2.2.8 Pseudomonas agar base with CN supplement 

Pseudomonas agar base (PAB) was used for colony counting and to identify the presence of 

P. aeruginosa in human sputum samples and was made by mixing 24.2 g of agar base 

(CM0559, Oxoid) with 500 ml of dH2O and 5 ml of glycerol (G/0600/17, Fisher Scientific) 

prior to autoclaving at 121
o
C for 20 minutes.  After the media cooled to 50

o
C, cetrimide and 

sodium nalidixate (CN) supplement (SR0102, Oxoid) was mixed with 1 ml sterile dH2O and 

1 ml EtOH and then added to the media prior to pouring into plates. 

3.2.2.9 Mannitol salt agar 

Mannitol salt agar (MSA) was used for the identification of Gram positive bacteria in human 

sputum samples and was made by mixing 1 g of lab-lemco power (LP0029, Oxoid), 10 g of 

peptone (BP1420, Fisher Scientific), 10 g of mannitol (M/2400/53, Fisher Scientific), 75 g of 

NaCl (31434, Sigma-Aldrich), 0.025 g of phenol red (P3532, Sigma-Aldrich) and 20 g of 

agar (A/1080/53, Fisher Scientific) to 1000 ml of dH2O.  The media was then autoclaved at 

121
o
C for 20 minutes.  Plates were poured once the media cooled to 50

o
C and left in a 

laminar flow hood to dry for at least 20 minutes 

3.2.2.10 Burkholderia cepecia agar 

Burkholderia cepecia ready prepared plates (PO0938, Oxoid) were procured directly from 

Fisher Scientific as required for the identification of Bcc in human sputum samples. 
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3.2.2.11 Artificial sputum media 

Artificial sputum media (ASM) was produced to simulate human sputum and was used in 

experiments with strains of P. aeruginosa, S. aureus, H. influenzae and C. albicans. 100 ml 

aliquots of ASM were produced following an adapted version of the protocol by Kirchner et 

al. (2012).  400 mg DNA from fish sperm (order code: 74782, Sigma-Aldrich) and 500 mg 

of porcine mucin (order code: M2378, Sigma-Aldrich) were sterilised overnight in 2 ml of 

100% EtOH.  This was then aseptically poured into 50 ml of sterile dH2O.  25 mg each of the 

following amino acids were mixed together: L-Alanine, L-Arginine, L(+)-Asparagine 

monohydrate, L(+)-Aspartic acid, L-Cystine, L(+)-Glutamic acid, Glycine, L-Histidine, L-

Isoleucine, L-Leucine, L(+)-Lysine monohydrochloride, L-Methionine, L-Phenylalanine, L-

Proline, L-Serine, L-Treonine, L(-)-Tryptophan, L-Tryosine and L-Valine.  Prior mixing, L-

Tyrosine was added to 2.5 ml 0.5M NaOH and L-Cystine was added to 2.5 ml dH2O.  The 

amino acids were then filter sterilised and added to the DNA fish sperm.  Following this, 1 

ml egg yolk emulsion (order code: 17148, Sigma-Aldrich) and 500 mg NaCl was then added 

to the DNA and porcine mucin as described (Kirchner et al. 2012).  The pH of the media was 

tested and adjusted to 6.9 by aseptically taking small aliquots of media to measure the pH 

after adjusting with sterile 1M Tris.  Where ASM was used for H. influenzae, the media was 

supplemented with NAD (N7004, Sigma-Aldrich) and Hemin (H9039, Sigma-Aldrich) to a 

final concentration of 15 mg/l w/v each.  

3.2.2.12 0.9% w/v NaCl 

0.9% w/v NaCl was used for electrode conditioning and was made in aliquots of 100 ml by 

mixing dH2O with 0.9 g NaCl. 

3.2.2.13 Cacodlyte buffer 

Preparation and use of cacodlyte buffer for scanning electron microscopy (SEM) was carried 

out in fume hood in accordance with the laboratory risk assessment.  0.1 M cacodalyte buffer 

was prepared by adding 2.14 g of sodium cacodlyte trihydrate (Sigma, C0250) to 100 ml of 

18.2 MOhm/m H2O and adjusted to 7.2 pH using paper pH test strips. 

3.2.2.14 Glutaraldhyde solution for SEM 

Preparation and use of glutaraldehyde fixative for SEM was carried out in fume hood in 

accordance with the laboratory risk assessment.  2.5% v/v Glutaraldehyde solution was 
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produced by adding 1 ml of EM grade 25% v/v glutaraldehyde (G5882, Sigma-Aldrich) to 9 

ml of cacodalyte buffer. 

3.2.2.15 Sputasol 

Sputasol (SR0233, Oxoid) was prepared by mixing one 7.5 ml vial with 92.5 ml of dH2O.  

Once mixed, Sputasol was stored at 2-8
o
C and used within 48 hours of preparation. 

3.2.3 Stock cultures and microorganism storage 

Microorganisms were stored in microbank (PL.170, Pro-Lab Diagnostics) beads at -20
o
C 

when not in use.  Cultures were streaked out onto solid agar media and incubated overnight 

at 37
o
C to select for single colonies.  Prior to use, visual verification of colonies was carried 

out by checking for typical colony morphology (Table 3-2).  For P. aeruginosa and C. 

albicans strains, LB agar was used, for S. aureus LB agar or MHA was used and for H. 

influenzae HTA was used.  Streaked plates were retained for a maximum of four weeks and 

then discarded in accordance with laboratory protocol.  If any doubt existed that the 

organism on a streaked plate was different to that expected (e.g. because of contamination), 

further tests were carried out using the characteristics described in Table 3-2.  Overnight 

liquid cultures were used to start each experiment and were produced using equivalent liquid 

media for each species.  H. influenzae requires microaerophilic conditions for growth.  For 

the purposes of maintaining a stock culture, these were created using a candle jar (World 

Health Organisation 2011). 
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Table 3-2: Identification and verification of different species of microorganism 

(information collated from Ryan & Ray 2014) 

Species Identification and growth characteristics 

P. aeruginosa   Gram negative rod, 0.9 – 1.5 μm long 0.5 μm wide.   

 Rough edge colonies (non mucoid). 

 Round non motile colonies (mucoid). 

 Produces green coloured pigment that diffuses into the agar  

 Growth on pseudomonas selective media (e.g. pseudomonas agar base + 

CN supplement). 

 Resistant to Triclosan.  WT susceptible to gentamicin. 

 Grows at 20-42
o
C. 

H. influenzae  Gram negative coccobacilli, 1.0 – 1.5 μm long. 

 Smooth round white or grey colonies. 

 Growth only under microaerophilic conditions on chocolate agar or media 

supplemented with NAD and hemin at 37
o
C only. 

S. aureus  Gram positive cocci, growth in clusters. 

 White, round colonies, that turn a golden colour over time growth occurs 

within 24 hours on rich aerobic media (e.g. blood agar). 

 Coagulase positive. 

C. albicans  4-6 μm budding round/oval yeast cells. Can also grow filamentously under 

certain conditions. 

 Overnight growth results in smooth white colonies 2-4 mm diameter. 

Grows on media containing gentamician. 

 Growth occurs at 25-37
o
C. 

 Usually displays tiny projections around base of colony following 24 hours 

growth (Mahon et al. 2015). 

 Can also be distinguished from S. aureus by growing on media with a high 

salt content (e.g. MSA). 

 

3.3 Electrode design and production 

Two different types of electrode were produced.  The basic pattern for both electrodes 

differed only in the ink used to print them.  The principle applied for the electrodes used in 

this study was to focus upon the impedance at only one of the electrodes.  Thus, the working 

electrode was used for the detection of P. aeruginosa.  This was achieved by making the 

working electrode much smaller than the counter electrode so that the impedance at the 

working electrode dominated the signature.  In order to maintain the simplicity (and 

therefore cost) of the electrode and device, a reference electrode was not used in this study.  

In house screen printing was used to produce the electrodes, as described below.   
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3.3.1 Electrode patterns 

Two electrode patterns were developed, one consisting of a carbon counter electrode and 

working electrode and one that consisted of a carbon working electrode and an Ag-AgCl 

counter electrode.  The carbon design was explored because it is low cost to produce and has 

reletaively inert properties which yield consistent impedance characteristics.  The findings of 

experiments carried out with the carbon electrodes are described in sections 4.2.1 and 4.4, 

and in chapters 5 and 6.  The Ag-AgCl/carbon design was explored because it offers the 

opportunity to achieve lower baseline impedance.  The findings of experiments carried out 

with the Ag-AgCl/Carbon electrodes are described in section 4.2.2.  Both designs were based 

upon the same bipolar electrode pattern, which was used because it would fit within the 

footprint of a bijou tube with a 12 mm internal diameter (Table 3-3). 

 

Figure 3-2: Electrode patterns used in this study.  (A) Carbon electrode. (B) Ag-

AgCl/carbon electrode.  Note that the electrode used as the WE and CE is switched 

between the two designs. 

The all-carbon electrodes (Figure 3-2 A) were designed to have a small working electrode to 

counter electrode ratio, thus making it possible to minimise the effects of the counter 

electrode impedance in the results  (Pires et al. 2013; Wegener et al. 1996).  When used in 

conjunction with an electrolyte containing chloride, Ag-AgCl electrodes have non-

polarisable properties and relatively low impedance contrasted to carbon.   On this basis, a 

geometrically small CE constructed from Ag-AgCl was used in conjunction with a larger 

WE printed in carbon, with the aim of reducing the overall electrode impedance (Figure 3-2 

B).  The impedance of the WE and CE for both the carbon and Ag-AgCl designs were 

measured separately to check that the WE had a higher impedance as expected (method 

described in section 3.4.1, results described in section 4.3.3).  The same pattern was 

therefore used for both electrodes with the centre electrode acting as a working electrode in 

the carbon design.  In the Ag-AgCl/carbon design, the centre electrode was made using Ag-
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AgCl ink and therefore formed the counter electrode, with the larger, outer electrode being 

used as the working electrode. 

Table 3-3: Electrode dimensions 

Electrode Design WE  Radius 
WE Surface 

Area 
CE Radius CE Surface Area 

Carbon 1 mm 3.142 mm
2
 6 mm 92.65 mm

2
 

Ag-AgCl/Carbon 6 mm 92.65 mm
2
 1 mm 3.142 mm

2
 

3.3.2 Electrode screen printing 

The electrodes described above were manufactured using thick film screen printing 

processes on a DEK 247 semi-automatic screen printing machine.  This process starts by 

producing a mask for each electrode pattern (Figure 3-3).  The electrodes were then printed 

onto glass microscope slides (three electrodes per slide) or onto acetate sheets suitable for a 

mono laser printer (order code: 9543383, Supplies Team).  The printing process was carried 

out in two layers.  For the Ag-AgCl/Carbon electrode design, the tracks for the Ag-AgCl 

counter electrode and working electrode (Electrodag 6037SS, Acheson) were printed first.  

Then, after a curing stage in the oven, the carbon ink (Electrodag PF407A, Acheson) was 

printed on top.  For the carbon electrodes, the same process was followed, with the exception 

that the first print was carried out with carbon ink rather than Ag-AgCl.  Following the 

printing of the conductive inks, a dielectric insulating layer (D2020823D2, Gwent) was used 

to cover the tracks to the electrodes.  The carbon ink was cured at 120
o
C for 30 minutes in a 

box oven.  The Ag-AgCl ink and dielectric inks were cured at 80
o
C for 30 minutes in a box 

oven.  Curing was carried out in accordance with the ink manufacturers recommended 

methods and times. 
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Figure 3-3: Summary of screen printing process.  (A) Mask is produced on a screen 

impregnated with photo sensitive emulsion.  (B) Electrodes were printed in a two layer 

process using a DEK 247 screen printing machine.  (C) The printed electrodes were 

cured in a box oven as described in the text. 
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3.3.3 Electrode assembly: in vitro experiments 

This section describes the electrode assembly used in the experiments outlined in chapters 4 

and 5, covering the in vitro investigation carried out.  After the electrode printing had been 

completed, a polypropylene tube, cut from a 15 ml centrifuge tube was attached to the glass 

slide to contain the liquid media (e.g. 0.9% w/v NaCl or culture media) above the electrode 

(Figure 3-4).  Tubes were attached using a small plastic syringe filled with Servisol Adhesive 

Sealant (Maplin).  Care was taken not to touch the electrode surface throughout the printing 

and assembly processes. 

 

Figure 3-4: General assembly showing (A) polypropylene tubing, (B) silicone adhesive 

attaching tubing to electrode base and (C) growth media or electrolyte within 

container. 

The completed electrode chamber is shown in Figure 3-5.  The screen design included two 

contacts on the outside of the electrode chamber used to connect each electrode to the 

impedance analyser.  For the electrodes printed on acetate, a microscope slide was placed 

underneath to provide structural support for the chamber.  The chambers were covered with a 

custom made aluminium foil cover to ensure they remained sterile throughout the 

experiment (Figure 3-6).  The cover was sterilised by submerging in 70% v/v ethanol for 10 

mins. Figure 3-7 shows an example of the foil cover used, and a typical view of the 

electrodes at the end of an experiment. 
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Figure 3-5: Completed carbon electrode and assembly.  The contact pads for 

connection to the impedance analyser can be seen on the outside of the chamber. 

  

 

 

 

Figure 3-6: Cartoon of the electrode, showing the foil cover used to keep the electrodes 

sterile. 
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Figure 3-7: Example of electrode chambers at the end of an experiment with P. 

aeruginosa strains.  The foil covers used to keep the samples sterile are shown at the 

bottom of the picture.  Electrode assembly: human sputum experiments 

3.4 Electrode characterisation 

As described above, the WE was designed such that the impedance would dominate and the 

effect of the CE impedance could be minimised.  In order to verify that this was the case for 

both the carbon electrode design and the Ag-AgCl/carbon electrode design, an experiment 

was carried out to confirm the WE impedance was greater than the CE impedance. 
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3.4.1 Contribution to impedance made by each electrode 

In order to characterise the impedance of (1) the carbon and (2) the Ag-AgCl/Carbon 

electrode combination, the WE and CE for each design were analysed by taking 

measurements using platinum return electrodes as described below.  Platinum was used for 

these measurements because the impedance was lower than the carbon electrodes.  

Impedance measurements were carried out in 2 ml of 0.9% w/v saline placed into each 

assembled electrode chamber.  The impedance measurements were carried out with a 

Solartron 1260 impedance analyser (Solartron) from 0.1 Hz to 1 MHz with 0 V dc bias and a 

perturbation potential of 200 mVrms, at room temperature.  The impedance analyser was 

controlled using the ZPlot software package (Scribner Associates) for all the experiments 

described within this thesis.  The ZPlot software provides full control over the impedance 

analyser and in particular allows the user to define the frequency range, the perturbation 

amplitude and any DC bias potential (Figure 3-8).  Data from each individual sweep is stored 

by the software in a text file which contains the frequencies measured and the corresponding 

reactance and resistance measurements. 

 

Figure 3-8: ZPlot screen used to control SI1260 impedance analyser, showing the 

setting used for this study. 

 

3.4.1.1 Characterisation of the platinum electrode 

The contribution to the impedance made by the platinum reference electrode was determined 

by first measuring the impedance of a platinum-platinum electrode pair, where both 

electrodes are essentially the same.  For this, 2 mm platinum rod electrodes (PT007920, 

Goodfellows), were used with 8 mm submerged in 0.9% w/v saline in the electrode chamber.  



 

86 

This gave a geometric surface area of approximately 50 mm
2
.  Then, by treating the observed 

impedance as three impedances in series (one for each of the electrodes and one for the 

solution) the contribution of each electrode could be calculated (Figure 3-9).   

 

Figure 3-9: Total measured impedance from a platinum-platinum electrode pair can be 

treated as three general impedances in series.  Whilst this arrangement does not elicit 

any information about the charge transfer resistance or double layer capacitance, it 

makes it possible to assess the contribution to the impedance made by different 

electrode sizes and materials. 

 

To determine the impedance contribution, the following procedure was used.  An impedance 

sweep was carried out with the platinum electrode pair, then one of the platinum electrodes 

was suspended in saline solution in the electrode chamber and submerged to 8 mm.  The 

impedance was then measured in conjunction with each of the electrodes in a circuit 

experiment.  The impedance of one platinum electrode is then subtracted from the total 

impedance in order to determine the contribution to the impedance made by the working 

electrode or counter electrode.  Mathematically, the impedance of a single platinum 

electrode is determined from the combined impedances for the platinum pair: 

ptsptptTp ZZZZ    

sptptptTpTp ZZjZZjZ  22  [3-1] 

 

Where ZTp is the total impedance of the Pt-Pt pair, Zspt is the solution resistance and Zpt is the 

impedance from each of the Pt electrodes.  Zspt was typically 60 Ω, determined from the 

complex plane plot at high frequency where the reactance is 0 Ω.  The impedance magnitude 

of Zpt was typically found to be 80 KΩ at 0.1 Hz.  Equating the real and imaginary parts of 

equation [3-1] gives: 

sptptTp ZZZ  2   
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and: 

ptTp ZjZj  2   

2

Tp

pt

Z
Z


  [3-3] 

3.4.1.2 Characterisation of printed electrode impedance 

The combined impedance of a platinum electrode with either the working electrode or 

counter electrode was measured (Table 3-4).  Mathematically, this can be modelled in order 

to determine the impedance of the measured working electrode or counter electrode, 

excluding the platinum electrode and the solution resistance (Figure 3-10). 

 

Table 3-4: Impedance measurements carried out with electrode pairs.  The Ag-AgCl 

WE has the same geometry and is made from the same ink as the carbon CE and 

therefore had the same impedance. 

Electrode Type Measurement Taken Parameter Determined 

Carbon 

Pt-WE Carbon WE 

Pt-CE Ag-AgCl WE/Carbon CE 

Ag-AgCl/Carbon Pt-CE Ag-AgCl CE 

 

 

Figure 3-10: Impedance of a single platinum electrode can be used to determine the 

impedance of either the working electrode or counter electrode.  The unknown 

electrode impedance is represented here as Zx. 
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The total impedance for the circuit shown in Figure 3-10 can be described by: 

xspxptTpx ZZZZ    

xxspxptptTpxTpx ZjZZZjZZjZ   [3-4] 

Where ZTpx is the impedance of a single platinum electrode in conjunction with the unknown 

electrode impedance, Zx.  Equating real and imaginary parts gives: 

xspxptTpx ZZZZ    

spxptTpxx ZZZZ   [3-5] 

and: 

xptTpx ZjZjZj    

ptTpxx ZZZ   [3-6] 

Equations [3-2], [3-3], [3-5] and [3-6] were used to determine the impedance of the carbon 

and Ag-AgCl WE and CE.  After measuring the impedance contribution from each of the 

electrodes, the impedance of the platinum pair was measured again to verify that the 

impedance signature hadn’t changed.  Average electrode impedance values for printed 

electrodes are given in Table 3-5.  The full results from the measurements shown in section 

4.3.3. 

Table 3-5: Average contribution to impedance from each electrode at 1 Hz 

Electrode    (Ω)     (Ω) 

Carbon WE 7.27 x 10
4
 -4.28 x 10

5
 

Carbon CE 

Ag-AgCl/Carbon WE 
2.31 x 10

3
 -1.67 x 10

4
 

Ag-AgCl CE 3.65 x 10
3
 -181 
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3.4.2 Selection of optimum measurement voltage 

Previous studies within the research group used a 200 mVrms perturbation voltage for 

impedance measurements (Farrow 2010; Shedden 2008), however this is outside the range 

where the system would be expected to be approximately linear (Macdonald 1987).  

Therefore, an experiment was carried out to assess the use of a lower perturbation voltage of 

10 mVrms.  All measurements were made in 1 ml of 0.9% w/v NaCl added directly to the 

electrode chambers.  Impedance measurements were carried out with a Solartron 1260 

impedance analyser at room temperature.  Two sets of measurements were made, the first at 

a perturbation voltage of 10 mVrms between 0.1 Hz and 1 MHz, the second at 200 mVrms 

across the same frequency range.  All measurements were carried out at 0 V dc bias.  The 

results are shown in section 4.3.1 and indicate that when a 10 mVrms perturbation voltage is 

used for the measurement, a large amount of noise occurs at lower frequencies. Therefore 

200 mVrms was used for all future measurements. 

3.4.3 Electrode preconditioning 

A conditioning technique was developed based upon Wang et al. (1996) to improve the 

consistency between carbon electrodes.  Activation of the electrode surface in a pre-

anodisation step was found to improve the electrochemical activity of the electrodes across a 

wide range of analyates.  The pre-anodisation step was thought to increase surface 

functionalities and roughness and the removal of surface contaminants (Wang et al. 1996).  

This approach was adopted here to improve the consistency between electrodes because it 

could be readily implemented in a future device and was found to slightly lower the baseline 

impedance and improve the consistency of the electrodes. 

1 ml of 0.9% w/v NaCl was added to the electrode chamber at room temperature.  Using the 

Solartron 1260 impedance analyser, in conjunction with a platinum CE, a DC bias of 2 V 

was placed across both carbon electrodes relative to the platinum CE.  This potential was 

held for three minutes before the potential was reversed to -2 V and held for a further three 

minutes.  Following this, three impedance sweeps were carried out in the same 0.9% w/v 

NaCl to verify that a consistent baseline signature was present. 

3.5 Impedance measurements with microorganisms 

This section describes the experiments carried out with the microorganisms described in 

Table 3-1.  For all microorganims tested, initial experiments were always carried out in the 
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optimal growth media (see section 3.2.2) prior to any measurements in artificial sputum 

media.  A combination of in situ and ex situ measurements were performed as part of the 

study.  In situ measurements are defined as those where the growth of the microorganism 

occurred in the presence of the electrode.  The in situ measurements were used to attempt to 

identify processes such as biofilm formation and microbial attachment that could affect the 

electrode impedance.  Ex situ measurements were also performed, whereby the 

microorganisms were incubated separately to the electrode and only added for the purpose of 

the measurement.  The ex situ measurements were important because the concept behind the 

infection monitor is that the sputum sample will only be in contact with the electrode for the 

duration of the measurement.  Furthermore some species tested showed lower viability when 

grown in the presence of the electrode chamber. 

3.5.1 Overnight cultures 

All overnight cultures were prepared in a laminar downflow hood by picking a single colony 

from an LB agar plate and inoculating 5 ml of LB media in a 30 ml universal (128C, Sterilin, 

Thermo Scientific).  The culture was then incubated at 37
o
C, shaking at 150 rpm overnight 

(15-20 hours).  Culture media was checked for turbid growth at this point.  The culture 

media used for each species of microorganism is described in section 3.2.3. 

3.5.2 Impedance measurements 

All impedance measurements were carried out using a Solartron 1260 impedance analyser 

with an AC voltage of 200 mVrms between 0.1 Hz and 1 MHz.  Impedance measurements 

were carried out at room temperature.  Initial measurements were made at the start of the 

experiment and then every 24 hours during the experiment, unless otherwise stated.  

Measurements were carried out by removing the electrode chambers from the incubator and 

attaching the impedance analyser with two crocodile clips to the chamber contacts.  A 200 

mVrms measurement potential was used and measurements were carried out from 0.1 Hz to 1 

MHz.  Two sweeps were carried out per electrode chamber in order to verify that the 

impedance remained the same between sweeps.  Electrodes not meeting this criterion were 

typically found to have a leak and were discarded from the experiment.  Following the 

measurement, the electrode chambers were returned to the incubator.  Impedance data 

analysis was carried out using Matlab r2012b (Mathworks).  The theory and models of the 

impedance measurements are explained in section 2.1 and 2.2. 
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3.5.3 In situ impedance measurements 

Assembled electrode chambers were sterilised by submerging in 70% v/v ethanol (32221-

2.5l, Sigma-Aldrich) prior to the experiments for 10 minutes and then left to dry under a 

laminar flow hood.  1 ml of sterilised media (selected for the species being tested, as 

described in section 3.2.3) was then aseptically added to each electrode chamber.  Chambers 

were then inoculated with an overnight culture of the species and strain of interest or left 

with un-inoculated media as a negative control.  Unless otherwise stated, a 1% v/v overnight 

culture was used for inoculation. 

3.5.3.1 Replacement of media to identify microbial attachment 

In order to investigate the role that microbial attachment had upon the impedance when P. 

aeruginosa was grown in situ a further step was carried out at the end of experiments (see 

sections 4.2.1 and 4.4.1 for results).  The media within the electrode chamber was carefully 

aspirated using a 1 ml pipette.  Fresh, sterile media was then added to the chamber very 

slowly down the side wall of the chamber.  The first aliquot of media was used to rinse away 

any remaining unattached culture.  The chamber was slowly aspirated before a second 

aliquot of sterile media was added.  Impedance measurements were then carried out as 

described in section 3.5.2. 

3.5.4 Ex situ impedance measurements 

As described above, ex situ measurements were carried out in order to assess the 

performance of the electrode at detecting P. aeruginosa when the bacteria has not been 

grown in the presence of the electrode.  This is important from the perspective of the end use 

device whereby the human samples will only be in contact with the electrode for the duration 

of the measurement.  A 1% v/v aliquot of overnight media was used to inoculate a 5 ml 

aliquot of media in a 30 ml universal container and was incubated at 37
o
C for up to 72 hours.  

All impedance measurements were carried out at the end of the incubation period.  An initial 

impedance measurement was carried out in 1 ml of sterile media at room temperature.  

Impedance measurements were carried out using the parameters described in section 3.5.2.  

Following this, the sterile media was removed and 1 ml of the incubated culture was added 

to the electrode chamber.  A further impedance measurement was carried out using the same 

procedure as the first measurement. 
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3.5.5 Microbial measurements in cystic fibrosis model environment 

Growth experiments were carried out in artificial sputum media (ASM) to represent the 

conditions found within the CF airway (Kirchner et al. 2012).  To achieve this, electrode 

assemblies were produced as described above (section 3.3.3) and sterilised in 70% v/v 

ethanol.  1 ml of sterile ASM (section 3.2.2.11) was then added to each electrode chamber.  

Chambers were inoculated with the bacteria of interest, either in a mono culture or a 

polymicrobial culture at equal cell densities.  Polymicrobial cultures consisted of P. 

aeruginosa combined with one other species (either S. aureus, H. influenzae or C. albicans) 

and were used to model basic situations that could occur in the CF airway. 

3.5.5.1 Calculation of appropriate starting cell density 

In preparation for the polymicrobial experiments, a standard curve was produced for each 

bacterial species used, linking OD600 to CFU/ml.  OD600 is widely used to indirectly 

determine microbial cell density.  Serial dilutions of the overnight culture of each strain were 

carried out in a 96 well plate and the OD600 was measured using a plate reader (Spectramax 

190, Molecular Devices).  The concentration of CFUs in the overnight culture was calculated 

and used to determine the concentration at each serial dilution.  This procedure was used for 

P. aeruginosa, H. influenzae and C. albicans.  For the polymicrobial experiments, the OD600 

of the overnight culture was adjusted to correspond to a starting cell density of 3 x 10
8
 – 5 x 

10
8
 CFU/ml. 

3.5.5.2 Microaerophilic chamber design 

A microaerophilic environment was created by using a lock ‘n’ lock plastic box (HPL826M, 

Lock ‘n’ Lock) modified with two 9 way D-sub connectors mounted through the sidewalls of 

the box (Order code: 674-0760 and 450-9258, RS components) to enable impedance 

measurements to be carried out without the need to remove the lid.  The D-sub connectors 

were made airtight by sealing around the connectors on the inside of the box with Servisol 

silicone adhesive (Figure 3-11). 
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Figure 3-11: Picture of the microaerophilic chamber used in these experiments. 

Chamber lid and foil electrode covers removed for clarity. 

3.5.6 Monoculture and polymicrobial experiments 

At the start of the experiment, up to nine sterile electrodes were connected, inoculated and 

placed into each microaerophilic box, with up to 18 electrodes used in any one experiment 

(i.e. two microaerophilic chambers).  The microaerophilic environment was created using a 

Campygen gas generation pack (order code: 10108012, Fisher Scientific).  Electrodes were 

then incubated at 37
o
C in a shaking incubator at 75 rpm for up to 72 hours. 

3.5.6.1 Impedance measurements 

Impedance measurements were carried out at the start of the experiment and then at least 

once every 24 hours for the duration of the experiment.  The microaerophilic chamber was 

removed from the incubator and kept at room temperature for the duration of the 

measurements which typically lasted approximately 45 minutes per chamber and four 
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minutes per electrode.  Impedance measurements were carried out using the parameters 

described in section 3.5.2. 

3.5.6.2 Post experiment colony counting 

Colony counting was carried out on the ASM cultures used in the CF model environment.  

For monoculture experiments, P. aeruginosa, C. albicans and S. aureus colony counting was 

done on LB agar.  For H. influenzae colony counting was carried out on HTA.  Selective 

agar was used for polymicrobial colony counting.  For P. aeruginosa, PIA was used.  For S. 

aureus MHA with salt was used, and for C. albicans LB agar supplemented with 15 μg/ml 

gentamicin (G3632-5g, Sigma-Aldrich) was used (see section 3.2.2 for detailed media and 

buffers). 

Colony counting was done using ten-fold serial dilutions in conjunction with the drop plate 

method (Herigstad et al. 2001).  This involved placing 10 μl drops of the diluted broth onto 

the appropriate solid media at different concentrations.  10 drops were plated for each sample 

at each concentration.  Plates were incubated at 30-37
o
C overnight.  Colonies were then 

enumerated at the concentration where 3 – 30 colonies existed per drop. 

3.6 Investigations into the role of phenazines in impedance 

A series of experiments were carried out to determine if pyocyanin, an easily identifiable 

phenazine metabolite produce by P. aeruginosa, was present within the media.  Furthermore, 

given the widely reported electrochemical properties of pyocyanin and associated 

phenazines, a series of experiments were carried out to determine the role they played in the 

measured impedance.  The results from these experiments are described in section 5.4. 

3.6.1 UV-Vis spectrum and associated protocol 

UV-Vis spectroscopy was used to determine whether pyocyanin was present in the 

supernatant from media following the growth of P. aeruginosa.  At the end of the experiment 

period, the supernatant was filter sterilised through 0.22 m syringe filter (Millipore) and 

then and added to an equal volume of methanol to fix the sample.  The UV visible spectrum 

was then measured from 190 nm to 850 nm using a Thermofisher 2000x spectrophotometer.  

Data analysis of the UV-visible spectrum was carried out in Matlab r2012b (Mathworks). 
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3.6.2 Calculation of pyocyanin concentration 

From the UV-vis spectrum, the concentration of pyocyanin was calculated to determine the 

overall sensitivity of the electrode.  The Beer-Lambert equation was used to calculate the 

concentration of oxidised pyocyanin present within the supernatant at 690 nm.  This was 

achieved by measuring the absorbance using a Thermofisher 2000x spectrophotometer and 

the applying the following equation: 

   
 

  
 [3-7] 

Where C is the molar concentration, A is the measured absorbance at 690 nm, b is the light 

pathlength (0.1 cm for the Thermofisher 2000x spectrophotometer) and ε is the extinction 

co-efficient, which for pyocyanin is 4310 M
-1

cm
-1

 at pH 7 (Price-Whelan et al. 2007). 

3.6.3 Sterile pyocyanin measurement 

The addition of pyocyanin to sterile ASM media was explored to determine if it resulted in a 

change in impedance. Pyocyanin purified from P. aeruginosa (P0046, Sigma-Aldrich) was 

solubilised in 100% ethanol to create a stock solution.  This was mixed with sterile ASM to 

create solutions containing different concentrations from 1000 μM to 1 μM.   

3.6.4 Exogenous pyocyanin measurements 

Experiments were also carried out to determine the effect that the addition of pyocyanin to 

an overnight culture of P. aeruginosa and S. aureus had upon the impedance.  The stock 

solution described above was mixed with sterile dH2O for the measurements carried out 

using S. aureus and P. aeruginosa.  1 ml samples of P. aeruginosa and S. aureus (as 

monocultures) were grown overnight (20 hours) along with negative controls in 24 well 

plates.  Following this, the samples were removed from the microaerophilic growth chamber 

and after initial impedance measurements, pyocyanin was added to aliquots of media to a 

final concentration of 100 M and 300 M.  An impedance measurement was carried out at 

each concentration. 

3.6.5 Growth experiments with mutant strains of P. aeruginosa 

A series of experiments were carried out to determine the effect that P. aeruginosa strains 

unable to produce phenazines had upon the impedance.  These experiments were carried out 
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by following the monoculture protocol described in section 3.5.5 with mutant strains from 

the PA14NR set and a double knockout mutant (see Table 3-1 for specific strains used). 

3.7 Investigations into microbial attachment on the electrode surface 

Biofilm formation and microbial attachment on the carbon electrode surface was investigated 

through the use of crystal violet (CV) staining and both fluorescent and scanning electron 

microscopy (SEM).  Visualisation of the electrode in this manner was carried out to 

determine if changes observed in the impedance following the addition of fresh media after 

the growth of P. aeruginosa could be related to microbial attachment and biofilm formation 

on the electrode surface.  CV staining was used because it represented a quantitative method 

of assessing microbial attachment across the whole electrode.  Epifluorescent microscopy 

and SEM were both used as techniques that facilitated qualitative analysis of the electrode 

surface following the growth of P. aeruginosa.  The results are described in section 4.5 (CV 

staining and epifluorescent microscopy) and section 5.5 (SEM). 

3.7.1 Crystal violet assays 

3.7.1.1 Electrode chamber CV staining 

CV staining was carried out using the following procedure (Figure 3-12).  Chambers were 

attached to the electrodes printed on as described in section 3.3.2.  After sterilising in 70% 

v/v ethanol for 10 minutes, 1 ml of sterile LB was then added to each chamber and 

inoculated with P. aeruginosa.  The electrode chambers were incubated for up to 72 hours. 

At the end of the experiment, CV staining was carried out using an adaptation of the protocol 

described by Merritt et al. (2005).  Chambers were carefully flushed twice with sterile LB 

media.  Following this, 1 ml of an aqueous solution of 0.1% v/v CV was added to each 

chamber.  After 10 minutes, the chambers were aspirated and rinsed with dH2O to remove 

any further loose material.  At this point, the base (containing the electrode) was peeled away 

from the polypropylene tube.  Each base was then placed into its own bijou tube containing 3 

ml of 95% v/v ethanol for 10 minutes to solubilise the stain.  The electrode was removed 

after 10 minutes and the absorbance of the ethanol was measured using a Nanodrop 2000c 

(Thermoscientific) spectrophotometer at 570 nm (Figure 3-12).  By using the approach of 

removing the electrode base from the growth chamber, the background absorbance caused by 

biofilm attachment at the air-liquid interface and not the electrode could be eliminated. 
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Figure 3-12: Summary of CV staining assay used to measure microbial attachment and 

biofilm on the electrode surface. (1) Chamber is attached to electrode. (2) Assembly is 

sterilised and media is added, inoculated and incubated for required length of time. (3) 

Chamber is rinsed and CV stain is added. (4) CV removed after 10 mins, chamber 

rinsed with dH2O. (5) Chamber is removed; electrode is placed into ethanol for 10 

mins. 

  

3.7.1.2 Electrode coupon CV staining 

An alternative version of the CV staining assay was also used, whereby electrode coupons 

sterilised in 70% v/v ethanol and placed into the bottom of a 24 well plate.  This adapted 

version was carried out remove the problems associated with biofilm attaching to the silicone 

adhesive sealant used to construct the chambers.  The coupons were then left in a laminar 

down flow hood to allow the ethanol to fully evaporate.  1 ml of sterile LB media was then 

added to each of the electrode chambers and then inoculated with 2 μl of the P. aeruginosa 

strain of interest and incubated for up to 72 hours. 

At the end of the time period, the media from each electrode chamber was removed and 

replaced with a fresh aliquot of LB to wash away loose biofilm material.  The fresh media 

was then aspirated and replaced with a 0.1% v/v solution of CV in dH2O.  This was then 

incubated at room temperature for 10 minutes.  The electrode coupons were removed from 

the CV solution using forceps and dipped in dH2O to rinse away any non-attached biofilm 

and CV stain.  The coupon was then placed into a clean 24 well plate containing 1 ml of 95% 

v/v ethanol and incubated for 10 minutes at room temperature.  Following this, the electrode 
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coupon was removed and the absorbance of the ethanol was measured using a 

spectrophotometer at 570 nm (Thermofisher, 2000x). 

3.7.2 Microscopy of the electrode surface 

3.7.2.1 Electrode coupon preparation for microscopy 

Microscopy of the electrode was carried out in order to understand the extent to which P. 

aeruginosa was able to attach to the electrode.  Electrode coupons were printed onto acetate 

sheets using carbon ink as described in section 3.3.2.  These were then cut out and sterilised 

in 70% v/v ethanol (32221-2.5l, Sigma-Aldrich) for 10 minutes, placed one each into a 24 

well plate and left in a laminar flow hood to allow the ethanol to evaporate.  Some of the 

coupons were placed directly into the bottom of the 24 well plate, whereas other were placed 

perpendicular to the bottom of the plate so that a portion of the electrode would protrude 

from the media.  This enabled a biofilm to form at the air liquid interface and served as a 

positive control (Figure 3-13).  

 

Figure 3-13: Configuration of the electrode coupon used in the positive control. 

 

3.7.2.2 Epifluorescent microscopy in LB media 

1 ml of sterile LB was added to each well containing a prepared electrode coupon and 

inoculated with P. aeruginosa PA14.  The 24 well plate was incubated at 37
o
C shaking at 75 

rpm.  Following this, the coupons were aspirated and gently rinsed with 1 ml of normal 

saline for 5 minutes to remove any loosely attached material. 

The coupons were stained by adding 50 μl of 5 μM SYTO 9 stain in filter sterilised dH2O to 

the surface of the coupon and  incubated in darkness for 15 minutes.  After the incubation, 

the coupons were rinsed again in filter sterilised dH2O prior to mounting on a glass 

microscope slide with a coverslip to prevent evaporation.  Microscopy was carried out using 

an epifluorescent microscope (Zeiss Axio Imager Z1).  Image analysis was subsequently 

carried out using the Fiji image processing package (Schindelin et al. 2012). 
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Positive and negative controls were carried out in conjunction with the experiments.  

Negative controls were employed in all experiments in order to verify there was no auto-

fluorescence on either the electrode surface or within the media.  Positive controls were 

produced as described in section 3.7.2. 

3.7.2.3 Scanning electron microscopy 

SEM was carried out to explore microbial attachment of P. aeruginosa in ASM following 

microaerophilic growth.  Modified electrode coupons were made, by cutting out carbon 

electrodes printed on acetate (section 3.3.2).  The electrodes were cut into a specific pattern 

which would allow the front face and top and bottom of the electrode to be easily identified 

(Figure 3-14).  Following this, the exposed edges and back of the electrodes were hand 

painted with carbon ink (Electrodag PF407A, Acheson) to ensure that no acetate remained 

exposed.  The carbon ink was cured in a box oven as described in section 3.3.2. 

 

Figure 3-14: Electrode coupon pattern used for SEM microscopy 

The electrode coupons were sterilised in 70% v/v ethanol for 10 minutes, placed into a 24 

well plate and left to dry in a laminar flow hood.  As described above (section 3.7.2) some of 

the electrode coupons were placed at right angles to the base of the well in order to allow a 

biofilm to form at the air liquid interface and thus serve as a positive control.  1 ml of ASM 

was then added to each electrode chamber.  Chambers were inoculated with 1% v/v of an 

overnight culture of P. aeruginosa PA14 (OD600 = 0.33), which equated to approximately 2.5 

x 10
6
 CFU/ml final concentration.  The 24 well plate was incubated for 72 hours at 37

o
C 

shaking at 75 rpm in a microaerophilic environment.  The microaerophilic environment was 

created using a campygen pack (CN0025, Oxoid) placed into a lock n lock airtight container. 
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Fixation of the biofilm was carried out in a fume cupboard using a protocol adapted from 

Harrison et al. (2006).  Electrode chambers were removed from the incubator and aspirated.  

1 ml of sterile saline was added to each well and incubated for 5 minutes at room 

temperature after which the sterile saline was aspirated from the electrode chambers.  500 μl 

of 2.5% v/v glutaraldehyde solution (section 3.2.2.14) was added to the electrode chamber 

and incubated (in the fume cupboard with the lid on the plate) at room temperature for 2 

hours.  To visualise the biofilm structures, the wells were aspirated and rinsed for 10 minutes 

in 500 μl cacodylate buffer (section 3.2.2.13) for 10 minutes.  A further rinse was then 

carried out for 10 minutes in 18.2 MΩ dH2O to remove any remaining salts.  Following this, 

the wells were aspirated and the electrode coupons left to air dry for 120 hours. 

To view, they were mounted on stubs and sputter coated using a gold target.  Viewing was 

carried out using a Hitachi TM-1000 table top SEM with an acceleration voltage of 15, 000 

V.  Once the samples were fixed and air dried, they were stored at room temperature in 

culture dishes to prevent contamination from dust.   

3.8 Impedance data analysis 

In the discussion, the electrochemical theory described in section 2.2 is used to explore the 

results.  This section describes the approaches adopted to handle the large quantities of data 

produced and analysed.  Data analysis was also carried out to identify trends and 

characteristic signals in the impedance data that related to particular species.  Finally, a peak 

detection algorithm was created to allow peaks in the normalised impedance data be easily 

identified. 

3.8.1 Data handling 

Each impedance measurement produced a single text file containing data on the impedance 

frequency, resistance and reactance measurements.  A database was developed in MS Access 

to allow data from different experiments to be imported and structured for downstream 

analysis.  Once in MS Access, the data could be copied into Matlab where a front end tool 

was produced to carry out full analysis of the results. 

The Matlab front end facilitated easy production of mean impedance data (resistance, 

reactance, phase, normalised resistance, normalised reactance and normalised phase) and 

was also used to develop the peak detection algorithm described in section 3.8.3. 
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3.8.2 Impedance normalisation 

Impedance data was normalised to detect characteristic changes that could indicate the 

presence of microorganisms, as described previously (Connolly and Shedden 2010).  This 

was carried out on the resistance and phase data as follows: 

0


 

t

nt
nt

IPA

IPA
IPN

 

[3-8] 

Where ntIPN  is the normalised impedance parameter of interest (i.e. reactance, resistance, 

impedance modulus or phase) and IPAt is the absolute (as measured) impedance parameter.  

An example of un-normalised and normalised resistance data is shown below in Figure 3-15.  

This indicates that the normalised process highlights changes in the impedance that are less 

easily identified by analysis of the raw data. 

 

Figure 3-15: Example of raw data signal and equivalent normalised signal. (A) 

Measured resistance. (B) Normalised resistance. 

 

3.8.3 Peak detection algorithm 

As shown in the results (for example, section 4.4 andFigure 5-11) the presence of P. 

aeruginosa leads to characteristic peaks in the normalised impedance data.  Therefore, a 

simple peak detection algorithm was developed to rapidly and objectively identify peaks and 

troughs in the phase and normalised resistance data.  The algorithm was implemented in 
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Matlab and analyses impedance data from individual or mean impedance data for peaks and 

troughs.  The algorithm works as follows: 

1. The frequency is converted into a linear scale, with divisions set by a user defined 

parameter called the step size. 

2. A spline interpolation is carried out on the y-axis data (i.e. the normalised phase or 

normalised resistance) to generate a value for each point on the x-axis linear scale. 

3. The interpolated data is then fitted using a Savitsky-Golay filter.  The polynomial size and 

frame size used are defined by the user. 

4. From the filtered data, a peak is defined as four consecutively increasing datapoints in the 

y-axis data, followed by four consecutively decreasing datapoints.   

5. The peaks and troughs identified in each of the impedance measurements are plotted over 

the raw data to provide the user with an indication of the quality of the fit.  Additionally, a 

text file can be produced with specific details of the locations of each peak and trough. 

The optimum values for the step size, polynomial order and frame size vary for each of the 

impedance parameters.  A set of user defined values were established and used throughout 

this study.  These are shown in Table 3-6.  An example of the peak detection algorithm is 

shown in Table 3-7. 

Table 3-6: Parameters used for peak and trough detection 

Impedance Parameter Step Size 
Polynomial 

Order 
Frame Size 

Normalised Resistance 0.1 2 15 

Normalised Phase 0.05 3 19 
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Table 3-7: Example of data output from phase data peak and trough detection.  The 

graphical plots provide an indication of how well the identified peak fits the data.  The 

text beneath the plots shows the frequency and location of each peak identified.  

Bacteria Peaks & Troughs Negative Control Peaks & Troughs 

 
Chnl Freq (Hz) Peak Location 

============================= 

Peak: C1426 0 Hrs 

ch 1 2.00e+001 7.88e+001 

ch 2 1.58e+001 8.11e+001 

ch 3 1.41e+001 7.88e+001 

ch 4 1.58e+001 8.12e+001 

 

Peak: C1426 24 Hrs 

ch 1 3.98e+001 6.98e+001 

ch 2 5.62e+001 7.06e+001 

ch 3 5.01e+001 6.90e+001 

ch 4 6.31e+001 6.94e+001 

 

Peak: C1426 50 Hrs 

ch 1 6.31e+001 6.36e+001 

ch 2 6.31e+001 6.46e+001 

ch 3 7.08e+001 6.18e+001 

ch 4 8.91e+001 6.24e+001 

 

Peak: C1426 72 Hrs 

ch 1 7.08e+001 5.72e+001 

ch 2 8.91e+001 5.60e+001 

ch 3 7.94e+001 5.10e+001 

ch 4 100  5.18e+001 

Chnl Freq (Hz) Peak Location 

============================= 

Peak: Neg Ctrl 0 Hrs 

ch 1 10  8.04e+001 

ch 2 10  7.91e+001 

ch 3 10  8.07e+001 

ch 4 10  7.91e+001 

 

Peak: Neg Ctrl 24 Hrs 

ch 1 NaN  NaN 

ch 2 7.94e+000 8.00e+001 

ch 3 6.31e+000 8.06e+001 

ch 4 10  7.95e+001 

 

Peak: Neg Ctrl 50 Hrs 

ch 1 6.31e+000 8.01e+001 

ch 2 7.94e+000 8.03e+001 

ch 3 7.08e+000 8.05e+001 

ch 4 10  7.95e+001 

 

Peak: Neg Ctrl 72 Hrs 

ch 1 7.08e+000 7.99e+001 

ch 2 7.08e+000 8.04e+001 

ch 3 6.31e+000 8.07e+001 

ch 4 8.91e+000 7.96e+001 
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Table 3-7 continued. 

Bacteria Peaks & Troughs Negative Control Peaks & Troughts 
Chnl Freq (Hz) Trough Location 

============================= 

Trough: C1426 0 Hrs 

ch 1 2.51e-001 6.71e+001 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 NaN  NaN 

 

Trough: C1426 24 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 NaN  NaN 

 

Trough: C1426 50 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 2.00e-001 4.33e+001 

ch 4 NaN  NaN 

 

Trough: C1426 72 Hrs 

ch 1 NaN  NaN 

ch 2 2.82e-001 4.01e+001 

ch 3 2.51e-001 4.11e+001 

ch 4 NaN  NaN 

 

Chnl Freq (Hz) Trough Location 

============================= 

Trough: Neg Ctrl 0 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 NaN  NaN 

 

Trough: Neg Ctrl 24 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 NaN  NaN 

 

Trough: Neg Ctrl 50 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 1.58e-001 7.54e+001 

 

Trough: Neg Ctrl 72 Hrs 

ch 1 NaN  NaN 

ch 2 NaN  NaN 

ch 3 NaN  NaN 

ch 4 NaN  NaN 

 

3.8.4 Equivalent circuit analysis 

Equivalent circuit analysis was carried out using the instant fit tool within the ZView 

(Scribner Associates) suite.  Individual impedance sweeps were fitted to circuit data and 

average results and SD are reported for comparison with other studies.  The equivalent 

circuits analysed and comparison with other studies is described in detail in section 7.3.2.1. 

3.8.5 P. aeruginosa detection algorithm 

A detection algorithm was produced based upon the observation in human sputum samples 

that a peak in the normalised resistance data appears at a higher frequency when P. 

aeruginosa is present than when absent.  The detection score is designed to provide an 

indication of the likihood of infection with P. aeruginosa, with a positive value indicative of 

the presence of P. aeruginosa and a negative value indicative of a P. aeruginosa negative 

sample.  This was applied retrospectively to the data from human sputum samples.  The 

score was calculated by dividing the normalised resistance magnitude at 1000 Hz by the 

normalised resistance magnitude at 100 Hz.  The logarithm to the base 10 of this value was 

then taken, as follows: 
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  [3-9] 

Where Rn1000 is the normalised resistance at 1000 Hz and Rn100 is the normalised resistance 

at 100 Hz. 

3.9 Measurements with clinical sputum samples 

A series of measurements were carried out with human sputum samples in order to 

determine if it is possible to detect the presence of P. aeruginosa in the context of infections.  

These experiments formed the conclusion of the study carried out here.  In order to 

accommodate the different properties of human sputum contrasted to ASM and address 

fundamental differences in the experiments contrasted to the earlier work, much of this part 

of the study related to experimental development.  

3.9.1 In vitro measurement of P. aeruginosa in sputasol 

Sputasol is a mucolytic agent containing Dithiotheritol (DTT) and is used clinically to help 

breakdown sputum for microbiological analysis.  DTT is an electroactive compound, 

therefore the impact it had upon the impedance was assessed using an overnight culture of P. 

aeruginosa grown in ASM.  1 ml aliquots of sterile ASM media were placed into a 24 well 

plate and inoculated with an overnight culture of P. aeruginosa optically adjusted to a 

concentration of 2.5 x 10
8
 CFU/ml (see section 3.5.5.1).  These were incubated 

microaerophilically using a campygen pack (CM0025, Oxoid) for 48 hours.  Following the 

incubation, impedance measurements were carried out using four conditioned electrodes 

using the settings described in section 3.5.2.  Measurements were made firstly in sterile 

ASM, then in the inoculated ASM (after incubation) and finally in ASM after the addition of 

50% v/v sputasol.  The media was then incubated for a further 60 minutes at room 

temperature, before a final impedance measurement was taken in order to determine whether 

the sputasol had a longer term effect upon the impedance measurement.  

3.9.2 Ethical consent 

Ethical consent was gained from the Greater Glasgow NHS trust biorepository for the use of 

clinical sputum samples to assess the performance of the electrode (application number 139, 

Appendix A).  Approval was also gained from the University Ethics Committee for the 

handling of sputum samples at the University of Strathclyde. 
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3.9.3 Measurement of sputum samples one and two 

Sputasol was used to perform a baseline measurement and break down the first two sputum 

samples tested.  Sputasol was prepared following the manufacturer’s instructions (see section 

3.2.2.15).  The design one electrode assembly (described in section 3.3.3) was used for this 

experiment.  After conditioning (described in section 3.4.3), electrode chambers were 

sterilised in 70% v/v ethanol and then a blanking measurement was carried out using 

sputasol and the impedance settings described in section 3.5.2.  Following this, the electrode 

chambers were rinsed with dH2O and the human sputum samples were placed into the 

electrode chamber, and the impedance measurement taken.  A further impedance 

measurement was then taken after dilution of the sample in 50% v/v sputasol using the 

sample electrodes.  All measurements were carried out in a class II biological safety cabinet.  

The methods described in this section are best understood when read in conjunction with 

results chapter 6. 

3.9.4 Measurement of remaining sputum samples 

Following ambiguous results when sputasol was used with human samples, 0.9 % v/v NaCl 

was used to perform baseline blanking measurement prior to measurements in human 

sputum samples for the rest of the samples tested.  Electrodes were prepared as described in 

section 3.3.4.  Where described in the results, electrodes were conditioned (see section 3.4.3) 

and then a blanking measurement was taken in 0.9% w/v NaCl immediately prior to 

measurements in human sputum samples (see section 3.5.2).  For the blanking 

measurements, the electrodes were applied to a 5 ml aliquot of saline in a 30 ml universal 

container.  Measurements with the human sputum samples were carried out by applying the 

electrode directly to the sputum sample in the pot used for collection.  The electrode 

assembly was held in position during the impedance measurements using a test tube clamp.  

All measurements were carried out in a class II biological safety cabinet. 

3.9.5 Electrode chamber modifications for use with human sputum 

The following sections describe the changes made for the design two and three electrodes, 

which were used for measurement in human sputum samples.  Electrode design one was the 

same as that used in the in vitro experiments (see section 3.3.3).  The modifications were 

made to the assembly in order to allow the developed electrode to easily be applied to the 

human sputum samples. 
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3.9.5.1 Assembly design two 

Electrodes were cut out and a length of wire was attached to each electrode connector.  A 

reliable conductive path to these was achieved cementing the connection in place with 

carbon ink (Electrodag PF407A, Acheson) and curing in the oven at 120
o
C for 30 mins.  

Following this, polyethelyene was fixed over the top of the connectors and over the top of 

the track leading up to the working electrode.  The electrode was then integrated into the lid 

of a 15 ml centrifuge tube (430790, Corning).  To achieve this, two parallel slots were cut in 

the lid of the tube, approximately 12 mm apart and just deep enough to break through to the 

underside of the lid.  Two 2 mm holes were then cut into the side walls of the tube, 

approximately 15 mm from the top.  The electrode assembly was then fed through the slots 

in the lid and the wires through the holes in the tube.  The lid was screwed on to the tube to 

complete the assembly (a cartoon of the assembly is shown in Figure 6-6). 

3.9.5.2 Assembly design three 

Electrodes were assembled by cutting out and attaching wires as described in section 3.9.5.1 

above.  In addition to the carbon ink, dielectric ink was painted over the contacts and the 

exposed portion of wire (D2020823D2, Gwent) and cured at 80
o
C for 30 minutes in a box 

oven.  Following this, a PE substrate was fixed over the electrode contacts and track leading 

up to the working electrode.  The assembly was then attached to the bottom of a 7 ml bijou 

tube using a length of the PE substrate.  The assembled electrodes were each stored in a 30 

ml universal container prior to use.  This reduced exposure to the atmosphere and protected 

the assembly from mechanical damage.  The end of a 15 ml centrifuge tube was pushed into 

the top of the bijou tube to allow the assembly to be held in a test tube clamp prior to 

measurement (a cartoon of the assembly is shown in Figure 6-11Figure 6-12). 

3.9.6 Microbiological analysis of sputum samples 

After impedance measurements, microbiological analysis of sputum samples was carried out 

in order to determine the number of colony forming units of P. aeruginosa and Gram 

positive bacteria.  Prior to impedance measurements, a small aliquot of sputum was removed 

and placed into a pre-weighed microcentrifuge tube.  The mass of the tube was measured 

before and after the addition of the sputum and an equivalent quantity of sputasol was added 

to the sample.  This was homogenised by incubating at room temperature for 20 minutes and 

pipetting vigorously with a 1 ml pipette.  Tenfold serial dilutions were then carried out in 

sterile 0.9% w/v NaCl and the drop plate method (described in section 3.5.6.2) was used in 
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conjunction with selective media.  For enumeration of P. aeruginosa, PAB+CN was used 

(see section 3.2.2.8).  For enumeration of Gram positive bacteria, MSA was used (see section 

3.2.2.9). 

3.9.7 Measurement of sputum samples with final electrode assembly 

LB media was prepared as described in section 3.2.2.1.  100 ml of prepared media was then 

placed into three 250 ml conical flasks and autoclaved for 15 mins at 121
o
C.  The flasks were 

kept sterile by placing a foam bung in the mouth of the flask prior to autoclaving.  1 ml of an 

overnight culture of P. aeruginosa PA14 grown in LB media was used to inoculate each of 

the three flasks, after an aliquot of sterile media had been taken.  The flasks were then 

incubated at 37
o
C shaking at 250 rpm. 

Three of the design three electrodes assembled as described in section 3.9.5.2 were used for 

the impedance measurements, one for each flask.  Impedance measurements were carried out 

(see section 3.5.2) once every hour by aseptically removing 5 ml of media.  Electrodes were 

held in place using a test tube stand.  The initial aliquot of media taken prior to inoculation 

was measured at the start of the experiment, prior to any measurements carried out with 

inoculated media as a blanking measurement. 

At the same time as the impedance measurements were carried out, a small aliquot of media 

was taken and used to perform hourly colony counts in accordance with the drop plate 

method described in section 3.5.6.2, using LB agar.  In addition, a 1 ml cuvette was filled 

with the media at the given time point and the absorbance was measured at 600 nm using a 

Thermofisher 2000x spectrophotometer.  The media taken between the fifth and ninth hours 

was also used to determine the concentration of pyocyanin by measuring the UV-visible 

spectrum as described in section 3.6.2. 

In order to assess the effect of changes to the media or the electrodes over the course of the 

experiment, the impedance measurements were repeated on sterile LB media under the same 

conditions.  Specifically, three conical flasks containing sterile LB media were incubated for 

8 hours with impedance measurements taken every two hours.  
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4 ELECTRODE CHARACTERISATION, PERFORMANCE ASSESSMENT AND 

OPTIMISATION 
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4.1 Introduction 

Comparison of the impedance signature between an initial measurement and measurements 

at subsequent time point allows relative changes in the electrode-electrolyte interface to be 

readily identified.  In a previous study, differences have been seen in the impedance of a 

microbial broth in which S. aureus has grown.  Peaks observed following the impedance 

measurement of S. aureus on a screen printed carbon electrode have shown that it is possible 

to detect growth of the bacteria after 4-8 hours as shown in Figure 4-1 (Farrow et al. 2012). 

 

Figure 4-1: Example of normalised peaks detected in phase data from an experiment 

with S. aureus over 16 hours using screen printed Ag-AgCl electrodes. (A) Negative 

control containing MHB growth media only.  (B) Culture of S. aureus RN4220.  Dotted 

lines show location of frequency peak.  From Farrow et al. (2012). 

 

In this chapter, the electrode described in section 3.3.3 is studied to determine if 

characteristic peaks can be determine in the same manner for P. aeruginosa.  Normalised 

data were compared with negative control electrode chambers to determine if changes in the 

normalised impedance spectrum could be related to the growth of the bacteria.  The main 

impedance parameters explored were the phase, the real part of the measured impedance 



 

111 

(refered in the results as the resistance), and impedance modulus, across the frequency 

spectrum from 0.1 Hz to 100 kHz. 

A set of initial experiments were carried out with P. aeruginosa over 24 and 48 hours with 

both screen printed carbon and screen printed carbon/silver-chloride electrodes.  As 

discussed in this chapter, the baseline impedance of the carbon electrodes was high and the 

consistency between individual electrodes was sometime poor.  To address these issues, an 

electrode conditioning procedure was developed.  The impedance contribution of the 

working and counter electrodes were then characterised to understand the relative 

contribution from each electrode.  Finally, measurements were carried out with the 

conditioned electrodes with a total of five different strains of P. aeruginosa to identify 

changes in the impedance as a result of microbial growth. 

As described in section 1.4.1, microbial attachment and biofilm formation at the electrode 

surface could be key drivers to changes in the impedance.  Therefore, crystal violet (CV) 

staining and epifluorescent microscopy of the electrode surface were undertaken to 

determine the extent of microbial attachment possible on the electrode over the same time 

periods used for the impedance measurement. 
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4.2 Initial impedance measurements in microbial broth 

4.2.1 Performance of carbon electrode 

The carbon electrode described in section 3.3.1 (and shown in Figure 3-5) was assessed to 

determine its ability to detect the presence of P. aeruignosa during incubation in LB media.  

As described in section 3.3.1, the bipolar electrode was asymmetric consisting of a central 

working electrode, surrounded by a counter electrode that was approximately 30 times larger 

in geometric area, allowing the effects at the working electrode to dominate the impedance 

measurement (Bockris et al. 2000).  The pattern was initially printed using carbon ink on a 

glass microscope slide, as described in section 3.3.2.  Carbon has been widely used as a 

choice material for biosensors because of its relative chemical inertness, large range of 

working potentials and low residual currents (Morrin et al. 2003).  Furthermore, carbon ink 

is relatively low cost, contrasted to other commonly used electrode materials such as 

platinum, gold or Ag-AgCl. 

A drawback, however, of the carbon ink was the high baseline impedance observed (e.g. 

impedance modulus of 4.1 M with a phase angle of 79.1
o
 at 1 Hz; and 3.7 k with a phase 

angle of 2.9
o
 at 100 kHz).  Such high baseline impedances could mask electrochemical 

processes that might affect the electrode interface as a result of microbial growth, attachment 

and biofilm formation. 

To test this directly, the impedance of the electrode in the presence of media inoculated with 

P. aeruginosa was tested over 24 hours and 48 hours at 37
o
C.  After sterilising the electrode 

chambers, 2 µl P. aeruginosa PAO1 RHL GFP overnight culture was used to inoculate 1 ml 

of LB media in a sterile electrode chamber.  At the end of the experiment, the media within 

each electrode chamber (both PAO1 RHL GFP and negative control) was slowly aspirated 

and replaced with a sterile aliquot of LB, to determine if any changes had occurred to the 

electrode surface that could be detected using impedance. 

The results indicate that the growth of P. aeruginosa causes a discernible change in all the 

measured impedance parameters. A number of peaks were observable in the phase data, 

normalised phase data and the resistance data (Figure 4-2 A, B and C).  A drop in the 
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impedance was also observable in the impedance modulus data (Figure 4-2 D).  The greatest 

changes in the phase and impedance modulus were observed at the low frequency end of the 

spectrum, therefore the experiment was repeated across a wider frequency spectrum from 1 

MHz down to 0.1 Hz.   

 

Figure 4-2: Impedance of P. aeruginosa PAO1 RHL GFP grown for 24 hours in LB 

media.  (A) A drop in the phase angle occurs below 3 kHz.  (B) The changes are also 

reflected in the normalised phase data.  (C) Peaks are clearly visible in the normalised 

resistance data.  (D)  The impedance modulus shows an overall drop in the impedance 

at the end of the experiment.  Error bars represent +/- 1 SD, n = 4. 

Following the results of the first experiment, a second experiment was carried out over a 

longer time period of 48 hours in order to see if further changes occurred to the impedance 

signature in the samples containing P. aeruginosa.  Additionally, measurements were carried 

out down to a lower frequency of 0.1 Hz.  At the end of the second experiment, the 

supernatant from the samples containing P. aeruginosa was removed and added to the 

negative control electrode chambers.  This was done to try and determine if the impedance 
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changes were related to direct microbial interaction at the electrode surface, or a change in 

the properties of the media caused by P. aeruginosa. 

Changes in the impedance signature were similar to those observed in the first experiment.  

The starting impedance phase angle was consistent with the first experiment and was close to 

90
o
 at lower frequencies.  However, at frequencies less than 1 Hz the normalised resistance 

impedance signature was largely obscured by noise (Figure 4-3 A, B and C).  This could 

have been due to instrument error.  The performance specification for the SI1260 impedance 

analyser indicates that above an impedance of 1 MΩ, the instrument error is +/- 1% and 

above 10 MΩ the error is +/- 10% (Solartron 1996).  It can be seen from Figure 4-3 that at 

0.1 Hz, the negative control impedance modulus is greater than 10 MΩ, resulting in a noisy 

signal when the resistance data is normalised. 

Between 24 and 48 hours, there was little change in the impedance signature across the 

phase, normalised phase, normalised resistance or impedance modulus.  However, when the 

electrode chambers containing P. aeruginosa were aspirated and an aliquot of fresh media 

was added to them, a pronounced change could be observed in the normalised phase angle at 

low frequency, contrasted to the negative control.  In the first experiment at 24 hours, the 

normalised phase value when fresh media was added to the electrode was 0.8 units at 1 Hz 

(Figure 4-2 B).  In contrast, the mean normalised phase in fresh media was 25% lower in the 

second experiment at 48 hours (0.6 units at 1 Hz), suggesting a time dependent change in the 

electrode surface as a consequence of P. aeruginosa growth (Figure 4-3 B). 
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Figure 4-3: Measurement of PAO1 RHL GFP to 0.1 Hz over 48 hours.  (A) A drop is 

observable in the phase angle, at low frequencies. (B) Similar changes can be seen in the 

normalised phase angle.  (C) Peaks are also observable in the normalised resistance 

data.  (D) A drop in the impedance modulus is also seen.  It is interesting to note that 

the impedance modulus measurement at 0.1 Hz is approximately one order of 

magnitude higher than it is at 1 Hz.  Shading represents +/- 1SD, n = 4. 

The aspirated media from the electrode chambers containing P. aeruginosa was filter 

sterilised and added to the negative control electrodes.  A change in the measured impedance 

parameters contrasted to the negative control was observed at frequencies below 100 Hz.  

Analysis of the impedance phase, modulus, normalised phase and normalised resistance at 1 
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Hz shows that these changes are significantly different, contrasted to the negative control 

(Table 4-2).  Furthermore, the peak normalised resistance shifts from 100 Hz in the electrode 

chambers where P. aeruginosa is grown to 10 Hz when this media is added to the negative 

control electrode (Figure 4-3 C). 

Table 4-1: Comparison of impedance data at a fixed frequency of 1 Hz when negative 

control media is aspirated and replaced with 48 hour old P. aeruginosa supernatant.  P 

values were calculated using two tailed Mann-Whitney test (n = 4 for each sample). 

 Changes in Media at 1 Hz 

Impedance Parameter 
Negative Control  

48 Hrs 

Conditioned Media  

48 Hrs 

Negative Control vs. 

Conditioned Media 

Mann-Whitney Test 

Phase (degrees) 
81.01 

(SD 2.20) 

39.67 

(SD 3.39) 
0.0304 

Modulus (ohms) 
3.58 x 10

6 

(SD 2.97 x 10
5
) 

1.26 x 10
6
 

(SD 3.21 x 10
5
) 

0.0304 

Normalised Phase 
1.09 

(SD 0.02) 

0.49 

(SD 0.04) 
0.0304 

Normalised Resistance 
0.79 

(SD 0.14) 

1.38 

(SD 0.36) 
0.0304 

 

As noted in the first experiment, peaks were identified in the phase and normalised resistance 

data.  The peak detection algorithm described in section 3.8.3 was used to determine the 

location of the peaks in the normalised resistance data and normalised phase data from the 

two experiments described (Table 4-2).  Peaks were only included between 1 Hz and 10 kHz, 

and a peak was only considered to exist when it appeared in the same location in all four 

samples (i.e. peak frequency within a factor of ten of each other).  From Table 4-2, it can be 

seen that, for the phase angle, peaks were consistently detected in the samples containing P. 

aeruginosa.  Where peaks were also detected in the negative control data, they were 

significantly different from the P. aeruginosa samples, with the exception of the 

measurements taken at the start of the experiment.   In contrast, fewer peaks were 

consistently detected in the normalised resistance data, with no peaks being detected when 

the fresh media was measured.  
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Table 4-2: Application of the peak detection algorithm to identify peaks in the 

impedance phase and normalised resistance data from the first two experiments. Peaks 

were identified between 1 Hz and 10 kHz.  Only peaks identified in the same region 

across all four samples were averaged and included in the table below.  n.t. = not 

tested; n.d. = not detected in every replicate.  The two-tailed Mann-Whitney test was 

used by pooling individual data points from both experiments for each timepoint. 

Time point 

(Hours) 

Peaks identified in first  

experiment 

Peaks identified in second 

experiment 
Pooled Mann-

Whitney test 

results 
Specimen 

(n = 4) 

Neg Ctrl 

(n = 4) 

Specimen 

(n = 4) 

Neg Ctrl 

(n = 4) 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Phase angle peaks 

0 38.73 81.43 43.75 81.73 38.65 82.38 32.80 82.40 0.9164 0.7527 

24 460.50 45.90 6.33 82.25 404.75 52.85 n.d. - - 

48 n.t. n.t. 428.00 50.98 n.d. - - 

Fresh media 46.53 76.65 5.96 82.43 47.00 76.55 28.13 80.68 0.0101 0.0009 

Supernatant n.t. n.t. 78.33 74.93 - - - 

Normalised resistance peaks 

24 119.50 2.55 85.63 1.08 94.85 2.79 51.18 1.17 0.0101 0.0009 

48 n.t. n.t. 106.50 2.48 n.d. - - 

Fresh media n.d. n.d. n.d. n.d. - - 

Supernatant n.t. n.t. 6.63 1.86 - - - 

 

In summary, the initial experimental results with P. aeruginosa indicate that the growth of 

the bacteria in the electrode chambers causes a change to the impedance, contrasted to the 

negative control.  Peaks that appear to be characteristic of the growth of P. aeruginosa were 

observed in the phase data and the normalised resistance data.  Changes to the impedance 

contrasted to the negative control were seen when the electrode chambers containing P. 

aeruginosa were aspirated and fresh media was added.  A change was also seen in the 

impedance when the supernatant was placed into the negative control electrode chambers 

and measured.  These results suggest that P. aeruginosa interacts with the electrode through 

two different mechanisms.  Firstly, by modifying the electrode surface during growth, and 

secondly by changing the properties of the media, thus causing changes to the impedance 
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contrasted to the negative control.  Next, the performance of the Ag-AgCl/carbon electrodes 

was tested to determine if similar changes to the impedance spectrum occurred in the 

presence of P. aeruginosa. 

 

4.2.2 Performance of Ag-AgCl/carbon electrode 

As mentioned in section 4.2.1 above, the impedance modulus of the carbon electrodes at the 

start of the experiment at 0.1 Hz was in the order of 10 MΩ.  This high starting impedance 

could mask other characteristic changes relating to the growth of P. aeruginosa that have not 

been observed.  To address this, an Ag-AgCl counter electrode was used, as described in 

section 3.3.1.    The aim was to produce a hybrid electrode that overall had a lower starting 

impedance whilst still using carbon for the working electrode.  Although the Ag-AgCl 

counter electrode was now much smaller than the carbon counter electrode, the non-

polarisable properties of Ag-AgCl were expected to result in lower impedance across the 

frequency spectrum.  Therefore, it was anticipated that with a much larger carbon working 

electrode the total impedance of the electrode would be lower. Both the carbon and Ag-

AgCl/carbon electrodes are characterised in detail later in this chapter (section 4.3.3). 

As expected, the Ag-AgCl /carbon electrodes had lower baseline impedance than the any of 

the carbon electrodes.  The impedance modulus was typically in the range of 288 kΩ at 0.1 

Hz, contrasted to 10 MΩ at 0.1 Hz observed with the carbon electrodes.  Furthermore, the 

phase angle peaks at 60
o
 at 20 Hz before dropping at lower frequencies, in contrast to the  

carbon electrodes where the phase angle plateaus at approximately 80
o
 across the entire low 

frequency spectrum (Figure 4-4A).    To assess the Ag-AgCl/carbon electrode in the context 

of changes resulting from the growth of P. aeruginosa, the experiment described in section 

4.2.1 was repeated. 

As before, electrode chambers were sterilised and filled with 1 ml of LB media and half were 

then inoculated with 2 μl of P. aeruginosa PAO1 RHL GFP from an overnight broth before 

incubating again for 48 hours.  In the earlier experiments, it was noted that evaporation of 

the media from the electrode chamber occurred, particularly over longer periods of time.  

This was addressed by incubating the chambers in a high humidity environment, produced 

using two plastic trays placed together with inside surfaces facing.  Some damp paper towels 

were placed in this enclosure to create a humid environment for the incubation of the 
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electrodes.  The media within the electrode chambers was kept sterile by the custom made 

covers, shown in Figure 3-7. 

Changes in the impedance signatures as a result of the growth of P. aeruginosa PAO1 RHL 

GFP can be seen after 24 hours (Figure 4-4).  The impedance signature is similar, but not the 

same as that observed with the carbon electrodes.  The phase angle shows a slight trough at 1 

Hz (24 hours), which shifts to a higher frequency of 100 Hz at 48 hours (Figure 4-4 A).  

Similar troughs to those observed with the carbon electrodes can also be seen in the 

normalised phase data (Figure 4-4 B).  In addition, the normalised phase data shows changes 

at higher frequencies not visible in the impedance measurements from the carbon electrodes.  

A peak in the normalised phase is also observable in the higher frequency data that wasn’t 

present in the impedance measurements from the carbon experiments.  Similar peaks can be 

observed in the negative control data, although these occur at a higher frequency (Figure 4-4 

B).  These peaks indicate that, with the Ag-AgCl/carbon electrode changes also occur to the 

negative control throughout the experiment.  It is interesting to note that such changes were 

not observed in the impedance signatures from the carbon electrodes, and could suggest that 

there is a conditioning effect not seen previously due to the high impedance of the carbon.  

Overall, therefore, it is also conceivable that the differences between the Ag-AgCl electrodes 

and carbon electrodes in the P. aeruginosa positive chambers occur because they are not 

masked by the high starting impedance observed with the carbon electrodes. 

The normalised resistance data shows peaks similar to those observed in the carbon 

electrodes (Figure 4-4 C).  As with the normalised phase, changes could be seen at higher 

frequencies that weren’t visible in the carbon electrodes.  In contrast, the impedance modulus 

only showed a change at 48 hours (Figure 4-4 D).  These changes were much less 

pronounced than those found with the carbon electrodes, where an impedance change could 

be seen after 24 hours (Figure 4-4 D).  This suggests that, although the carbon electrode has 

a high starting impedance, the normalised resistance parameter is more sensitive to changes 

caused by P. aeruginosa than the Ag-AgCl/carbon electrode.  A complete discussion of the 

advantages and disadvantages of the carbon electrode and Ag-AgCl/carbon electrode is 

provided in section 7.3.1.4. 
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Figure 4-4: Growth of P. aeruginosa PA14 in LB media using the Ag-AgCl/carbon 

electrode.  (A) The phase angle exhibits a broad peak from the outset, but there is still 

little change in the negative control throughout the experiment.  (B) Peaks and troughs 

are clearly visible in the inoculated chambers, note also that a high frequency peak can 

be seen in the negative control.  (C) The normalised resistance data shows similar peaks 

to the carbon electrode.  However, there is also some fluctuation in the negative control.  

(D) A drop of one order of magnitude is observable in the impedance modulus.  

Shading represents +/- 1 SD, n = 4. 
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4.3 Electrode optimisation 

The initial results described above indicate that the carbon electrodes had a high starting 

impedance modulus, particularly at low frequencies, whereas the Ag-AgCl/Carbon electrode 

had a lower total impedance.  In this section, the optimisation of the electrode design is 

described, followed by characterisation of the electrodes.  Firstly, the selection of AC 

perturbation voltage of 200 mVrms is reviewed and verified as appropriate, and then the 

results of electrode conditioning are presented.  The section then ends with the 

characterisation of the impedance of both the carbon and Ag-AgCl/carbon electrodes. 

During the early experiments, it was noted that, over long time periods (in excess of 48 

hours), the electrode could detach from the glass microscope substrate.  This was further 

confirmed by the fact that the ink could easily be scraped from the surface of the slides.  In 

order to ensure that this did not cause a problem in future experiments, the printing substrate 

was changed to acetate.  The adherence to this substrate was greater, and it was not possible 

to scrape either the carbon or Ag-AgCl inks off. 

4.3.1 Selection of measurement voltage 

A perturbation voltage of 200 mVrms was selected for the impedance experiments described 

above.  Previous investigations within the research group have used this measurement 

potential and have demonstrated that it is possible to characterise both mammalian and 

bacterial cells (Farrow 2010; Shedden 2008).  200 mVrms is sufficiently small to avoid large 

electrochemical or electric field effects on cells, yet large enough to take measurements out 

of the noise range at low frequencies in particular.  In contrast, several studies that have used 

impedance spectroscopy to detect the presence of bacteria employed perturbation voltages 

less than 50 mV (Bayoudh et al. 2008; Ben-Yoav et al. 2011; Marsili et al. 2008a; Muñoz-

Berbel et al. 2006, 2008a; Paredes et al. 2012; Pires et al. 2013; Kim et al. 2012; Yang et al. 

2003, 2004).  One reason commonly cited for the selection of a low perturbation voltage is 

that it ensures the response of the system is approximately linear (Macdonald 1987). 

Given the high impedance of the carbon electrode at low frequencies in particular, described 

in section 4.2.1, it was anticipated that a lower perturbation voltage would be below the 

detection limit of the SI1260 instrument.  However, a brief experiment was carried out in 

order to explore the effect that a lower perturbation voltage would have upon the impedance 

with the carbon electrodes developed as part of this study.  A measurement was carried out 
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in 0.9% w/v NaCl at 10 mVrms and 200 mVrms potentials (see section 3.4.2 for more detail on 

the method). 

When measurements were carried out at 10 mVrms, it was found that below 1 Hz, the 

impedance signature was dominated by noise (Figure 4-5 A).    The noise observed when a 

perturbation voltage of 10 mVrms was used is a direct result of very low fields around the 

electrode and across the double layer, resulting in poor diffusion gradients and drift profiles, 

and therefore a less stable electron exchange.  In contrast, a consistent impedance signature 

resulted from the measurement at 200 mVrms, except at low frequencies, where a consistent 

signature existed for three out of four electrodes (Figure 4-5 B and C).  One of the electrodes 

showed a sudden drop in the phase angle below 1 Hz.  The reasons for this are discussed in 

more detail in the next section on electrode conditioning.  Briefly, it is thought to result from 

residual solvents left behind during the curing stage of the ink and the silicone adhesive used 

to mount the chamber above the electrode. 
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Figure 4-5: Assessment of different measurement potentials.  (A) when a measurement 

potential of 10 mVrms was used, the impedance signature became noisy at less than 1 Hz 

for all four electrodes measured.  (B) a more consistent impedance signature could be 

seen at low frequencies when 200 mVrms was used.  (C) Mean results from 10 mVrms and 

200 mVrms superimposed.  Shading represents +/- 1SD, n = 4. 

 

The other increase in noise with a perturbation voltage of 10 mVrms is likely to result from 

the measured current being below the accurate detection limit of the impedance analyser 

(Table 4-3).  With a perturbation voltage of 10 mVrms or 200 mVrms, the resulting current for 

the impedance magnitude at 1 Hz is beyond the detection limit of the SI1260 instrument.  

The 10 mVrms perturbation voltage is over two orders of magnitude beyond the detection 

limit, whereas at 200 mVrms the perturbation voltage is half an order of magnitude beyond 

the detection limit.  This partly explains why the results at 200 mVrms are less noisy than at 

10 mVrms.  Therefore, as expected, 200 mVrms measurement potential was more consistent 

and was used for all the future impedance measurements.  However, even at 200 mVrms, the 

detection limit is above that of the impedance analyser.  Therefore, to lower the impedance 
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further and increase the consistency of the electrodes, electrode conditioning was carried out, 

as described in the following section. 

Table 4-3: Analysis of current at the two perturbation voltages measured.  The error is 

calculated from the Solartron specification chart, showing the measurement 

performance of the instrument (Solartron 1996).

Perturbation 

Voltage 

(Vrms) 

Impedance 

modulus at 

0.1 Hz 

(Ω) 

Corresponding 

current 

(Amps) 

Corresponding current ranges across SI1260 performance 

specification for a perturbation voltage of 1V (Amps) 

0.1%/0.1
o 

(10 < Z < 100K) 

0.2%/2
o
 

(100K < Z < 1M) 

1%/1
o
 

(1M < Z < 10M) 

10%/10
o
 

(10M < Z < 100M) 

1 x 10
-2
 

1 x 10
7
 

1 x 10
-9
 

0.1 – 1 x 10
-5
 1 x 10

-5
 – 1 x 10

-6
 1 x 10

-6
 – 1 x 10

-7
 > 1 x 10

-7
 

2 x 10
-1
 2 x 10

-8
 

 

4.3.2 Electrode conditioning 

In some circumstances when performing baseline measurements with the carbon electrodes, 

a different impedance signature was observed, characterised by large, low frequency drop in 

the phase angle, and a corresponding drop in the impedance magnitude.  This was observed a 

below approximately 100 Hz (Figure 4-6 and Figure 4-5) and, although it did not affect all 

electrodes, it was present in a large enough sample of the electrodes to require a resolution.  

Possible reasons for this impedance signature include the effect of residual solvents present 

in the electrode ink prior to curing and solvent left behind from the silicone adhesive used to 

mount the chambers. 

To address these problems and to lower the baseline starting impedance so that the 

measurements would be within the detectable range for the Solartron SI1260 impedance 

analyser, the conditioning approach described in section 3.4.3 was employed.  This would 

allow electrodes to be consistently produced with the same baseline impedance.  It involved 

biasing the DC potential of the electrode at 2 V for three minutes and then at -2 V for a 

further three minutes, using a platinum electrode as the counter electrode in a 0.9% w/v NaCl 

electrolyte.  Following this, three impedance sweeps were carried out across the electrode, to 

ensure the signature was consistent. 

It was found that in most cases the conditioning process removed the problems associated 

with the large low frequency drop and resulted in a consistent signature across all electrodes 

(Figure 4-6).  Occasionally, electrodes were still found with the peculiar signature after 
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conditioning.  A quality control step was therefore included during the baseline 

measurements whereby these electrodes were discarded and replaced with ones that had a 

consistent baseline.  In addition to addressing the problems associated with electrode 

consistency, conditioning resulted in a drop in the impedance magnitude of 44% at 0.1 Hz 

and a drop in the phase angle at lower frequencies (Figure 4-7).  Thus, the conditioning 

process was expected to improve the sensitivity of the carbon electrodes by slightly reducing 

the masking of changes to the impedance caused by the high baseline impedance, and 

bringing the measurements into the detectable range for the SI1260 instrument. 

 

Figure 4-6: Example of an initial impedance signature inconsistent with other 

electrodes showing (A) phase plot and (B) impedance modulus before and after 

conditioning.  Application of the conditioning procedure ensured that all electrodes had 

the same baseline impedance signature. 

 



 

126 

 

Figure 4-7: Impedance changes as a result of electrode conditioning.  (A) A slight drop 

in the phase angle can be seen at lower frequencies.  (B) From 1 kHz, there is a slight 

but consistent drop in the modulus of the impedance.  Shading represents +/- 1 SD, n = 

4. 

4.3.3 Electrode characterisation 

To understand how the electrode area (print area and surface roughness) and material affects 

the overall impedance, an experiment was carried out in order to determine the relative 

contribution made by each of the electrodes to the total impedance measured in a 0.9% v/v 

NaCl solution.  A complete description of the procedure is described in section 3.4.1.  

Briefly, this involved the use of two platinum electrodes constructed from 2 mm diameter 

platinum rods.  An impedance measurement was carried out with both the platinum 

electrodes to ascertain their value, followed by an impedance measurement with a single 

platinum electrode in conjunction with either the working electrode or counter electrode.  

Subtracting the low value platinum impedance from the measurement gives the impedance 

of either the working electrode or counter electrode, depending which was used in the 

experiment.  Finally, a measurement was carried out with the platinum pair again to verify 

there was no change in the platinum impedance during the experiment.  The contribution to 

the impedance made by one of the platinum electrodes used with the carbon electrode and 

the electrolyte resistance was then mathematically removed from the results in order to 

determine the contribution to the impedance from a single electrode (i.e. the carbon working 

electrode, carbon counter electrode and the Ag-AgCl counter electrode). 

The results are shown in Figure 4-8 and indicate that the large area carbon counter electrode 

(geometric area of 92.65 mm
2
) makes a contribution to the impedance that is similar to the 

impedance of a single platinum electrode (geometric area of 50 mm
2
), except at low 
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frequencies where an increase in impedance magnitude of the carbon electrode can be seen 

(98.2 kΩ at 0.1 Hz).  Platinum is well known for its low impedance (Geddes 1972); however 

it is interesting to note that the impedance of the carbon electrode is comparable at high 

frequencies.  This could be explained by the relative surface areas of the two electrodes.  The 

carbon electrode is over 45% larger in surface area compared to the platinum electrode and 

therefore the platinum would have lower impedance on a comparable geometric area.   

The large area counter electrode has an impedance 1.5 orders of magnitude lower when 

compared to the impedance signature of the working electrode across the whole frequency 

spectrum (Figure 4-8A).  This indicates that during the experiment, changes to the 

impedance of the small area working electrode (geometric area of 3.14 mm
2
) will dominate 

the observed signature, indicating that the growth of the bacteria on this electrode might be 

observable as an impedance change, through one or more of the mechanisms described in the 

literature review (section 1.4). 

 In contrast to the carbon electrode, the impedance of the Ag-AgCl counter electrode at 0.1 

Hz is 507 Ω and therefore much lower than either the carbon working electrode (3.39 MΩ at 

0.1 Hz) or the carbon counter electrode (139 kΩ at 0.1 Hz;Figure 4-8).  The impedance 

signature of the Ag-AgCl electrode across the impedance spectrum differs from that of the 

platinum electrode and carbon electrodes, due to the different properties of the electrode 

materials.  Unlike the carbon and platinum materials, the Ag-AgCl undergoes an 

electrochemical reaction with chloride ions within the electrolyte enabling the oxidation or 

reduction of the silver and therefore facilitating the flow of a faradic current (Grimnes and 

Martinsen 2008).  This results in the Ag-AgCl being relatively non-polarisable and explains 

lower impedance seen in seection 4.2.2. 
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Figure 4-8: Baseline performance of the carbon electrodes.  (A) The impedance 

modulus of each electrode when the contribution of a single platinum electrode and 

electrolyte resistance has been removed. (B) The “raw” impedance modulus for 

comparison.  Shading represent +/- 1 SD, n = 4. 

 

 

Figure 4-9: Impedance modulus of the Ag-AgCl counter electrode.  Ag-AgCl is non-

polarisable, therefore faradic current flows more readily than in the platinum or 

carbon electrodes. (A) The impedance modulus of the counter electrode when the 

contribution of a single platinum electrode and the electrolyte resistance has been 

removed.  (B) The “raw” impedance modulus for comparison. 
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4.4 Impedance measurements with conditioned electrodes 

4.4.1 In situ growth of P. aeruginosa PA14 with conditioned electrodes 

Once the conditioning approach described above had been implemented and the electrodes 

had been characterised, a set of experiments was carried out in LB media to determine 

whether P. aeruginosa influenced the impedance of the electrodes during growth in a 

consistent manner that might allow the signature to be used as a detection mechanism.  This 

also provided the opportunity to test the standard laboratory strain of P. aeruginosa, PA14 

(see Table 3-1). 

The results show that with the conditioned carbon electrodes, P. aeruginosa causes a 

characteristic change in the impedance (Figure 4-10).  Interestingly, the changes to the 

impedance over the frequency range differ to those found with the P. aeruginosa strain, 

PAO1 RHL GFP.  The change in phase angle during growth is not as pronounced (Figure 

4-10 A).  However, a clear trough was evident in the normalised phase at high frequency 

(Figure 4-10 B). 

In general, the normalised resistance signature was similar to that previously seen for the P. 

aeruginosa strain PAO1 RHL GFP with a large peak visible between approximately 10 Hz 

and 100 Hz (Figure 4-10 C).  The peak detection algorithm described in section 3.8.3 was 

applied to the data from the experiment described here (Table 4-4).  This shows that a peak 

can be consistently identified in all five of the chambers where PA14 was growing between 

24 and 72 hours.  In contrast, slight peaks were detected in some of the negative control 

channels, but not consistently and generally at a higher frequency.  When the electrode 

chambers were aspirated and replaced with fresh media, a single peak was present in the 

normalised resistance at 500 Hz in the chambers where P. aeruginosa PA14 was grown.  

Interestingly, the double peaks observed in the normalised resistance data at approximately 1 

Hz and 10 Hz in the first two experiments did not develop as in Figure 4-2 C and Figure 4-3 

C.  The reasons for changes in the normalised impedance spectrum are fully explored in 

discussion section 7.3.4.  At this stage, it is useful to note that the differences could be 

related to: phenotype differences between the two strains; an effect caused by the electrode 

conditioning; or the fact that the experiment with P. aeruginosa PA14 was performed over a 

longer time period than the first two experiments discussed at the start of the chapter (i.e. 72 

hours).  The modulus of impedance shows that there is a drop of approximately one order of 

magnitude in the impedance (Figure 4-10 D), which is less than the drop in impedance 
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observed in the second experiment with PAO1 RHL GFP, where a change in the impedance 

magnitude of two orders was seen at 0.1 Hz (see Figure 4-2 and Figure 4-3). 

 

Figure 4-10: P. aeruginosa PA14 in LB media over 72 hours with carbon electrodes 

after conditioning.  (A) a change is clearly observable in the phase impedance signature 

after 24 hours.  (B) the normalised phase shows a trough at 4 kHz (black arrow) which 

is not visible in the un-normalised phase data and persists in an aliquot of fresh, sterile, 

LB. (C) a series of peaks are clearly observable in the normalised resistance data, a 

small peak at different frequency can also be observed when the media is replaced with 

an aliquot of fresh, sterile LB at the end of the experiment (black arrow).  (D) The 

normalised reactance indicates that significant changes occur in the measured 

reactance data throughout the experiment.  Shading represents +/- 1 SD, n = 3. 
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Table 4-4: Identification of peaks in the normalised resistance data. The table shows 

that peaks were only detectable in all replicates when PA14 was grown in LB media.  

Sporadic peaks were also visible in the negative control data, but never in all replicates 

at the same timepoint. PA14 n =5; Neg ctrl n = 4.    Ten measurements were performed 

per frequency decade, therefore the range of the peaks detected at high frequencies is 

greater than the range at lower frequencies. 

Strain Time point 

No. of 

channels 

peaks 

observed in 

Peak freq – Hz 

(SD) 

Peak amp  

(SD) 

PA14 

24 all 10.43 (4.95) 1.83 (0.22) 

48 all 28.32 (7.62) 1.72 (0.23) 

72 all 21.50 (11.85) 1.44 (0.21) 

Fresh LB 4 419.50 (157.11) 1.09 (0.02) 

Fresh LB 3 2.60 (3.22) 1.27 (0.13) 

Neg Ctrl 

24 1 0.25 1.65 

24 2 63.12 (62.87) 1.00 (0.04) 

48 1 0.25 1.42 

48 2 94.55 (44.48) 0.97 (0.04) 

72 3 76.50 (25.08) 0.96 (0.04) 

Fresh LB 1 0.32 1.02 

Fresh LB 4 251.75 (104.65) 1.01 (0.04) 

 

4.4.2 Growth of P. aeruginosa clinical isolates with carbon electrodes 

The strains of P. aeruginosa that initially colonise the CF airway have been found to differ 

from isolates taken at later timepoints (Harrison 2007; Hassett et al. 2009).  As described 

fully in the literature review (section 1.2.3), early isolates are typically non-mucoid, virulent 

and planktonic, whereas late isolates have a host adapted phenotype, often characterised by 

the production of large quantities of polysaccharides, giving rise to the so called mucoid 

strain.  Late isolates readily form biofilms that are almost impossible to eradicate.  An 

experiment was carried out with the conditioned carbon electrodes in order to explore the 

differences in the impedance between two pairs of clinical isolates (defined in Table 3-1).  

As shown in Figure 4-11, each of the pairs are isogeneic and were isolated from the same 

patient at different timepoints, one strain being an early isolate and the other a host adapted 

isolate (Stewart et al. 2013).  The isolates were originally collected by the CF Microbiology 

Consortium at Edinburgh University. 
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Figure 4-11: Clinical P. aeruginosa isolates from CF patients. 

An impedance experiment was carried out with the J1385/J1532 and C1426/C1433 strains in 

order to identify any differences in the impedance signature between early P. aeruginosa 

isolates from the CF airway and late isolates.  Sterile media was added to the electrode 

chambers and inoculated with one of the four P. aeruginosa strains outlined in Figure 4-11 

or left sterile as a negative control.  

The electrode chambers were then incubated at 37
o
C for 72 hours.  After 24 hours, all strains 

of P. aeruginosa produced a change in the impedance resistance, reactance and associated 

normalised impedance parameters, when contrasted against the negative controls.  

Characteristic impedance peaks occurred in the normalised resistance data for both the early 

and late isolates after 24 hours (Figure 4-12).  These peaks were analysed using the peak 

detection algorithm described in section 3.8.3. 

The results show that the normalised resistance peak occurs at similar frequencies and 

amplitudes for each of the four strains tested, comparable to those observed in previous 

experiments in this chapter (Table 4-6).  Additionally, a significant drop in the impedance 

modulus at low frequency could be seen with each of the strains contrasted against the 

negative control, indicating a decrease in the impedance of the electrode as a consequence of 

the growth of P. aeruginosa (P<0.05, measured with the two tailed Mann-Whitney test, 

Table 4-5). 
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Figure 4-12: Normalised resistance peaks in P. aerugionsa early isolates (C1426 and 

J1385) and late isolates (C1433 and J1532).  (A) and (B) show the normalised resistance 

for the early isolates.  (C) and (D) show the normalised resistance for the late isolates 

(C1433 and J1532).  Shading represents +/- 1 SD, n = 4. 
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Table 4-5: Mean change in impedance modulus at low frequency for each strain.  

Values marked * are significantly different to the negative control (P<0.05, measured 

with the two tailed Mann-Whitney test). 

Strain 

Impedance Modulus at 0.1 Hz (Ω) 

0 Hours 24 Hours 50 Hours 72 Hours 

Neg Ctrl 4.51 x 10
6
 4.39 x 10

6
 4.20 x 10

6
 4.09 x 10

6
 

C1426 5.27 x 10
6
 1.13 x 10

6 
* 5.28 x 10

5 
* 3.04 x 10

5 
* 

C1433 4.73 x 10
6
 3.03 x 10

5 
* 2.00 x 10

5 
* 2.47 x 10

5 
* 

J1385 4.98 x 10
6
 7.33 x 10

5 
* 2.95 x 10

5 
* 2.10 x 10

5 
* 

J1532 5.58 x 10
6
 5.35 x 10

5 
* 2.87 x 10

5 
* 2.14 x 10

5 
* 
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Table 4-6: Application of the peak detection algorithm to normalised resistance data 

for clinical isolates. n = 4 for all samples.  Ten measurements were performed per 

frequency decade, therefore the range of the peaks detected at high frequencies is 

greater than the range at lower frequencies.  For comparison, the peak detection results 

from the experiment with P. aeruginosa PA14 (Table 4-4) are included below with a 

grey background. 

Strain Time 

Number of 

channels 

peak 

detected in 

Peak freq – Hz 

(SD) 

Peak amplitude  

(SD) 

J1385 

24 all 31.84 (32.2) 1.38 (0.29) 

24 1 316 1.08 

50 all 106.63 (43.40) 1.42 (0.22) 

72 all 177.25 (64.02) 1.35 (0.16) 

J1532 

24 all 41.95 (15.71) 1.78 (0.44) 

50 all 139.50 (48.73) 1.45 (0.21) 

72 all 243.75 (114.93) 1.34 (0.23) 

C1426 

24 all 20.00 (8.31) 1.33 (0.16) 

50 all 23.83 (2.55) 1.43 (0.16) 

72 all 86.98 (27.13) 1.47 (0.15) 

C1433 

24 all 65.43 (18.73) 1.55 (0.15) 

50 all 122.35 (32.36) 1.43 (0.12) 

72 3 152.67 (50.21) 1.36 (0.13) 

72 1 6.31 1.16 

72 1 1260 1.01 

PA14 

(from 

Table 4-4) 

24 all 10.43 (4.95) 1.83 (0.22) 

48 all 28.32 (7.62) 1.72 (0.23) 

72 all 21.50 (11.85) 1.44 (0.21) 

Neg ctrl 

24 2 7125.00 (1152.58) 1.07 (0.04) 

24 1 10 0.92 

50 2 4085 (1308.15) 1.01 (0.07) 

72 2 3245 (1039.45) 1.01 (0.07) 

Neg ctrl 

(from 

Table 4-4) 

24 1 0.25 1.65 

24 2 63.12 (62.87) 1.00 (0.04) 

48 1 0.25 1.42 

48 2 94.55 (44.48) 0.97 (0.04) 

72 3 76.50 (25.08) 0.96 (0.04) 

The normalised phase impedance signatures from each of the isogenic pairs were compared 

to determine if it is possible to detect any difference between the early P. aeruginosa isolates 
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and the host adapted, late isolates.  Comparison of the mean data shows that a clear peak and 

trough pair are present in the phase data from both the early isolates (J1385 and C1426) 

around 100 Hz, with a trough present between 1 kHz and 2.5 kHz (Figure 4-13 A).  In 

contrast, only one peak is observable at 100 Hz for one of the host adapted strains, seen in 

the data for C1433 at 72 hours (Figure 4-13 B).  It is interesting that the differences between 

the early and late isolates are consistent across the two pairs.  The changes therefore appear 

to be related to the phenotype. 

 

Figure 4-13: Comparison of the mean normalised phase angle between non-mucoid and 

mucoid pairs.  (A) Isogenic strains, C1426 and C1433, showing a clear peak at 

approximately 100 Hz and a trough between 1 kHz and 2.5 kHz.  (B) Similar behaviour 

for the other two isogenic strains, J1385 and J1532, peak and trough pairs.  Shading 

represents +/- 1 SD, n = 4. 

 

Further analysis of the normalised phase angle against time at 100 Hz shows that a clear 

difference is observable between the early and late isolates.  Specifically, it can be seen that 

the early isolates have a higher normalised phase angle than the late isolates (Figure 4-14).  

Furthermore, when the data from the two early isolates and the data from the two late 

isolates are pooled, there is a significant different in the normalized phase angle at 24 hours 

and 48 hours (P = 0.0014 and P = 0.0039 respectively, two tailed Mann-Whitney test), but 

not at the final timepoint of 72 hours.  It is possible that the production of virulence factors 

by the early isolates (J1385 and C1426) causes a change in the impedance which differs to 
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that observed in the late strain.  Furthermore, the large quantity of polysaccharides produced 

by the late isolates could have an impact upon the impedance in a more direct manner by 

encouraging microbial attachment to the electrode surface. 

 

Figure 4-14: Time plot of the normalised phase angle at 100 Hz for each of the non-

mucoid/mucoid pairs.  (A) Non mucoid strain C1426 contrasted to mucoid strain 

C1433. (B) Non mucoid strain C1385 contrasted to mucoid strain C1532.  P values 

calculated using two tailed Mann-Whitney test.  Error bars represent +/- 1SD, n = 4. 

 

Colony counting was carried out at the end of the experiment in order to determine the P. 

aeruginosa cell density within each of the electrode chambers.  A similar concentration of 

cells was found across all strains, in the region of 10
9
 CFU/ml (Table 4-7), with the 

exception of J1532, where a slightly lower cell concentration was counted.  This could have 

been related to the viscous media present at the end of the experiment which made it difficult 

to homogenize the sample and perform serial dilutions equally, thus leading to an 

underestimate of the number of viable cells present.  The number of cells counted at the end 

of the experiment are typical for P. aeruginosa under these growth conditions (i.e. stationary 

phase in rich media). 
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Table 4-7: Final P. aeruginosa cell densities determined through drop plate colony 

counting. n = 4 for each different strain. 

Strain 
P. aeruginosa cell density at 72 Hours (CFU/ml) 

Mean Min Max 

C1426 5.96 x 10
9
 5.20 x 10

8
 1.65 x 10

10
 

C1433 6.80 x 10
9
 1.68 x 10

9
 2.00 x 10

10
 

J1385 5.28 x 10
9
 1.55 x 10

8
 1.27 x 10

10
 

J1532 4.60 x 10
8
 7.00 x 10

6
 1.63 x 10

9
 

4.5 Microbial attachment on the electrode surface 

To investigate the foundation for changes in the impedance further, the capacity for P. 

aeruginosa to attach to the carbon electrode surface and form microcolonies and biofilms 

was explored.  In LB media, this was achieved using a simple CV assay to quantify the 

formation of microcolonies on the carbon electrode surface.  Epifluorescent microscopy was 

also used to visualise the extent of microbial attachment on the electrode surface. 

4.5.1 Crystal violet staining 

The crystal violet assay described in section 3.7.1.1was used to quantify the amount of 

microbial attachment on the carbon electrode surface at the end of an experiment.  Briefly, 

this is achieved by aspirating the electrode chamber, adding a 0.1% v/v CV in dH2O solution 

and incubating for 10 minutes at room temperature.  Following this, the CV was removed, 

the chamber was rinsed with dH2O and the stain was solubilised using 95% v/v ethanol for a 

further 10 mins.  CV stains the peptidoglycan cell wall of the bacteria, which is then 

removed by the ethanol.  By measuring the absorbance of the solubilised dye from the 

attached bacteria only, it was possible to assess the degree of microbial attachment to the 

electrode surface (Merritt et al. 2005). 

CV staining was carried with P. aeruginosa PA14 (Figure 4-15).  The results show that there 

is an increase in the amount of staining throughout the experiment, but at 24 hours, there is 

no significant difference between the inoculated chambers and the negative control (Table 

4-8).  These results suggest that the formation of microcolonies occurs on the carbon 

electrode surface, but only significantly over periods greater than 24 hours. 
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Figure 4-15: CV assay for PA14, showing the change in concentration of CV as a 

function of growth.  There is no significant change in the concentration of CV after 24 

hours of incubation.  Error bars represent +/- 1 SD.  PA14 24 Hr n = 5; PA14 48 Hr n = 

5; PA14 72 Hr n = 6; Neg Ctrl n = 6. 

 

Table 4-8: Test of difference between CV staining of samples and negative control.  

Calculated using two tailed Mann-Whitney test. 

 
PA14 24 Hrs 

(n = 5) 

PA14 48 Hrs 

(n = 5) 

PA14 72 Hrs 

(n = 6) 

Negative Ctrl 

(n = 6) 
0.8551 0.0081 0.0051 

 

A potential weakness of the approach used for CV staining is that the silicone adhesive used 

to mount the electrode chambers could have provided a substrate that the P. aeruginosa cells 

readily colonised.  If this was the case, microbial attachment to the silicone, not the electrode 

surface could dominate the CV staining results.  To address this problem, a refined version 

of the CV staining assay was employed to measure the quantity of stain from experiments 

with the P. aeruginosa strains J1385 and J1532 (Table 3-1).  In this experiment, electrode 

coupons made out of carbon ink with a 10 mm diameter were cut out of acetate and 

incubated in 1 ml of LB media inoculated with J1385 or J1532 in a 24 well plate.   
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Staining on the inoculated electrodes was significantly different between the negative control 

and also the positive controls.  There is a steady increase in the concentration of CV over 

time from the non-mucoid strain contrasted to the mucoid strain.  A possible reason for this 

could be the sloughing off of large quantities of biofilm material at later timepoints with the 

mucoid strain which is known to produce a larger quantity of extracellular matrix.  

Furthermore, given that these differences are seen on the acetate positive control in addition 

to the carbon coupons, this suggests that they are not related to the electrode material. 

In summary the CV staining assay suggest that there may be some microbial attachment on 

the surface of the electrodes.  The extent to which microbial attachment occurred was 

explored further through epifluorescent microscopy. 

 

Figure 4-16: CV staining assay using electrode coupons incubated in a 24 well plate.  

(A) non-mucoid (J1385) strain of P. aeruginosa.  (B) mucoid (J1532) strain of P. 

aeruginosa.  Error bars +/- 1 SD.  J1385 n = 4 (except at 48 hrs where n = 2), J1385 

positive control n = 4, J1532 n = 4, J1532 positive control n = 4, negative control n =4. 
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Table 4-9: CV staining assay for microbial attachment using electrode coupons 

incubated in a 24 well plate showing significance of changes between negative control 

and P. aeruginosa clinical isolates.  Calculated using two tailed Mann-Whitney test, n = 

4 for all samples except J1385 at 48 hours where n = 2. 

J1385 vs. Negative Control 

 J1385 24 Hrs J1385 48 Hrs J1385 72 Hrs 

Neg Ctrl 0.0304 0.1052 0.0304 

J1532 vs. Negative Control 

 J1532 24 Hrs J1532 48 Hrs J1532 72 Hrs 

Neg Ctrl 0.0304 0.0304 0.0304 

 

4.5.2 Epifluorescent microscopy of the carbon electrode surface following growth in 

LB media 

To explore the extent of P. aeruginosa attachment and biofilm formation on the carbon 

electrode surface, epifluorescent microscopy was carried out.  As described in section 

3.7.2.3, small coupons of electrode material were sterilised and incubated in LB.  In 

experiments with CV staining it was noted that biofilm formation is always greatest at the 

air-liquid interface (shown in Figure 3-13).  Some electrode coupons were incubated 

vertically in 24 well plates for 24 and 48 hours in order to allow a biofilm to form at the air 

liquid interface.  These served as a positive control and an indicator of the extent to which P. 

aeruginosa would attach to the carbon electrode material.  Following incubation, the 

electrode coupons were rinsed, placed onto a microscope slide and stained with 5 µM 

concentration of SYTO9, sufficient to cover the surface of the electrode.  SYTO9 is a 

membrane permeable stain with an absorbance peak around 450 nm and an excitation peak 

around 500 nm when bound to DNA.  The electrode coupons were rinsed again prior to 

microscopy. 

After incubation for 24 hours and staining with SYTO9, small quantities of microbial 

attachment were seen across the electrode coupon (Figure 4-17 A and B).  Some regions of 

the coupon surface also had small biofilm like structures, although this was not typical across 

the samples (Figure 4-18).  In contrast, a large quantity of biofilm formation was evident on 
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the electrode surface in the positive control samples at the air-liquid interface (Figure 4-17 C 

and D).  Growth is known to be greater at the air liquid interface due to the abundance of 

oxygen from above and nutrients from below (Koza et al. 2009).   

 

Figure 4-17: Epifluorescent microscopy of carbon electrode coupons following 24 hour 

incubation with P. aeruginosa PA14.  (A) and (B) PA14 on coupon at bottom of 24 well 

plate.  Insets in (A) and (B) show the same images with brightness and contrast 

maximised.   (C) and (D) positive control showing biofilm formation and growth of 

PA14 at air-liquid interface.  (E) and (F) negative control showing that the carbon 

electrode surface doesn’t auto fluoresce.  Exposure time 750 ms for all images. 
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Figure 4-18: Example of biofilm on electrode sample of P. aeruginosa PA14.  This was 

not typical of most of the electrode surface, however it demonstrates that some biofilm 

formation does appear to occur on the electrode surface.  

 

Interestingly, microscopy of the electrode coupons located at the bottom of the electrode 

chamber at 48 hours showed less microbial attachment than that found at 24 hours (Figure 

4-19 A and B).  It was noticed when removing the coupons from the electrode chamber that 

the media was very viscous and sticky, probably as a result of the large quantity of extra 

polymeric substances secreted from the P. aeruginosa cells in stationary phase as part of the 

formation of biofilms.  Furthermore, the incubation was carried out in conditions where the 

bacteria were not subjected to large shear forces.  Therefore, it is possible that when 

removing the coupons from the wells, the viscous nature of the media resulted in the removal 

of biofilm from the electrode coupon and its retention in the bulk media. 
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Figure 4-19: Typical finding from epifluorescent microscopy of the carbon coupons 

following incubation of PA14 after 48 hours.  (A) and (B) P. aeruginosa PA14 on 

coupon at bottom of 24 well plate.  Insets in (A) and (B) show the same image with 

brightness and contrast maximised.    (C) and (D) positive control showing biofilm 

formation and growth of PA14 at air-liquid interface.  (E) and (F) negative control 

showing that the carbon electrode surface doesn’t auto fluoresce.  Whilst there is some 

artefact present in (E), this is markedly different to the biofilm structures seen in the 

positive controls.  Exposure time 750 ms for all images. 

 

The microscopy of the electrode surface demonstrates that biofilm formation is possible on 

the carbon electrode, suggesting that none of the substances within the electrode ink inhibit 
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attachment and growth of P. aeruginosa.  It is important to note, however, that the extent of 

biofilm formation at the bottom of the well is more limited than at the air liquid interface.  

The optimum location for microbial growth in the context of these experiments is at the air 

liquid interface where there is an abundance of both nutrients and oxygen.  This could be 

because most of the media within the well is used by the bacteria located at the air-liquid 

interface, resulting in well developed biofilm structures after 24 hours, once the media is 

spent. 

  



 

146 

4.6 Summary 

In this chapter, a carbon screen printed electrode and a Ag-AgCl/carbon electrode have been 

tested to determine if a characteristic signature can be found when P. aeruginosa is 

incubated with the electrode.  Specifically, it was hypothesised that characteristic impedance 

signatures may exist in the normalised impedance spectrum, produced using the approach 

described in section 3.8.2.  The baseline impedance of the electrode was also assessed and a 

conditioning approach was employed to lower the impedance of the carbon electrode and 

improve the consistency between electrodes.  In order to investigate possible causes for the 

change observed in the impedance, analysis of the electrode surface was carried out with P. 

aeruginosa using CV staining and epifluorescent microscopy.  This was to determine if 

microbial attachment and biofilm formation could have an impact upon the impedance. 

Initial experiments carried out with P. aeruginosa demonstrate a characteristic change in the 

normalised impedance can be seen with both the carbon and Ag-AgCl/carbon electrode 

developed in this study.  Inconsistencies between the baseline impedance of the carbon 

electrodes were addressed through the use of a conditioning approach.  The conditioning 

approach helped to address inconsistencies between carbon electrodes by removing 

contaminants from the electrode surface and lowering the starting impedance. 

In total, impedance measurements with six different strains of P. aeruginosa were carried out 

using the carbon electrodes, and all showed that characteristic changes in the normalised 

impedance spectrum could be seen.  The most prominent change observed was a peak in the 

normalised resistance data, but changes could also be seen in the normalised phase data.  

Furthermore, significant differences existed in the normalised phase data between early and 

late clinical isolates.  This result is important because it suggests that the electrodes 

developed here can detect phenotypically different strains of P. aeruginosa. 

The extent of microbial attachment on the carbon electrode surface revealed some interesting 

information about the electrode surface and biofilm formation.  The investigation confirmed 

that under optimal conditions, biofilm formation on the carbon surface occurred at the air 

liquid interface.  Limited biofilm formation was also seen at the bottom of the electrode 

chambers, possibly caused by some of the biofilm being removed during the aspiration 

process. 

In the next chapter, the carbon electrode-electrolyte interface is explored further, under 

growth conditions more representative of the CF airway. 
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5 MEASUREMENT IN CF SPUTUM MODEL ENVIRONMENT AND 

IMPEDANCE MEASUREMENT OF DIFFERENT MICROBIAL STRAINS  
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5.1 Introduction 

In the previous chapter, an electrode was designed, developed and tested for the detection of 

P. aeruginosa within LB media (which is a rich medium for the growth of P. aeruginosa).  

This resulted in a carbon screen printed electrode with consistent impedance signatures when 

used in conjunction with the conditioning procedure described in section 3.4.3.  The results 

indicated that under simple and optimal testing conditions, the growth of P. aeruginosa led 

to a characteristic impedance signature.  

In this chapter, the electrode is evaluated more comprehensively.  A CF airway model is 

used, consisting of an artificial sputum media (ASM) in conjunction with a microaerophilic 

environment (Kirchner et al. 2012) to test if P. aeruginosa remains detectable in sub-optimal 

conditions.  In addition, a series of studies are carried out, testing the performance of the 

electrode with three other microorganisms common to the CF lung.  S. aureus and H. 

influenzae are tested in optimal growth media and in the CF airway model.  Whilst less 

common, the yeast C. albicans is also a CF pathogen and was tested.  This allowed the 

performance of the electrode in the presence of a eukaryote microorganism to be evaluated.  

Each of the species described here was also grown together in a co-culture with P. 

aeruginosa to determine if an impedance signature for P. aeruginosa remained detectable. 

Later in the chapter, the underlying mechanisms for the changes in impedance caused by P. 

aeruginosa are explored.  This part of the investigation was carried out in order to determine 

the effect that a set of exogenously produced, electroactive compounds had upon the 

impedance.  The experiments focused upon the use of mutant strains from the P. aeruginosa 

PA14 non-redundant library (Liberati et al. 2006) and a double knockout mutant (Dietrich et 

al. 2006b).   Finally, a small scanning electron microscopy investigation is described, that 

reveals topographical changes to the electrode surface as a result of the growth of P. 

aeruginosa. 
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5.2 Impedance analysis with P. aeruginosa incubated in ASM 

Impedance experiments were carried out in ASM with conditioned carbon electrodes (see 

section 3.4.3 for conditioning method) in a model CF environment (see section 3.5.5) to 

determine if similar impedance signatures to those described in section 4.4 could be 

achieved.  As described in section 4.4, when P. aeruginosa was grown in LB media over 24-

72 hours, characteristic peaks were observed in the phase angle, normalised phase angle and 

normalised resistance, which were not present in the negative control data.  If peaks like this 

are also visible in an environment more representative of the CF airway, they could be used 

to identify the presence of P. aeruginosa in human sputum samples. 

Many of the microorganisms present within the CF airway are believed to grow 

microaerophilically (Hassett et al. 2009).  Therefore, in the first experiment, some samples 

were incubated aerobically and others microaerophilically to determine the impact this had 

upon impedance.  The approach used is described in section 3.5.5.  Briefly, electrode 

chambers were sterilised and filled with 1 ml of ASM.  Then the samples were inoculated 

with 10 μl of PA14 at a concentration of 7.5 x 10
8
 CFU/ml (final pre-incubation sample 

concentration of 7.5 x 10
6
 CFU/ml).  This concentration was calculated by measuring the 

OD600 against a previously produced standard curve.  Following this, half of the electrode 

chambers (including negative controls) were incubated microaerophilically and the other half 

aerobically.  Both sets of samples were incubated at 37
o
C, shaking at 75 rpm (Kirchner et al. 

2012). 

The results show that it is possible to detect the presence of P. aeruginosa in both aerobic 

and microaerophilic conditions (Figure 5-1).  The impedance signature for the normalised 

resistance, normalised phase and phase angle follow the same basic shape, regardless of 

whether the bacterial culture was incubated aerobically or microaerophilically.  However, the 

relative changes in the impedance for those strains incubated in microaerophilic conditions is 

greater than those incubated aerobically.  To explore this further, the peak detection 

algorithm described in section 3.8.3 was used to determine the location of individual peaks.  

Whilst the peaks in the microaerophilic data appeared to be larger, no significant difference 

existed between the microaerophilic and aerobic peak frequencies or peak normalised 

resistances (Table 5-1).  The algorithm also detected the presence of some small peaks 

within the negative control data in both the microaerophilic and aerobic conditions.  Some of 

these peaks appear at similar peak frequencies to the sample data whereas the peak 

amplitude is always at least 1.2 units above the negative control peaks.  This suggests that 
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regardless of microaerophilic or aerobic growth conditions, the peak resistance amplitude 

could be a useful indicator of the presence of P. aeruginosa. 
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Figure 5-1: Measurement of P. aeruginosa PA14 in aerobic and microaerophilic 

conditions.  The data shows that there are differences in the impedance spectrum 

between the two growth conditions. (A) and (B) normalised phase angle; (C) and (D) 

phase angle before normalisation; (E) and (F) normalised resistance.  Shading 

represents +/- 1 SD, n = 3 for all samples. 
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Table 5-1: Peak normalised resistance data from aerobic and microaerophilic growth 

conditions.  P values calculated using the two tailed Mann-Whitney test (n = 3 for both 

aerobic and microaerophilic conditions).    Ten measurements were performed per 

frequency decade, therefore the range of the peaks detected at high frequencies is 

greater than the range at lower frequencies. 

 
Aerobic Microaerophilic Mann-Whitney Test 

Time 

Hours 
Freq 

Hz (SD) 

Resistance 

Normalised Units 

(SD) 

Freq 

Hz (SD) 

Resistance 

Normalised 

Units (SD) 

Frequency Resistance 

14 
12.97  

(6.85)  

1.46  

(0.06)  

11.25  

(4.08)  

1.81  

(0.18)  
1.00 0.08 

24 
4.87  

(4.75)  

1.49  

(0.06)  

28.64  

(19.34)  

1.85  

(0.1)  
0.19 0.08 

38 
128  

(29.05)  

1.55  

(0.09)  

241.67  

(79.41)  

1.46  

(0.15)  
0.12 0.51 

48 
172  

(24.25)  

1.41  

(0.08)  

343.33  

(47.34)  

1.38  

(0.16)  
0.08 0.66 

65 
117.33  

(15.01)  

1.37  

(0.13)  

255.67  

(58.14)  

1.5  

(0.18)  
0.08 0.38 

 

Changes in the impedance modulus are also similar between the P. aeruginosa growth in 

aerobic and microaerophilic conditions (Table 5-2).  Interestingly, as can be seen in Table 

5-2, the rate of change of the impedance modulus where P. aeruginosa is grown 

microaerophilically is greater than during aerobic growth.  This is seen in the change at 24 

hours, where the impedance magnitude in the aerobic chamber drops to 1.45 x 10
6
 Ω at 10 

Hz, whereas in the microaerophilic chambers the modulus drops lower, to 8.49 x 10
4
 Ω.  

During this time period the negative control remains similar for both the aerobic and 

microaerophilic chambers (4.51 x 10
6
 Ω and 5.89 x 10

6
 Ω respectively) therefore the 

observed changes are likely to be due to changes in the behaviour of P. aeruginosa in 

response to the microaerophilic conditions.  For example, the changes could lead to earlier 

expression of genes relating to biofilm formation, or the production of protective compounds 

and proteins that also affect the impedance.  
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Table 5-2: Mean impedance modulus at 0.1 Hz for PA14 grown in aerobic and 

microaerophilic conditions in ASM.  The values in bold font show that the change in 

the impedance modulus is more rapid in the microaerophilic electrode chambers.  

Numbers in brackets are SD, n = 3. 

Time (Hrs) 

Impedance modulus (Ω) 

Aerobic Microaerophilic 

PA14 Neg Ctrl PA14 Neg Ctrl 

0 
6.46 x 10

6
  

(8.67 x 10
5
) 

5.69 x 10
6
 

(3.65 x 10
5
) 

5.00 x 10
6
 

(1.63 x 10
6
) 

6.24 x 10
6
 

(1.08 x 10
6
) 

14 
1.44 x 10

6
  

(3.01 x 10
5
) 

4.94 x 10
6
 

(6.50 x 10
5
) 

1.17 x 10
6
  

(1.72 x 10
5
) 

5.91 x 10
6
 

 (1.45 x 10
6
) 

24 
1.45 x 10

6
  

(7.13 x 10
5
) 

4.51 x 10
6
 

(7.74 x 10
5
) 

4.66 x 10
5
  

(8.49 x 10
4
) 

5.89 x 10
6
 

(1.49 x 10
6
) 

37 
2.83 x 10

5
 

(5.76 x 10
4
) 

3.94 x 10
6 

(3.16 x 10
5
) 

1.12 x 10
5
 

(2.58 x 10
4
) 

5.85 x 10
6
 

(1.19 x 10
6
) 

48 
2.53 x 10

5
 

(4.93 x 10
4
) 

3.94 x 10
6
 

(4.07 x 10
5
) 

8.56 x 10
4
 

(1.08 x 10
4
) 

5.82 x 10
6 
 

(1.46 x 10
6
) 

69 
2.52 x 10

5
 

(1.39 x 10
4
) 

4.06 x 10
6
 

(8.97 x 10
5
) 

6.52 x 10
4 

(1.03 x 10
4
) 

5.58 x 10
6
 

(1.47 x 10
6
) 

 

5.3 Impedance analysis with polymicrobial cultures 

The changes observed in the impedance as a result of the growth of P. aeruginosa could be 

due to mechanisms independent of this bacterium (see section 1.3 for a full background of 

the potential mechanisms that could cause changes in the impedance).  The electrode was 

therefore tested to ensure that similar changes to the impedance did not occur as a result of 

growth of other pathogens commonly found within the CF airway.  If specific changes are 

observed that can be attributed directly to the presence of P. aeruginosa then a device could 

be developed for specific detection against a background of other microorganisms.  

5.3.1 Impedance analysis with S. aureus cultures 

As shown in Figure 1-3, S. aureus is the most common CF pathogen present in the airways 

of young patients and generally present before colonisation with P. aeruginosa (Harrison 

2007).  Therefore, a series of tests were carried out to determine the changes in impedance 

caused by S. aureus and to find out if these were the same as those caused by P. aeruginosa.  

Experiments were firstly carried out in TSB, which is an optimal growth media for S. aureus, 

followed by experiments in ASM.  Furthermore, some of the experiments carried out in 

ASM were done as a co-culture to determine if the presence of P. aeruginosa remained 

detectable when S. aureus was also present. 
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5.3.1.1 Impedance analysis with S. aureus grown in TSB media 

Impedance measurements were carried out using S. aureus strain RN4220, from the NCTC 

in order to determine if a change similar to that found with P. aeruginosa occurred (see 

section 3.5.3).  In brief, the experiment was prepared by filling sterilised electrode chambers 

with 1 ml of TSB and inoculating them with 10 µl of overnight S. aureus RN4220 culture.  

These were then incubated in air (i.e. aerobically) for 72 hours. 

The results indicate that no notable impedance changes that can distinguish S. aureus from 

controls are present when grown in TSB media.  Specifically, no drop occurs in the phase 

angle (Figure 5-2 A), no peaks exist in the normalised resistance (Figure 5-2 C) and there is 

no change in the impedance modulus (Figure 5-2 D).  Furthermore, there was no discernible 

difference between the negative control data and inoculated samples.  The baseline 

impedance modulus at 0.1 Hz at the start of the experiment was 5 x 10
6
 Ω and therefore 

similar the starting impedance modulus in LB media (see Table 4-5). 
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Figure 5-2: In situ growth of S. aureus RN4220 in TSB.  (A) Phase angle, (B) 

normalised phase angle, (C) normalised resistance, (D) modulus.  Shading represents 

+/- 1SD, n = 4 for negative control and for RN4220. 

In order to determine the cell density of S. aureus at the end of the experiment, colony 

counting was carried out on the media using during the growth of RN4220 within the 

electrode chambers (see section 3.5.6.2 for details of protocol used).  The final cell density 

was found to be 5.5 x 10
7
 CFU/ml, which was low contrasted to experiments carried out with 

P. aeruginosa, which were typically found to be around 5 x 10
9
 CFU/ml (see Table 4-7).  

Furthermore, impedance changes in a broth containing P. aeruginosa often occurred at cell 

densities around 10
9
 CFU/ml.  This suggests that the concentration of S. aureus in the 

experiment carried out above was below the detection limit.  
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To explore the effect that growth in the electrode chamber could have had upon the bacteria, 

an experiment was carried out whereby S. aureus RN4220 was inoculated in 1 ml aliquots of 

TSB in a 24 well plate and in the electrode chambers, in order to determine if a difference in 

CFU/ml existed after 72 hours.  Prior to colony counting, a pipette was used to disturb the 

media in the electrode chambers five to six times and resulted in the media becoming turbid, 

suggesting that the S. aureus cells settle to the bottom of the chamber during the course of 

the experiment (see Figure 5-3 for an example of turbid growth with S. aureus contrasted to 

a negative control).  20 µl aliquots were removed every 24 hours and used for colony 

counting.  The results indicate that growth was slightly higher in the 24 well plate in contrast 

to the electrode chambers, after 72 hours (8.93 x 10
9
 CFU/ml and 2.28 x 10

9
 CFU/ml 

respectively).  Interestingly, it was noted that the media in the electrode chambers appeared 

clear and not turbid at the end of the experiment.   

 

Figure 5-3: Example of S. aureus turbid growth. The universal on the left shows sterile 

LB media, whereas the universal on the right shows S. aureus following 24 hours 

incubation at 37
o
C. 

The lower number of viable cells observed in the in situ impedance experiment with S. 

aureus could have been caused by three different factors.  Firstly, unlike P. aeruginosa, S. 

aureus do not have flagella and are non motile.  Therefore, the S. aureus cells may have 

clumped together and settled during growth within the electrode chamber, contrasted to a 

universal shaking at 150 rpm and when plated would have been counted as a single CFU.  

Secondly, S. aureus biofilm formation could have encapsulated a larger proportion of the 

cells contrasted to the P. aeruginosa, resulting in fewer cells being removed in the aliquot of 

media taken.  Thirdly, the electrode material, the substrate or the adhesive silicone sealant 

used could have compromised the viability of S. aureus and inhibited growth, resulting in 

lower cell densities. 
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In order to verify the results found with S. aureus grown in situ, a further experiment was 

carried out using an overnight, ex situ culture of S. aureus grown in a 20 ml universal 

(incubated at 37
o
C, shaking at 150 rpm).  For this experiment, a total of six electrodes were 

used, three to measure two sterile aliquots of TSB (first one as a reference measurement) and 

three electrodes were used to measure 1 ml aliquots of sterile TSB (as reference 

measurements) followed by measurements of a 24 hour culture of S. aureus.  At the end of 

the experiment, cell density of the culture media was found to be 1.1 x 10
9
 CFU/ml. 

The results from this experiment show that in fact a small difference in the impedance 

contrasted to the negative control is seen (Figure 5-4).  Firstly, a trough is clearly visible in 

the normalised phase angle.  Application of the peak detection algorithm shows that the 

trough can be readily identified in the electrode chambers containing S. aureus RN4220 but 

in only one of the negative control chambers (Figure 5-5).  The mean location of the peak in 

the chambers containing S. aureus is 695 Hz.  Therefore, this was used as a reference point 

to determine if the negative control differs significantly from the chambers containing S. 

aureus.  The mean normalised phase value of the chambers containing S. aureus at 630 Hz, 

the closet measured point to 695 Hz, was 0.948 and for the negative control it was 0.988.  

This was not significantly different when the Mann-Whitney U test was used (P = 0.0809), 

which could have been related to the small sample size.  Secondly, a peak similar to those 

identified in P. aeruginosa experiments is visible in the normalised resistance data.  A peak 

is also observed in the normalised resistance data at a mean of 68.4 Hz, and amplitude of 

1.12.  This is comparable to those peaks observed in the normalised resistance data for P. 

aeruginosa when grown in LB media (see Table 4-2).  This is interesting because it raises 

the possibility that the appearance of a peak in the resistance data is caused by changes to the 

electrode-electrolyte interface, common to both P. aeruginosa and S. aureus. 
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Figure 5-4: Ex situ impedance of overnight culture of S. aureus RN4220 added to 

electrode for measurement.  (A) and (D) no significant different can be seen in the 

phase angle or impedance modulus.  (B) and (C) differences are visible in the 

normalised phase and resistance data.  Shading represents +/- 1SD, n = 3. 
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Figure 5-5: Application of peak detection algorithm to the impedance signatures found 

during ex situ growth of S. aureus RN4220. 

 

5.3.1.2 Impedance measurements with S. aureus in ASM and polymicrobial 

investigation with P. aeruginosa and S. aureus 

Following growth experiments carried out in TSB, and confirmation that growth in the 

electrode chambers does appear to adversely affect the density of S. aureus cells, the 

impedance of S. aureus RN4220 incubated alone and in the presence of P. aeruginosa within 

the CF model environment was tested.  S. aureus was grown in situ in ASM in the electrode 

chamber to ensure that any effects resulting from longer term electrode, electrolyte 

interaction could also be captured.  It was found that the interface did not change 

significantly throughout the experiment, compared to the negative control, for either the raw 

impedance data or any of the normalised impedance parameters (Figure 5-6).    Interestingly, 

the trough at 695 Hz seen in the normalised phase data from the ex situ experiment with S. 

aureus RN4220 in TSB did not appear after 69 hours of growth in this experiment (see 

Figure 5-5).  However, the normalised resistance plot shows that the samples containing S. 

aureus differ in their impedance curve compared to the negative control, with a slight peak 

visible after 37 hours at 400 Hz (Figure 5-6 C).  A more sensitive electrode with lower 

baseline impedance might be more sensitive to these changes and enable a unique signature 

to be identified.  The final cell densities contrasted to P. aeruginosa are discussed below. 
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Figure 5-6: In situ impedance changes following growth of S. aureus RN4220 in ASM.  

There is no discernible different in (A) the phase, (B) the normalised phase, (C) the 

normalised resistance and (D) the modulus.  The arrow in (C) indicates a slight peak at 

125 Hz at 24 hours moving to 400 Hz at later timepoints.  Background shading 

represent +/- 1 SD.  RN4220 n = 4; Neg Ctrl n = 5. 

In order to test the performance of the electrode in the context of a polymicrobial infection, 

P. aeruginosa PA14 and S. aureus RN4220 were also grown together at equal starting 

densities in the same electrode chamber, under microaerophilic conditions in ASM.  As with 

the microaerophilic monoculture of P. aeruginosa alone (Figure 5-1 B, D and F), changes in 

the impedance between the negative control and the polymicrobial infection were observable 

after 24 hours in the impedance phase and modulus data (Figure 5-7 A and D).  These 
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changes were similar to those observed with PA14 alone.  Furthermore, at the end of the 

experiment, the polymicrobial infection model and PA14 monoculture had a similar 

impedance curve.  The normalised resistance data was also similar, suggesting that PA14 

was responsible for the changes seen in the impedance (Figure 5-7 C). 

 

 

Figure 5-7: In situ polymicrobial measurement of S. aureus RN4220 and P. aeruginosa 

PA14.  (A) Phase, (B) normalised phase, (C) normalised resistance and (D) normalised 

modulus.  Shading represents +/- 1 SD, PA14+RN4220 n =5, neg ctrl n = 5 

 



 

162 

To further understand the dynamics of the polymicrobial model, colony counting was carried 

out on an aliquot of the samples taken at 37 hours and 69 hours (Table 5-3).  From this, it 

can be seen that P. aeruginosa PA14 outcompetes RN4220 by the 69 hour timepoint, where 

S. aureus RN4220 could no longer be cultured from the electrode chambers. This supports 

other work that found P. aeruginosa results in reduced numbers of Gram positive bacteria in 

a polymicrobial infection model (Korgaonkar et al. 2013).  At the 37 hour timepoint, it can 

also be seen that fewer viable RN4220 cells exist within the polymicrobial samples than in 

the monocultures.  Specifically, at 37 hours 3.6510
5
 CFU/ml were present for S. aureus 

RN4220, indicating that some viable cells remained in the presence of P. aeruginosa PA14, 

but no growth occurred.  In general, the concentrations of both P. aeruginosa and S. aureus 

were a factor of approximately 10 and 20 respectively less than the typical values in optimal 

growth media (recall that typical CFU/ml for both species were around 1 x 10
9
 CFU/ml).  

This is probably due to the more challenging growth conditions imposed by the 

microaerophilic conditions and the minimal ASM media.  Clearly, P. aeruginosa thrives 

more in the model CF environment than S. aureus. 

Table 5-3: Indicative cell densities of planktonic cells at the end of the experiment and 

timepoints during the experiment. 

Sample Type 

Cell Concentration (CFU/ml) 

Initial (0 hrs) 37 Hrs mean (range) 69 Hrs mean (range) 

PA14 Mono 3-510
6
 

6.510
8
  

(5.410
8
 – 7.310

8
) 

2.110
8
  

(6.510
7
 – 3.310

8
) 

RN4220 Mono 3-510
6
 

1.610
7
  

(1.110
7
 – 2.910

7
) 

3.110
7
  

(4.910
6
 – 7.210

7
) 

PA14 Poly 3-510
6
 

6.010
8
  

(4.110
8
 – 7.210

8
) 

8.510
7
  

(5.910
6
 – 1.010

8
) 

RN4220 Poly 3-510
6
 

3.710
5
  

(6.810
4
 – 1.410

6
) 

0 

 

In summary, the experiments in this section have tested the ability of the carbon electrode to 

detect the presence of S. aureus in a number of different conditions.  The initial experiments 

demonstrated that the presence of S. aureus RN4220 in situ couldn’t be detected, but an 

overnight culture added to the electrode to carry out an impedance measurement was 

detectable.  The polymicrobial infection model demonstrates that the impedance within the 
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electrode chambers changes in the presence of S. aureus in a manner that is specific to the 

growth of P. aeruginosa.  Further investigation is required to understand the reasons for the 

changes in the impedance of an S. aureus monoculture and why these changes only appear to 

occur in the ex situ culture and not the in situ culture, however this is outside the scope of the 

current study.   

5.3.2 Impedance analysis with H. influenzae cultures 

To progress the study further, a similar set of experiments to those carried out with S. aureus 

were also conducted with H. influenzae.  Like S. aureus, H. influenzae is highly prevalent in 

the CF airway and has been reported as the most common CF pathogen in patients less than 

1 year old (Cystic Fibrosis Trust 2010).  Therefore, it is important that any infection monitor 

is able to detect the presence of P. aeruginosa against a background of H. influenzae.  As 

described in section1.2.5, H. influenzae is a fastidious non-motile Gram negative bacilli 

(World Health Organisation 2011). 

5.3.2.1 Impedance measurements with H. influenzae grown in HTM 

Measurement of H. influenzae was carried out in Haemophilus Test Media (HTM) initially, 

in order to determine if any changes occurred in the impedance under optimal growth 

conditions.  H. infleunzae strain HI680 was incubated microaerophilically in HTM (i.e. 

under optimal growth conditions) for 72 hours, shaking at 75 rpm (see section 3.5.3 for 

method).  The incubation period was started with a 10 μl aliquot of overnight culture of H. 

influenzae HI680 added to 1 ml of HTM in a sterilised electrode chamber.  The mean data 

indicates that a slightly deeper trough exists in the inoculated electrode chambers at 10 kHz, 

contrasted to the negative control (Figure 5-8), although identification of specific differences 

is difficult.  
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Figure 5-8: In situ measurement of H. influenzae HI680 in HTM.  Showing (A) Phase, 

(B) normalised phase, (C) normalised resistance, and (D) modulus.  Background 

shading represents +/- 1 SD, neg ctrl n = 4; HI680 n = 5. 

At the end of the experiment, the media within the electrode chamber was clear, suggesting 

that there was no growth of H. influenzae during the experiment.  It appears that the cells in 

the culture could have survived for some time, but were no longer viable by 72 hours.  To 

explore this further, the experiment was repeated and stopped after 48 hours.  After the 

experiment, an aliquot of the media was cultured on Haemophilus Test Agar (HTA) to 

determine if there were any viable cells. 

No H. influenzae could be cultured from the inoculated chambers after the 48 hour growth 

period, suggesting the bacteria lose viability early on in the experiment.  Furthermore, the 
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impedance data indicates that there is no change between inoculated electrode chambers and 

the negative control, for any of the measured impedance parameters (Figure 5-9).  

  

Figure 5-9: In situ measurement of H. influenzae in HTM over 48 hours.  (A) Phase, (B) 

normalised phase, (C) normalised resistance and (D) modulus.  Background shading 

represents +/- 1 SD, n = 3 for both samples and negative controls. 

 

To overcome the lack of viability during the incubation of H. influenzae within the electrode 

chamber,  a further experiment was carried out by incubating the bacteria ex situ in a 24 well 

plate incubated under microaerophilic conditions and adding an aliquot of the culture to the 

electrode for the measurement (see section 3.5.4).  Four electrodes were used for the 

measurement, with an initial blanking measurement carried out in HTM, followed by a 
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measurement of the media containing the incubated H. influenzae.  At the end of the 

experiment, the media within the inoculated electrode chambers was clearly cloudy, 

indicating that growth had occurred.  Typically, the number of viable cells from H. 

influenzae in stationary phase in HTM was found to be 2.67 x 10
9
 CFU/ml. 

Whilst no peaks are visible within the data, there is a small drop in the phase angle (Figure 

5-10 B) at lower frequencies between the inoculated samples and the negative control.  The 

Mann-Whitney test was used to determine that this was significantly different at 1 Hz (P = 

0.0304, two tailed Mann-Whitney test, n = 4 for both negative control and inoculated 

chambers).  No significant changes were seen in the other impedance parameters contrasted 

to the negative control (Figure 5-10 A, C and D).  Application of the peak detection 

algorithm to the normalised resistance showed that the slight peak present in the normalised 

phase data for the inoculated chambers could not be readily identified, with the principal 

peak of interest being found in only two of the four electrodes containing the inoculated 

culture (Figure 5-11A).  Furthermore, it is interesting to note that several peaks and troughs 

were identified in the negative control data (Figure 5-11B), suggesting that HTM could have 

a different effect upon the impedance, contrasted to LB or TSB media.  Another reason for 

the partial detection of peaks in the negative control data shown in (Figure 5-11B) is because 

the negative control measurements were taken with the same electrodes, by aspirating and 

rinsing the chamber after measurement of the inoculated H. influenzae and replacement with 

a fresh aliquot. 

In summary, the results under optimal growth conditions show that H. influenzae does not 

cause the same changes in the impedance seen with P. aeruginosa when grown ex situ.  

Interestingly, however, some differences were observed in the impedance.  Further 

investigation is carried out with H. influenzae in the next section to explore polymicrobial 

growth in ASM with P. aeruginosa. 

The use of alternative electrode materials, such as platinum, with a lower starting impedance 

would result in more sensitive measurements and therefore could yield changes in the 

impedance not observed with the all carbon electrode used in this study.  However, extensive 

investigation with H. influenzae on alternative electrode materials is beyond the scope of the 

current study.   
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Figure 5-10: Ex situ measurement of H. influenzae HI680 in HTM.  (A) Phase; (B) 

normalised phase; (C) normalised resistance; (D) modulus.  Background shading 

represents +/- 1 SD, n = 4. 
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Figure 5-11: Application of the peak detection algorithm to the identification of the 

peak in the normalised resistance data. (A) measurements from media inoculated with 

H. influenzae HI680; (B) negative control measurements.  The plot of the inoculated 

chambers shows that a slight peak was identified at 100 Hz, but only in two of the four 

electrode chambers.  

 

5.3.2.2 Impedance measurements with H. influenzae grown in ASM and 

polymicrobial investigation with P. aeruginosa and H. influenzae 

5.3.2.2.1 First ASM impedance measurement experiment with H. influenzae grown ex 

situ 

A series of experiments were carried out to assess changes in the impedance caused by H. 

influenzae in the CF model environment (see section 3.5.5).  In contrast to the experiment 

carried out using HTM as the growth media, this experiment was done using a set of 

electrodes for the measurement of H. influenzae HI680 and a separate set for the negative 

control measurement.  By doing this, it was possible to ensure that any negative control 

measurements taken were not affected by the media from the electrode chambers. 

H. influenzae was incubated in a 24 well plate in order to ensure viability would not be 

compromised by the electrode chambers.  As described in section 3.2.2.11, ASM was 

supplemented with NAD and hemin to support growth of H. influenzae which requires these 

two growth factors (World Health Organisation 2011).  During colony counting after the 

experiment, it was found that two of the four wells inoculated with H. influenzae were 

contaminated; therefore these were omitted from the following results. 
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It can be seen from this experiment that similar changes to the impedance occur to those 

identified when H. influenzae was grown ex situ in HTM media (Figure 5-12).  Specifically, 

there is a greater drop in the normalised phase angle at low frequencies compared to the 

negative control (Figure 5-12 B).  The same characteristics were seen in the normalised 

phase data when H. influenzae was incubated in HTM (Figure 5-10 B); i.e. a peak exists in 

the phase angle for both the negative control and the inoculated electrodes at high frequency.  

The slight increase in phase angle contrasted to the negative control suggests that at lower 

frequencies, there is an increase in the capacitance of the interface, relative to the resistance.  

When the normalised resistance data is analysed, the mean impedance signature for H. 

influenzae is greater than that for the negative control, although the difference is marginal 

(Figure 5-12 C).  The same trend was also observed when H. influenzae was incubated in 

HTM (Figure 5-10 C).  Colony counting carried out on the wells inoculated with H. 

influenzae HI680 but not contaminated confirmed that viable cells were present (5 x 10
5
 

CFU/ml and 4.4 x 10
6
 CFU/ml).  These concentrations are low; suggesting that survival of 

H. influenzae in ASM is more limited than it is in HTM. 
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Figure 5-12: Ex situ measurement of H. influenzae in ASM supplemented with essential 

growth factors, hemin and NAD.  (A) phase angle; (B) normalised phase, showing 

differences in impedance at low frequency; (C) normalised resistance showing small 

impedance differences at low frequency; (D) modulus.  Background shading represents 

+/- 1SD, HI680 n = 2; neg ctrl n = 4. 

 

5.3.2.2.2 Second ASM impedance measurement experiment with H. influenzae ex situ 

with and without P. aeruginosa 

An additional experiment was carried out to determine the behaviour of H. influenzae when 

grown in the presence of P. aeruginosa.  In addition to the polymicrobial measurements, 

monocultures of H. influenzae were incubated in order to determine if the changes observed 
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with the two uncontaminated chambers from the experiment above were repeatable.  

Monocultures of P. aeruginosa were also carried out in ASM media, under microaerophilic 

conditions using a 24 well plate for the incubation as described above.  This also provided 

the opportunity to verify that P. aeruginosa caused a change in the impedance when not 

incubated in the presence of the electrode.  After an initial blanking measurement in sterile 

ASM, measurement of a monoculture of H. influenzae HI680 was carried out, followed by 

the polymicrobial culture.  Separate electrodes were used for the measurement of the 

negative control (sterile ASM) carried out at the start of the experiment and again at the end. 

Similar changes were observed in the impedance as those seen with the previous 

measurements carried out ex situ in HTM and in ASM (Figure 5-10 and Figure 5-12).  

Specifically, these consisted of a high frequency peak in the normalised phase data and 

slightly higher normalised resistance contrasted to the negative control.  Interestingly, the 

peak observed in the normalised phase at high frequency is larger when the inoculated media 

was measured, contrasted to the negative control (Figure 5-13 B).  Also, the low frequency 

portion of the normalised phase shows the same trend seen previously, with a greater drop 

contrasted to the negative control (contrast Figure 5-10 B and Figure 5-12 B). 
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Figure 5-13: Ex situ measurement of H. influenzae HI680 in ASM media after 72 hours.  

(A) Phase, (B) normalised phase, showing similar impedance trends to those seen 

previously, (C) normalised resistance and (D) modulus.  Shading represents +/- 1 SD.  

HI680 n = 3; neg ctrl n = 4. 

 

Growth of P. aeruginosa and H. influenzae together results in a large change in the 

impedance, similar to that observed when P. aeruginosa is grown alone (Figure 5-14).  It is 

interesting to note, however, that the extent of the change in impedance is not as great as that 

observed when S. aureus is grown alongside P. aeruginosa (Figure 5-7).  Some of these 

changes could have been due to the difference between the experiments being carried out in 

situ (in the case of S. aureus) and ex situ (in the case of H. influenzae) suggesting that the 
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mechanisms affecting the electrode impedance differ between in situ and ex situ 

experiments. 

 

Figure 5-14: Ex situ measurement of P. aeruginosa PA14 and H. influenzae HI680 

grown together in ASM media for 72 hours.  (A) Phase, (B) normalised phase, (C) 

normalised resistance, (D) modulus.  Shading represents +/- 1SD, polymicrobial n =4; 

neg ctrl n =4. 

 

Colony counting was carried out to establish the concentration of H. influenzae and P. 

aeruginosa in the monoculture experiments (Table 5-4).  For the H. influenzae monocultures, 

a mean concentration 2.9 x 10
6
 CFU/ml was seen at the end of the experiment, which is 

similar to the growth of H. influenzae seen in ASM in section 5.3.2.2.1 above.  The 
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concentration of P. aeruginosa was also determined within the polymicrobial cultures.  An 

agar media that was selective for H. influenzae whilst inhibiting P. aeruginosa couldn’t be 

identified; therefore determine the number of viable H. influenzae cells at the end of the 

polymicrobial culture wasn’t possible. 

Table 5-4: Indicative cell densities of planktonic cells at the end of the experiment. 

Sample Type 

Cell Concentration (CFU/ml) 

Initial (0 hrs) 72 Hrs mean (range) 

PA14 Mono 3.4 10
6
 

1.9310
9
  

(9.010
8
 – 5.010

9
) 

HI680 Mono 1.2510
6
 

2.910
6
  

(1.510
6
 – 4.310

6
) 

PA14 Poly 3.4 10
6
 

3.1  10
9
  

(6.110
8
 – 7.110

9
) 

 

5.3.2.2.3 Impedance measurements following in situ and ex situ incubations with P. 

aeruginosa 

It can be seen that when the impedance of the P. aeruginosa monoculture is measured, the 

changes to the ex situ culture differ from that of the in situ culture at the three day time point 

(contrast Figure 5-1 to Figure 5-14).  Firstly, when P. aeruginosa is grown 

microaerophilically in situ, a large trough develops in the normalised phase after three days, 

whereas in the ex situ culture, a shoulder appears at the same frequency and the impedance 

change is not as great.  Application of the peak detection algorithm shows that the trough 

from the 65 hour timepoint of the in situ experiment with P. aeruginosa occurs at a mean 

frequency and amplitude of 50.8 Hz and 0.37.  In contrast, when the peak detection 

algorithm was applied to the ex situ normalised phase data at 72 hours, troughs were not 

readily identified across all of the four measurements.  A trough was identified in two of the 

P. aeruginosa positive channels, but these occurred at a much lower frequency (mean 

frequency of 285 mHz with a mean amplitude of 0.541).  The causes for these peaks are 

discussed fully in the discussion in section 7.3.4. 

Another interesting difference can be seen in the resistance peak, which occurs at a lower 

frequency when the media is incubated ex situ contrasted to the in situ measurement.  When 

the peak detection algorithm is used to locate the in situ peaks in the normalised resistance at 
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65 hours, peaks are found at a mean frequency of 255 Hz with mean amplitude of 1.5.  In 

contrast, the ex situ peaks are found at a mean frequency of 22 Hz with a mean amplitude of 

1.7.  These signatures are interesting because they suggest that different mechanisms could 

be at play when P. aeruginosa is grown in situ with the electrode and when grown ex situ 

and only added to the electrode during the measurement period.  If the impedance technique 

and electrode discussed here changes in response to multiple electrode-microbe interactions, 

then it raises the possibility that a unique signature could be elucidated for different 

microbial species.  Furthermore, it also raises the possibility that the electrode would be able 

to detect bacteria in different phenotypic states, which could be indicative of infection. 

5.3.3 Impedance measurements with C. albicans cultures 

C. albicans is a eukaryotic yeast organism and as such differs largely from the previous three 

prokaryote organisms studied.  As described in section 1.2.7, C. albicans is capable of 

growth as a unicellular organism and also with a filamentous phenotype (Figure 5-15).  It is 

also commonly cultured from sputum of patients with CF.  For example, in one study Bakare 

et al. (2003) report finding C. albicans in 59% of sputum samples collected.  Additionally, 

C. albicans can exist as part of a polymicrobial infection with P. aeruginosa, increasing the 

severity of infection (Peleg et al. 2010).  To explore the impact that a eukaryote 

microorganism would have upon the electrode impedance, a series of experiments were 

undertaken with C. albicans SC5314, measuring the impedance in situ (see section 3.5.3 for 

method). 
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Figure 5-15: Example of C. albicans growth, showing both filamentous and yeast forms. 

 

5.3.3.1 Impedance measurements with C. albicans incubated in TSB-YE 

To explore the effect that C. albicans had on the impedance, 10 μl of strain SC5314 was 

inoculated into sterilised electrode chambers containing 1 ml of TSB-YE and incubated for 

72 hours.  Six electrode chambers were used, with three inoculated with SC5314 and three 

kept sterile as a negative control.  Impedance measurements were carried out at the start and 

subsequently every 24 hours. 

The results show that changes in the impedance throughout the experiment are different to 

those observed with P. aeruginosa.  The phase angle and the impedance modulus do not 

show any significant change in the impedance contrasted to the negative control at each 

timepoint (Figure 5-16 A and D).  Interestingly, two small changes are visible in the 

normalised phase data (Figure 5-16 B) and the normalised resistance data (Figure 5-16 C).  

At high frequencies the normalised phase angle increases relative to the starting angle for 

inoculated chambers, in contrast to the negative control where the phase angle drops (Figure 

5-17), however, the change is not significantly different (P>0.05).  Additionally, it was also 

noted that the normalised resistance is higher in the inoculated chambers than in the negative 

control channels at 500 Hz (Figure 5-18), but not significantly different (P>0.05).  Colony 

counting carried out at the end of the experiment indicated that the final density of C. 

albicans cells was approximately 1.5 x 10
7
 CFU/ml. 
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Figure 5-16: In situ measurement of C. albicans SC5314 in TSB-YE over 72 hours.  (A) 

Phase, (B) normalised phase, showing different signature in the inoculated chambers at 

high frequency, (C) normalised resistance showing a small change in the impedance at 

intermediate frequencies.  Background shading +/- 1 SD, n = 3. 
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Figure 5-17: Boxplot showing the difference between C. albicans and the negative 

control in normalised phase data at 5 kHz.  Central box lines represent the median 

value, lower and upper bounds the 25
th

 and 75
th

 percentile and the whiskers represent 

the most extreme datapoints. P values were calculated using the two tailed Mann-

Whitney test. n = 3 for both negative control and SC5314 samples. 

 

 

Figure 5-18: Boxplot showing the difference between C. albicans and negative control in 

normalised resistance data at 500 Hz.  Central box lines represent the median value, 

lower and upper bounds the 25th and 75th percentile and the whiskers represent the 

most extreme datapoints. P values were calculated using the two tailed Mann-Whitney 

test. n = 3 for both negative control and SC5314 samples. 
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5.3.3.2 Impedance measurement with C. albicans in ASM and polymicrobial 

impedance investigation with P. aeruginosa and C. albicans 

C. albicans was incubated in ASM media to explore the performance of the electrode at 

detecting the microorganism within the model CF environment.  As with the previous 

experiments involving the ASM model, C. albicans was grown in situ in five electrode 

chambers over 72 hours under microaerophilic conditions (see section 3.5.5 for detailed 

method).  In addition, four chambers were inoculated with a polymicrobial culture consisting 

of P. aeruginosa and C. albicans together, started at an equal cell densities. 

In the impedance signature, few differences were identified between the negative control and 

the electrode chambers inoculated with C. albicans.  A small peak is present in the 

normalised resistance data. The results indicate that there is no significant difference in the 

impedance as a result of the growth of C. albicans in a monoculture (Figure 5-19).  The 

mean normalised resistance data suggests that a peak exists at 200 Hz where C. albicans is 

grown, although this is not significantly different to the negative control.  Application of 

peak detection algorithm did not reveal any consistent peaks in the normalised resistance 

data.  A peak was consistently observed in four of the five chambers inoculated with C. 

albicans, at around 200 Hz with amplitude of around 1.1.  However, peaks were also 

sporadically detected in the negative control data at similar frequencies and amplitudes.  A 

different electrode, designed with a lower impedance, may enable such features to be 

identified more consistently and a specific signature of C. albicans to be elucidated. 
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Figure 5-19: In situ measurement of C. albicans SC5314 in ASM over 72 hours.  (A) 

Phase, (B) normalised phase, (C) normalised resistance and (D) modulus.  Shading 

represents +/- 1 SD, SC5314 n = 5, neg ctrl n = 4 

Analysis of the results from electrode chambers containing a polymicrobial culture with P. 

aeruginosa showed similar impedance changes to those seen in the other polymicrobial 

experiments with S. aureus and H. influenzae.  These include a drop in the phase angle 

(Figure 5-20 A) and similar peaks to those found in the normalised resistance data when P. 

aeruginosa was grown alone (Figure 5-20 C). 
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Figure 5-20: In situ polymicrobial measurement of P. aeruginosa and C. albicans in 

ASM media over 72 hours.  (A) Phase, (B) normalised phase, (C) normalised resistance 

and (D) modulus.  Shading represents +/- 1SD, polymicrobial n = 5; neg ctrl n = 4. 

Interestingly, at 48 hours, a pronounced second peak in the phase angle appeared in both the 

polymicrobial chambers and also the P. aeruginosa monoculture (Figure 5-21).  This second 

peak has been seen previously in other experiments under microaerophilic conditions with 

PA14 (see for example Figure 5-1).  The results suggest that subtle differences in the 

experiment could have an impact upon the observed impedance.  For example, if the 

composition of the ASM used in this experiment differed slightly from previous batches, it 

may have caused a slight change in the phenotypic behaviour of P. aeruginosa which led to 

an additional change in the impedance.  The transient nature of the change also suggests that 
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it could have been due to a different growth rate, which resulted in the double peak being 

measured whereas in previous experiments, it was caused by a metabolite which changed in 

the impedance being only briefly present.  Analysis of the two phase peaks from the P. 

aeruginosa monoculture shows that they are both readily detected by the peak detection 

algorithm (Table 5-5). 

 

Figure 5-21: Positive control measurement of P. aeruginosa PA14 in ASM, showing 

similar peaks at 48 hours to those seen in the polymicrobial model with C. albicans.  

Background shading represents +/- 1 SD, n = 4 for both PA14 and negative control. 

 

Table 5-5: Identification of peaks in P. aeruginosa monoculture at 48 Hours.  The 

location of the high frequency and low frequency peaks were determined using the 

peak detection algorithm.  Only one peak was identified in each of the negative control 

channels.    Ten measurements were performed per frequency decade, therefore the 

range of the peaks detected at high frequencies is greater than the range at lower 

frequencies. 

Peak 

Location 

PA14 Negative Ctrl 

Mean Peak 

Frequency Hz 

(SD) 

Mean Peak 

Amplitude 

Degrees (SD) 

Mean Peak 

Frequency Hz 

(SD) 

Mean Peak 

Amplitude 

Degrees (SD) 

High 

Frequency 
3.83 (0.8) 41.73 (0.95) 

9.75 (12.32) 79.68 (0.68) 
Low 

Frequency 
673.75 (99.91) 38.50 (2.12) 
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Colony counting was performed out at the end of the experiment in order to determine the 

number of viable cells in both the polymicrobial cultures and the monocultures.  The results 

indicate that P. aeruginosa out-competes C. albicans by the end of the experiment (Table 

5-6).  Additionally, the concentration of C. albicans viable cells at the end of the experiment 

in the monoculture was low.  There are two possible reasons for this.  Firstly, the cells could 

have formed pellets during the experiment and fallen to the bottom of the electrode chamber.  

This is plausible because at the end of each experiment with C. albicans, the media appeared 

clear until it was disturbed by pipetting.  When colony counting was carried out, a pellet of 

cells could have been counted as a single cell.  The second reason relates to the ability of the 

ASM to support the growth of SC5314.  This would imply that no growth occurred and the 

overall viability of the observed cells is lower. 

Table 5-6: Indicative cell densities of planktonic cells at the end of the experiment (nd. 

= not detected). 

Sample Type 

Cell Concentration (CFU/ml) 

Initial (0 hrs) 72 Hrs mean (range) 

PA14 Mono 1.36  10
7
 

1.02 10
9
 

(9.510
8
 – 1.2510

9
) 

SC5314 Mono 1.6  10
6
 

2.010
3
  

(n.d. – 9.7  10
3
) 

PA14 Poly 1.36  10
7
 5.14  10

8
 

SC5314 Poly 1.6  10
6
 n.d. 

In summary, the experiments with C. albicans indicate that the presence of P. aeruginosa in 

a polymicrobial context still causes a change in the impedance.  The results also suggest that 

slight changes could be observed in the normalised resistance as result of C. albicans growth 

in a monoculture.  These were not conclusively defined in the experiments carried out here, 

therefore further work is required to elucidate them more completely.  In this study, the focus 

now shifts toward an exploration of the possible mechanisms behind the impedance changes 

caused by P. aeruginosa, starting with the role that phenazines such as pyocyanin play. 
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5.4 Investigation into role of pyocyanin in P. aeruginosa mediated change in 

impedance 

After growth of P. aeruginosa in both LB media and ASM, it was noted that there was a 

colour change when the media was exposed to air (Figure 5-22).  P. aeruginosa is known to 

produce a number of coloured secondary metabolites such as pyoverdin and pyocyanin.  In 

particular pyocyanin, an electroactive secondary metabolite produced by P. aeruginosa, 

changes from blue to clear when it is reduced, and from clear to blue when oxidised and has 

widely reported electroactive properties (Price-Whelan et al. 2006, 2007; Wang and 

Newman 2008).  Given the well reported redox properties of pyocyanin and other 

phenazines further investigation was carried out, firstly to confirm that pyocyanin was 

produced by the strains studied and also to understand the role it plays in impedance.

 

Figure 5-22: Colour change in media resulting from growth of three different strains of 

P. aeruginosa.  (A) Colour of media after 24 hours.  (B) Colour of media when air in the 

headspace is refreshed and culture is agitated. 

 

5.4.1 Identification of pyocyanin within the media 

Purified pyocyanin was used to determine the location of the peaks that existed within the 

UV spectrum.  Analysis of the UV visible spectrum showed that peaks were present at 238 

nm, 311 nm, 379 nm and 695 nm (Figure 5-23), which was consistent with other findings in 

the literature (Watson et al. 1986). 
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Figure 5-23: UV-Visible spectrum for pure pyocyanin at different concentrations, 

showing peaks at 238 nm, 311 nm, 379 nm and 695 nm. 

 

The supernatant UV-visible spectrum from spent media after experiments carried out in 

ASM was measured to determine if pyocyanin was being produced by P. aeruginosa (see 

section 3.6).  Peaks below 300 nm were obscured by other compounds, such as amino acids 

and proteins, present in the media.  However, the results show that a similar pattern of peaks 

exist in the UV-visible spectrum to those found with pure pyocyanin (Figure 5-24).  These 

results suggest that P. aeruginosa strain J1532 produces more pyocyanin than strains PA14 

and J1385.  The concentration can be estimated from the UV-visible spectrum by measuring 

the absorbance at 690 nm and calculating the concentration using the absorbance coefficient 

(Price-Whelan et al. 2007), as described in section 3.6.2.  In ASM under microaerophilic 

conditions, these were found to be between 197 µM and 600 µM, after 72 hours depending 

upon the strain measured. 
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Figure 5-24: Measurement of the UV-visible spectrum for supernatant following 

microaerophilic growth in ASM.  (A) PA14 supernatant and (B) Supernatant from J-

strains (see section 4.4.2 for a description of the J-strains).  Spectra (A) and (B) are 

from separate experiments. 

 

5.4.2 Impedance assessment of pure pyocyanin added to ASM 

Given the electroactive properties of pyocyanin, the effect that purified pyocyanin had on the 

impedance was investigated.  Impedance measurements were taken before and after purified 

pyocyanin was added to sterile ASM (section 3.6.3).  Different concentrations of pyocyanin 

from 1000 μM to 1 μM were used to determine if changes similar to those observed with P. 

aeruginosa occurred.  Recall from above that the typical in vitro concentration of pyocyanin 

found after 72 hours was between 200 µM and 600 µM. 

The results show only a slight change in the impedance, unrepresentative of the changes 

observed when P. aeruginosa is grown in either LB media (see for example, Figure 4-10) or 

in ASM with similar concentrations of pyocyanin (see for example, Figure 5-1).  There was 

little change in the phase angle (Figure 5-25 A), normalised phase (Figure 5-25 B) or the 

modulus of impedance (Figure 5-25 D).  Interestingly, some changes could be seen in the 

normalised resistance at low frequencies, with similar peaks seen to those at early timepoints 

in experiments with P. aeruginosa (Figure 5-25 C).  The greatest changes were seen at low 

frequencies and high concentrations of pyocyanin (1000 M to approximately 500 M).  

However, they were unrepresentative of the changes observed when the impedance of a 

culture containing PA14 (alone or polymicrobial) was measured (Figure 5-26). 
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Figure 5-25: Measurement of purified pyocyanin in ASM.  (A) Phase, (B) normalised 

phase, (C) normalised resistance and (D) modulus.  Shading represents +/- 1 SD, n = 3. 

 



 

188 

 

Figure 5-26: Boxplot of phase angle at 1 Hz as a result of the addition of pyocyanin to 

the culture.  The greatest changes occur when concentrations of more than 100 μM are 

used.  n = 3. 

 

5.4.3 Exogenous addition of pyocyanin to overnight cultures 

The interaction between exogenous pyocyanin and P. aeruginosa could explain why there 

was little change in the impedance in sterile ASM.  Specifically, it could be because in the 

sterile ASM experiments, pyocyanin exists in its oxidised form and therefore no reduced 

pyocyanin was available to balance the redox reaction at each electrode.  Alternatively, 

pyocyanin could have been just one of multiple electroactive compounds produced by the 

bacteria that transferred electrons in a chain, with the compounds at an appropriate redox 

potential compared to the electrode, thus causing a change in the impedance. 

A more representative situation was explored, where pyocyanin was added directly to a late 

log culture of P. aeruginosa and S. aureus in order to assess the effect it had on the 

impedance (section 3.6.4).  Cultures of P. aeruginosa (PA14) and S. aureus (RN4220) were 

grown in ASM microaerophilically overnight to late log phase in 24 well plates.  After 

measuring the impedance of the media, and the impedance of the late log phase cultures, 

pyocyanin was added to the cultures at concentrations of 100 M and 300 M.  The results 

indicated a clear change in the impedance for each of the samples of P. aeruginosa (Figure 
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5-27) and S. aureus tested (Figure 5-28).  These were more representative of the changes 

observed when P. aeruginosa was grown in either LB media or ASM. 

 

Figure 5-27: The effect of exogenous addition of pyocyanin on the impedance of P. 

aeruginosa PA14.  (A) Phase, (B) normalised phase, (C) normalised resistance, (D) 

modulus.  Shading represents +/- 1 SD, n = 3 for both PA14 and neg ctrl. 
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Figure 5-28: The effect of exogenous addition of pyocyanin on the impedance of S. 

aureus RN4220.  (A) Phase, (B) normalised phase, (C) normalised resistance, (D) 

modulus.  Shading represents +/- 1 SD, n = 3 for both PA14 and neg ctrl. 

 

It was noted when similar experiments were carried out in LB media that the blue pigment 

resulting from the addition of pyocyanin changed to clear in all but the top layer of each of 

the cultures (Figure 5-29).  As mentioned above, and consistent with cultures of P. 

aeruginosa, on shaking the pyocyanin was rapidly oxidised and returned to its original blue 

pigment, before gradually being reduced again.  This was apparent after five minutes for the 

culture of S. aureus while P. aeruginosa took longer to lose its pigment and did so to a lesser 

degree. These results indicate that pyocyanin plays a role in the observed impedance of 
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PA14 when grown microaerophilically in ASM.  Furthermore, it is clear that the presence of 

S. aureus leads to the reduction of pyocyanin in some manner and a consequent change in 

the impedance signature. 

 

Figure 5-29: Media colour change following exogenous addition of pyocyanin to 

overnight cultures of (A) P. aeruginosa PA14 and (B) S. aureus RN4220. 

 

5.4.4 Investigation of impedance changes due to phenazine production in mutant 

strains of P. aeruginosa 

The biosynthesis pathway of pyocyanin in P. aeruginosa is also responsible for the 

production of other phenazines, such as phenazine-1-carboxylate (the precursor to 

pyocyanin), 1-hydroxyphenazine, and phenazine-1-carboxamide (Winsor et al. 2011).  Like 

pyocyanin, these phenazines are redox active (Wang and Newman 2008) and therefore could 

also have an impact upon the measured impedance. 

In order to explore the changes that a culture of P. aeruginosa unable to produce pyocyanin 

would have, the impedance signature of mutant strains of PA14 from the PA14NR set 

(Liberati et al. 2006) and also the impedance of a double knockout mutant (Dietrich et al. 

2006b) were investigated.  PA14phzM is a mutant that produces phenazine-1-carboxylic 

acid and 1-hydroxyphenazine and PA14phzS is a mutant that produces phenazine-1-

carboxylic acid and 5-methylphenazine-1-carboxylic acid betaine(Mavrodi et al. 2001).  

Whilst both PA14phzM and PA14phzS were able to produce phenazines, neither of the 

strains was able to produce pyocyanin.   Changes in the impedance phase angle and modulus, 

and a peak in the normalised resistance were observed in data for both the PA14phzM and 

PA14phzS strains (Figure 5-30 A-C and Figure 5-31 A-C).  The UV-visible spectrum 

shows a peak clearly visible at 366 nm, suggesting the presence of phenazine-1-carboxylic 

acid (Mavrodi et al. 2001).  No peak is present at 698 nm, confirming that no pyocyanin was 
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produced (Figure 5-30 D and Figure 5-31 D).  Although the PA14phzM and PA14phzS 

strains followed the same basic pattern as the wild type strain, a different impedance 

signature can clearly be seen, particularly in the phase angle and the normalised resistance.  

This shows that different combinations of phenazine compounds influence the 

electrode/electrolyte interface (Figure 5-30 E and Figure 5-31 E).   
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Figure 5-30: Impedance changes caused by the P. aeruginosa PA14phzM mutant.  

Changes to the impedance spectrum can be clearly observed when a mutant of P. 

aeruginosa, unable to produce pyocyanin is measured.  Changes to the (A) phase, (B) 

modulus and (C) normalised resistance are similar to those found in the PA14 wild 

type.  (D) the UV-visible spectrum shows a peak at 367 nm, suggesting the presence of 

phenazine-1-carboxylic acid.  (E) Indicates the biosynthesis pathway for phenazines 

and shows the effect that the phzM knockout is anticipated to have.  Background 

shading represent +/- 1 SD.  PA14phzM n = 3; Neg Ctrl n = 3. 
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Figure 5-31: Impedance changes caused by the P. aeruginosa PA14phzS mutant.  

Similar changes are observable in the (A) phase, (B) modulus and (C) normalised 

resistance to the wild type and the PA14phzS mutant.  (D) the presence of phenazine-

1-carboxylic acid can also be seen.  (E) Indicates the biosynthesis pathway for 

phenazines and shows the effect that the phzS knockout is anticipated to have.  

Background shading represent +/- 1 SD.  PA14phzS n = 3; Neg Ctrl n = 3. 

 

In addition to the two mutants described above, a third double knockout mutant was studied 

that did not produce any phenazines at all.  In this strain, the phzA1-G1 and phzA2-G2 
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operons have been deleted and therefore the bacteria cannot produce any phenazines 

(Dietrich et al. 2006b).  Unlike the other two mutants, the PA14phzA1-G1/A2-G2 mutant 

did not result in a significant impedance change in the phase and modulus data (Figure 5-32 

A and Figure 5-32 B).  A small peak in the normalised resistance data different to the 

negative control is clearly visible after 24 hours, although this is not of the same magnitude 

as the wild type or other mutants tested.  This suggests a process other than electroactive 

transfer mediated by phenazines. 
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Figure 5-32: Measurement of P. aeruginosa PA14phzA1-G1/A2-G2 double mutant.  (A 

and B) no significant different can be seen in the phase or modulus of the impedance.  

(C) a small difference in the normalised resistance can be seen, contrasted to the 

negative control. (D) The UV-visible spectrum indicates that the phenazines present in 

the wild type or other mutants tested are no present.  (E) Indicates the point on the 

biosynthesis pathway that the double knockout is anticipated to affect.  Background 

shading represent +/- 1 SD.  PA14phzA1-G1/A2-G2 n = 4; Neg Ctrl n = 4. 
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5.5 SEM analysis of electrode surface following P. aeruginosa growth in ASM 

In order to explore the interactions between the electrode surface and P. aeruginosa, SEM 

was performed on the electrode surface, as described in section 3.7.2.3.  Briefly, electrode 

coupons were incubated in ASM in 24 well plates microaerophilically over 72 hours.  Some 

of the electrode coupons were incubated perpendicular to the base of the well in order to 

allow a biofilm to form at the air-liquid interface.  This served as a positive control and 

builds upon the evidence in section 4.5 that P. aeruginosa attaches to the carbon electrode.  

The positive control shows extensive biofilm at the air-liquid interface.  Biofilm-like 

structures are visible, which appear dehydrated and cracked in places, probably caused by 

the fixing method (Figure 5-33 A and B).  However, microbial attachment is clearly visible, 

with some cells covered by what is likely to be biofilm matrix.  Channel-like structures are 

also visible within the biofilm (Figure 5-33 C).  In contrast, the negative control 

demonstrates that the electrode surface is porous with several flake-like structures which are 

probably graphite (Figure 5-34). 

Electrode coupons located at the bottom of a 24 well plate were incubated in 1 ml of ASM 

inoculated with 10 μl of P. aeruginosa PA14.  Consistent with the findings of the 

epifluorescent microscopy, small groups of colonies were visible on the electrode surface, 

rather than the extensive biofilm formation seen at the air liquid interface (Figure 5-35 and 

Figure 5-36).  As previously mentioned, the negative control shows the electrode surface 

consists of a porous structure containing flakes of graphite (Figure 5-34).  In contrast, the 

porous structure was less clearly defined in the samples containing P. aeruginosa, incubated 

at the bottom of the electrode chamber.  This suggests that although biofilm formation is 

more limited at the bottom of the electrode chamber, deposition of extrapolymeric 

substances could still be taking place. 
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Figure 5-33: Example SEM images of biofilm formation by P. aeruginosa PA14 on the 

positive control samples.  (A) and (B) show dehydrated biofilm structure, (C) shows 

possible biofilm water channel.  Red squares indicate magnified region. 
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Figure 5-34: Example SEM images of negative control showing electrode surface.  The 

electrode has a porous surface with large flakes within it, which are probably graphite.  

Red boxes show magnified regions. 
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Figure 5-35: First example of SEM images of P. aeruginosa PA14 sample, incubated at 

the bottom of a 24 well plate.  Less biofilm structure exists than is present in the 

negative control, but small clusters of cells were still evident.  Red boxes represent 

magnified area. 
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Figure 5-36: Second example of SEM images of P. aeruginosa PA14 sample, incubated 

at the bottom of a 24 well plate.  Less biofilm structure exists than is present in the 

negative control, but small clusters of cells were still evident.  Red boxes represent 

magnified area. 
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5.6 Summary 

In this chapter, the carbon electrode developed in section 4 was investigated further to 

determine if P. aeruginosa could be detected in an environment representative of the CF 

airway.  As described in section 1.2, CF patients are colonised with a complex microbiome 

(Harrison 2007).  Therefore, a series of studies were carried out with three other species 

common within the CF airway.  The chapter concluded with a study into the underlying 

mechanisms that could drive changes to the impedance. 

The results show that P. aeruginosa remains detectable on the carbon electrodes used for this 

study in conditions designed to be more representative of the CF airway (Kirchner et al. 

2012).  Interestingly, different changes were seen in the impedance when the other three 

species of bacteria were studied in both optimal and sub-optimal conditions.  S. aureus led to 

small changes in impedance when an aliquot of overnight culture (grown in LB media) was 

added to the electrode after growth in a universal container.  The key changes seen were a 

peak in the normalised resistance data around 100 Hz and a through in the normalised phase 

angle at 1 kHz.  Some changes to the impedance were found as a consequence of H. 

influenzae growth, ex situ.  A greater drop in the normalised phase angle contrasted to the 

negative control at low frequency.  This was observed across three out of five of the 

experiments carried out and suggests that electrode optimisation could allow a signature for 

H. influenzae to be elucidated.  Experiments with C. albicans did not yield any significantly 

different changes to the impedance contrasted to the negative control.  However, further 

development of the electrode could allow some of the small changes seen in the impedance 

to be elucidated.  In summary, therefore, further studies are required to fully explore the 

impedance changes caused by S. aureus, H. influenzae and C. albicans. 

None of the changes observed in the impedance were the same as those found with P. 

aeruginosa.  Throughout all of these experiments, P. aeruginosa resulted in higher cell 

densities that the other microorganisms tested, even when they were tested under optimal 

conditions.  This could suggest that P. aeruginosa causes impedance changes because it is 

better adapted to conditions within the electrode chamber and grows to higher cell densities.  

However, investigation of the underlying causes for the changes in impedance with P. 

aeruginosa suggests that this is not the primary reason. 

In the next section of this chapter, the ability of phenazine secondary metabolites to drive a 

change in the impedance was explored.  By making use of the P. aeruginosa PA14 non 
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redundant mutant library and a double knockout mutant, it was demonstrated that the 

production of redox active secondary metabolites caused a large change in the impedance of 

P. aeruginosa.  Furthermore, the ability of the electrode to detect these changes in a labeless 

and reagentless manner could make it useful as a diagnostic tool for P. aeruginosa infections 

in a number of different contexts. 

The work with phenazine mutants also re-opened another question raised at the outset of this 

project: does microbial attachment and biofilm formation cause a change to the impedance?  

Specifically, the use of the double knockout mutant showed that there is still a small change 

in the impedance even when no phenazines are produced.  This implies that other 

impedance-changing mechanisms could be at play. 

This chapter concludes with SEM study of the electrode surface following growth in ASM.  

This shows that microbial attachment and biofilm formation are possible on the electrode 

surface, although to a much lesser degree at the bottom of an electrode chamber or well, 

presumably because of the disadvantageous position in the competition for oxygen, 

contrasted to the air liquid interface (even under microaerophilic conditions).  Nevertheless, 

extrapolymeric substances and microcolonies can still be seen on the electrode surface in this 

location and these could have an impact upon the observed changes in impedance.  Further 

investigation is clearly required to elucidate more about the impedance changes resulting 

from biofilm formation on screen printed electrodes, including experimentation with 

electrodes that have a lower starting impedance than those used here to accurately elucidate 

changes. 
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6 DETECTION OF P. AERUGINOSA IN HUMAN SPUTUM SAMPLES AND 

FURTHER STUDIES OF ELECTRODE SENSITIVITY 

  



 

205 

6.1 Introduction 

In the previous two results chapters, an impedance signature characteristic of P. aeruginosa 

has been identified.  Additionally, experiments with other microorganism common to the CF 

airway showed that the changes related to the impedance are specific to P. aeruginosa within 

the context of the other species tested. 

The investigation was taken further to determine if it is possible to detect the presence of P. 

aeruginosa within human sputum samples.  After gaining ethics approval through the 

Glasgow and Greater Clyde Biorespository scheme (reference number: 139), and the 

university ethics committee, a total of eight human samples from inpatients were received 

and tested. 

In this chapter, the effect that the widely used mucolytic agent sputasol has upon the 

impedance was explored.  Following this, the device was tested with clinical samples.  As a 

consequence of this initial testing, a number of improvements to the electrode assembly were 

identified.  These are highlighted and described throughout the course of the chapter, along 

with developmental changes made to the electrode assembly to address these challenges.  

Following this, clinical samples were used to iteratively test and develop the electrode, 

resulting in design improvements and changes in the impedance that may anecdotally 

suggest that P. aeruginosa can be detected. 

The chapter concludes with the results of a brief experiment that was carried out on the 

sensitivity of the electrode developed throughout this project.  This in vitro growth curve 

experiment was done in order to understand the minimum detection threshold of the 

electrode in terms of CFU/ml of P. aeruginosa under laboratory conditions. 
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6.2 Measurements of P. aeruginosa overnight culture in sputasol 

A frequent problem observed with CF sputum samples is the sticky, viscous and 

heterogeneous properties of the sample.  In order to address this, Clinical Microbiologists 

use mucolytic reagents containing Dithiothreitol (DTT) to allow the dilution of sputum and 

the retrieval of microorganisms (Cystic Fibrosis Trust 2010).  Given the viscous, 

heterogeneous properties of sputum, a commonly used mucolytic agent (called sputasol, 

containing DTT) was explored as a tool to help break down the sputum and make P. 

aeruginosa detectable in clinical samples.   

DTT is a reducing agent and therefore it could interfere electrochemically with the electrode 

and affect the detection of P. aeruginosa.  Therefore, an in vitro experiment was carried out 

in advance of receiving any sputum samples to investigate what effect the addition of 

sputasol had on a microbial culture.  This was achieved by measuring the change in the 

impedance of aliquot of P. aeruginosa (incubated for 48 hours in ASM) when sputasol was 

added at the concentration recommended by the manufacturer.  

It can be seen that there is little change to the impedance signature of P. aeruginosa PA14 as 

a result of adding sputasol to the media (Figure 6-1). Following the addition of sputasol, the 

culture was incubated for a further hour at room temperature and then the impedance was 

measured again, to ensure that no longer term changes in the composition of the culture 

occurred that could negatively affect the signature.  Again, the results show that the 

impedance remains very similar.  In fact, the P. aeruginosa normalised phase (Figure 6-1A) 

and the normalised resistance (Figure 6-1C) appear to be slightly more pronounced after one 

hour. 

Interestingly, changes to the negative control as a result of adding sputasol are more 

pronounced in the phase, normalised phase and impedance modulus data (Figure 6-1 A, B 

and D).  However, only a marginal change between sterile ASM and sputasol is seen in the 

normalised resistance data (Figure 6-1 C).  The greater change to the negative control 

impedance contrasted to the inoculated culture could be explained by the higher impedance 

of the control culture contrasted to the inoculated culture which, as described in section 5.4, 

contains several electroactive species.  
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Figure 6-1: Measurement of P. aeruginosa PA14 before and after the addition of 

sputasol, normalised against sterile ASM.  (A) Phase, (B) normalised phase, (C) 

normalised resistance, (D) modulus.  Background shading represents +/- 1SD, n = 4. 

 

Further analysis of the change in the baseline impedance following the addition of Sputuasol 

was carried out to determine the impact that the presence of sputasol would have if it was 

present in the starting normalisation measurement.  To achieve this, the data from the above 

experiment were normalised against the sterile sputasol measurement (Figure 6-2A).  This 

helped to determine if it was appropriate to include sputasol in the blanking media in 

experiments with human samples.  The results indicate that the normalised resistance 

signature for P. aeruginosa PA14 remains very similar, to that normalised against sterile 
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ASM, with a peak still present between 100 Hz and 1 kHz.  In contrast, there are some low 

frequency changes to the shape of the normalised phase data, as would be expected from the 

change in the phase angle in sputasol at low frequencies (Figure 6-2B).  On the basis of these 

measurements, it was decided to use sputasol to carry out a blanking measurement on the 

first set of human sputum samples received.  As discussed in the next section, the use of 

sputasol was important in the first set of experiments with human samples, because it 

ensured that the sputum could be placed effectively into the electrode chamber. 

 

 

Figure 6-2: Measurement of P. aeruginosa PA14 in sputasol, normalised against sterile 

sputasol.  (A) normalised resistance, (B) normalised phase.  Background shading 

represents +/- 1 SD n = 4. 

 

6.3 Electrode performance in human sputum samples and experimental development 

6.3.1 Sputum samples one and two 

Initially, two human sputum samples were received and measured.  On receipt of the 

samples, it was found that they were difficult to handle and, without the use of sputasol, it 

was not be possible to fit them into the electrode chambers.  Therefore following the 

collection of the samples blanking measurements were carried out in sputasol on a set of six 

electrodes, conditioned as previously described (see section 3.4.3).  Prior to blanking and 
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measurement of the sputum samples, the electrodes were sterilised in 70% v/v ethanol for 10 

minutes.  After an impedance sweep in sputasol, each sample was measured by placing an 

aliquot into the electrode chamber.  After this measurement, samples were homogenised in 

sputasol and impedance measurements were repeated. 

The electrodes were successfully conditioned in 0.9% w/vNaCl the day before the 

experiment, and had highly consistent signatures (Figure 6-3 A).   However, when the 

blanking measurements were carried out in sputasol immediately prior to the measurement 

with the sputum samples, some of the electrodes were found to have inconsistent signatures, 

unlike those expected and seen previously in sputasol (Figure 6-3 B).  Therefore, only data 

from electrodes 1, 4 and 5 is analysed below.  It was noted that even for these electrodes, the 

baseline impedance measurement was different and not as consistent as described in the in 

vitro experiment above (section 6.2). 

 

Figure 6-3: Individual baseline measurements of electrodes used for testing of first two 

human sputum samples.  (A) Baseline measurements carried out in 0.9% w/v NaCl and 

(B) baseline measurements carried out in sputasol.  The black dashed line represents 

mean data for equivalent baseline measurements from a different experiment, for 

these, the SD is shown as grey shading, n = 4 for NaCl and n = 3 for sputasol. 

 

As described above, both sputum samples were thick and viscous, which made handling 

them challenging and in particular made it difficult to get the sample into the electrode 

chamber.  In the first sample, the sputum was covered by a large quantity of saliva.  
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Therefore it was unlikely that the sputum itself was in contact with the electrode.  The 

impedance results were blanked against sweeps carried out in sterile sputasol.  The phase 

data shows that there is little difference between the sputasol negative control and the 

sputum/sputasol mixture (Figure 6-4 A).  Additionally, from the phase data, the same 

changes that were present within the culture experiments with P. aeruginosa are not evident.  

When both sputum samples have been treated with sputasol, it is clear that they appear the 

same as each other whereas prior to this, each had a unique signature.  This can be seen at 

high frequency in the normalised phase angle (Figure 6-4 B) and also across the entire 

normalised resistance frequency spectrum (Figure 6-4 C).  Specifically, it can be seen from 

the normalised resistance spectrum that there is a difference in the peak frequency between 

the two samples before they are treated with sputasol. 
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Figure 6-4: Measurement of first two human sputum samples, blanked against 

sputasol.  (A) Phase, (B) normalised phase, showing differences in unmodified sputum 

between samples at high frequency, (C) normalised resistance showing differences in 

the locations of peaks in unmodified sputum, (D) modulus.  Background shading 

represents +/- 1 SD, sample 1, n = 1; sample 2 n = 2. 

 

After impedance testing, microbial analysis of the samples was carried out as described in 

section 3.9.6.  Briefly, colony counting was carried with an aliquot of sputum on 

Pseudomonas Agar Base with CN supplement (PAB + CN)  and Gram positive bacteria 

using Mannitol Salt Agar (MSA) (Table 6-1).  The results indicate that for sample 1, only 

one CFU was cultured on PAB+CN.  In contrast, the results for sample 2 show a higher 
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concentration of CFU/ml.  Growth on MSA indicates that both samples were populated with 

a number of Gram positive bacteria. 

Table 6-1: Microbiological analysis of sputum samples 

 Colony forming units per ml 

Selective Agar Sample 1 Sample 2 

PAB + CN supplement 

(for P. aeruginosa) 
< 1 3 x 10

5
 

MSA 

(for Gram negative) 
1.12 x 10

6
 3.65 x 10

5
 

 

Testing with the first two sputum samples suggests that differences exist in the normalised 

resistance signature between the un-modified sputum samples.  However, both samples have 

a similar impedance signature when mixed with sputasol.  This suggests that the addition of 

sputasol could mask small changes in the impedance caused by P. aeruginosa.  This is likely 

given that the large changes in impedance observed when P. aeruginosa is grown in a 

monoculture were not seen (see Figure 5-1 for example of P. aeruginosa in vitro experiment 

in ASM).  Initial testing also shows that the thick, viscous nature of the sputum samples 

made it difficult to get them into the electrode chamber and in contact with the electrode.   

The baseline performance of the electrodes was dramatically different and far more 

inconsistent than that found in any previous experiment, with very little consistency across 

electrodes.  The cause of these problems (Figure 6-3) was difficult to identify.  The only 

treatment the electrode received prior to the impedance measurement was with 70% v/v 

ethanol for sterilisation.  This could have caused the impedance inconsistencies.  If the 

ethanol had not fully evaporated on the underside of the electrode chamber (Figure 6-5), it 

would have affected the impedance by providing an alternative current path, resulting in 

erroneous results.  Prior to collecting further sputum samples, these issues were addressed. 
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Figure 6-5: Cartoon of electrode assembly, showing where small quantities of residual 

ethanol after sterilisation may have affected the impedance. 

6.3.2 Design two electrode assembly 

As described above, some development of the electrode was carried out to make it more 

practical for the testing and measurement of human samples.  The electrode assembly was 

adapted to make it possible to apply directly to a sputum sample in a 60 ml specimen 

container, which was the same type of container that the samples were typically provided in 

(Figure 6-6).  This was achieved by integrating the electrode into the lid of a 15 ml 

centrifuge tube (see section 3.9.5.1 for full description of assembly).  In addition, adhesive 

backed polyethylene was used to cover the track leading up to the electrode, instead of 

dielectric paste.  This was done to prevent problems associated with the dielectric paste 

cracking when the electrode was flexed, potentially exposing the electrode track to the 

sample and affecting the impedance.  With the modified assembly, the electrode could be 

pushed down onto the sputum sample and held in place on the sample with a test tube stand 

(Figure 6-7).  This approach had the benefit of removing the need to use sputasol to 

homogenise the samples as the electrode could be more precisely applied to the sample.  

Immediately prior to the measurement on sputum, an impedance sweep was carried out in 

normal saline to verify that no changes had occurred to the electrode since the electrode 

conditioning process. 
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Figure 6-6: Cartoon of design two electrode assembly. 

 

 

 

Figure 6-7: Electrode assembly development.  (A) View of electrode surface integrated 

into 15 ml centrifuge tube, (B) electrode applied to sputum sample in an experiment. 

 

6.3.3 Testing sputum samples three, four and five 

After modifications had been made to the electrode assembly, six electrodes were 

conditioned in preparation for receipt of the next sputum samples.  Although all the 

electrodes were conditioned successfully, the impedance signature differed to that found in 

previous experiments (Figure 6-8 A).  The pre-sweep carried out in saline immediately prior 
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to measurement in sputum appeared spurious (Figure 6-8 B).  To identify the problem, one 

of the electrodes that gave the spurious result was dismantled and traces of ethanol were 

found around the connection between the wire and the electrode.  Given the similarly of the 

spurious results with those observed in section 6.3.1, it appears that a similar problem 

affected the impedance.   

Given the clear problems caused by sterilisation in ethanol, particularly with the new 

assembly, future electrodes were not sterilised prior to measurement of the sputum samples.  

This was considered acceptable given that the electrode only remains in contact with the 

sample for a brief period of time.  To ensure that the microbiological analysis remained 

valid, an aliquot of the sputum was aseptically removed prior to the impedance measurement 

being carried out. 

  

Figure 6-8: Impedance measurements in NaCl prior to sputum measurements (A) 

measurement immediately after conditioning, (B) measurement immediately prior to 

measurement in human sputum. 

Given the problems encountered with electrodes 4, 5 and 6 (highlighted in Figure 6-8), they 

were discarded and not used in the rest of the study with the second set of sputum samples 

because of their unsatisfactory performance.  Three sputum samples were received therefore 

one electrode was used to measure each sample.  The impedance measurements were 

blanked against the normal saline immediately prior to taking a measurement with the 

sputum. 
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The results demonstrate that there are differences between all three of the samples.  The 

phase angle at low frequency for all three samples is lower than the blanking measurement.  

Interestingly, sample 3 shows a slightly greater trough in the normalised phase angle 

contrasted to samples 4 and 5 (Figure 6-9 B).  The most pronounced change however, is seen 

in the normalised resistance data with a very large peak present in sample 3 contrasted to the 

other two samples (Figure 6-9 C).  Microbiological analysis of the samples using selective 

agar also provided interesting results (Table 6-2).   These suggest that sample 3 contains the 

highest concentration of CFU/ml on PAB + CN.  Colony forming units were also identified 

in sample 4 on PAB + CN (2.48 x 10
5
 CFU/ml).  However, no pigmentation was seen in 

these colonies, suggesting they were not P. aeruginosa.  Bcc was also identified in sample 4 

and was found to grow on PAB + CN, therefore the growth observed on this media could 

have been Bcc.  
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Figure 6-9: Impedance measurement of second set of sputum samples, blanked against 

0.9% w/v NaCl. (A) Phase, (B) normalised phase, (C) normalised resistance and (D) 

modulus. 
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Table 6-2: Microbiological analysis of samples 3, 4 and 5.   Growth on PAB+CN 

supplement was observed for sample 4, but this could have been Bcc, as the colonies 

observed were not pigmented.  

 Colony forming units per ml 

Selective Agar Sample 3 Sample 4 Sample 5 

PAB + CN supplement 

(for P. aeruginosa) 
1.6 x 10

8
 Unknown 6.8 x 10

5
 

MSA 

(for Gram negative) 
6.75 x 10

3
 9.5 x 10

3
 Not detected 

Burkholderia  cepecia agar 

(for Bcc) 
Negative Positive Negative 

In summary, the electrodes used for the second impedance measurement were an 

improvement upon the original electrode chamber design (Figure 3-4) because they removed 

problem associated with handling the sputum and effectively placing it onto the electrode.  

Furthermore, these results identified a possible explanation for the consistency problems 

found with the electrodes used for the first impedance measurement.   

Some changes in the impedance signature were observed, in particular with the normalised 

resistance data, which suggest that a high frequency peak is more prominent and visible in 

the sample that appeared to be positive for P. aeruginosa.  It is difficult to know whether 

sample 4 contained any P. aeruginosa in addition to Bcc. 

6.3.4 Sputum sample six 

In preparation for the third set of human sputum samples, a further set of electrodes were 

produced using the electrode assembly tested on the second set of samples.  After the 

conditioning process, 2 out 12 of the electrodes conditioned showed inconsistencies.  

Specifically, this was seen as a drop in the low frequency phase angle.  A possible cause of 

this was related to a twisting action on the electrodes as the lid of the tube was screwed on.  

Only one sample was received, therefore this was tested with the three electrodes that 

provided the most consistent signature during the post conditioning sweep in normal saline.  

The results indicate a low frequency drop occurs in the phase angle (Figure 6-10 A).  Also, a 

peak is evident in the normalised phase at low frequency (Figure 6-10 C).  Microbiological 

analysis did not yield any growth on PAB + CN (Table 6-3), but testing on Burkholderia 

cepecia agar indicated the presence of Bcc. 
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Figure 6-10: Impedance measurement of sputum sample 6, blanked against 0.9% w/v 

NaCl.  (A) Phase, (B) normalised phase, (C) normalised resistance, (D) modulus.  

Background shading represents +/- 1SD, n = 3. 
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Table 6-3: Microbiological analysis of sample 6 

 
Colony forming 

units per ml 

Selective Agar Sample 6 

PAB + CN supplement 

(for P. aeruginosa) 
Not detected 

MSA 

(for Gram negative) 
1.93 x 10

6
 

Burkholderia  cepecia agar 

(for Bcc) 
Positive 

 

6.3.5 Design three electrode assembly development 

To improve the electrode further and address the challenges associated with conditioning, a 

further adaptation was made to the electrode assembly, as shown in Figure 6-11  (see section 

3.9.5.2 for a detailed description of the changes to the assembly).   By mounting the chamber 

on the outside of a bijou tube, less mechanical stress was place on the screen printed ink, 

which appeared to help maintain the consistency between electrodes (Figure 6-12).  

Additionally, both dielectric ink and PE plastic were used to seal the connection with the 

measurement wires to ensure that no fluid could contact the connection between the wire and 

the electrode, and affect the impedance.   

An additional challenge encountered with the conditioning of the revised electrode design 

related to the use of the platinum counter electrode.  It was difficult to locate this electrode a 

consistent distance from the carbon electrodes and appeared to affect the consistency of the 

result.  Therefore, in order to attempt to maintain electrode consistency, the conditioning 

process described in section 3.4.3 was not used with these electrodes. 
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Figure 6-11: Cartoon of design three electrode. 

 

 

 

Figure 6-12: Bijou tube electrode assembly used for measurement of samples seven and 

eight. 

6.3.6 Sputum sample seven and eight 

During measurement of the sputum sample 7, several inconsistencies occurred to the 

electrodes used for the measurements.  Electrode 1 had an inconsistent signature during the 

pre-sweep in saline, observed as a drop in the phase angle at lower frequency and was 

probably a consequence of not pre-conditioning the electrodes (Figure 6-13 A).  In contrast, 

the saline pre-sweep carried out with the other three electrodes was more consistent.  

However, during the measurements, electrode 3 suffered mechanical damage by being 
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pushed too far into the sputum sample, causing the printed ink tracks leading to the 

electrodes to be bent.  This clearly affected the impedance signature seen in the phase angle 

(Figure 6-13 A), and may also have had an impact upon the normalised resistance (Figure 

6-13 C).  Electrodes 2 and 4 had a consistent impedance signature when measured in saline 

and no problems occurred during the impedance measurements undertaken.  It is interesting 

to note, therefore that the impedance signature for both these electrodes differs.  This could 

have been cause by the heterogeneous nature of the sample.  Specifically, there was a large 

quantity of saliva also present that could have affected the measurement.  Therefore a 

possible explanation for the difference is that one of the working electrodes was in direct 

contact with saliva whilst the other one was in contact with sputum thus resulting in 

fundamentally different electrochemical characteristics. 
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Figure 6-13: Impedance measurement of sample 7 blanked against 0.9% w/v NaCl. (A) 

Phase, (B) normalised phase, (C) normalised resistance and (D) modulus. 

 

On collection, it was reported that sample 8 had been collected the day before testing and 

stored at 7 
o
C.  In contrast to sample 7, the electrodes used for sample 8 demonstrated a high 

degree of consistency and four electrodes used had a highly consistent baseline signature 

when blanked in saline.  When measurements were carried out in sputum, consistent changes 

were seen in the normalised impedance spectrum across all of the electrodes.  The results 

show that no trough was visible in the normalised phase data (Figure 6-14 B) and the peak in 

the normalised resistance data occurred at a lower frequency (Figure 6-14 C). 
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Figure 6-14: Impedance measurement of sputum sample 8, blanked against 0.9% w/v 

NaCl.  (A) Phase, (B) normalised phase, (C) normalised resistance, (D) modulus.  

Background shading represents +/- 1SD, n = 4. 

 

As with the other samples, microbiological analysis was carried out on selective media to 

identify the number of viable CFUs present (Table 6-4).  For sample seven, growth occurred 

on both PAB + CN and MSA, whereas sample eight appeared negative for all bacteria other 

than Bcc.  In the next section, the results across all eight sputum samples received are 

analysed to determine if there are trends in the impedance that could suggest the presence of 

P. aeruginosa. 
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Table 6-4: Microbiological analysis of samples 7 and 8 

 Colony forming units per ml 

Selective Agar Sample 7 Sample 8 

PAB + CN supplement 

(for P. aeruginosa) 
8.76 x 10

5
 Not detected 

MSA 

(for Gram negative) 
2.22 x 10

6
 Not detected 

Burkholderia  cepecia agar 

(for Bcc) 
Negative Positive 

 

6.4 Application of P. aeruginosa detection algorithm 

As described above, several changes were made to the electrode assembly in order to 

increase the consistency of the impedance sweeps carried out in human sputum.  A summary 

of the electrode designs used for these experiments are shown in Figure 6-15 below.  

Although several changes were made to the electrode, the carbon ink, electrode substrate and 

perturbation voltage were kept the same.  Therefore, in this section, the impedance results 

produced during the experiments with human sputum are analysed to look for trends that 

would indicate the difference between P. aeruginosa positive and negative samples.  The 

outcome of this analysis is clearly limited due to the changes made to the electrode design, 

however, it is intended to serve as a useful first step in understanding the impedance results 

in human samples. 
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Figure 6-15: Pictorial summary of the evolution of electrode assemblies during testing 

with human sputum samples. 
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It is immediately obvious from the experiments above that the large changes in phase angle 

seen during the growth of P. aeruginosa (as described in the previous chapters) were not 

present in any of the samples tested here.  Furthermore, the in vitro experiments described in 

chapters 4 and 5 with P. aeruginosa indicate that a peak always appeared in the normalised 

resistance data.  In contrast, measurements in human sputum samples show that peaks in the 

normalised resistance data are a common feature of all the measurements taken, not just 

samples that are P. aeruginosa positive.  This probably relates to the use of saline to carry 

out the pre-sweep, whereby large differences between the saline and the sputum which 

results in peaks being present in the normalised impedance for negative samples.  A more 

complete discussion with evidence for this is described in the discussion (section 7.4.2).  

These challenges meant that close analysis of the data was required to identify any anecdotal 

changes in the impedance that suggest a characteristic signature exists for P. aeruginosa. 

In the human sputum samples, the location of peaks in the normalised resistance data appear 

at a higher frequency in those samples found to be P. aeruginosa positive, contrasted to 

negative samples.  This was found using the peak detection algorithm (described in section 

3.8.3), through which the normalised resistance peak frequencies were identified.  

Interestingly in some samples, two normalised resistance peaks can be seen: one at a high 

frequency and one at a lower frequency.  When the mean normalised resistance data from 

each of the eight samples above was analysed, it was apparent that the peak at higher 

frequency only existed in P. aeruginosa positive sputum (Figure 6-16 and Figure 6-17).  

This observation was used to produce a simple algorithm that was then retrospectively tested 

on the data from the sputum samples measured. 
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Figure 6-16: Mean normalised resistance peak frequency, found using the peak 

detection algorithm.  Note that in sample believed to be P. aeruginosa positive, a peak 

always appeared above 100 Hz.  In two of the positive samples, a second peak also 

appeared at a lower frequency, denoted by the dotted lines. 

Briefly, the detection algorithm developed operates by comparing the normalised resistance 

data at a high frequency and a low frequency (section 3.8.4).  The logarithm of the ratio 

between these two frequencies is taken to provide a P. aeruginosa risk index based upon the 

location of the peak.  The logarithm is taken to achieve an equal magnitude either side of the 

origin, based upon the location of the resistance peak, and therefore the likelihood of 

infection.   A positive index then indicates a P. aeruginosa positive sample and a negative 

index would indicate a negative sample.  Using the data resulting from the sputum samples 

measured in this experiment, it was possible to consistently identify a P. aeruginosa positive 

and negative culture using the algorithm (Figure 6-18).  Obviously, further sputum samples 

are required to test the algorithm prospectively and assess its performance for the detection 

of P. aeruginosa within sputum samples.   
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Figure 6-18: P. aeruginosa detection algorithm retrospectively applied to measured 

sputum samples.  Coloured dots correspond to the individual data channels shown in 

Figure 6-17.  Red bars at bottom indicate P. aeruginosa positive samples, green bars 

indicate negative sample. 

 

6.5 Repeated measurement with electrode developments embodied 

One of the key weaknesses of the data shown above relates to the design development 

changes made to the electrode interface.  Furthermore, the detection algorithm is based upon 

a retrospective analysis of the data.  After each experiment, the samples were archived by 

storing at -80
o
C.  This provided the opportunity to test the samples with a set of electrodes 

that embodied the design developments described earlier in this chapter.  Therefore, the final 

electrode design was used to measure the impedance of samples three to eight again in order 

to determine if the same trends were identifiable.  The first two samples were excluded from 

this measurement because they had already been mixed with sputasol. 

The results indicate that the high frequency changes observed in sputum samples containing 

P. aeruginosa were not the same as those observed during individual measurements (Figure 

6-19).  Instead, the electrodes showed a higher degree of consistency between the 

measurements, suggesting that the performance of the final electrode assembly was good.  A 

possible reason for the lack of change in the P. aeruginosa positive samples could be caused 

by freeze thaw lysis of the bacterial cells within the sample affecting pyocyanin redox 
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homeostasis.  As seen in the experiments with exogenous pyocyanin, the impedance changes 

most when pyocyanin is added to an overnight culture of cells (see section 5.4.3).  If freeze-

thaw lysis affected the viability of the bacteria within the sample, the presence of pyocyanin 

and other phenazines could have had an undetectable effect on the impedance.  To explore 

this further, colony counting was repeated on samples 3-8 to compare cell viability. 
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As observed earlier (see 3.6.3) this could be due to fewer viable cells within media, possibly 

caused by the -80
o
C storage conditions. 

The results of the second colony count indicate that the overall viability of Pseudomonas spp 

following freezing of the samples at -80
o
C is reduced (Table 6-5).  In sample 4, 1.03 x 10

3
 

CFU/ml were counted on the pseudomonas agar and in sample 8, 3.0 x 10
7
 CFU/ml were 

counted.  These colonies did not have the green coloured pigment typical of P. aeruginosa 

and given the earlier finding of these samples being Bcc positive, the cultures on the plates 

are also likely to be Bcc. 

Table 6-5: Microbiological analysis of human sputum samples after storage at  

-80
o
C.  *represent samples suspected to contain Bcc rather than PA.  Results from the 

first count are collated from the tables in the previous section to ease comparison. n.d. 

= not detected. 

Sample 

Number 

CFU/ml P. aeruginosa % decrease in cell viability  

(1-(second count/first 

count))*100 
First Count (pre -

80
o
C) 

Second count 

(post -80
o
C) 

3 1.6 x 10
8
 1.5 x 10

4
 99.99 

4* n.d. n.d. - 

5 6.8 x 10
5
 1.06 x 10

5
 84 

6 n.d. n.d. - 

7 8.76 x 10
5
 n.d. 100 

8* n.d. n.d. - 
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6.5.1 Summary 

Results carried out with human sputum samples highlighted numerous challenges not seen 

during the in vitro experiments carried out in the previous chapters.  This viscous nature of 

the sputum made it difficult to handle and indicated that the previous electrode chamber was 

unsuitable.  The adaptations made to the chamber highlighted several other problems, 

including complications from poorly insulated connections to the electrode and also the 

implications mechanical stress could have on the screen printed carbon electrode.  The 

results indicate that further investigation is still required in order to determine and fully 

assess the detection capability of the electrode, taking into account the following points from 

the experimental development carried out here: 

- The electrode should be applied to the sample, rather than being integrated into the bottom 

of a device. 

-Sputasol affects the impedance and could compromise any potential ability to be able to 

detect P. aeruginosa.  However, it was also noted that the normalised resistance was less 

sensitive to the addition of sputasol. 

- Connections to the impedance analyser or measurement equipment need to be kept dry to 

avoid confounding the results with artefact.  

- The screen printed carbon tracks leading up to the electrodes are very delicate and easily 

damaged, potentially affecting the impedance. 

- Freezing sputum samples for storage could affect the impedance and may possibly 

compromise the ability to detect the presence of P. aeruginosa. 
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6.6 Performance assessment of final electrode assembly 

A final experiment was carried out to assess the overall sensitivity of the electrode assembly 

developed for sputum measurement (section 3.9.7).  Briefly, this was achieved by measuring 

the growth of P. aeruginosa, PA14 in LB media in conical flasks for 9 hours.  In addition to 

taking an hourly impedance measurement on an aliquot of media, colony counting and OD600 

were also measured.  From five hours onwards, the supernatant was taken, mixed with 50% 

v/v methanol and then the UV visible spectrum was measured, to determine the 

concentration of pyocyanin.  Following the experiment, a new set of three electrodes were 

used to repeat the impedance measurements in sterile LB (incubated in conical flasks in the 

same manner) in order to assess the extent of changes caused to the negative control. 

The results show a large drop in the phase angle and normalised phase angle after 6 hours 

(Figure 6-20 A and B), peaks in the normalised resistance data (Figure 6-20 C) and a drop in 

the impedance modulus (Figure 6-20 D).  The negative control remained similar throughout 

the experiment and did not exhibit the same large changes in impedance seen in the 

inoculated media after five hours.  Interestingly, a small broad peak was visible in the 

normalised resistance data for the negative control after two hours incubation, suggesting 

that the similar peak visible over this time in the inoculated media is not related to the 

growth of P. aeruginosa. 
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Figure 6-20: Impedance measurement of P. aeruginosa PA14 grown in LB media over 9 

hours.  (A) Phase, (B) normalised phase, (C) normalised resistance and (D) modulus.  

Shading represents +/- 1 SD, n = 3. 

 

To investigate the number of viable P. aeruginosa cells the electrode is capable of detecting, 

a growth curve was produced alongside the impedance measurements.  The optical density 

of the media was measured every hour, in addition to colony counting using the drop plate 

method.  The results indicate a sharp rise in the normalised resistance occurs at 100 Hz 

(Figure 6-21 A) in addition to a sharp drop in the normalised phase at 10 Hz (Figure 6-21 B) 
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and a drop in the modulus at 0.1 Hz (Figure 6-21 C).  Colony counting reveals that this 

equates to a point well into the growth phase of the P. aeruginosa with a cell density of 1.2 x 

10
9
 CFU/ml. 

 

Figure 6-21: Time based analysis of impedance and growth curves.  (A) Normalised 

resistance at 100 Hz, (B) Normalised phase at 10 Hz, (C) modulus at 0.1 Hz, (D) growth 

curves, showing the change in optical density and number of colony forming units 

against time.  Error bars represent +/- 1 SD, n = 3. 

 

To investigate the role of pyocyanin, the supernatant from timepoints 5 to 9 was taken and 

mixed with 50% v/v MeOH.  The absorbance was then measured at 690 nm and using the 

extinction coefficient for pyocyanin, the concentration was calculated (section 3.6.2).  This 

indicated that the mean concentration of oxidised pyocyanin present in the original culture at 

6 hours was 34 μM (Table 6-6), which increased over the following three hours to 106 μM. 
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Table 6-6: Mean pyocyanin concentration of supernatant at later timepoints .  n = 3. 

Time point 

(hours) 

Pyocyanin 

concentration (μM) 
SD 

5 21.66 7.09 

6 34.03 2.68 

7 58.78 7.09 

8 88.17 0 

9 106.73 23.20 
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6.7 Summary 

In this chapter, the carbon electrode investigated in the previous two chapters was developed 

further for testing in clinical sputum samples.  The first experiment was carried out in vitro 

with P. aeruginosa PA14 in order to determine whether sputasol would affect the impedance 

signature.  This showed that the baseline impedance is affected to the greatest extent in terms 

of the phase angle, but also that the measured resistance was less affected.  The results 

demonstrated that it was still possible to determine the presence of the bacterium when 

sputasol was added to a two day culture of P. aeruginosa grown in ASM media.  Further, 

little change was seen in the shape of the normalised resistance peak. 

The electrode as developed was then applied to the measurement of human sputum.  Clear 

parallels did not exist between the human samples and the in vitro testing carried out in the 

previous chapters.  Therefore, P. aeruginosa detection in the context of human sputum is 

clearly more challenging.  Three key findings resulted from the study with human sputum 

samples.  Firstly, the thick, viscous nature of the sputum made it difficult to handle and place 

inside the small electrode chamber.  Mixing the sample with sputasol helped to reduce the 

challenges associated with this.  However, given that the impedance changes were very 

small, there is a concern that the use of sputasol could mask a particular signature indicative 

of the presence of P. aeruginosa.  These problems were addressed by adjusting the electrode 

assembly so that the electrode could be applied directly to the sputum samples.  This led to 

the second key finding that the electrode tracks are very delicate.  It appears that when the 

electrode tracks are mechanically stressed (e.g. by bending over a sharp angle) the 

impedance signature is affected and can result in spurious measurements.  Future 

development of the device needs to cater for this to ensure that users cannot damage the 

electrode in the process of testing a sample. 

The final finding of the study with clinical sputum relates to the ability to be able to detect 

the presence of P. aeruginosa within sputum using the normalised resistance measurements.  

Anecdotally, the results gained with sputum throughout the device development suggest that 

a higher frequency peak might exist in the normalised resistance data as a consequence of the 

presence of P. aeruginosa.  However, when the samples were tested with the final electrode 

design, the changes observed during development were not seen, suggesting that storage of 

samples at -80
o
C could compromise the effectiveness of the electrode, possibly by reducing 

the number of viable cells within the sample or that a high frequency peaks previously 

observed are an artefact resulting from the different electrode designs tested. 
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The electrode developed for the measurement of clinical samples was also assessed for 

overall sensitivity in order to determine the detection threshold in terms of pyocyanin and the 

number of viable cells.  The results of this brief study indicate that in standard laboratory 

media under optimal conditions, detection of P. aeruginosa occurs during the middle to late 

portion of the exponential growth phase.  This coincides with the point at which P. 

aeruginosa starts to produce phenazines.  
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7 DISCUSSION  
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7.1 Introduction 

At the outset of this thesis, a number of research questions were posed, relating to the use of 

a low cost, screen printed electrode for the identification of P. aeruginosa within growth 

cultures and an explanation for any underlying mechanisms responsible for these impedance 

changes (section 1.6).  This chapter considers the results described in the previous three 

chapters and synthesises them to answer the original research questions posed. 

The first section explores baseline impedance of the electrode in comparison to other 

literature where microorganisms were successfully detected.  Following this, an analysis is 

carried out on the raw data resulting from the initial experiments with P. aeruginosa, 

applying basic electrochemical theory to understand some of the processes underway during 

the growth of the organism.  Some key research from the literature is then contrasted to the 

results from this study, where impedance spectroscopy has been applied specifically to the 

detection of P. aeruginosa (Dheilly et al. 2008; Kim et al. 2011; Muñoz-Berbel et al. 2006; 

Pires et al. 2013).  Specifically, the results carried out with the conditioned, screen printed 

carbon electrodes are contrasted to the literature by applying equivalent circuit analysis in 

the same manner as that used by other investigators. 

Microbial attachment to the electrode surface could play an important role in the measured 

impedance.  The microbial attachment observed in this study is contrasted to other studies, 

and the implications discussed in the context of possible mechanisms that could lead to 

changes in the impedance. 

Throughout this study, much has been made of the normalised impedance spectrum and a 

characteristic signature for P. aeruginosa.  Therefore, a meta analysis is carried out in this 

chapter, whereby the trends in the normalised impedance spectrum are contrasted across all 

of the in vitro experiments performed.  Discussion is included on the key characteristics that 

are present at high, intermediate and low frequencies, and the possible causes of these 

changes. 

After a discussion of the results from human sputum samples, the capabilities of the 

electrode sensitivity for the detection of pyocyanin is discussed, contrasting the findings here 

with those of recent studies in the literature.  The last section of the discussion, and this 

thesis, concludes with a review of the research questions posed in section 1.6 and how they 

have been answered in this work.  
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7.2 Electrode pattern rationale and future development 

The all carbon electrode described in section 3.3.1 was designed with an asymmetric pattern 

in order to allow changes at only the work electrode to be studied.  As seen in Figure 4-8, 

this resulted in the impedance magnitude for the working electrode that was approximately 

300 times greater than that of the counter electrode.  The greater contribution to the 

impedance from the working electrode means that impedance spectrum would be dominated 

by interface changes from this electrode.  The initial design intent of the electrode was to fit 

within the footprint of a standard bijou tube with a diameter of approximately 12 mm.  

Therefore, the working electrode had a diameter of 2 mm.  This was selected as a trade-off 

between achieving a high counter electrode to working electrode ratio and an overall size 

that was compatible with thick film screen printing technology.  A suggested resolution for 

screen printed features has previously been reported as 230 µm for a polyester screen mesh 

(Mandon et al. 2010).  Furthermore, it is reported that reproducible direct screen printing in 

the µm range is difficult to achieve (Honeychurch 2012).  Given that the 2 mm diameter 

working electrode was much larger than the µm size, a good degree of consistency between 

individual electrodes was achievable. 

Another advantage of adopting an asymmetric electrode design was that it provided a smaller 

working area upon which to study microbial attachment and biofilm formation.  Whilst a 

smaller working electrode would have resulted in a greater change in the impedance in 

response to the formation of a biofilm, it would also have been more difficult to consistently 

produce, for the reasons described above.  Furthermore, a smaller working electrode would 

have had a larger baseline impedance, which was already approaching the detection limit of 

the instrument (a discussion of the impedance analyser resolution is provided in section 

4.3.1). 

A potential limitation of the electrode designed in this study relates to the largest biofilm 

features observed.  Figure 5-35 and 5-36 show that the biofilm features on the electrode 

surface were typically 10-15 µm in length.  In order to fully characterise microbial growth on 

the electrode surface, the electrode dimensions would have to be comparable in size to this.  

Alternatively, a larger biofilm could be grown by adjusting other aspects of the experimental 

design, for example, by positioning the electrode at the air-liquid interface, as seen in Figure 

5-33.  Whilst features in the µm size are outside the resolution of direct electrode screen 

printing, two strategies could be employed to improve the resolution achieved and allow a 

higher resolution to be printed.  A heat shrinkable substrate was used by Mandon et al. 
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(2010) created features up to 100 µm in width.  This was achieved through the use of 

Polyshrink(TM) polysteryne, which shrinks by 60% when heated to 163
o
C.  Alternatively, 

Permberton et al. (2009) created a screen printed microband electrode with dimensions of 20 

µm x 3 mm.  This was achieved by cutting vertically through screen printed electrode, which 

had been coated with a dielectric, effectively creating an electrode using the cross sectional 

area of the printed ink.  In the context of this study, the shrinkable polymer used by Mandon 

et al. (2010) could be an attractive future option, because the shrinking process was also 

found to result in a rougher carbon electrode surface, which increased the electroactive 

surface area. 

In terms of microbial attachment and biofilm formation, an electrode design which utilises a 

distributed array of electrodes could also be considered in the future.  One potential approach 

would be the use of a common counter electrode, along with a series of working electrodes 

around the perimeter which could be individually measured against the counter electrode 

(Figure 7-1).   This approach would increase the volume of the sample in contact with a 

working electrode and therefore the likelihood that microbial attachment and biofilm 

formation could be detected. 

 

 

Figure 7-1: Example electrode configurations with a distributed arrays of working 

electrodes.   (A) a large common counter electrode is available for use with four 

working electrodes.  (B) a smaller counter electrode with four separate working 

electrodes. (C) an array of individually addressable working electrodes.  (D) Each 

electrode could be used as a working electrode, with the six adjacent electrodes used as 

a counter electrode.  The complexity of this electrode pattern would make it more 

costly and difficult to implement, but it would also allow a greater level of information 

about the sample to be determined. 
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7.3 In vitro assessment of electrode developed 

7.3.1 Analysis of electrode performance 

In this section, the baseline performance of the screen printed carbon electrode developed is 

contrasted to other studies carried out.  This is important to understand because the starting 

impedance of the electrode developed within this study was very high. 

7.3.1.1 Baseline performance of carbon electrodes 

Measurements in LB media indicated that the unconditioned carbon electrodes have a high 

starting impedance, with a typical impedance modulus at 1 Hz of 4.09 x 10
6
 Ω.   Whilst this 

is within the detection limit of the Solartron 1260 impedance analyser (section 4.3.2), the 

impedance of the electrodes used in this study is high compared to other investigators who 

have used reagentless and label free impedance spectroscopy to detect the presence of 

microorganisms (Table 7-1).  Several of these studies used electrodes constructed from ITO, 

gold or platinium manufactured by lithography to produce high resolution micro-electrodes.  

Out of all the label free, reagentless impedance studies conducted for characterisation of 

bacteria, two used carbon based working electrodes. 

The study most closely related to this work was carried out by Farrow (2010).  The baseline 

impedance from the screen printed carbon electrodes investigated in this study was initially 

high.  However, Farrow (2010) found that the impedance modulus could be reduced 100 fold 

from 12 x 10
6
 Ω to 1.2 x 10

5
 Ω (at 0.1 Hz) by using a conditioning procedure whereby a 

square wave with an amplitude of 10 V and period of 120 seconds was applied to the 

electrode for 20 minutes.  In addition to reducing the impedance magnitude, this also 

improved the consistency between electrodes. 

The consistency of the screen printed carbon electrodes used in this study after the electrode 

conditioning process was high (Figure 4-8).  As discussed later, initial testing with P. 

aeruginosa indicated that the bacteria could be detected without the need to reduce the 

baseline electrode impedance.  However, the conditioning approach employed by Farrow et 

al. (2010) indicates a useful approach to reduction of the baseline impedance. 

Marsili et al. (2008b) used glassy carbon electrodes to measure the impedance of an 

electrochemical cell in a vitamin free minimal media and showed an impedance magnitude 

of 150 Ω and 1 Hz.  In the study by Marsili et al. (2008b) a sophisticated electrochemical 

configuration, consisting of the glassy carbon electrode, a saturated calomel reference 



 

246 

electrode and a platinum wire counter electrode was used.  The preparation procedure for 

glassy carbon electrode involved extensive polishing to a mirror finish followed by 

sonication and overnight soaking in 1 N HCl, rinsing in acetone and then storage in 

deionised H2O prior to use.  All these procedures were appropriate for their experimental 

investigation, where the aim was to determine the electrochemical properties of a G. 

sulfurreducens biofilm.  In contrast, the application of a low cost screen printed carbon 

electrode for near patient testing would preclude many of these preparation procedures and 

the sophisticated electrochemical setup used.  Furthermore, screen printed carbon ink has a 

low carbon content (Wang et al. 1996) and the small size of the working electrode used in 

this study means it would be difficult to achieve baseline impedance similar to that found by 

Marsili et al. (2008b). 

Low baseline impedance may play an important role in the detection of microorganisms, 

given that the studies highlighted in Table 7-1 have all successfully detected the presence of 

the target bacteria.  However, the key drivers of cost and portability in a near patient testing 

device arguably mean that a compromise is required between electrode performance and 

production costs.  The screen printed carbon electrodes described here are low cost, easy to 

manufacture and are designed to avoid the need for a sophisticated set up consisting of 

specialist counter and reference electrodes.  The compromise is that the high impedance of 

the carbon electrode could mask some of the changes to the electrode/electrolyte interface or 

electrode resulting from the growth of P. aeruginosa.  
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Table 7-1: Comparison of electrode impedance with other investigators.  Taken from studies where baseline impedance data is provided and 

sorted by working electrode material and then studies with greatest impedance modulus first. (n.s. not specified.) 

Investigator 
Electrode size and 

configuration 
Electrolyte AC Potential Frequency (Hz) |Z|  (Ω) 

|Phase| 

(Degrees) 
Comments 

Yang et al. 2004 
ITO interdigitated 

microelectrode 

Selenite-Cystine 

Broth 
5 mV 

1 MHz 3 x 10
3
 n.s. 

 

1 Hz 5.0 x 10
5
 n.s. 

Bayoudh et al. 

2008 

ITO WE, Calomel 

RE, Pt CE 
150 mM PBS 10 mV 0.01 Hz 1.43 x 10

4
 85.94 

DC polarisation potential of 

-600 mVdc used 

 

Ben-Yoav et al 

2011 

ITO WE, Ag-AgCl 

RE 
LB media 50 mV 137 mHz 6.5 x 10

5
 82.78 

Measurements taken from 

experiment using DC 

potential of 50 mVdc vs Ag-

AgCl 

Yang et al. 2003 
Gold WE, Ag-

AgCl RE, Pt CE 

PBS + 0.01M 

Fe(CN)
3-

 and 

Fe(CN)
4-

 

5 mV 
1 MHz 250 n.s. 

 
10 Hz 6.66 x 10

4
 n.s. 

Munoz-berbel et 

al. 2006 
Gold WE, Pt CE 

Physiological 

serum 
25 mV 10 Hz to 1kHz  3.35 x 10

4
 n.s. 

Frequency shown not 

specified. 

Paredes et al. 

2012 

Gold interdigitated 

microelectrode 

TSB + 5% 

Glucose 
50 mV 

10 Hz 4.9 x 10
4
 85 

Measurements estimated 

from plot after 2 hr 

inoculation. 100 kHz 25 35 

Paredes et al. 

2013 

Gold interdigitated 

microelectrode 

TSB + 5% 

Glucose 
100 mV 

10 Hz 1.5 x 10
5
 87 

 
100 kHz 40 32 

Kim et al. 2012 
Gold interdigitated 

microelectrode 

M9 minimal salts 

media 
10 mV 1 Hz 4.77 x 10

5
 51  
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Investigator 
Electrode size and 

configuration 
Electrolyte AC Potential Frequency (Hz) |Z|  (Ω) 

|Phase| 

(Degrees) 
Comments 

Piers et al. 2013 Gold WE and CE BHI broth 40 mVp-p 1.3 kHz 2.0 x 10
3
 n.s.  

Munoz-berbel, 

Garcia et al 2008 

Pt WE and CE; 

Ag-AgCl RE 
5 mM KCl 25 mV 10 Hz 1.50 x 10

5
 n.s.  

This study 

Screen printed 

carbon electrodes 

pre-conditioned 

LB media 200 mVrms 1 Hz 4.09 x 10
6
 79   

This study 

Screen printed 

carbon/Ag-AgCl 

electrode 

LB media 200 mVrms 1 Hz 7.72 x 10
4
 57  

Farrow 2010 
Screen printed 

carbon electrode 
MHB 200 mVrms 0.1 Hz 1.2 x 10

5
  57  

Marsili et al. 2008 

Glassy Carbon 

WE, Pt CE, 

Calomel RE 

Vitamin free 

minimal media 
10 mV 

0.01 Hz 1.0 x 10
4
 77 

DC potential of -160 mVdc 

vs SHE used. 

 
1 Hz 150 67 

Farrow 2010 
Screen printed Ag-

AgCl electrode 
MHB 200 mVrms 0.1 Hz 6.0 x 10

3
 21  
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7.3.1.2 Analysis of initial impedance measurements with P. aeruginosa 

During initial measurements with P. aeruginosa PAO1 RHL GFP, clear changes were seen 

in the impedance spectrum (Figure 4-2 and Figure 4-3).  The greatest change in the 

impedance occurred at low frequencies, where the properties of the interface go from highly 

polarised, supporting little faradic current to an interface where electron transfer was 

possible.  This can be seen in the complex plane (Figure 7-2).  A near vertical plot (as seen in 

the negative control data and at the start of the experiment in the inoculated electrodes) is 

indicative of a purely capacitive interface, whereas the presence of a semicircular arc at high 

frequency indicates an RC circuit where a faradic path exists in parallel to the charging 

current (Brett and Brett 1993). 

 

Figure 7-2: Complex plane plot of impedance of P. aeruginosa PAO1 RHL GFP over 24 

hours, using data from the first experiment (see section 4.2.1) over the frequency range 

1 Hz – 1 MHz.  (A) Shows the complete frequency spectrum of the negative control and 

initial measurements at 0 Hrs.  (B) Shows the inoculated electrodes at 24 Hrs.  A 

semicircular arc is clearly visible in the inoculated chambers indicating the presence of 

a charge transfer resistance.  Plots represent mean data, n = 4 for both P. aeruginosa 

PAO1 RHL GFP and negative controls. 

 

To investigate the electrode-electrolyte interface further, the fit circle function was used in 

ZView (Scribner Associates) to estimate the charge transfer resistance and double layer 

capacitance of the interface following the growth of PAO1 RHL GFP in the first two 
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experiments.  An example of the application of this function, and the key parameters that 

result is shown in Figure 7-3.  The omega max parameter, which is defined as the frequency 

in rad/sec at the top of the arc, calculated by the ZView circle fitting tool can be used to 

determine the double layer capacitance in conjunction with the charge transfer resistance 

(Bard and Faulkner 2001): 

      
 

      
 [7-1] 

 

 

Figure 7-3: Screen shot of the ZView output from circle fit tool. The images shows 

parameters produced by the fit circle function and the menu option selected.  This data 

was calculated from individual impedance traces and then averaged to determine the 

values shown in Table 7-2. 
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Table 7-2: Measurement of Rct and Cdl, determined using ZView fit circle function.  

The circle was fitted using datapoints between 120 Hz and 20 kHz, where the complex 

plot had a clear arc.  SD is shown in brackets (n = 4). 

Exp # 
Time point 

(Hrs) 

ωmax 

(Rad/Sec) 

Depression 

Angle 

(Degrees) 

Rct 

(Ω) 

Cdl 

(F) 

1 24 
693.61 

(44.17) 

11.83 

(0.91) 

4.47 x 10
4 

(3.95 x 10
3
) 

3.26 x 10
-8 

(3.65 x 10
-9

) 

2 24 
408.09 

(33.98) 

11.31 

(1.73) 

6.16 x 10
4 

(5.3 x 10
3
) 

4.00 x 10
-8 

(1.08 x 10
-9

) 

2 48 
491.94 

(86.57) 

11.92 

(2.44) 

4.88 x 10
4
 

(4.5 x 10
3
) 

4.25 x 10
-8

 

(5.22 x 10
-9

) 

2 
Fresh 

Media 

6.71 

(3.01) 

10.51 

(1.57) 

1.35 x 10
6
 

(4.08 x 10
5
) 

1.28 x 10
-7

 

(3.88 x 10
-8

) 

 

Fresh media was added to the electrode chamber after both the first and second P. 

aeruginosa experiments.  This shows that there is still a change in the impedance as a 

consequence of the growth of P. aeruginosa.  Although a large dispersion existed in the 

phase angle (Figure 4-3) when fresh media was added to the electrode chamber, the semi-

circular arc in the complex plane plot disappeared (Figure 7-2 A), suggesting that the 

mechanism causing the electron transfer was altered when the spent media was removed.  

Changes to the impedance did still exist when fresh media was added to the electrode 

chamber, therefore some residual effect from the growth of the bacteria in situ (Figure 4-3) 

clearly remains. 

To understand the effect that adding the supernatant had upon the impedance, the P. 

aeruginosa PAO1 RHL GFP culture was filter sterilised and placed into the negative control 

electrode chambers.  The results showed that a significant difference was observed in the 

impedance and a large semicircular arc was visible in the impedance data, as shown in the 

complex plane plot (Figure 7-4 B).  In contrast to the measurements with P. aeruginosa 

PAO1 RHL GFP, the charge transfer resistance is more than 27 times greater than it is in the 

electrode chambers at 48 hours (Table 7-2).  Interestingly, an increase of approximately one 

order of magnitude is also seen in the double layer capacitance, although a change still exists 

in the depression angle.  These results suggest that a combination of both the supernatant and 

the P. aeruginosa cells are required to observe the maximum change in impedance. 
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Figure 7-4: Complex plane plots of impedance using data from second experiment with 

P. aeruginosa PAO1 RHL GFP over the frequency range from 0.1 Hz to 1 MHz.  (A) 

Shows the complete frequency spectrum of the negative control and initial 

measurements at 0 Hrs.  (B) Shows the same plot on a larger scale, indicating the semi 

circular arc in the impedance from the PAO1 RHL GFP filter sterilised supernatant.  

(C) Shows the same plot at a much larger scale indicating the semicircular arcs 

resulting from the impedance measurements. 

 

It is interesting to note that the centre of the arc discussed in this section is located below the 

x-axis, whereas the impedance of an ideal capacitor and resistor in parallel describes a 

semicircular arc with a centre located on the x-axis (Bard and Faulkner 2001).  The concept 

of a constant phase element (CPE) has been created to explain this anomaly.  Between the 

1920s and 1950s the CPE was believed to relate to the ion selectivity of cell membranes, as a 

depressed semicircle was observed in several biological systems (Schanne and Ruiz 1978).   

It has subsequently been shown that CPE is caused by a distribution of time constants, which 
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can be cause by surface roughness and heterogeneities, electrode porosity, variation of 

coating composition, slow adsorption reactions and non-uniform potential and current 

distribution (Jorcin et al. 2006).  Therefore, the CPE can be quite non-specific and difficult 

to interpret.  Figure 5-34 show an SEM image of the surface of the negative control 

electrode.  This indicates that graphite flakes present in the electrode binder material are all 

orientated at different angles.  Furthermore, the non uniform distribution of carbon within the 

electrode is likely to have an effect upon the local current distribution and potential.  It is 

anticipated that these will have an impact upon the capacitance of the electrode, potentially 

resulting in the depression angle highlighted in Table 7-2.  Despite these limitations, the CPE 

has been widely used in microbiological impedance studies as a key element in equivalent 

circuits to fit empirical data (Muñoz-Berbel et al. 2006, 2008a, 2008a; Ben-Yoav et al. 2011; 

Kim et al. 2011, 2012).  Further discussion of the use of the CPE in equivalent circuit 

measurements is made in future sections. 
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7.3.1.3 Analysis of results post conditioning 

As described in section 7.3.1.1, conditioning was employed to improve the consistency 

between the electrodes and give a reduction in the baseline impedance.  When the strains P. 

aeruginosa PA14, J1385, J1532, C1426 and C1433 were grown as monocultures in LB 

media (see section 4.4), the impedance changed in a similar manner to that seen in the initial 

experiments.  Unlike previously however, no semicircular arc was observed in the complex 

plane (Figure 7-5).   

The lack of a semicircular arc could have been the due to phenotypic behaviour associated 

with the strain P. aeruginosa PAO1 RHL GFP, which may have caused greater, more 

prominent impedance changes contrasted to the other P. aeruginosa strains tested.  

Significant differences were still visible in the impedance for all these strains contrasted to 

the negative controls, therefore a characteristic signature could still be defined for P. 

aeruginosa.  The lack of a semicircular arc could also have been related to the conditioning 

process.  Although the process should have increased the electroactive area and improved 

charge transfer (Wang et al. 1996), the complex impedance plot suggests that the interface is 

predominately capacitive, suggesting that it has been affected in a different manner to that 

proposed by Wang et al. (1996).  These differences could have been related to other factors 

such as the ink curing temperature or the electrolyte used for the conditioning. 

Despite the changes relating to the semicircular arc, the electrode conditioning used appears 

to deliver some clear benefits.  Firstly, the noise observed in the measurements at lower 

frequencies (see Figure 4-3 compared to Figure 4-12) was less when the conditioned 

electrodes.  Another advantage of the conditioned electrode related to the problems 

associated with consistency in the phase angle (Figure 4-6), which rarely occurred at low 

frequency with the conditioned electrodes. 
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Figure 7-5: Impedance measurements on P. aeruginosa PA14 carried out using a 

carbon electrode.  Data from first experiment with PA14, showing the frequency 

spectrum from 0.1 Hz to 1 MHz.  (A) Shows the complete frequency spectrum of the 

negative control and initial measurements at 0 Hrs.  (B) Shows PA14 data at 24, 48 and 

72 Hrs.  The plot at 72 Hrs is partially obscured by the 24 Hr plot.  Data represents the 

mean of the measurements taken. n = 3 for both PA14 and negative control. 

7.3.1.4 Analysis of the results from measurements carried out with the Ag-

AgCl/carbon electrodes 

The experiment carried out in section 4.2.2 describes the measurement of P. aeruginosa 

PA14 with a larger carbon working electrode and Ag-AgCl counter electrode (Figure 3-2).  

The rationale behind this design was that the use of Ag-AgCl for the counter electrode would 

lower the overall impedance, and improve the sensitivity of the carbon working electrode.  In 

turn, the larger carbon working electrode would have a lower impedance and would 

therefore make the overall electrode more sensitive.  The growth experiment carried out in 

section 4.2.2 shows that the impedances changes associated with P. aeruginosa PA14 are 

different to the negative control.  However, the consistency between individual electrodes 

appeared to be lower than that seen with the carbon electrodes in earlier experiments, and in 

the measurement of P. aeruginosa PA14 with the preconditioned carbon electrodes (section 

4.4.1). 

The consistency between replicates of carbon electrodes and Ag-AgCl/carbon electrodes was 

quantified by calculating the coefficient of variance (CV).  This was achieved by dividing 
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the measured standard deviation at each frequency with the mean measurement for the 

normalised phase and resistance data at 48 hours.  With this approach, the coefficient of 

variation for the impedance signatures from comparable experiments with both electrode 

designs could be contrasted.  This was done to confirm which of the two electrodes had the 

greatest variability.  The experiments used for this are described in section 4.4.1 (for the 

experiment with the carbon electrode) and section 4.2.2 (for the experiment with the Ag-

AgCl/carbon electrode). 

Following the growth of P. aeruginosa PA14, the results indicate that at certain frequencies 

the Ag-AgCl/carbon electrode had a CV much larger than the carbon electrode.  This was 

particularly seen in the normalised phase angle between 10 Hz and 100 Hz (Figure 7-6A) 

and also in the normalised resistance below 10 Hz (Figure 7-6 C).  In contrast, the carbon 

electrode had a lower CV across the same parameters, which indicates the consistency 

between electrodes is greater.  The CV between carbon and Ag-AgCl/carbon electrodes for 

the negative controls were lower across the frequency spectrum and were similar across the 

frequency spectrum (Figure 7-6 B and D).  This shows that the greatest variation in 

impedance between Ag-AgCl/carbon electrodes occurs in the presence of P. aeruginosa.  

This could be explained by toxicity of silver ions towards bacteria, as described below. 
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Figure 7-6: Analysis of coefficient of variation for experiments with Ag-AgCl/Carbon 

electrodes and carbon electrodes.  (A) CV from normalised phase for P. aeruginosa 

PA14 samples, (B) CV from normalised phase for negative control samples, (C) CV 

from normalised resistance for PA14 samples and (D) CV from normalised resistance 

for negative control samples.  n = 4 for all samples except PA14 on carbon where n = 5. 

 

The release of free silver ions into the media could have caused a high rate of variability 

between electrode chambers due to the toxicity of heavy metals to bacteria (Lemire et al. 

2013).  Silver is widely recognised as an antimicrobial agent.  Although all the mechanisms 

of action are not fully understood, it is believe to affect cell viability by interfering with 

protein synthesis, leading to dysfunctional proteins, inhibiting update of nutrients and 

impairing membrane functions (Lemire et al. 2013).  Farrow et al. (2010) found that when 
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screen printed Ag-AgCl incubated in cultures of S. aureus and regular impedance 

measurements were carried out, the cell viability of cultures was much lower.  Instead of 

achieving cell densities of 1 x 10
9
 CFU/ml for the control chambers, densities of 1 x 10

3
 

CFU/ml were commonly found when the screen printed electrodes were present (Farrow, 

2010).  This suggests that the Ag-AgCl screen printed ink has the capacity to release silver 

ions into the media.  Findings in other studies demonstrate that silver can affect the growth 

and viability of P. aeruginosa (Ip et al. 2006), therefore the use of Ag-AgCl in the electrode 

design could have an effect upon the overall viability of the electrodes. 

Development of an electrode using a Ag-AgCl electrode could be advantageous in 

indwelling devices, particularly if it was possible to use a device to both detect the presence 

of the bacteria and then release silver ions from an electrode to kill them.  However, CV also 

shows that the carbon electrodes achieve a higher degree of consistency when grown in the 

presence of P. aeruginosa.  Therefore, the carbon electrode design formed the focus of the 

remainder of the study. 

7.3.2 P. aeruginosa growth in standard laboratory media 

7.3.2.1 Equivalent circuit analysis 

As described in section 1.3, several investigators have used equivalent circuit analysis to 

explore and explain impedance changes on reagentless and labeless electrodes, as a result of 

the growth of P. aeruginosa.  In this section the data from experiments carried out with P. 

aeruginosa PA14 are applied to comparable equivalent circuit models and contrasted to 

related investigations.  In this part of the discussion, the results from this study are contrasted 

to comparable published studies. 

Muñoz-Berbel et al. (2006) found a drop in the CPE of an equivalent circuit used to monitor 

adhesion of P. aeruginosa to a gold microelectrode.  The equivalent circuit used in this study 

consisted of a CPE in series with a resistance.  The CPE represented the electrode-electrolyte 

double layer and the resistance represented the solution resistance (Figure 7-7).  At 80 hours, 

a drop of 20% was observed in the KCPE parameter with fresh saline pumped over the 

electrode surface, as defined using the ZView software package.  The investigators linked 

this to microbial attachment and biofilm formation on the electrode surface. 
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Figure 7-7: Munoz-Berbel et al. (2006) basic equivalent circuit to model microbial 

attachment and biofilm formation of P. aeruginosa.  

 

In order to contrast this to the electrode developed in this study, the equivalent circuit used 

by Muñoz-Berbel et al. (2006) was applied to an early experiment carried out with P. 

aeruginosa PA14 (see section 4.4).  The change in the CPE element over time was calculated 

as follows (this equation has also been used by Kim et al. 2011): 

            
              

       
      [7-2] 

Where KCPE Diff is the relative increase in the modelled KCPE parameter, KCPE t0 is the starting 

value and KCPE t is the value at the specific timepoint contrasted to the starting measurement.  

Comparison of the measurements carried out in fresh media following the growth of P. 

aeruginosa to the initial measurement indicate that an increase in KCPE Diff of over 85% 

occurs following the growth of P. aeruginosa PA14. This differs from the results found by 

Muñoz-Berbel et al. (2006).  In their study, a drop in KCPE of 20% was observed. 
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Table 7-8: Analysis of data from PA14 measurement in LB with Munoz-Berbal et al. 

equivalent circuit. The data shows that an increase of over 85% occurs in the KCPE 

parameter when fresh LB is added to the electrode at the end of the experiment.  This 

is in contrast to the results of Muñoz-Berbal et al. (2006) where a drop of 20% was 

observed.  KCPEdiff was calculated using equation [7-2].  nCPE is a measure of the electrode 

roughness from equation [2-43] and R is the series resistance described in Figure 7-7. 

Condition 
KCPE 

(error %) 

nCPE 

(error %) 

R (Ω) 

(error %) 

KCPE Diff 

(%) 

Neg Ctrl  

0 Hrs 

1.79 x 10
-7

 

(0.79) 

0.93 

(0.15) 

608.2 

(0.63) 
- 

Neg Ctrl  

72 Hrs 

1.93 x 10
-7

 

(0.63) 

0.93 

(0.12) 

566.5 

(0.51) 
7.82 

Neg Ctrl  

Fresh Media 

1.93x 10
-7

 

(0.49) 

0.93 

(0.09) 

603.4 

(0.4) 
7.82 

PA14 

0 Hrs 

1.93 x 10
-7

 

(1.47) 

0.92 

(0.28) 

589 

(1.17) 
- 

PA14 

72 Hrs 

1.10 x 10
-6

 

(3.5) 

0.75 

(0.85) 

497.5 

(2.64) 
469.95 

PA14 

Fresh Media 

3.58 x 10
-7

 

(1.66) 

0.88 

(0.35) 

587 

(1.31) 
85.50 

 

In another study, Kim et al. (2011) employed a different equivalent circuit and found similar 

results to Muñoz-Berbel et al. (2006).  In these experiments, Kim et al. (2011) used a 

platinum disc electrode to measure impedance of P. aeruginosa PA14.  Application of an 

equivalent circuit similar to the Randles model (Figure 7-9) was used to demonstrate that a 

drop in KCPE of 12.5% was seen after 72 hours.  Kim et al. (2011) attributed the change in the 

impedance to microbial attachment reducing the electrode active area.  Using the ZView 

instant fit tool, the model shown in Figure 7-9 was applied in order to determine if similar 

changes to those observed by Kim et al. (2011) could be seen following the measurement of 

P. aeruginosa PA14 (see section 4.4.1).  Interestingly, the results show that there is an 

increase in the CPE of over 81% when fresh media is added to the electrode chambers (Table 

7-3). 
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Figure 7-9: Kim et al. (2011) equivalent circuit.  The circuit used is similar to the 

Randles circuit, with the double layer capacitance replaced by a CPE to reflect the 

capacitive properties of the electrode-electrolyte interface. 

 

 

Table 7-3: Analysis of data from PA14 measurement in LB with Kim et al. (2011) 

equivalent circuit.  The data shows that an increase of 81% occurs in KCPE at the end of 

the experiment when fresh LB media is added to the electrode.  This is in contrast to 

the results of Kim et al. (2011) where a drop of 12.5% was observed.  KCPE Diff calculated 

using equation [2-19]. The relationship between Rsol and Rct and CPE is defined in 

Figure 7-9.  The parameters KCPE, KCPE Diff and nCPE are defined in equations  

Condition 
Rsol (Ω) 

(error %) 

KCPE (error 

%) 

nCPE (error 

%) 

Rct (Ω) 

(error %) 

KCPE Diff 

 (%) 

Neg Ctrl  

0 Hrs 

610.4 

(0.37) 

1.76 x 10
-7 

(0.48) 

0.93 

(0.09) 

4.44 x 10
7 

(5.74) 
- 

Neg Ctrl  

72 Hrs 

568.1 

(0.22) 

1.89 x 10
-7

 

(0.28) 

0.93 

(0.05) 

4.90 x 10
7
 

(3.96) 
7.39 

Neg Ctrl  

Fresh Media 

604.5 

(0.25) 

1.91 x 10-7 

(0.28) 

0.93 

(0.06) 

7.28 x 10
7
 

(6.84) 
8.52 

PA14 

0 Hrs 

594.8 

(0.52) 

1.84 x 10
-7

 

(0.68) 

0.93 

(0.13) 

1.94 x 10
7 

(3.89 
- 

PA14 

72 Hrs 

517.3 

(1.54) 

8.94 x 10
-7

 

(2.45) 

0.78 

(0.54) 

1.37 x 10
6
 

(5.34) 
385.87 

PA14 

Fresh Media 

595.8 

(0.45) 

3.34 x 10
-7

 

(0.61) 

0.89 

(0.12) 

9.40 x 10
6 

(3.12) 
81.52 

 

A number of factors could explain the impedance differences between this study and those 

carried out by Muñoz-Berbel et al. (2006) and Kim et al. (2011).  In particular, the 

electrochemical configuration used in this study was different to that employed by the other 

two investigators.  The use of carbon as the electrode material and the different electrode 
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design could explain some of the difference seen in the modelled results.  Specifically, the 

screen printed carbon electrodes have a large area contrasted to the smaller gold electrodes 

used by Muñoz-Berbel et al. (2006).  Therefore, one reason for the differences between the 

impedance observed in this study, and that observed in the study by Muñoz-Berbel et al. 

(2006) and by Kim et al. (2011) could relate to the extent of biofilm formation on the 

electrode surface.  The smaller gold electrodes could have resulted in the P. aeruginosa cells 

covering a greater proportion of the electrode and therefore changing the impedance through 

a different mechanism to that observed in the study carried out here (for example, through an 

insulating biofilm, as suggested by the investigators).  Also, the surface topography is likely 

to have had an effect.  The gold electrodes used by Muñoz-Berbel et al. (2006) were 

fabricated using a sputtering and electroplating approach, and the platinum electrodes used 

by Kim et al. (2011) were fabricated by polishing platinum discs.  In contrast, the surface 

roughness of the screen printed carbon electrodes would have been much higher.  Therefore, 

in addition to the electrochemical differences between gold, platinum and carbon, the P. 

aeruginosa cells within the inoculated media will have encountered a different topology, 

which could have changed electrode-bacteria interaction.  These differences are discussed 

further in section 7.3.2.3 below. 

7.3.2.2 Direct comparison of measured impedance parameters 

In addition to interpretation of the data from impedance measurements with the use of 

equivalent circuits, two further studies are reported on the characterisation of P. aeruginosa 

growth using EIS.  Both studies rely on direct analysis of data without the use of equivalent 

circuits.  Below a comparison is provided on the differences between these two studies and 

the same experiments as those used in section 7.3.2.1 for the equivalent circuit analysis.  

Pires et al. (2013) studied P. aeruginosa biofilm formation on gold electrodes and 

determined that the impedance modulus increased by 400 Ω at 1300 Hz as a result of the 

growth of a biofilm on the electrode surface.   Over longer time periods, it was found that the 

impedance modulus increased further to 2 kΩ after 3 days and 3 kΩ after 6 days.  The 

investigators related these to changes on the electrode surface as a consequence of biofilm 

formation.  In this study, no changes between the negative control and inoculated channels 

were visible at 1259 Hz (the closest measurement made to 1300 Hz) for any of the five 

different strains of P. aeruginosa studied in LB media.  The reason that no change in the 

impedance was detected in this study could be related to the use of screen printed carbon as 

an electrode material, and the high baseline impedance highlighted in section 7.3.1.1.  Pires 
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et al. (2013) didn’t measure the impedance across the entire frequency spectrum, therefore it 

isn’t possible to determine if similar trends to those observed here occur across the entire 

frequency spectrum.  Another reason for the drop in impedance observed as part of this study 

could relate to the growth conditions used by Pires et al. (2013), which may have prevented 

or limited the expression of electroactive secondary metabolites.  The effect electroactive 

secondary metabolites had upon the impedance measured in this study is discussed later, in 

section 7.3.5. 

In the final study reviewed, Dheilly et al. (2008)  incubated P. aeruginosa PAO1 GFP with a 

stainless steel electrode and concluded that there was an increase in the charge transfer 

resistance as a consequence of biofilm formation on the electrode surface, this was based 

upon the measured resistance data.  In their experimental setup, Dheilly et al. (2008) used a 

redox probe in the media for the measurement of the impedance, therefore it is logical that 

biofilm formation on the electrode surface would increase the charge transfer resistance, by 

reducing the amount of the redox probe capable of interacting with the electrode.  As 

described above, the results of the experiments in this study suggest that the charge transfer 

resistance decreases as a consequence of the growth of P. aeruginosa.  Interestingly, the 

complex impedance plot from the study by Dheilly et al. (2008) appears to show a similar 

trend to that seen in the experiments carried out in this study, over the first week of the 

experiment.  Therefore, a further analysis based upon this plot is provided below. 

The complex plane plot shown in the study by Dheilly et al. (2008) was analysed to estimate 

the change in impedance following one week of growth of P. aeruginosa PAO1 GFP (Figure 

7-10).  The measurement after one week was analysed because it was closest to the three day 

time period used in the studies carried out here. From the figure, it appears that there is a 

drop in the impedance modulus from 15.59 kΩ to 8.06 kΩ, and phase angle from 81
o
 to 67

o
 

as a consequence of the growth of P. aeruginosa PAO1 GFP, which follows the same 

general trend as the results found in this study.  After two weeks, it appears that the charge 

transfer value increases from that seen in the first week, as described by the authors.  The 

results of this study suggest that at least two different effects are be seen, one related to 

changes that lead to an initial increase in the rate of charge transfer, followed by another 

event that sees the charge transfer drop in the longer term.  As described by the authors, the 

increase in charge transfer resistance was believed to relate to biofilm formation.  In the 

short term (i.e. 1 week) therefore, it appears that the results from the study by Dheilly et al. 

(2008) are consistent with the general trend observed in this project.  Further experiments are 
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clearly required to reveal the whole story, and determine if the screen printed carbon 

electrodes follow the same trend after 2 weeks growth. 

 

Figure 7-10: Complex plot of sterile grid electrode and grid electrode after 1 and 2 

weeks of biofilm cultivation, taken from Dheilly et al. (2008).  The plot has been 

analysed to determine the phase angle and impedance modulus of the negative control 

(grid) and electrode containing PAO1 biofilm.  Annotation is shown in red.  It can be 

seen from the analysis that there is a drop in the impedance modulus and phase as a 

consequence of the growth of PAO1.  BS represents data from biofilm formation on a 

separate electrode by Bacillius subtilis and is not discussed further here. 

 

7.3.2.3 P. aeruginosa impedance changes and microbial attachment 

A common theme throughout the above studies is the formation of P. aeruginosa biofilm on 

the electrode surface impeding or inhibiting the transfer of charge across the electrode-

electrolyte interface and also decreasing the double layer capacitance (Dheilly et al. 2008; 

Kim et al. 2011; Muñoz-Berbel et al. 2006; Pires et al. 2013).  In this project, microscopy 

was carried out on biofilms produced by P. aeruginosa PA14 grown in both LB media 

(section 4.5) and ASM (section 5.5).  This section takes microscopy results from the above 

impedance studies with P. aeruginosa and contrasts them to the microscopy findings in this 

study.  A brief summary of the microscopy findings from this study are provided, and then 

contrasted to the literature. 
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In general, the outcome of the crystal violet (CV) staining carried out indicates that microbial 

attachment occurs on the screen printed carbon electrode surface as a consequence of the 

growth of P. aeruginosa (see section 4.5.1). It can be seen that the general trend across the 

CV staining experiments is that regardless of the P. aeruginosa strain tested, the quantity of 

CV is always higher than the negative control at the end of the experiment.  Epifluorescent 

microscopy and SEM provided further insight to the extent of microbial attachment.  

Extensive biofilm formation on the electrode surface was only observed when the electrode 

was located at the air liquid interface (Figure 4-17 C & D and Figure 5-33).  These structures 

are consistent with other reported studies of in vitro biofilm formation and suggest that at the 

air liquid interface channel structures are present, thought to facilitate the circulation of 

nutrients (Costerton et al. 1999).  However, at the bottom of the electrode chamber where 

impedance measurements were carried out, the extent of biofilm formation appears to be 

limited to microcolony formation (Figure 4-17 A & B and Figure 5-35).  Therefore, the 

microscopy results from this study appear to indicate that the extent of biofilm formation at 

the bottom of the electrode chambers (i.e. where the impedance measurements were taken) 

was limited contrasted to other studies (Dheilly et al. 2008; Kim et al. 2011; Muñoz-Berbel 

et al. 2006; Pires et al. 2013). 

More specifically, Kim et al. (2011), show that extensive biofilm exists on the electrode 

during measurement (Figure 7-11 A), and Dheilly et al. (2008) show large quantities of 

biofilm formation on the electrode surface (Figure 7-11 B).  Muñoz-Berbel et al. (2006) also 

showed that biofilm formed on the surface of the electrode after 80 to 150 hours of 

incubation, although this appears to a lesser extent than the other studies discussed.  Pires et 

al. (2013) also shows that there is extensive biofilm formation on the surface of the 

electrode, although much of this contained non-viable cells due to treatment with a biocide.  

The more extensive biofilm formation observed in these studies could explain some of the 

reasons why the impedance findings are different to those observed here. 
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Figure 7-11: CLSM images of electrode surface at 72 Hours from studies by (A) Kim et 

al. (2011) with P. aeruginosa PA14, bar represents 50 μm, (B) Dheilly et al. (2008) with 

P. aeruginosa PAO1 GFP, bar represents 30 μm, (C) Muñoz-Berbel et al. (2006) with P. 

aeruginosa (taken with 40x objective). (D) Pires et al. (2013) P. aeruginosa UCBPP-

PA14, bar represents 100 μm. 

 

 

Figure 7-12: Example of PAO1 wild type biofilm formation in flow cell with minimal 

media , showing large, three dimensional biofilm structures (taken from Klausen et al. 

2003) 
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7.3.3 Impedance changes with related CF microorganisms in ASM 

As described in section 1.2, the CF airway is colonised by a complex microbiome from an 

early age.  A typical situation within the CF airway is a polymicrobial infection consisting of 

several different microorganisms.  Specifically, S. aureus and H. influenzae are present from 

an early age, and before P. aeruginosa (Cystic Fibrosis Trust 2013).  Therefore, these two 

organisms were tested in a number of different experiments in section 5.3.1 and section 5.3.2 

to determine if the changes found in the impedance were related specifically to P. 

aeruginosa or were general changes also observed with other microorganisms.  Additionally, 

impedance measurements were carried out with C. albicans to investigate a eukaryotic 

species also often cultured from sputum (Sudbery 2011). 

 Whilst the laboratory media used in the experiments discussed above was appropriate for 

initial investigation and provided a good basis for comparison with the literature, it is not 

representative of the CF airway.  To investigate the growth of P. aeruginosa in an 

environment more representative of the CF airway, artificial sputum media was used in 

conjunction with a microaerophilic environment to mimic conditions within the lungs 

(Kirchner et al. 2012).  This section focuses upon a discussion of these results and contrasts 

the impedance data from experiments carried out with S. aureus to those reported in the 

literature (no comparable impedance experiments with H. influenzae and C. albicans were 

identified from the literature). 

7.3.3.1 Impedance changes resulting from S. aureus 

S. aureus resulted in some small changes in the impedance, mainly seen as a peak in the 

normalised phase when the bacteria was grown in TSB media and only added to the 

electrode for the purpose of the measurement.  As described in section 5.3.1.1, this could 

have been due to the higher cell density that appeared to result from growth outside the 

electrode chamber (1.1 x 10
9
 CFU/ml ex situ vs. 5.5 x 10

7
 CFU/ml in the chamber).  

Interestingly, the large drop in phase angle observed when P. aeruginosa was grown did not 

occur with S. aureus.  This suggests that a different impedance signature exists between the 

two species, implying that P. aeruginosa could be detected against a background S. aureus 

infection. 

The changes observed in the impedance are comparable to Paredes et al. (2013) who found 

that a relative increase in the measured resistance value of 14 % occurred at 100 Hz after 

incubation of S. aureus on an interdigitated gold microelectrode for 20 hours.  This is similar 
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to the results found in section 5.3.1.1 where the peak normalised resistance at 24 hours was 

10% higher than the initial measurement.  The key differences between this study and 

Paredes et al. (2013) are the electrode material and the proximity of the electrode during the 

incubation period.  In the study carried out here, the peak normalised resistance was found to 

be higher when the bacteria was incubated ex situ, whereas for the study carried out by 

Paredes et al. (2013), the bacteria were incubated in situ.  All the measured frequencies from 

Paredes et al. (2013) show that there is an increase in the relative resistance, therefore it is 

unlikely that a peak similar to the one found during this project existed within their data.  

This again suggests that the different electrode material, electrochemical configuration and S. 

aureus strain used have an impact upon the impedance. 

In another study, Farrow (2010) investigated the use of screen printed carbon electrodes to 

detect the presence of S. aureus and found it was difficult to directly identify the bacteria 

with the screen printed carbon electrodes used.  However, in the same study, when S. aureus 

was grown in a suspension of MHB with 5% w/v glucose, a peak in the impedance 

magnitude of a 20% increase was observed at approximately 5 kHz.  These results were seen 

with Ag-AgCl electrodes, rather than carbon electrodes and indicate that changes in the 

electrode material and design impacts the ability to detect S. aureus (Farrow, 2010). 

7.3.3.2 Impedance changes resulting from H. influenzae 

The results with H. influenzae grown in HTM show a similar trend to the S. aureus 

experiments.  When H. influenzae is grown in the presence of the electrode, it was found that 

no viable cells could be cultured from the media.  Therefore, the viability of the bacteria 

appears to be compromised by the presence of the carbon electrode or by the silicone 

adhesive used to assemble the electrode chambers.  However, results ex situ across three 

separate experiments show that two changes occur in the impedance spectrum.  Firstly, there 

is a relative drop in the low frequency phase angle contrasted to the negative control.  This 

can be seen under ideal growth conditions (i.e. microaerophilic growth in HTM, in a 24 well 

plate) and also in ASM media supplemented with NAD and hemin (figure 5-11 and 5-12).  

There are no reported studies of the measurement of H. influenzae using impedance 

spectroscopy in a labeless manner, therefore these results are difficult to interpret in the 

context of other literature. 
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7.3.3.3 Impedance changes resulting from C. albicans 

Impedance experiments were carried out with C. albicans in order to determine if any 

characteristic changes in impedance could be observed.  This microorganism is particularly 

interesting to study as it is a eukaryote rather than a prokaryote and therefore fundamentally 

different.  The results in both TSB-YE media and in ASM did not reveal a clear impedance 

signature for C. albicans, although a slight deviation in the normalised resistance was seen at 

1 kHz and in the normalised phase at 10 kHz contrasted to the negative control when grown 

in TSB-YE.  Further analysis is clearly required to explore the impedance of C. albicans 

further, possibly with a different electrode material to determine if a trend can be identified. 

7.3.3.4 Impedance changes resulting from polymicrobial co-cultures with P. 

aeruginosa 

For each of the experiments carried out with the S. aureus, C. albicans and H. influenzae, 

polymicrobial measurements were also carried out with P. aeruginosa (sections 5.3.1.2, 

5.3.2.2 and 5.3.3.2).  The results indicate that is remains possible to detect the presence of P. 

aeruginosa even when one of the other species is present.  Furthermore, the impedance 

signature changes are similar to those observed when P. aeruginosa is grown alone. 

7.3.4 Impedance changes in the normalised impedance spectrum following growth of 

P. aeruginosa. 

Trends are observable in the normalised impedance data resulting from in vitro growth 

experiments with P. aeruginosa.  In order to fully assess the sensitivity of the electrode 

developed for the detection of P. aeruginosa, particularly in the context of other 

microorganisms, the peak detection algorithm was used to perform a meta analysis of the 

mean data for each impedance measurement carried out.  This was carried out with data from 

all of the mono-culture and polymicrobial experiments described in chapter 4 and chapter 5.  

The raw results following the application of the peak detection algorithm to each impedance 

sweep are described in Appendix C. 

The peak detection algorithm can be used to detect peaks and troughs in the normalised 

impedance data (see section 3.8.3 for full description of algorithm).  It was noted across the 

experiments carried out that peaks and troughs were frequently present in both the 

normalised phase and normalised resistance data.  In contrast, peaks and troughs were rarely 
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seen in the normalised reactance and normalised modulus data.  Therefore, this section 

focuses upon normalised phase and resistance peaks and troughs. 

Both peaks and troughs were readily identified in the normalised phase data from all the 

impedance sweeps carried out, regardless of species or whether the electrode chamber was a 

negative control.  However, it was clear from the experiments that the peaks and troughs 

observed in chambers where P. aeruginosa was present differed from those seen in chambers 

where P. aeruginosa was not present.  In general, this trend related to a drop in the phase 

angle, which was greater at low frequencies than at high frequencies.  This large drop in the 

normalised phase can be explained by the production of electroactive phenazine compounds, 

which are discussed in detail in the next section.  However, beyond the overall drop in the 

impedance is a trend for local peaks and troughs.  As can be seen Figure 5-1 A, these often 

occurred close to each other. 

Interestingly, the peaks and troughs appeared to collect within three different frequency 

regions (depicted as shaded regions in Figure 7-14 and Figure 7-20).  These were: below 10 

Hz, between 10 Hz and 10 kHz, and above 10 kHz.  As previously discussed in section 1.3 

and section 2.2, different effects dominate the electrode-electrolyte interface at different 

frequencies.  The small peaks and troughs observed suggest that, in addition to the large 

change in the electrode-electrolyte interface seen as a drop in phase angle across the 

impedance spectrum, other processes could be affecting the impedance.  Each of these 

frequency ranges is discussed in detail in the following sections. 
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Figure 7-13: Peak detection algorithm applied to normalised phase peak data. Ten 

measurements were performed per frequency decade, therefore the absolute resolution 

of the peaks identified at higher frequencies could be increased if more measurements 

were performed at these frequencies. 
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Figure 7-14: Peak detection algorithm applied to normalised phase trough data. 

  Ten measurements were performed per frequency decade, therefore the absolute 

resolution of the peaks identified at higher frequencies could be increased if more 

measurements were performed at these frequencies. 
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7.3.4.1 Impedance changes at high frequencies 

At high frequencies (e.g. above 10 kHz), the interface is dominated by the solution resistance 

and the capacitance of the double layer.  Therefore, the high frequency peaks and troughs 

observed could be related to adsorption of macromolecules onto the electrode surface.  As 

suggested in previous studies, ion adsorption to the electrode surface could be responsible 

for some of the high frequency changes in impedance (Hause, 1981).  Changes to the media 

conductivity could also have an impact at the higher frequencies (Figure 7-15). 

 

Figure 7-15: Current path at high frequencies. The predominant current path at high 

frequency is shown in red. 

Clear differences can be seen between P. aeruginosa positive impedance signatures and the 

negative control in the high frequency normalised phase angle.  The most interesting 

differences exist in the normalised phase trough, where P. aeruginosa positive electrodes 

exhibit a trough that occurs at a slightly lower frequency than the negative control.  

Furthermore, the H. influenzae positive impedance signatures also appear to exhibit a trough 

in between the P. aeruginosa positive and negative chambers (Figure 7-14).  These results 

suggest that compounds adsorbing to the electrode over longer periods of time have an 

impact on the impedance.  Characteristic changes to the impedance may result from these 

processes that allow particular organisms to be identified. 

7.3.4.2 Impedance changes at intermediate frequencies 

At the intermediate frequencies, the double layer starts to become fully charged, and an 

interplay exists whereby charge transfer is via the double layer capacitance and in part by 

electron transfer (Figure 7-16).  These transfer mediators could be present in such small 

quantity that their contribution to the impedance changes are only visible during the change 

over from a purely capacitive to purely resistive interface, thus causing an undulation in the 

phase angle, which is observed as a peak or trough when the signature is normalised. 
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Figure 7-16: Current paths at intermediate frequencies. At intermediate frequencies, 

portions of the current follow both paths. 

In the context of this study, the small peaks and troughs observed in the normalised phase 

could be related to the presence of charge transfer mediators capable of rapid charge transfer 

produced by the bacteria.  Examples of these charge transfer mechanisms could include 

electroactive metabolites (Brutinel and Gralnick 2012; Gralnick and Newman 2007; 

Newman and Kolter 2000; Marsili et al. 2008a; Hernandez and Newman 2001), biofilm 

material containing charge transfer proteins such as cytochrome C (Schrott et al. 2011) and 

direct microbial attachment with nanowires (Gorby et al. 2006; Reguera et al. 2006). 

The capacitive nature of the interface could also be affected by the presence of the bacteria 

within the sample.  As shown in Figure 2-7, an alpha dispersion is seen in biological material 

between 100 and 1000 Hz.  This is thought to be related to the cell membrane-electrolyte 

interactions (Rigaud et al. 1996). Therefore, microorganisms adsorbed to the electrode 

surface could cause the changes in the impedance seen at the intermediate frequencies. Cells 

attached to the electrode surface could transiently provide an alternative charge transfer path 

at a specific range of frequencies.  Other investigators have reported that the presence of 

cells within the media result in a drop in the interface capacitance due to the presence of 

protons, produced by metabolically active bacteria, balancing more charge on the electrode 

than other ions (Noble et al. 1999). 

At intermediate frequencies, prominent peaks were also observed in the normalised 

resistance in the presence of P. aeruginosa (Figure 7-17).  As discussed in section 2.2.4, an 

increase in the measured resistance does not directly relate to Rct and is influenced by the 

solution resistance, the interface capacitance and the frequency (see equation [2-45]). 
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Figure 7-17: Peak detection algorithm applied to the normalised resistance data. The 

datapoints on the plot represent the mean peak observed for each time point from all of 

the in vitro experiments under taken with wild type strains.    Ten measurements were 

performed per frequency decade, therefore the absolute resolution of the peaks 

identified at higher frequencies could be increased if more measurements were 

performed at these frequencies. 

 

7.3.4.3 Impedance changes at low frequencies 

The perturbation wavelength at lower frequencies is longer and therefore the bulk of the 

charge transfer must occur through electron transfer across the interface (Figure 7-18).  As 

described in section 2.2, electron transfer is dependent upon the electrode redox potential, 
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the perturbation amplitude, the presence of charge transfer mediators and their diffusion 

profile close to the electrode surface. 

 

Figure 7-18: Current path at low frequencies. The predominant current path at low 

frequencies is shown in red. 

Given the results relating to the presence of phenazine secondary metabolites, the changes 

observed at these frequencies are most likely to be related to an abundance of pyocyanin and 

related phenazines.  In addition to electroactive mediators, protein adsorption has been 

shown to have an effect upon the measured impedance at lower frequencies.  For example, 

protein adsorption onto gold electrodes has previously been shown to cause an decease in the 

capacitance of the interface, dependant on the type of protein adsorbed to the electrode 

surface (Moulton et al. 2004).  Increases to the electron transfer resistance were also 

observed, believed to be related to the formation of a proteinacous layer on the electrode 

surface.  These results were seen with human serum albumin and human immunoglobulin G 

(Moulton et al. 2004).  In this study, given the large impact on the impedance caused by 

secondary metabolites the more subtle processes related to protein adsorption underway at 

the electrode surface are not seen directly, but could be responsible for the small peaks and 

troughs seen at these frequencies.  Additionally, the high baseline impedance of the carbon 

electrodes is likely to have a masking effect on many of these processes.  These problems are 

in part addressed by the experiment carried out with the double knockout mutant, which is 

discussed in the next section. 

7.3.4.4 Peak detection algorithm applied to double knockout mutant 

From the discussion above, it is clear that the presence of the phenazine secondary 

metabolites play a large role in the impedance changes observed at low and intermediate 

frequencies.  In order to review the impedance changes caused by P. aeruginosa when no 

phenazines are present, the peak detection algorithm was applied to the impedance 

measurements taken with the double knockout mutant, as described in section 5.4.4.  The 

peaks and troughs identified were superimposed onto the figures presented above as part of 

the peak-trough trend analysis (Figure 7-13, Figure 7-14 and Figure 7-17).  Interestingly, the 

high frequency troughs observed in the normalised phase trough data were in locations 
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comparable to those seen with the wild type strain of P. aeruginosa PA14 (Figure 7-19 A).  

The other normalised impedance parameters did not result in a peak location different to the 

negative control (Figure 7-19 B and Figure 7-19 C), although positive peaks in the 

normalised resistance were on the boundary of the typically observed negative control 

values. 

 

Figure 7-19: Peaks and troughs identified in the normalised phase and resistance data 

applied to the P. aeruginosa PA14 phzA1G1/A2G2 mutant. (A) Normalised phase 

trough, (B) Normalised phase peaks, (C) normalised resistance peaks.  Background 

shading is taken from Figure 7-13, Figure 7-14 and Figure 7-17, and represents the 

regions where peaks and troughs were previously identified.  Blue = negative control; 

Red = P. aerguniosa; Green = H. influenzae. 
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This could be related to small quantities of biofilm formation found on the electrode surface 

(Figure 5-35 and Figure 5-36).  As discussed in section 1.3, it is possible that changes to the 

electrode surface are caused by small microcolonies attached to the electrode surface.  

Poortinga et al. (1999, 2001) highlighted that charge transfer can occur during initial 

attachment to an electrode and Bayoudh et al. (2008) drew similar conclusions using an ITO 

electrode and impedance spectroscopy.  Once attached to the electrode surface, the biofilm 

produced could have conductive properties, as described previously, through the excretion of 

cytochrome-c (Schrott et al. 2011) and also as a consequence of other redox active 

compounds adsorbed to the electrode surface, such as riboflavin (Marsili et al. 2008a). 

Clearly, further investigation is required to fully understand the peaks observed with the 

double knockout mutant.  However, the result suggests that changes to the electrode occur by 

more than just electroactive secondary metabolites.  Furthermore, the fact that a change is 

observed at higher frequencies, where the overall electrode impedance is lower, could again 

imply that an electrode with a lower baseline impedance would be sensitive to further 

changes, beyond the production of electroactive metabolites. 
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7.3.5  Investigation into phenazine production and impedance 

Pyocyanin and related phenazines have widely reported redox active properties (Friedheim 

and Michaelis 1931; Price-Whelan et al. 2006; Sharp et al. 2010; Sismaet et al. 2014; Wang 

and Newman 2008).  Friedheim and Michaelis (1931) studied the normal potential of 

purified pyocyanin and found that the colour of the pigment changes based upon the solvent 

pH and its reduced or oxidised state.  At low pH, the compound was found to exist in three 

states, a wine-red oxidised state, a green state and a colourless reduced state.  At neutral and 

higher pH, the compound appeared blue when oxidised and colourless when reduced.  The 

results in section 5.4.1 show that pyocyanin can be identified within the media from this 

experiment.  From the results, it is also interesting to note that the colour change in the 

oxidised media is green, rather than blue (compare Figure 5-22 which shows an overnight P. 

aeruginosa culture to Figure 5-29 showing purified pyocyanin).  Alternatively, colour 

difference could have been caused by the presence of other coloured compounds produced 

by P. aeruginosa, giving the green appearance.  For example, siderophores such as 

pyoverdin are also produced by P. aeruginosa and have a yellow-green colour (Cox and 

Adams 1985).  Other phenazines have different colours including orange, yellow and green 

(Price-Whelan et al. 2006). 

In the experiments carried out in section 5.4, the effect that pyocyanin had upon the 

impedance of a sterile culture was explored.  To achieve this, the impedance of pyocyanin 

alone in ASM at different concentrations, from 1000 M to 10 M was measured (section 

5.4.2).  Only a slight change in the impedance was seen at low frequencies and high 

concentrations of pyocyanin (1000 M to approximately 500 M), which were 

unrepresentative of the changes observed when the impedance of a culture containing P. 

aeruginosa PA14 (alone or polymicrobial) was measured (Figure 5-25, section 5.4.2 

contrasted to Figure 5-1, section 5.2).  This could be because the pyocyanin existed in its 

oxidised form and therefore no reduced pyocyanin was available to balance the redox 

reaction at each electrode. 

On the pyocyanin biosynthesis pathway, there are a number of phenazines produced by P. 

aeruginosa (Mavrodi et al. 2001).  Therefore, pyocyanin could have been just one of 

multiple electroactive compounds that transferred electrons in a chain, with the compounds 

at an appropriate redox potential compared to the electrode causing the change in impedance.  

The synthesis pathway of pyocyanin in P. aeruginosa is also responsible for the production 



 

280 

of phenazine-1-carboxylic acid, 1-hydroxyphenazine, phenazine-1-carboxamide and  5-

methylphenazine-1-carboxylic acid betaine (Dietrich et al. 2006b; Mavrodi et al. 2001; 

Price-Whelan et al. 2006; Winsor et al. 2011).  The range of different redox active 

compounds present within the media could explain why results with pure pyocyanin don’t 

cause a change in the impedance.  The range of redox potentials covered by the phenazines 

produced by P. aeruginosa (Table 7-4) suggest more than one redox reaction may take in 

order to facilitate charge transfer at the electrode surface. 

Table 7-4: Reported redox potentials for phenazines produced by P. aeruginosa 

reported by Wang and Newman (2008) in aqueous solution at pH 7. 

Compound 
Potential 

(vs. NHE) 

Pyocyanin - 40 mV 

Phenazine-1-carboxylate -116 mV 

Phenazine-1-carboxamdie -140 mV 

1-hydroxyphenazine -174mV 

 

In section 5.4.3, pyocyanin was added directly to a late log culture of P. aeruginosa and S. 

aureus in order to assess the effect it had on the impedance of these cultures.  When 100 μM 

or 300 μM of pyocyanin was added, changes in the impedance where observed that were 

similar to the changes in phase observed through the growth of PA14 and the polymicrobial 

infection model (figure 5-25 and figure 5-26).  These results indicate that pyocyanin plays a 

role in the observed impedance of P. aeruginosa.  It has been shown previously that 

pyocyanin is capable of non-enzymatically oxidising NADH in a 2e
-
, 2H

+
 reaction (Kito et 

al. 1974), releasing iron from the protein transferrin (Cox 1986)  and facilitating extracellular 

respiration through electron shuttling (Price-Whelan et al. 2007).  It was hypothesised that 

these mechanisms could explain why a change in impedance was only observed when 

pyocyanin was added to a microbial culture.  The experiments carried out with the mutants 

from the PA14 non-redundant library (Liberati et al. 2006) indicate that phenazines along the 

biosynthesis pathway contribute to the impedance in addition to P. aeruginosa (section 

5.4.4).  This shows that the impedance changes are not just caused by pyocyanin, but by a 

collection of redox active secondary metabolites belonging to the phenazine family. 
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7.3.6 Conclusions on in vitro studies of P. aeruginosa detection 

The results from the studies carried out indicate that the impedance of the screen printed 

carbon electrodes produced here is affected by the growth of P. aeruginosa.  Furthermore, in 

this study it has been shown that impedance changes are caused by the presence of phenazine 

secondary metabolites.  Given the pronounced changes in impedance observed through this 

series of experiments, it is interesting to note that other investigators discussed above 

studying reagentless and labeless impedance for characterisation of P. aeruginosa have not 

identified pyocyanin as a causal agent in impedance changes.  This could be explained by the 

focus given to microbial attachment and biofilm formation in many of these studies (Dheilly 

et al. 2008; Kim et al. 2012; Muñoz-Berbel et al. 2006; Pires et al. 2013).  The use of a flow 

cell whereby the media is constantly replaced could remove redox active phenazine pigments 

and therefore prevent the detection of the cells.  Alternatively, electrode material and 

electrochemical configuration used in the study here could have led to a detectable change 

caused specifically by phenazine production which masked changes observed in other 

studies.  Additionally, the high impedance of the electrodes used here could also have 

affected the sensitivity of the electrodes and masked the changes observed in other studies.  

The relatively inert and unreactive properties of the screen printed carbon electrode would 

mean that when phenazines are present, they provide almost all of the electron transfer 

observed, fundamentally changing the electrode-electrolyte interface from completely 

polarised to being capable of supporting charge transfer.  In related studies (Dheilly et al. 

2008; Kim et al. 2011, 2012; Muñoz-Berbel et al. 2006) the starting electrode impedance is 

much lower, suggesting that the capacitive and charge transfer properties of the electrode-

electrolyte interface differ.  Thus, the presence of phenazine metabolites produced by P. 

aeruginosa could cause a smaller change in the impedance than those observed in this study, 

explaining why this often isn’t identified as one of the reasons for a change in the 

impedance. 

Testing of other species of bacteria in both optimal and suboptimal growth conditions 

demonstrates that P. aeruginosa remains specifically detectable in conditions that to a certain 

extent reflect those identified within the CF airway.  This indicates that the electrode might 

be capable of specifically detecting the presence of P. aeruginosa in CF sputum samples.  

The final section of the discussion will explore the findings of initial tests carried out in 

human sputum samples, and make recommendations for future investigations. 
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7.4 Assessment of the electrode with human sputum samples 

The final part of this study relates to initial development work carried out to test the infection 

monitoring device in human sputum samples from CF patients.  The results from this part of 

the study are described in section 6.3.  Here, key points of the electrode that should be taken 

forward into a near patient device for CF infection monitoring are discussed first.  Following 

this, the patterns observed in the impedance data between P. aeruginosa positive and 

negative samples are discussed and limitations of the approach adopted highlighted.  The 

final experiment carried out as part of this study related to the in vitro sensitivity of the 

device.  The results of this are discussed in the context of the literature to assess the 

likelihood that the device can detect lung infections or pulmonary exacerbations caused by 

P. aeruginosa in CF patients. 

7.4.1 Development of the electrode assembly 

The results from testing carried out in human sputum were different to those observed in 

vitro.  As described in chapter 6, this difference could have been caused by the challenges 

associated with placing sputum into the original electrode assembly (Figure 3-4).  The small 

size of the electrode chamber and relative ease of production made it well suited to the in 

vitro experiments carried out.  However, it was quickly realised that the chamber was not 

appropriate for the measurement of heterogeneous sputum samples.  Furthermore, samples 

were often received containing sputum coated in large quantities of saliva.  In addition to the 

difficulties associated with getting the sample into the original electrode chamber, the saliva 

rather than sputum often appeared to be in contact with the electrode surface.  This could 

have reduced the sensitivity of the electrode.  Sputasol was found to be effective at 

homogenising the first two samples, making it much easier to add them to the electrode 

chamber.  However, this also appeared to change the normalised resistance signal in the 

sample that contained P. aeruginosa (Figure 6-4).   This change could suggest that the DTT 

in the sputasol affected the pyocyanin-electrode interaction and masked the effect that P. 

aeruginosa present within the sample had on the impedance. 

In a practical sense, a further problem with the use of sputasol relates to the implementation 

of a device for near patient testing.  Sputasol must be stored in a refrigerator and once mixed 

to its working concentration, used within 48 hours (Oxoid 2014).  Therefore, an additional 

step would have to be carried out by the device user (e.g. the patient) in order to mix the 

sputasol and sputum prior to the measurement.  Both the challenges discussed above could 
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be avoided if the electrode was inverted and pushed onto the sample.  This would have the 

benefit ensuring the sample is in contact with the electrode.  Furthermore, for many 

heterogenous samples containing sputum and saliva, pushing the electrode into the sample 

could displace the saliva to ensure the electrode is in contact with the sputum where the 

highest concentration of P. aeruginosa is likely to be found. 

The first development of the electrode assembly for testing in human sputum (where the 

electrode was integrated into the lid of a centrifuge tube – see section 6.3.2) was not 

successful and some of the problems associated with consistency of the electrode were 

identified.  Specifically, the mechanical stresses placed upon the electrode during the 

assembly process appeared to compromise integrity of the electrodes an make them 

inconsistent.  When the second electrode assembly for testing in human sputum (section 

6.3.5) was developed, these problems were addressed and the consistency of the electrodes 

much improved.  A future device for the measurement of sputum within a sample should 

embody the above points. 

7.4.2 Findings in CF sputum samples 

The issues described in the previous section make it difficult to conduct a meta analysis 

across all of the impedance measurements carried out in the previous section.  Therefore, this 

section discusses some of the potential changes that could be related to the presence of P. 

aeruginosa, by linking the results in human sputum samples with an analysis previously 

carried out in vitro in ASM with the ex situ experiments. 

The impedance measurements carried out with human sputum samples did not resemble the 

in vitro experiments carried out in ASM or LB media.  Instead of a drop in the phase angle 

across a large range of frequencies (as in Figure 5-1 for example) there was little change in 

the phase angle even in samples suspected of being P. aeruginosa positive.  In contrast, it is 

interesting to note that regardless of the properties of the sample, a peak always appeared in 

the normalised resistance data, regardless of whether P. aeruginosa was identified in the 

sample during microbiological analysis (Figure 6-17).  This differed from the in vitro 

experiments, where a large peak in the normalised resistance data indicated the presence of 

P. aeruginosa.  One explanation for the presence of the peak in human sputum samples that 

were negative could relate to the use of 0.9% w/v NaCl as the blanking medium.  For the in 

vitro experiments carried out in the earlier part of this study, the negative control and initial 

measurement were taken in the same media as that used for incubation and growth of P. 
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aeruginosa.  Because of this, only impedance changes directly related to the growth of the 

organism, or related to small changes caused by media-electrode interactions were seen.  In 

contrast, 0.9% w/v NaCl was used as a blanking media in the experiments carried out with 

human sputum.  This was selected as the blanking media because it contains minimal 

ingredients and can be made rapidly (and therefore consistently between batches).  

Additionally, given its use throughout the project, it allowed the electrode baseline 

performance to be checked to ensure that it was consistent with all previous measurements 

carried out. 

Given that 0.9% w/v NaCl was used for the preconditioning exercises for each of the in vitro 

experiments discussed earlier in the study (section 3.4.3), it is possible to contrast the in vitro 

results to the findings in human sputum.  To explore this, data from four ex situ experiments 

carried out in vitro have been normalised against an impedance sweep carried out in 0.9% 

w/v NaCl as part of the conditioning process.  When measurement in sterile ASM are 

normalised against the measurements after conditioning in 0.9% w/v NaCl with the same 

electrodes, the results show that an increase in the normalised resistance occurs at low 

frequencies, across each experiment (Figure 7-20).  This is comparable to the normalised 

resistance peak observed in the data from the experiments with real sputum (Figure 6-17), 

where a peak is visible in the negative control data.  It is particularly noteworthy that there is 

a large peak in the negative control data from one of these experiments when 0.9% w/v NaCl 

is used as the blanking media (Figure 7-20 D).  This suggests that the device is less sensitive 

in vitro, when 0.9% w/v NaCl is used as the blanking media.  Interestingly, the in vitro 

normalised resistance peak occurs at a frequency of more than 10 Hz (Figure 7-21), whereas 

the peak frequency for P. aeruginosa positive human sputum samples is 100 Hz (Figure 

6-16).  These differences could be explained by the properties of laboratory growth media 

contrasted to sputum.  Further investigation is clearly required to understand these small 

differences more. The presence of the peak in the negative control normalised resistance data 

when blanked against 0.9% w/v NaCl clearly requires addressing.  This would probably be 

most effectively achieved through the device implementation concept. 

As shown in Figure 1-1, the concept behind the CF infection monitoring device is to measure 

the impedance of a sample on a daily basis.  Therefore, the impedance signature from the 

latest sputum sample tested could be normalised against a previous reference sample from 

the same patient known to be P. aeruginosa negative.  This would help to increase the 
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sensitivity of the device and result in impedance signatures similar to the in vitro ones seen 

earlier in this study. 

The variability between the electrodes used in this study could also have had an influence on 

the overall sensitivity of the device.  Future testing should focus upon reducing this 

variability to ensure that small changes in the impedance can be meaningfully interpreted.  

This may lead to observations such as those seen in Figure 7-14, where high frequency 

changes in the normalised phase are observable.  Electrode manufacturing and production 

methods would go some way to addressing this.  
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Figure 7-20: Analysis of data from four separate experiments, normalised against 0.9% 

w/v NaCl preconditioning measurements instead of measuring against sterile ASM.  

(A)Results from ex situ experiment with PA14 after 48 hours microaerophilic growth (n 

= 4), (B) and (C) results from two separate experiments showing PA14 after 72 hours 

microaerophilic growth (B: n = 4, C: n = 3), (D) results from PA14 ex situ growth after 

20 hours (n =3). 
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Figure 7-21: in vitro normalised resistance peak data. Detected using the peak detection 

algorithm from the in vitro data presented in Figure 7-20. 

 

7.5 Assessment of electrode sensitivity 

7.5.1 Electrode performance contrasted to other electrochemical pyocyanin sensors 

The final section discusses the sensitivity of the electrode in standard laboratory media and 

compares this to the reported concentrations of P. aeruginosa and pyocyanin typically found 

within the CF airway.  As described in section 6.6, the results of this experiment demonstrate 

that under these conditions, detection of P. aeruginosa is possible after 5 hours, when the 

cell density reaches between 8.2 x 10
8
 and 1.2 x 10

9
 CFU/ml.  At 5 hours, the pyocyanin 

concentration was estimated to be 21.66 μM (SD: 7.09) using UV-visible spectroscopy.  Two 

other studies have been carried out that use carbon electrodes to detect and quantify 

pyocyanin concentration using square wave voltammetery. 

Sharp et al. (2010) achieved a limit of detection of 0.030 μM of purified pyocyanin with an 

unmodified carbon fibre tow electrode.  This was achieved using an electrochemical set up 

which consisted of a carbon fibre tow working electrode, an Ag-AgCl reference electrode 

and Pt wire counter electrode.  The investigators highlight the redox potentials of pyocyanin 

as -0.18 V and -0.25 V using cyclic voltammetery.  Interestingly, when this sensor was used 

to determine the concentration of pyocyanin within cultures of different strains of P. 

aeruginosa, production didn’t occur until approximately 72 hours and reached a maximum 
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of 25 μM in 100 hours.  This was measured with the carbon fibre sensor and independently 

using chloroform extraction and UV spectroscopy (Sharp et al. 2010). 

Another investigation recently used a screen printed carbon sensor to measure the 

concentration of pyocyanin for more rapid detection of P. aeruginosa within laboratory 

cultures (Sismaet et al. 2014).  In this study, different amino acids were used to accelerate 

the production of pyocyanin by P. aeruginosa.  The sensor had a similar performance to that 

developed by Sharp et al. (2010) with a limit of detection of 0.048 μM in Trypticase Soya 

Broth (TSB).  In these experiments, the investigators observed low levels of pyocyanin 

production over the course of 10 hours, with the maximum recorded value of 2.25 μM in 

TSB supplemented with 17.6 mM of valine, or 16 mM of tyrosine (Sismaet et al. 2014).  A 

standard curve was produced using media spiked with known concentrations of pyocyanin in 

order to determine limit of detection of the sensor and was then employed to determine the 

concentration observed during the incubation period with P. aeruginosa.  However, no 

independent method was used to verify that the concentration of pyocyanin measured by the 

screen printed sensor. 

In the study carried out here, the pyocyanin concentrations over the nine hour course of the 

experiment were much higher than that observed in the studies by Sharp et al. (2010) and 

Sismaet et al. (2014).  The concentration of pyocyanin observed in this study increased 

above 30 μM within six hours of incubation (Table 6-6). This is similar to that observed in 

other studies in vitro (Hunter et al. 2012; Price-Whelan et al. 2007).  This discrepancy could 

be caused by a number of different factors.  Firstly, the strains of P. aeruginosa used by 

Sharp et al. (2010) were different to those employed in other studies reported in the literature 

(Hunter et al. 2012; Price-Whelan et al. 2007) and could have had a phenotype that resulted 

in lower pyocyanin production.  However, Sismaet et al. (2014) used the same strain of P. 

aeruginosa  as the study carried out here (i.e. PA14) so a phenotypic difference does not 

explain the lower pyocyanin production rates.  Secondly, different media was used in the 

experiments carried out by Sharp et al. (2010), who used Pseudomonas aeruginosa broth 

(PAB), and Sismaet et al. (2014), who used TSB or M63 media.  It is possible that the media 

affected the rate at which pyocyanin was produced and therefore the differences in final 

concentrations observed, contrasted to the study here.  Using a similar technology to Sismaet 

et al. (2014), Webster et al. (2014) recently applied commercial screen printed carbon 

electrodes to detect the presence of P. aeruginosa in spiked human samples using square 

wave voltammetery.  They demonstrated that it is possible to detect concentrations of 



 

289 

pyocyanin between 2 μM and 20 μM after 24 hours growth of P. aeruginosa in human BAL, 

blood, sputum and urine samples. 

Sismaet et al. (2014) used a screen printed sensor to achieve the low limits of detection 

described above.  Although square wave voltammetery was used for the measurements 

carried out in their study, which is a different technique to impedance spectroscopy, it 

demonstrates that the use of an electrode produced through screen printing could achieve a 

low limit of detection for pyocyanin.  If the DC bias voltage used in this study was adjusted 

to match the redox potential for pyocyanin with the electrode system developed here, then 

the concentration of pyocyanin at which a change is observed in the impedance could be 

lower.   

7.5.2 Electrode sensitivity in the context of CF airway infection 

Pyocyanin is widely reported as a virulence factor produced by P. aeruginosa in vivo 

(Hunter et al. 2012; Lau et al. 2004; Mowat et al. 2011; Price-Whelan et al. 2006; Wilson et 

al. 1988).  In this section, other studies that have been carried out to quantify the 

concentration pyocyanin in vitro and in vivo are discussed in the context of the 

concentrations detectable with the electrode developed here. 

P. aeruginosa strains PA14 and PAO1 were found to excrete phenazines in vitro during early 

stationary phase (Dietrich et al. 2006b).  In aerobic LB media, the concentration of 

pyocyanin has been found to be between 30 μM (Dietrich et al. 2006b) and 100 μM (Price-

Whelan et al. 2007) after 15 hours.  In contrast, Fothergill et al. (2007) studied several 

isolates of P. aeruginosa from CF sputum and identified that many exhibited overproduction 

of pyocyanin during early rather than late phase exponential growth.  A similar finding was 

also observed by Hunter et al. (2012) who found that P. aeruginosa isolates taken from 

patients with an FEV1 > 100 produced more pyocyanin in vitro than those isolated from 

patients with an FEV1 < 100.  These results suggest that the electrode developed here could 

be more sensitive to the strains of P. aeruginosa if they over express pyocyanin.  Mowat et 

al. (2011) found that the proportion of overproducing pyocyanin isolates found in sputum 

during a pulmonary exacerbation were higher than those found in stable samples.  In 

summary, the findings in the literature suggest that the production of virulence factors and in 

particular pyocyanin is related to poor prognosis and pulmonary exacerbations. 

The concentration of pyocyanin has also been measured from sputum samples in patients 

with CF and bronchiectasis.   Wilson et al. (1988) found that the concentrations of pyocyanin 
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as high as 27 μg/ml (equivalent to 128 μM) in bronchiectasis sputum and 16 μg/ml 

(equivalent to 76 μM) in CF sputum.  However, pyocyanin concentrations as low as 0.9 

μg/ml (equivalent to 4.28 μM) were also found in some CF sputum samples (Wilson et al. 

1988).  To determine if these concentrations of pyocyanin  can be indetified with the 

electrode developed in this study further investigation is required to accurately establish the 

limit of detection ..  In a separate study, Hunter et al. (2012) show that the concentration of 

pyocyanin and other phenazine pigments is related to the FEV1.  They showed that as FEV1 

drops, phenazine concentration increases.  As shown in Table 7-5, the phenazine 

concentration during moderate obstruction was found to be 25.7 µM, suggesting that 

pyocyanin within the range detectable by the electrode described here. These findings 

suggest that the electrode described in this study is within range to be able to detect clinically 

relevant concentrations of pyocyanin and implicitly other phenazine pigments. 

Table 7-5:  Distribution of phenazine concentrations between stages of disease severity 

(from Hunter et al. 2012) 

Obstruction 
FEV1 

(%) 
n 

Age in years 

(average) 

Average total 

PHZ (μM) 

Average PYO 

(μM) 

Average PCA 

(μM) 

Normal > 90 13 31.4 ± 9.3 12.9 ± 3.8 7.7 ± 2.9 5.2 ± 1.3 

Mild 70-89 5 34.8 ± 12.2 30.3 ± 12.6 10.5 ± 3.0 19.7 ± 11.6 

Moderate 40-69 19 36.5 ± 10.4 42.7 ± 5.9 25.2 ± 3.7 17.5 ± 4.1 

Severe < 40 10 33.0 ± 10.9 86.8 ± 18.0 46.8 ± 8.5 39.9 ± 11.5 
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7.6 Summary and conclusions 

7.6.1 Introduction 

As described in chapter 1, chronic infections caused by P. aeruginosa are the leading cause 

of morbidity and mortality in patients with CF (Littlewood 2004).  In this thesis, a low cost, 

screen printed carbon electrode was developed and investigated for the detection of P. 

aeruginosa in CF sputum samples (Figure 1-1).  Daily monitoring of the sputum 

composition with respect to P. aeruginosa could be clinically useful in three ways. Firstly by 

identifying the initial onset of infection, secondly by detecting phenotypic changes that could 

indicate the onset of a pulmonary exacerbation, and thirdly by verifying that infections with 

P. aeruginosa have been successfully eradicated or suppressed.  In the final section, the 

results from this project are discussed in the context of the research questions posed at the 

end of chapter 1 (section 1.6.2) and makes recommendations on future activities that could 

be undertaken in this research area. 

7.6.2 Findings in the context of the research questions 

The first two research questions posed related to the detection of P. aeruginosa using low 

cost screen printed electrodes and EIS.  Specifically, these questions were: 

 

1. Is it possible to detect the growth of P. aeruginosa using impedance spectroscopy 

and a screen printed electrode? 

2. Is there a characteristic impedance signature that indicates the presence of P. 

aeruginosa in microbial broths also containing other microorganisms commonly 

found in the CF airway? 

In chapter 4, impedance measurements carried out with five different strains of P. 

aeruginosa indicate that it is possible to detect the presence of the bacterium in standard 

laboratory media.  Further investigation (chapter 5) showed that it was also possible to detect 

the presence of P. aeruginosa in ASM in conditions more representative of the CF airway.  

A key aspect of the research, as indicated by research question two above was whether P. 

aeruginosa could be detected in the presence of other microorganisms.  This is important in 

the context of a CF infection monitor, whereby the omnipresence of other microorganisms 

could mask the presence of P. aeruginosa.  To test this, experiments were carried out with S. 

aureus, H. influenzae and C. albicans, in both monoclutures and co-cultures with P. 
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aeruginosa.  The results indicated that changes observed in the impedance with P. 

aeruginosa were not also caused by mechanisms present in other microorganisms (sections 

5.3.1, 5.3.2 and 5.3.3).  These investigations answered the second research question and led 

on to the next two research questions, which were related to the underlying causes for the 

change in impedance: 

 

3. Why does the impedance change as a result of microbial growth? 

4. Is it possible to link a given impedance signature with a specific metabolite or 

compound produced by the bacteria? 

As shown in the discussion (section 7.3.2), analysis of the early results highlights that a drop 

in the charge transfer resistance occurs as a consequence of P. aeruginosa growth.  

Therefore, the changes in impedance appeared to be related to a mechanism that facilitates 

electron transfer across the interface.  Pyocyanin is a well reported example of an 

electroactive phenazine secondary metabolite produced by P. aeruginosa and its redox active 

properties and implied a role in changing the impedance.  Investigations were carried out 

with both exogenous pyocyanin (sections 5.4.2 and 5.4.3) and with mutant strains of P. 

aeruginosa PA14 (section 5.4.4).  These investigations show that pyocyanin and other 

related phenazine metabolites are largely responsible for the changes exclusively observed in 

the impedance signatures when P. aeruginosa is cultured.  Experiments with a PA14 double 

knockout mutant that doesn’t produce any phenazine metabolites helps to partially answer 

the final research question: 

 

5. What impact does biofilm formation have on the impedance signature, both directly 

and indirectly? 

Epifluorescent microscopy and SEM were used to understand the extent to which P. 

aeruginosa would attach to the carbon electrode surface and go on to form biofilm structures 

(sections 4.5.2 and 5.5 respectively).  Small microcolonies and biofilm formation were 

observed on the electrodes located at the bottom of a 24 well plate, and much more extensive 

biofilm was seen at the air-liquid interface.  These results indicate that P. aeruginosa has the 

capacity to attach to the screen printed carbon electrode surface and form biofilms.  As 

mentioned above, the measurements carried out with the double knockout mutant show that 

small changes in the impedance are still observable.  Section 1.4.1 and 1.4.2 highlight a 
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number of mechanisms that could facilitate electron transfer between biofilm bacteria and 

electrodes.  These mechanisms are discussed further in the context of the results in section 

7.3.4.  Further investigation is required to explore this more fully, possibly with an 

experimental setup that facilitates the creation of a large biofilm on the electrode surface. 

Although not intended as part of the original study, a small investigation was carried out to 

analyse the performance of the electrode for the detection of P. aeruginosa in human sputum 

samples.  This part of the study tackled some of the more practical issues related to the 

electrode.  One of the key challenges related to the development of the electrode assembly 

that facilitated the application of the electrode onto sputum (Figure 6-15) and the need to 

protect the electrode contacts from liquid (e.g. ethanol or 0.9% w/v NaCl) or from 

mechanical damage (section 6.3.5).  Furthermore, this part of the study also highlights 

potential detection problems that could result from the use of 0.9% w/v NaCl as a blanking 

media (section 7.4).  In an in vitro scenario, the use of 0.9% w/v NaCl led to a peak in the 

normalised resistance at low frequency in the negative control electrodes, a characteristic not 

seen when the measurements are normalised against the experiment media.  These key points 

should be taken forward in a future electrode in order to improve the sensitivity with which 

the presence of P. aeruginosa can be detected. 

The results from the final in vitro experiment assess the detection threshold of the carbon 

electrode for presence of P. aeruginosa PA14.  The results from this indicate that this 

threshold occurs at a cell density of 1.2 x 10
9
 CFU/ml, well into logarithmic growth phase 

(section 6.5).  This point equates to a normalised resistance peak which occurs at 6.31 Hz 

with an amplitude of 1.62. 

In conclusion, the results from this research prove that in vitro detection of P. aeruginosa is 

possible using a low cost screen printed carbon electrode, in conjunction with EIS.  The 

findings in human sputum samples suggest that it could also be possible to detect the 

presence of P. aeruginosa in the scenario, but clearly further investigation is required to 

demonstrate this.  The next section makes some recommendations on testing that could be 

carried out. 

7.6.3 Recommendations for future research 

On a fundamental level, a study should be carried out to fully understand the role that 

biofilm formation has on the electrode surface.  In this study, it has been shown that P. 

aeruginosa is capable of microbial attachment and biofilm formation at the air liquid 
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interface.  A modified electrode chamber could be developed to enable the measurement of 

impedance with an electrode located at this interface.  Observed changes in the impedance 

could then be investigated further using mutant strains as in this study to determine specific 

mechanisms resulting in impedance changes. 

On a more applied level, the electrode used in this study should be developed further to 

detect the presence of P. aeruginosa in human sputum samples.  As mentioned above, an 

alternative electrode assembly was developed for measurements in human sputum samples.  

However, this was a pragmatic design and would benefit from further development.  

Specifically, the support structure used to mount the electrode should be developed so that it 

fits within a typical sputum sample pot.  Inconsistency between some of the measurements 

could have resulted from mechanical damage to the electrode surface and the screen printed 

connectors.  Therefore, the design of the support structure should also protect the electrode 

from mechanical damage both during assembly and use.  The electrode may also benefit 

from further characterisation using cyclic voltammetery. 

In this study, the electrode-electrolyte interface was only explored through impedance 

spectroscopy.  A powerful electrochemical technique that can be used to explore the 

electrode-electrolyte interface further is cyclic voltammetery (Bard and Faulkner 2001).  By 

varying the potential across the electrode and measuring the current, a plot can be produced 

which indicates the potentials at which redox processes occur (Southampton 

Electrochemistry Group 2001).  In the context of the study carried out here, cycle 

voltammetery would be useful for the following two reasons.  Firstly, it would enable a 

greater understanding and characterisation of the electrode-electrolyte interface to be gained 

by cycling the electrode across a range of different potentials.  In particular, cyclic 

voltammetery could have been used to further understand the reason behind phase shift seen 

occasionally prior to electrode conditioning (described in section 4.3.2).  Secondly, cyclic 

voltammetery would have provided a clear indication of the redox potentials at which the 

phenazines discussed in section 5.4 undergo redox reactions with the electrodes described in 

this thesis.  Future analysis of these aspects would provide more information on the electrode 

properties before and after conditioning and could inform a more optimum DC bias potential 

for the identification of the production of phenazine metabolites. 

Normalisation of the impedance data resulting from the measurements is another key factor 

that should be explored in a future device.  Two strategies could be employed for the 

detection of P. aeruginosa using the normalisation approach.  Firstly, a low cost artificial 
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blanking media could be developed that mimics the electrochemical properties of a P. 

aeruginosa negative sputum sample.  This approach could result in the specific identification 

of peaks in only the P. aeruginosa positive samples, in a similar manner to that found during 

the in vitro measurements.  Alternatively, the measured sputum sample could be blanked 

against a previous sputum sample from the given patient known to be P. aeruginosa 

negative. 

In conclusion, several avenues of exploration exist for further refinement of the electrode 

developed here.  Notwithstanding this, the characteristic impedance changes caused by P. 

aeruginosa suggest that a clinically useful device could be developed that would allow more 

rapid detection in people with CF.  
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Appendix C: Mean normalised peak and trough data from in vitro experiments with non-mutant strains 

This appendix describes the mean peak and trough data for the plots described in figures 7-12, 7-13 and 7-16.  C = carbon electrode, C-cond = 

conditioned carbon electrode; Micro = Microaerophilic growth conditions, IS = in situ, NaN = no peak detected.    Ten measurements were performed 

per frequency decade, therefore the absolute resolution of the peaks identified at higher frequencies could be increased if more measurements were 

performed at these frequencies. 

Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C LB Aerobic IS 24.00 NaN NaN 79.40 1.08 2000.00 1.00 4470.00 1.00 6.31 82.20 NaN NaN 
Figure 

4-2 

Neg Ctrl Ctrl C LB Aerobic IS 
24 - fresh 

media 
20.00 1.23 100.00 1.08 5.62 1.02 126.00 0.99 6.31 82.30 NaN NaN 

Figure 

4-2 

Neg Ctrl Ctrl C LB Aerobic IS 
24 - fresh 

media 
        316.00 0.99 4470.00 0.98         

Figure 

4-2 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 
24 - fresh 

media 
50.10 1.26 89.10 1.07 126.00 0.94 1410.00 0.92 50.10 76.70 NaN NaN 

Figure 

4-2 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 24.00 126.00 2.55 70.80 1.08 NaN NaN 14.10 0.26 501.00 45.40 12.60 20.80 
Figure 

4-2 

Neg Ctrl Ctrl C LB Aerobic IS 24.00 50.10 1.16 31600.00 1.00 282.00 0.98 282.00 0.98 28.20 80.20 14.10 80.20 
Figure 

4-3 

Neg Ctrl Ctrl C LB Aerobic IS 48.00 200.00 1.04 NaN NaN 3.55 1.02 3.55 1.02 8.91 82.30 NaN NaN 
Figure 

4-3 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C LB Aerobic IS 
48- fresh 

media 
158.00 1.11 NaN NaN 11.20 0.98 11.20 0.98 20.00 8.03 NaN NaN 

Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 24.00 100.00 2.78 25100.00 1.00 0.50 0.45 0.20 0.40 398.00 52.60 8.91 26.10 
Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 24.00             10.00 0.32         
Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 48.00 100.00 2.47 NaN NaN 0.50 0.42 0.20 0.39 398.00 50.70 11.20 21.50 
Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 48.00             11.20 0.26         
Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 
48- fresh 

media 
NaN NaN 10.00 0.94 63.10 0.93 0.16 0.44 44.70 76.50 NaN NaN 

Figure 

4-3 

P. 

aeruginosa 

PAO1 

RHL 

GFP 

C LB Aerobic IS 
48- fresh 

media 
            1260.00 0.88         

Figure 

4-3 

Neg Ctrl Ctrl C - cond LB Aerobic IS 24.00 NaN NaN 7940.00 0.97 0.16 1.03 0.79 0.97 17.80 82.00 NaN NaN 
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 24.00         44.70 0.99             
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 48.00 20.00 1.00 5010.00 0.93 0.16 1.05 0.50 0.98 10.00 82.40 NaN NaN 
Figure 

4-10 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond LB Aerobic IS 48.00         3.98 0.99 11.20 0.99         
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 48.00         39.80 0.99 1000.00 0.99         
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 48.00         2240.00 0.99             
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 72.00 39.80 0.97 3.16 0.94 0.18 1.06 0.79 0.99 7.94 82.80 NaN NaN 
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 72.00     2510.00 0.92 2.82 1.00 63.10 1.00         
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 72.00         2000.00 1.00             
Figure 

4-10 

Neg Ctrl Ctrl C - cond LB Aerobic IS 
72 - fresh 

media 
200.00 1.01 7940.00 0.99 NaN NaN 10000.00 0.95 6.31 82.90 NaN NaN 

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 24.00 10.00 1.82 39800.00 0.96 0.16 0.68 0.40 0.67 100.00 71.30 NaN NaN 

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 24.00         251.00 0.89 1410.00 0.88         

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 24.00         39800.00 0.93             

Figure 

4-10 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 48.00 25.10 1.72 39800.00 0.94 0.16 0.63 0.40 0.62 126.00 66.50 NaN NaN 

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 48.00         316.00 0.84 2000.00 0.81         

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 48.00         50100.00 0.89             

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 72.00 25.10 1.42 39800.00 0.92 178.00 0.86 1780.00 0.82 79.40 69.40 NaN NaN 

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 72.00         39800.00 0.89             

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 

72 -fresh 

media 
251.00 1.11 39800.00 1.00 0.18 0.96 1.78 0.93 15.80 78.30 NaN NaN 

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 

72 - fresh 

media 
        20.00 0.95 2510.00 0.84         

Figure 

4-10 

P. 

aeruginosa 
PA14 C - cond LB Aerobic IS 

72 - fresh 

media 
        56200.00 0.91             

Figure 

4-10 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00 1580.00 1.02 12600.00 1.02 NaN NaN 0.18 0.97 7.08 78.60 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00             4470.00 0.88         

Figure 

5-6; 

Figure 

5-7 



 

334 

Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond ASM Micro IS 37.00 2000.00 1.03 0.63 0.88 NaN NaN 0.18 0.98 7.08 79.00 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 37.00 
  

12600.00 1.02     5620.00 0.89         

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00 2000.00 1.02 0.63 0.88 NaN NaN 0.18 0.97 7.94 78.80 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00     10000.00 1.02     6310.00 0.88         

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 69.00 NaN NaN NaN NaN 0.45 0.99 0.18 0.98 7.08 79.00 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Micro IS 69.00             5620.00 0.83         

Figure 

5-6; 

Figure 

5-7 

S. aureus RN4220 C - cond ASM Micro IS 24.00 100.00 1.06 0.79 0.91 2.00 0.98 1260.00 0.93 4.47 77.00 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

S. aureus RN4220 C - cond ASM Micro IS 24.00     39800.00 0.99                 

Figure 

5-6; 

Figure 

5-7 

S. aureus RN4220 C - cond ASM Micro IS 37.00 501.00 1.04 25100.00 1.02 NaN NaN 5620.00 0.86 6.31 77.10 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

S. aureus RN4220 C - cond ASM Micro IS 48.00 631.00 1.03 25100.00 1.01 NaN NaN 6310.00 0.85 7.08 76.90 NaN NaN 

Figure 

5-6; 

Figure 

5-7 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

S. aureus RN4220 C - cond ASM Micro IS 69.00 1260.00 1.02 0.79 0.75 0.40 1.00 0.22 0.99 6.31 76.90 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

S. aureus RN4220 C - cond ASM Micro IS 69.00     20000.00 1.01     6310.00 0.83         

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 24.00 15.80 1.29 NaN NaN 224.00 0.92 1410.00 0.91 50.10 70.60 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 37.00 63.10 1.63 31600.00 1.02 NaN NaN 7.08 0.58 0.50 48.30 5.62 44.90 

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 37.00                 200.00 55.50     

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 48.00 158.00 1.43 39800.00 1.01 NaN NaN 35.50 0.53 0.63 44.50 50.10 41.70 

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 48.00                 126.00 41.90     

Figure 

5-6; 

Figure 

5-7 

S. aureus 

+ P. 

aeruginosa 

RN4220 

+ PA14 
C - cond ASM Micro IS 69.00 251.00 1.36 31600.00 1.04 NaN NaN 100.00 0.49 0.79 42.60 NaN NaN 

Figure 

5-6; 

Figure 

5-7 

Neg Ctrl Ctrl C - cond ASM Aerobic IS 14.00 NaN NaN NaN NaN 31.60 0.99 25100.00 0.87 7.94 79.40 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Aerobic IS 24.00 1260.00 1.00 5010.00 1.00 NaN NaN NaN NaN 6.31 78.80 NaN NaN 
Figure 

5-1 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond ASM Aerobic IS 38.00 1260.00 1.01 10000.00 1.01 2.00 0.98 6310.00 0.83 6.31 78.70 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Aerobic IS 48.00 1580.00 1.00 7940.00 1.00 1.78 0.99 7940.00 0.82 6.31 78.90 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Aerobic IS 65.00 2510.00 1.00 6310.00 1.00 1.78 0.99 5620.00 0.78 6.31 79.50 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 14.00 NaN NaN 1.00 0.97 3.98 0.99 0.18 0.98 10.00 80.10 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 14.00             15800.00 0.94         
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00 NaN NaN 0.50 0.94 3.16 0.99 2.00 0.99 10.00 80.20 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00             17800.00 0.93         
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 38.00 15.80 1.00 63.10 0.99 0.56 1.00 20.00 0.99 10.00 80.10 NaN NaN 
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 38.00         35.50 0.99 17800.00 0.93         
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00 NaN NaN NaN NaN NaN NaN 0.20 0.99 8.91 80.10 0.16 76.10 
Figure 

5-1 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00             22400.00 0.92         
Figure 

5-1 

Neg Ctrl Ctrl C - cond ASM Micro IS 65.00 1000.00 1.01 3980.00 1.01 0.56 1.00 20000.00 0.91 7.94 79.90 NaN NaN 
Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 14.00 12.60 1.45 12600.00 0.99 282.00 0.90 2000.00 0.89 100.00 69.50 NaN NaN 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 14.00 

    
8910.00 0.89             

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 24.00 3.16 1.39 NaN NaN 178.00 0.92 2820.00 0.87 79.40 71.80 NaN NaN 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 38.00 126.00 1.54 NaN NaN 1.41 0.54 0.20 0.51 2.24 42.70 7.94 42.40 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 38.00             8.91 0.53 316.00 51.00     

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 48.00 200.00 1.40 31600.00 0.99 0.45 0.56 0.20 0.55 2.00 43.50 5.01 43.50 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 48.00             6.31 0.55 224.00 48.80     

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 65.00 126.00 1.37 39800.00 1.00 0.45 0.56 0.22 0.56 200.00 54.70 NaN NaN 

Figure 

5-1 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
PA14 C - cond ASM Aerobic IS 65.00         447.00 0.73 1780.00 0.71         

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 14.00 10.00 1.80 12600.00 1.01 7940.00 0.96 44700.00 0.95 70.80 68.70 NaN NaN 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 24.00 25.10 1.72 31600.00 1.00 NaN NaN NaN NaN 141.00 62.20 NaN NaN 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 38.00 251.00 1.45 31600.00 1.01 0.40 0.51 35.50 0.43 0.63 39.70 56.20 34.40 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 38.00                 282.00 35.50     

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 48.00 316.00 1.38 39800.00 1.01 0.63 0.51 89.10 0.38 0.79 40.40 200.00 29.60 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 48.00                 316.00 29.60     

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 65.00 251.00 1.50 39800.00 1.01 NaN NaN 35.50 0.38 0.40 36.40 44.70 30.20 

Figure 

5-1 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 65.00                 355.00 32.80     

Figure 

5-1 

C. 

albicans 
SC5314 C - cond ASM Micro IS 24.00 200.00 1.10 0.50 0.84 1.41 0.98 3980.00 0.88 7.08 78.80 NaN NaN 

Figure 

5-19 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

C. 

albicans 
SC5314 C - cond ASM Micro IS 24.00     25100.00 1.03                 

Figure 

5-19 

C. 

albicans 
SC5314 C - cond ASM Micro IS 39.00 200.00 1.10 NaN NaN NaN NaN 4470.00 0.88 6.31 79.10 NaN NaN 

Figure 

5-19 

C. 

albicans 
SC5314 C - cond ASM Micro IS 48.00 158.00 1.09 0.63 0.84 1.00 0.98 5010.00 0.88 6.31 79.10 NaN NaN 

Figure 

5-19 

C. 

albicans 
SC5314 C - cond ASM Micro IS 48.00     15800.00 1.03                 

Figure 

5-19 

C. 

albicans 
SC5314 C - cond ASM Micro IS 71.00 126.00 1.09 0.40 0.84 NaN NaN 6310.00 0.88 5.62 79.30 NaN NaN 

Figure 

5-19 

C. 

albicans 
SC5314 C - cond ASM Micro IS 71.00     12600.00 1.03                 

Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00 158.00 1.06 31600.00 1.03 NaN NaN 0.18 0.98 6.31 79.30 NaN NaN 
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 24.00             5010.00 0.88         
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 39.00 NaN NaN 39800.00 1.03 0.50 0.99 0.20 0.99 5.01 79.50 NaN NaN 
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 39.00             5010.00 0.88         
Figure 

5-19 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00 NaN NaN 31600.00 1.03 0.56 0.99 0.20 0.98 5.62 79.50 NaN NaN 
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 48.00             5010.00 0.88         
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 71.00 NaN NaN 31600.00 1.03 0.50 0.99 0.18 0.98 5.62 79.40 NaN NaN 
Figure 

5-19 

Neg Ctrl Ctrl C - cond ASM Micro IS 71.00             5620.00 0.88         
Figure 

5-19 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 24.00 15.80 1.68 31600.00 1.03 251.00 0.88 0.20 0.56 100.00 69.40 NaN NaN 

Figure 

5-21 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 24.00             3160.00 0.82         

Figure 

5-21 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 39.00 79.40 1.61 31600.00 1.03 NaN NaN NaN NaN 200.00 57.20 NaN NaN 

Figure 

5-21 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 48.00 251.00 1.55 31600.00 1.03 3.55 0.51 0.20 0.41 3.98 41.70 89.10 34.60 

Figure 

5-21 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 48.00             70.80 0.43 631.00 38.40     

Figure 

5-21 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 72.00 251.00 1.51 39800.00 1.03 NaN NaN 20.00 0.37 0.50 34.80 22.40 30.30 

Figure 

5-21 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
PA14 C - cond ASM Micro IS 72.00                 562.00 34.10     

Figure 

5-21 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 24.00 20.00 1.76 NaN NaN 316.00 0.89 3160.00 0.85 126.00 68.90 NaN NaN 

Figure 

5-20 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 39.00 79.40 1.58 31600.00 1.02 708.00 0.80 2000.00 0.79 200.00 59.50 NaN NaN 

Figure 

5-20 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 48.00 251.00 1.48 NaN NaN 2.82 0.56 56.20 0.48 3.16 45.00 70.80 38.70 

Figure 

5-20 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 48.00                 501.00 40.90     

Figure 

5-20 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 70.00 316.00 1.44 31600.00 1.03 0.28 0.45 39.80 0.40 0.45 34.90 56.20 32.20 

Figure 

5-20 

P. 

aeruginosa 

+ C. 

albicans 

PA14 + 

SC5314 
C - cond ASM Micro IS 70.00                 447.00 33.40     

Figure 

5-20 

C. 

albicans 
SC5314 C - cond TSB+YE Aerobic IS 24.00 126.00 0.99 2510.00 0.98 2000.00 1.01 89.10 1.00 5.62 79.20 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

C. 

albicans 
SC5314 C - cond TSB+YE Aerobic IS 48.00 631.00 0.99 3160.00 0.99 NaN NaN NaN NaN 5.62 79.20 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

C. 

albicans 
SC5314 C - cond TSB+YE Aerobic IS 72.00 501.00 0.98 2000.00 0.98 NaN NaN NaN NaN 4.47 79.60 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

Neg Ctrl Ctrl C - cond TSB+YE Aerobic IS 24.00 39800.00 0.99 0.40 0.78 0.16 1.08 79.40 1.00 7.08 79.50 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

Neg Ctrl Ctrl C - cond TSB+YE Aerobic IS 24.00         224.00 1.00 11200.00 0.94         

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

Neg Ctrl Ctrl C - cond TSB+YE Aerobic IS 48.00 NaN NaN NaN NaN NaN NaN 12600.00 0.91 7.94 79.60 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

Neg Ctrl Ctrl C - cond TSB+YE Aerobic IS 72.00 NaN NaN 0.25 0.73 NaN NaN 12600.00 0.92 7.08 80.20 NaN NaN 

Figure 

5-16; 

Figure 

5-17; 

Figure 

5-18 

H. 

influenzae 
HI680 C - cond HTM Micro IS 24.00 631.00 1.02 2.00 0.90 2.51 0.98 2820.00 0.88 7.08 79.40 NaN NaN 

Figure 

5-8 

H. 

influenzae 
HI680 C - cond HTM Micro IS 24.00     25100.00 1.01                 

Figure 

5-8 

H. 

influenzae 
HI680 C - cond HTM Micro IS 48.00 1000.00 1.02 2.00 0.89 2.82 0.98 3160.00 0.87 7.08 79.50 NaN NaN 

Figure 

5-8 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

H. 

influenzae 
HI680 C - cond HTM Micro IS 72.00 3160.00 1.02 0.79 0.82 NaN NaN 3980.00 0.86 5.62 80.40 NaN NaN 

Figure 

5-8 

H. 

influenzae 
HI680 C - cond HTM Micro IS 72.00     12600.00 1.01                 

Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 24.00 79.40 1.03 0.63 0.89 0.36 1.01 0.18 1.01 5.62 81.00 NaN NaN 
Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 24.00     7940.00 1.02     5620.00 0.96         
Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 48.00 NaN NaN NaN NaN NaN NaN 0.22 1.02 4.47 81.30 NaN NaN 
Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 48.00             6310.00 0.96         
Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 72.00 NaN NaN 0.79 0.84 0.36 1.03 0.22 1.02 3.98 81.50 NaN NaN 
Figure 

5-8 

Neg Ctrl Ctrl C - cond HTM Micro IS 72.00             5010.00 0.95         
Figure 

5-8 

H. 

influenzae 
HI 680 C - cond HTM Micro IS 24.00 NaN NaN NaN NaN 6.31 0.98 5010.00 0.85 15.80 80.70 NaN NaN 

Figure 

5-9 

H. 

influenzae 
HI 680 C - cond HTM Micro IS 48.00 2000.00 1.03 NaN NaN NaN NaN 5010.00 0.83 14.10 80.90 NaN NaN 

Figure 

5-9 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond HTM Micro IS 24.00 0.63 0.90 2.00 0.89 3.16 0.99 0.22 0.95 15.80 81.10 NaN NaN 
Figure 

5-9 

Neg Ctrl Ctrl C - cond HTM Micro IS 24.00 1260.00 1.03         4470.00 0.87         
Figure 

5-9 

Neg Ctrl Ctrl C - cond HTM Micro IS 48.00 2000.00 1.02 NaN NaN NaN NaN 5010.00 0.81 12.60 81.20 NaN NaN 
Figure 

5-9 

H. 

influenzae 
HI 680 C - cond HTM Micro ES 72.00 63.10 1.03 12.60 1.02 7.08 1.01 56.20 1.00 20.00 80.40 NaN NaN 

Figure 

5-10; 

Figure 

5-11 

H. 

influenzae 
HI 680 C - cond HTM Micro ES 72.00         6310.00 1.07 63100.00 1.06         

Figure 

5-10; 

Figure 

5-11 

Neg Ctrl Ctrl C - cond HTM Micro ES 72.00 100.00 1.01 1580.00 1.00 4470.00 1.05 56.20 1.01 15.80 81.10 NaN NaN 

Figure 

5-10; 

Figure 

5-11 

Neg Ctrl Ctrl C - cond HTM Micro ES 72.00 15800.00 1.00         44700.00 1.04         

Figure 

5-10; 

Figure 

5-11 

Neg Ctrl Ctrl C - cond TSB Aerobic IS 24.00 NaN NaN NaN NaN NaN NaN 12600.00 0.92 7.08 80.10 NaN NaN 
Figure 

5-3 

Neg Ctrl Ctrl C - cond TSB Aerobic IS 48.00 NaN NaN NaN NaN NaN NaN 11200.00 0.87 7.08 80.50 NaN NaN 
Figure 

5-3 

Neg Ctrl Ctrl C - cond TSB Aerobic IS 70.00 NaN NaN NaN NaN NaN NaN 10000.00 0.87 5.62 80.80 NaN NaN 
Figure 

5-3 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

S. aureus RN4220 C - cond TSB Aerobic IS 24.00 NaN NaN NaN NaN NaN NaN 5620.00 0.92 4.47 80.30 NaN NaN 
Figure 

5-3 

S. aureus RN4220 C - cond TSB Aerobic IS 48.00 25100.00 1.05 NaN NaN NaN NaN 7080.00 0.91 5.01 80.30 NaN NaN 
Figure 

5-3 

S. aureus RN4220 C - cond TSB Aerobic IS 70.00 NaN NaN NaN NaN NaN NaN 6310.00 0.91 5.01 80.40 NaN NaN 
Figure 

5-3 

Neg Ctrl Ctrl C - cond TSB Aerobic ES 72.00         14100.00 0.98 5010.00 0.98 11.20 80.90 NaN NaN 

Figure 

5-4; 

Figure 

5-5 

S. aureus RN4220 C - cond TSB Aerobic ES 72.00 63.10 1.12 39800.00 0.99 0.56 0.98 0.36 0.98 11.20 79.60 NaN NaN 

Figure 

5-4; 

Figure 

5-5 

S. aureus RN4220 C - cond TSB Aerobic ES 72.00         2.82 0.98 1.12 0.98         

Figure 

5-4; 

Figure 

5-5 

S. aureus RN4220 C - cond TSB Aerobic ES 72.00 1580.00 1.03 7940.00 1.03 56200.00 1.02 708.00 0.95         

Figure 

5-4; 

Figure 

5-5 

H. 

influenzae 
HI 680 C - cond ASM Micro ES 72.00 25.10 1.04 5010.00 0.95 7.94 0.99 0.16 0.99 12.60 81.70 NaN NaN 

Figure 

5-12 

H. 

influenzae 
HI 680 C - cond ASM Micro ES 72.00         3550.00 1.04 3.55 0.99         

Figure 

5-12 

H. 

influenzae 
HI 680 C - cond ASM Micro ES 72.00             39.80 0.99         

Figure 

5-12 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond ASM Micro ES 
72 - Starting 

measurement 
50.10 1.00 6310.00 0.94 4470.00 1.04 63.10 1.00 12.60 82.60 NaN NaN 

Figure 

5-12 

Neg Ctrl Ctrl C - cond ASM Micro ES 
72 - Starting 

measurement 
            50100.00 1.00         

Figure 

5-12 

Neg Ctrl Ctrl C - cond ASM Micro ES 
72 - Fresh 

Media 
63.10 1.02 6310.00 0.95 4470.00 1.04 79.40 1.00 11.20 82.50 NaN NaN 

Figure 

5-12 

Neg Ctrl Ctrl C - cond ASM Micro ES 
72 - Fresh 

Media 
            56200.00 0.99         

Figure 

5-12 

H. 

influenzae 
HI 680 C - cond ASM Micro ES 72.00 NaN NaN 6310.00 0.93 3980.00 1.04 0.50 0.99 17.80 81.60 NaN NaN 

Figure 

5-13; 

Figure 

5-14 

P. 

aeruginosa 
PA14 C - cond ASM Micro ES 72.00 25.10 1.74 39800.00 0.94 39800.00 0.99 NaN NaN 70.80 64.20 NaN NaN 

Figure 

5-13; 

Figure 

5-14 

P. 

aeruginosa 

+ H. 

influenzae 

PA14 + 

HI680 
C - cond ASM Micro ES 72.00 15.80 1.73 39800.00 0.94 39800.00 0.99 0.16 0.50 63.10 67.30 NaN NaN 

Figure 

5-13; 

Figure 

5-14 

P. 

aeruginosa 

Mutant 

PA14 

 delta  

PhzA1G1 

/A2G2 

C - cond ASM Micro IS 24 100.00 1.13 39800.00 1.02 1.58 0.97 1780.00 0.87 7.08 78.80 NaN NaN 
Figure 

5-31 

P. 

aeruginosa 

Mutant 

PA14 

 delta 

 

PhzA1G1 

/A2G2 

C - cond ASM Micro IS 48 316.00 1.07 1 0.78 2.00 0.98 2510.00 0.84 7.08 80.40 NaN NaN 
Figure 

5-31 

P. 

aeruginosa 

Mutant 

PA14 

 delta 

 

PhzA1G1 

/A2G2 

C - cond ASM Micro IS 48     3.16E+04 1.02                 
Figure 

5-31 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 

Mutant 

PA14 

 delta 

 

PhzA1G1 

/A2G2 

C - cond ASM Micro IS 72 316.00 1.08 3.16E+04 1.02 NaN NaN 2240.00 0.86 5.01 80.80 NaN NaN 
Figure 

5-31 

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 24 31.60 1.06 794.00 1.02 44700.00 0.93 10000.00 0.92 14.10 80.50 NaN NaN 

Figure 

5-31 

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 48 31.60 1.05 631.00 1.02 39800.00 0.92 7940.00 0.91 12.60 80.40 NaN NaN 

Figure 

5-31 

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 48     15800.00 1.02                   

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 72 31.60 1.05 1260.00 1.01 0.40 0.99 0.25 0.99 12.60 80.10 NaN NaN 

Figure 

5-31 

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 72         35.50 0.98 20.00 0.98         

Figure 

5-31 

Neg Ctrl 

Mutant 
Ctrl C - cond ASM Micro IS 72             20000.00 0.90         

 

Neg Ctrl Ctrl C - cond LB Aerobic IS 24.00 NaN NaN NaN NaN 31600.00 0.93 7080.00 0.90 7.08 80.20 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

Neg Ctrl Ctrl C - cond LB Aerobic IS 50.00 6310.00 1.01 20000.00 1.01 NaN NaN 5010.00 0.90 7.94 80.10 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 
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Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

Neg Ctrl Ctrl C - cond LB Aerobic IS 72.00 6310.00 1.01 0.63 0.83 0.36 1.01 5010.00 0.88 7.08 80.20 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

Neg Ctrl Ctrl C - cond LB Aerobic IS 72.00     15800.00 1.01                 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 24.00 15.80 1.32 25100.00 1.08 112.00 0.89 2820.00 0.79 50.10 69.60 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 24.00         56200.00 0.83             

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 50.00 25.10 1.43 31600.00 1.06 0.20 0.60 0.79 0.59 70.80 63.10 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 50.00         126.00 0.81 2000.00 0.73         

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 50.00         44700.00 0.82             

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 



 

349 

Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 72.00 79.40 1.46 39800.00 1.05 0.18 0.56 0.89 0.54 79.40 54.00 0.16 40.60 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1426 C - cond LB Aerobic IS 72.00         178.00 0.70 1260.00 0.67         

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1433 C - cond LB Aerobic IS 24.00 63.10 1.55 31600.00 1.04 63100.00 0.87 0.56 0.52 89.10 53.70 0.22 39.20 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1433 C - cond LB Aerobic IS 50.00 126.00 1.42 39800.00 1.03 NaN NaN 2.00 0.50 63.10 47.00 1.58 38.80 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1433 C - cond LB Aerobic IS 72.00 158.00 1.26 39800.00 1.03 141.00 0.67 1.78 0.56 56.20 51.40 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
C1433 C - cond LB Aerobic IS 72.00             631.00 0.66         

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 24.00 20.00 1.37 31600.00 1.04 100.00 0.83 1580.00 0.77 50.10 65.00 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 



 

350 

Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 24.00         56200.00 0.85         

  

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 50.00 79.40 1.41 39800.00 1.05 126.00 0.68 1.41 0.56 56.20 52.60 0.71 44.10 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 50.00             1120.00 0.64     

  

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 72.00 158.00 1.34 39800.00 1.04 89.10 0.61 1.58 0.56 39.80 48.30 0.79 43.60 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1385 C - cond LB Aerobic IS 72.00             891.00 0.59         

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1532 C - cond LB Aerobic IS 24.00 50.10 1.76 39800.00 1.05 NaN NaN NaN NaN 126.00 58.10 NaN NaN 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1532 C - cond LB Aerobic IS 50.00 126.00 1.45 39800.00 1.02 NaN NaN 2.82 0.59 20.00 47.90 1.78 46.60 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 



 

351 

Species Strain 
Electrode 

Type 

Growth 

Media 

Growth 

Conditions 

In situ/ 

ex situ 
Time (Hrs) 

Normalised Resistance Normalised Phase Raw Phase 

Thesis 

Figure 
Peak Trough Peak Trough Peak Trough 

Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp Freq Amp 

P. 

aeruginosa 
J1532 C - cond LB Aerobic IS 72.00 200.00 1.33 39800.00 1.03 15.80 0.60 5.01 0.60 0.36 50.20 3.98 47.60 

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

P. 

aeruginosa 
J1532 C - cond LB Aerobic IS 72.00             631.00 0.58 14.10 48.10     

Figure 

4-12; 

Figure 

4-13; 

Figure 

4-14 

 


