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Abstract 

 

Provision of clean drinking water is regarded as being the most significant positive intervention 

in human health and it plays a significant role in supporting global health. Population growth, 

economic development and climate change all drive urbanisation and increase demand for 

clean water and the infrastructure for its delivery. As demand for clean water increases, so will 

the pressure to ensure its safety. Indwelling sensor networks offer real-time, long-term and 

intelligent monitoring system, and would enable optimisation of networks for quality. 

Electrochemical sensors are inexpensive and simple to construct and operate. However, 

prolonged exposure of the sensors to water causes biofouling which compromise their 

performance even in weeks or days, making early detection of performance failure critical.  

 

Fouling of sensors due to biofilm formation is very common in indwelling situations and it is 

a major drawback in the development of sensor networks. Owing to our incomplete 

understanding of the chemistry, physics and biology of bacterial cell and surface interaction, 

solutions become ineffective. Understanding how biofilms affect electrochemical sensor 

performance is important to enable detection of malfunction in situ and can inform the 

development of methodology to restore the performance in situ. Networks can consist of 

hundreds of sensors and automated restoration of function in biofouled sensors is thus essential. 

Hence, the fundamentals on how biofilms affect electrochemical sensor performance, 

specifically electrode reactions, should be a starting point in the design of a robust indwelling 

sensors network. A novel electrochemical rapid biofilm formation protocol has been 

successfully developed to facilitate this investigation. The electrochemical rapid biofilm can 

form in just 2 hours, instead of days or weeks, and has been shown to be able to replicate key 
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characteristics !"! #⁄  of a naturally forming 3 weeks old biofilm. Physico-chemical effects of 

biofouling to diffusional mass transport towards electrode surface and electron transfer kinetics 

at the surface of electrode can be quantified by using a combination of electroanalytical 

techniques such as cyclic voltammetry, chronoamperometry, impedance spectroscopy and 

hydrodynamic techniques, but hydrodynamic voltammetry and amperometry using rotating 

disk electrode (RDE) and Koutecký-Levich analysis are particularly robust and useful in 

assessing these effects. Electrochemical reduction of oxygen, or oxygen reduction reaction 

(ORR), is used as the paradigm to elucidate the nature of electrochemical sensor biofouling. 

The oxygen paradigm is also used as a means to assess an electrochemical in situ restoration 

method for biofouled electrode which is based on electrochemical advanced oxidative 

processes (EAOPs) and pulsed amperometric detection (PAD).  
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1 Introduction 

 

1.1 Introduction  

Provision of clean drinking water is regarded as being the most significant positive intervention 

in human health and it plays a significant role in supporting global health. Population growth, 

economic development and climate change all drive urbanisation and increase demand for 

clean water and the infrastructure for its delivery. As demand for clean water increases, so will 

the pressure to ensure its safety.  

 

The importance of clean water provision comes in its quantity and quality. In a majority of 

water related disasters such as an outbreak or water crisis, the root of the problem does not lie 

in the absence of water. Water is often available bountifully, but the inability to manage the 

distribution or the quality of the drinking water becomes the issue. The 1854 Broad Street 

cholera outbreak is an example of how poorly managed and poorly monitored water quality 

can cost lives. This is a strong example supporting the assertion that clean water provision is 

the greatest medical milestone in human history since 1840 according to The British Medical 

Journal.1 A more recent example is the case of fluorosis disease proliferation in the drought-

stricken Chennai, India.2,3 Water is plentiful, but the inability of the local council to manage its 

distribution led the local people to rely on underground water sources which were heavily 

contaminated with fluorine.  

 

Indwelling sensor networks offer real-time, long-term and intelligent monitoring system, and 

would enable optimisation of drinking-water networks for quality. Electrochemical sensors are 

inexpensive and simple to construct and operate. However, prolonged operation causes 
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biofouling which compromise their performance even in weeks or days, making early detection 

of performance failure critical.4  

 

 

Figure 1.1 A map5 by Dr. John Snow (1855) showing the deaths from cholera in Broad Street area, London, 
September 1854. Taken from Gilbert, 1958. This map, which has become the most famous map in the field of 
epidemiology, is one of the pioneer maps of health and disease. During that time, it is referred to as medical 

geography. Source: http://www.jstor.org/stable/1790244  

 

1.2 The governance of clean drinking water 

Clean drinking water is a vital resource and a basic human right, so it has to be regulated and 

maintained by governing bodies. World Health Organization (WHO) produces international 

norms on water quality and human health in the form of guidelines that are used as the basis 

for regulation and standard setting world-wide and these can be found throughout their official 

website. The European Commission (EC) also produces guidelines related to drinking water 

which are relevant to European Union (EU) member countries. These include the Water 
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Framework Directive (Directive 2000/60/EC) and Drinking Water Directive (Council 

Directive 98/83/EC of 3 November 1998 on the quality of water intended for human 

consumption). The United Kingdom (UK) governs drinking water through Drinking Water 

Inspectorate (DWI) which works under the Department for Food, Environment and Rural 

Affairs (DEFRA). All of the guidelines and regulations and also its relevant contents are 

accessible from the official website of each governing bodies and are listed on Table 1.1.  

 

Table 1.1 A list of guidelines and statutory regulations related to the management of clean drinking water in the 

UK and the sources in which these statutes are publicly accessible. 

Statutory regulations Accessible at 
Published on 

or coming into 
force on 

WHO’s Guidelines for drinking-
water quality, 4th edition, 
incorporating the 1st addendum 

WHO main website at 
https://www.who.int/publications/i/item/9789241549950 

24 April 2017 
(published) 

EU’s Water Framework Directive 
(Directive 2000/60/EC) 

Official Journal of the European Union OJ L 327 at  
https://eur-lex.europa.eu/TodayOJ/ 

22 December 
2000 (coming 
into force) 

EU’s Drinking Water Directive 
(Council Directive 98/83/EC of 3 
November 1998 on the quality of 
water intended for human 
consumption) 

Official Journal of the European Union at  
https://eur-lex.europa.eu/TodayOJ 

3 November 
1998 (coming 
into force) 

DWI’s The water supply (water 
quality) regulations 2016 No. 
614 

legislation.gov.uk at 
https://www.legislation.gov.uk/uksi/2016/614/contents 

27 June 2016 
(coming into 
force) 

 

The guidelines describe in detail regarding the types of substances to monitor which includes 

organic and inorganic substances and also biotic and abiotic constituents, the required 

frequency of monitoring and the safe limits for each constituent.  

 

1.3 The practice of clean drinking water quality monitoring 

Monitoring of drinking water quality is commonly conducted by drinking water companies. In 

the UK, each water company oversees regions specific to its operational area. Each operational 

area is then divided further into separate district metering area (DMA). The formation of DMAs 

reduces water loses throughout the pipelines, but it causes potential problems as water can be 
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stagnant for hours or even days. In addition, the DMAs are not monitored directly. Stagnant 

water and lack of active monitoring provide an opportunity for biofilm to form, causing 

problems during the deployment of the indwelling sensors into the system.  

 

Drinking water quality monitoring is a rapidly developing field considering the emergence of 

various novel contaminants, contaminants that are already known but only recently found to 

enter the drinking water system recently, or contaminant already known to be present in 

drinking water system but recently becomes more prevalent than previously known. Statutory 

requirements for monitoring are in place, but new technology and the widespread adoption of 

DMA leak management, also with the addition of consumer demands, have driven the need for 

a better strategy for monitoring through sensors network.6 However, it comes with a new 

problem of sensor biofouling which needs to be addressed.  

 

1.3.1 Methods in drinking water quality monitoring 

Methods in drinking water quality monitoring can be summarised into either point-by point 

based monitoring or multipoint monitoring in a networked monitoring. Point based monitoring 

can be an ex situ or in situ monitoring. Ex situ monitoring neither provides real time nor 

continuous data. It involves conventional or grab sampling method to obtain the sample which 

then requires lab-based wet chemistry or instrumental analysis and  requires transport to the 

lab risking analyte losses during transportation and storage. Grab-sampling with off-line 

analysis introduce issues with representability of the sample and necessarily loses temporal 

information.  

 

Point based monitoring that are in situ uses portable analysers (i.e., sensors). The analyser is a 

portable handheld device with the ability to analyse the sample at its sampling point with 



 
 

24 

various degrees of specificity and sensitivity according to the specifications designed by the 

manufacturers. It usually comes in the format of an electrochemical or optical sensor. However, 

this method of monitoring also neither provides real time nor continuous data and requires a 

technician, much of whose time is involved in travel rather than analysis.  

 

Multipoint monitoring enables the possibility of online, real-time, continuous and long-term 

monitoring. Where this involves simultaneous acquisition of data from multiple sources, it is 

known as a sensors network and it will be discussed in more detail in the next section.  

 

1.4 Sensor networks for drinking water quality monitoring 

Sensor networks of electrochemical sensors offer a new strategy for monitoring the quality of 

drinking water in a distribution network. There are pressing requirements for improved 

management of drinking water driven by inter alia climate uncertainty and increased 

urbanisation.  A new strategy will become a necessity because by 2050 there will be more than 

60% increase in urbanisation7 which will put pressure on water supplies. We are already 

witnessing a number of major cities around the world narrowly escape Day Zero, the day when 

water runs out.8 Cape Town and Chennai narrowly escaped Day Zero last year in 2018, as with 

Sao Paolo in 2015.8,9 As this thesis is being written, dozens of cities in Australia is currently 

preparing for Day Zero.8,10  

 

Networked monitoring is expected to be able to produce verified monitoring data in a 

significantly shorter timescale, thus optimising the distribution of an increasingly scarce 

resource with respect to water quality. It employs a high-density network of sensors which is 

designed to work simultaneously and continuously for long term, real-time monitoring that 

discounts the need for costly and labour-intensive conventional monitoring. Its real time nature 
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also avoids the possibility of the degradation of sample which affects subsequent sample 

analysis.11 However, there is one particular limitation that is often excluded from the outset of 

its design process despite being a critical factor that will make or break any indwelling sensor 

technology; which is biofouling.12  

 

1.5 Biofouling of electrochemical sensors in drinking water quality monitoring 

1.5.1 Introduction to biofouling and its effects on sensor performance 

Biofouling in general can be roughly defined as deterioration of an object due to direct contact 

with biological entity of any kind. Biofouling can mean many things depending on the 

biological entity as the principal cause, but always involve direct contact of the biological entity 

– cells, biopolymers, metabolites etc – with the device which lead to a deterioration in device 

performance and possible adverse biological reaction. Biofouling is a common issue in sensors 

technology, especially for sensors intended for analytical measurements. However, biofouling 

means differently between sensors for biomedical application and those for environmental 

monitoring as they refer to a different biological entity. Adsorbed proteins from bodily liquids 

is the biological entity causing biofouling in biomedical sensors, especially in vivo. Bacterial 

attachment to the sensors which subsequently forms biofilm is the cause of biofouling in 

environmental sensors.  

 

Biofouling in environmental electrochemical sensors can be attributed to biofilm formation and 

mineral deposition or entrapment.12,13 Some examples are biofouling of indwelling multi-

parametric drinking water sensor,4 indwelling chlorine sensors for drinking water distribution 

networks,14 pH sensor for marine waters monitoring,15 nutrient and ammonia sensors for 

estuarine monitoring.16 In any of these cases, coverage of electrode surface prevents analyte 

from accessing it which results in impaired sensor performance within weeks of deployment.4  
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In biomedical cases, biofouling of implanted electrochemical sensors often related to the issue 

of biocompatibility.17–20 Implantable devices can lead to a foreign body response by the host’s 

immune system. Upon introduction of these implanted sensors, multiple physiological 

responses will occur depending on the site of introduction in the body. Intravascular sensors 

will induce different physiological responses different from an introduction of subcutaneous 

sensor. However, at the inception of the fouling of the sensor, the electrode surface is swarmed 

by multitudes of macromolecules and cells which form a fibrous film on the surface,17,21–25 

ultimately blocking access for electrode surface to accurately detect its analyte; this leads to a 

poorly-defined layer with potentially radically different composition from the target analytical 

matrix. Despite the different biological origins, the physico-chemical consequences will be 

similar for biofouling cases in indwelling environmental sensors. It is therefore possible to 

apply the lessons learnt in biomedicine to the investigation of biofouling in water distribution 

systems. More detailed description on bacterial biofilms, biofouling and its relevance in the 

context of electrochemical sensor biofouling are available on Chapter 4.  

 

1.5.2 The basis for electrochemical sensor performance: performance characteristics 

Sensor performance is described by performance characteristics which can be categorised into 

the abilities to (i) identify and distinguish the target from the surroundings, (ii) establish the 

concentration of the target, (iii) establish analytically useful time factors and (iv) minimise 

uncertainty, the combination of random and determinate error.26  

 

The ability to identify and distinguish the target analyte from its surrounding refers to the 

selectivity of the sensor. A quantitative definition of selectivity against a specific interferent is 

the relative signal arising from the interferent compared with the analyte.  Sensitivity is the term 
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used to describe the relationship between output signal and concentration. There are three 

important values which describe sensitivity. They are the range of concentration covered by 

the sensor, the portion of that range which gives linear response (i.e., linear range) and limit of 

detection (i.e., the smallest measure, !!, that can be detected with reasonable certainty for a 

given analytical procedure !! = !"##### + %&"$ where !"##### is the mean of the blank measures, &"$ is 

the standard deviation of the blank measures and % is a numerical factor chosen according to 

the confidence level desired 27 and it is typically k = 3). Analytically useful time factors are 

further described by response time, recovery times and lifetimes. It is equally desirable for a 

sensor to have a reasonably rapid settling time (typically represented by the 10-90% rise time 

or a time constant describing an exponential response), a sufficiently short elapsed time that 

the sensor needs to return to its initial state before it is ready to measure the next sample (i.e., 

recovery time) and a reasonably long usage period before it needs to be discarded (i.e., 

lifetimes). A sensor also needs to have a sufficient precision and accuracy to limit propagation 

of random error and systematic error, respectively, to ensure that it produces a repeatable and 

reproducible measurements.26 

 

1.5.3 Introduction to electrochemical sensors 

Electrochemical sensor is an essential part of modern analytical instrumentation. Modern 

analytical instrumentation emerges from the augmentation of classical wet chemistry analysis 

with microcontroller development.28 It begins with advances in point of care (PoC) devices for 

medical application, in which a diagnostic device that is in the vicinity of or implanted inside 

the patient can provide quantitative analysis of a particular biological or physiological 

parameter of the patient that can aid in the diagnosis of the patient condition within very short 

period of time i.e. minutes or seconds. It sets out the concept of bringing the lab into the sample 



 
 

28 

to provide rapid quantitative analysis, which is the main feature of modern analytical 

instrumentations.  

 

1.5.3.1 The science of analytical measurements 

Analytical measurements deal with qualitative and quantitative problems. Such measurements 

have the goal to establish the presence of an analyte (qualitative) and, more importantly and 

more valuably, the amount or concentration of such analyte (quantitative). Adopting 

quantitative methods in analytical measurements means that the users should accept that errors 

occurring in such methods are important. No quantitative results are of any value unless they 

are accompanied by some estimate of the errors inherent in them. The errors will provide a 

range that can be used to determine if the quantitative results are significantly different from a 

blank measurement or from other results. The errors will also determine the accuracy of a 

method or instrument. Accuracy is a combination of precision and bias, which are the degree 

of the propagation of random error and systematic error, respectively.29 It can describe the 

limitations of the method or instrument which can be useful to determine whether a particular 

method or instrument is fit for purpose.  

 

1.5.3.2 Working principles of electrochemical sensors 

Sensors are devices that transduce responses from their working environment into an electrical 

signal. In general, sensors are made up of modules which consists of (i) recognition elements 

which can sense response from the analyte of interest in their working environment and (ii) 

transducer which converts the response into signal (i.e. observable response).26,30 Based on its 

transduction elements, sensors are divided into four basic groups (Table 1.2).26,31–33   
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Table 1.2 Groups of sensors based on their transduction element. 

Electrochemical sensor Optical sensor Mass-sensitive sensor Thermal sensor 
Transforms the effect of 
electrochemical 
interaction between 
analyte and electrode 
into a primary signal; the 
usage of biological 
recognition element (ie 
enzyme, antibodies, 
nucleic acid, whole cell) 
makes it a biosensor 

Involves optical 
phenomena which are 
the result of an 
interaction of analyte with 
receptor 

Transforms mass change 
at a specially modified 
surface into a change of 
property of the support 
material 

Measures heat effects of 
a specific chemical 
reaction or adsorption 
that involves the analyte 

Subgroups of 
electrochemical sensor 

Subgroups of optical 
sensor based on 
optical properties 

Subgroups of mass-
sensitive sensor 

Subgroups of thermal 
sensor 

- Voltammetric 
- Amperometric 
- Potentiometric 
- Solid electrolyte 
- Gas sensor 
- Chemically-sensitised 
field effect transistor 
(CHEMFET) 

- Absorbance 
- Reflectance 
- Luminescence 
- Fluorescence 
- Refractive index 
- Surface-plasmon 
resonance (SPR) 
- Optothermal effect 
- Light scattering 

- Piezoelectric devices 
- Surface-acoustic-wave 
devices 

- Catalytic sensors 
- Calorimetric sensors 

 

A typical electrochemical sensor in the amperometric or voltammetric mode usually comes in 

the format of a three-electrode system. Working electrode (WE), reference electrode (RE) and 

auxiliary or counter electrode (CE) are the three electrodes involved. The current that flows 

between the WE and the CE is the response measured by the sensor.34 CE provides a respective 

complementary redox reaction to the reaction providing a current path for the flow of electron 

(i.e., current) between the WE and the CE. The RE is a non-polarizable electrode with fixed 

potential difference with respect to the solution to facilitate control and measurement of the 

potential of the WE with respect to the solution.35 Whenever possible, the RE is to be placed 

outside the path of ion migration between the WE and the CE. However, the RE has to be 

placed close enough to the WE to minimise the voltage drop between the two electrodes. This 

voltage drop is determined by i x R, where R is the ‘uncompensated resistance’ or the resistance 

due to the electrolyte between the WE and the RE. This drop increases with solution resistivity 

and with the distance between the WE and the reference point. Hence the reason for placing 

the RE as close as possible to the WE.35,36  
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Figure 1.2 Schematic representation of a three-electrode electrochemical sensor in which the working electrode 
(WE) is comparable to a human eye. Electrochemical sensors ‘see’ the analyte through the working electrode. 
When it is fouled, sensor performance is compromised (taken from a conference poster by author).37 WE, CE 

and RE are working, counter, and reference electrode, respectively.  

 

1.5.3.3 Deterioration of sensor performance 

The onset of a failing electrochemical sensor can manifest in loss of sensitivity which may arise 

due to interference of selectivity or electrode passivation. Biocompatibility issues and sensor 

biofouling can also become a contributor to sensor failure. Lifetime of the consumable parts 

also plays a significant role in determining how long a sensor would last without the need for 

any replacement. Other environmental factors such as storage conditions which includes 

temperature and humidity are also equally important. A perfectly working device can be 

completely ruined when not properly stored, a trivial but often overlooked aspect.   

 

1.6 Different strategies to overcome electrochemical sensor biofouling for robust sensors 

network 

The risk of biofouling will always happen in water settings because viable bacterial cells, which 

is the principal hazard of fouling, are always present. Generally, antifouling strategies fall into 

two different approaches which are (i) prevention and (ii) remediation of fouling.  
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Biofouling will always happen and it is difficult to remove, even on the most robust electrode 

material known today (i.e., boron-doped diamond, BDD).38 The most reasonable mitigation is 

to design surfaces and sensor that can resist or delay biofilm formation as long as possible and 

mitigate its physico-chemical consequences. Surface chemistry modification can play an 

important role in the design process. It is important to be well informed in designing the surface 

and there is a wealth of knowledge on surface design from biocompatibility research for 

implanted electrochemical sensors and devices in the biomedical field that is applicable to 

environmental electrochemical sensor design.17–19,39  

 

1.6.1 Informed design and engineering of devices for long-term continuous operation 

1.6.1.1 Physicochemical surface properties of electrodes and other parts of the sensor 

Surface chemistry depends on the material, its morphology and any functional groups that exist 

on its surface. Wettability, which is related to surface energy, is a key measurement. Surface 

topography is described by surface roughness. Neither of these surface properties are normally 

homogenous across a surface. Added with the contribution of conditioning film that may alter 

surface topography, bacterial attachment to surface becomes complex and often resulting in 

conflicting reports as reviewed by Cheng et al.40  

 

In particular, there are conflicting reports on how surface wettability affects bacterial 

attachment. Hydrophilicity is considered to promote cell attachment which forms the basis for 

surface modification of sterile cell culture plates that have been widely used in many cell 

culture and biofilm experiments,41–45 but there are reports which conclude that hydrophilic 

surface can prevent bacterial attachment, such as the prevention of Pseudomonas aeruginosa 

attachment on O-terminated boron-doped diamond (BDD) that has water contact angle of 25.5° 

± 1.7°.46 The difference in type of bacterial strain and species, medium, nutrient, local pH, 
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temperature and other environmental factors as well as the differences in surface pre-treatment 

of the material surface or electrodes between these experiments may be the cause of conflicting 

reports. However, there seem to be an apparent way to reconcile the difference.  

 

This apparent difference happens because no quantitatively consistent definition of surface 

hydrophobicity has been used. Hydrophobicity is not typically quantified, but it is related to 

contact angle. Surfaces with moderate wettability are more able to bind bacteria or cells, as 

compared with extremely hydrophobic or hydrophilic surfaces. Surfaces with water contact 

angles (') of 40–70° enhanced cell adhesion and growth, while surfaces with ' of 54–130° had 

a higher adsorption of bacterial peptidoglycan and superhydrophobic surfaces with extremely 

low wettability (' > 150°) able to resist bacterial adhesion.47 Surface with water contact angle 

> 90° is hydrophobic. Hence, there is a range of biofilm supporting wettability based on contact 

angle (Table 1.3). Based on this range, the example of supposedly hydrophilic O-terminated 

BDD that repels P. aeruginosa attachment46 is consistent with the premise that 

superhydrophilic surfaces resist cell attachment because its contact angle falls under 

superhydrophilic spectrum (25.5° ± 1.7° < 30°).47 

 

Table 1.3 Range of biofilm supporting capacity of a surface based on hydrophobicity spectrum and its 

associated contact angle. 

Hydrophobicity spectrum Contact angle, ! / ° Biofilm supporting capacity 

Superhydrophilic roughly < 30 Resist biofouling 

Hydrophilic 40 – 70 Supports cell attachment 

Hydrophobic 50 – 130 
Supports adsorption of bacterial 

peptidoglycan 

Superhydrophobic > 150 Resist biofouling 

 

The material of the electrode is also important for informed design. Most common electrode 

materials, such as glassy carbon (GC), gold and platinum, have more affinity for bacterial 
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attachment compared to boron-doped diamond (BDD), though, BDD is found to only delay 

biofilm formation, not completely resist the process. The structure of electrode has also found 

to affect its performance under fouling conditions. Nanoporous foam gold has been showed to 

be able to perform under biofouled condition48 by creating nanoscale domains for electrode 

reaction which are not accessible by macrocomolecules. Other parts of the sensor such as ABS, 

PVC, stainless steel and various other plastic or metallic materials have also been shown to be 

prone to biofouling.46  

 

When a material and its native surface properties is not enough to provide solution, surface 

modification can be the answer. These have been reviewed by Campuzano et al. in reference 

49. There are various promising surface modifications that has been shown to prevent biofouling 

which includes polymers such as polyethylene glycol (PEG) which retain water,50 conducting 

polymers,51 zwitterionic polymers52 and pH-responsive methacrylate polymers;53 hydrogels 

such as gold nanoparticle loaded polypyrrole hydrogel54 and PEDOT/PEG nanocomposite 

hydrogel;55 peptides and peptoid-based materials such as zwitterionic peptides terminated with 

carboxylic groups anchored to citrate-doped PEDOT via nickel cation coordination;56 and 

thiolated monolayers such as thioaromatic DNA monolayers,57 ternary DNA monolayers,58 

PEG based self-assembled monolayers (SAMs)59 and tetrahedral DNA nanostructures.49 

 

1.6.1.2 Consideration of biology, ecology and hydrodynamics of the system 

Most studies have focused on the chemistry of the surface, but there is limited knowledge 

regarding the biology and ecology as well as the hydrodynamics of the system. The biology 

(i.e., external stimuli-driven gene expression) of cell attachment to surfaces is still poorly 

understood, mainly due to lack of enabling technology. However, microfluidics offers a 
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possibility to study a single cell of bacteria which may help elucidating bacterial cell 

attachment to surfaces.60–68  

 

Pseudomonas aeruginosa (PA) is often used as a model for biofilm and biofouling experiments 

due to its prevalence – and also due to ease of access in obtaining a PA culture – but there is a 

high likelihood that this bacterial species is not the pioneer bacteria during attachment.69–73 

This could mean that the prevalence of PA may actually happen due to surface modification 

arising from pioneer species, i.e., not necessarily due to direct contact with the (electrode) 

surface. This may also mean that PA is not necessarily a good indicator for early detection of 

biofouling through pyocyanin detection (because this molecule is produced by quorum 

sensing74,75 (i.e., only when there are enough PA cells present)) which happen at relatively later 

stages of biofouling, but it actually depends on how we define ‘early detection of biofouling’. 

It may be necessary to include the pioneers in the ecology of simulated biofouling, but it can 

be understandably difficult to obtain the cultures commercially unless they are independently 

isolated.  

 

Hydrodynamics of the system should also be considered from the outset.71,76–81 Most biofouling 

experiments are performed in a static ‘reactor’ as an initial test. Since biofilm formation is 

affected by shear stress or shear rate, it will also be an important aspect during in situ 

remediation protocol design.  

 

1.7 Remediation of failed electrochemical sensors during operation 

Self-rectifying sensor networks will revolutionise any online monitoring systems. Particularly 

for indwelling electrochemical sensors, an in situ remediation protocol that fully relies on 

electrochemical means will be very attractive because it will require no additional 
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instrumentation, components or moving parts. However, it is not always possible to do so, and 

most often physical removal of biofilm coverage is still required. Electrochemical remediation 

of biofouling involves electrochemical advanced oxidation processes (EAOPs) that uses high 

potentials to (ideally) mineralise any organic presence on electrode surface. High potentials 

can damage common electrode materials, with the notable exception of boron-doped diamond 

(BDD).82 BDD has been shown to be able to withstand high anodic potential and thus perform 

better than the common glassy carbon (GC) during in situ remediation.14 BDD has also been 

shown to be able to achieve near complete biofilm removal after an hour by application of high 

current density of 50 mA cm–2. Although the verification of its efficacy is in situ with respect 

to the experimental setup, it is, however, not in situ for operational purposes. Optical coherence 

tomography (OCT) was used to verify the removal of biofilm. BDD thin film electrodes have 

the highest efficiency of generation of physisorbed hydroxyl radical (⋅OH).83 Complete 

mineralisation of persistent organic pollutants occurred through the non-selective reaction of 

⋅OH.84,85  This and continuous production of reactive oxygen species (ROS) and low pH during 

EAOPs by BDD electrodes can kill bacteria and oxidise extracellular polymeric substance 

(EPS) of biofilm,86–88 forming the basic principle for self-cleaning to remedy electrochemical 

sensor biofouling.  

 

1.8 Compendium of state of affairs 

Bacterial biofouling of aquatic environmental electrochemical sensors is an endemic and 

potentially complex problem in drinking water monitoring; especially in a long-term, real-time 

and indwelling network of sensors. It requires systematic and targeted approach to solutions of 

global multidisciplinary efforts, which should include biological consideration and 

understanding from the outset.  
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Biofilm has been understood as communities of bacteria attaching onto surfaces which is 

characterised by subsequent production of extracellular polymeric substance (EPS) to form the 

biofilm structure. Surface attachment is the key to biofouling, so the surface, or more precisely 

the surface chemistry, is an important aspect in developing device technologies that will not 

easily be deteriorated by bacterial biofouling.  

 

Three different strategies are currently existing as an effort to overcome bacterial biofouling 

when designing a sensor. Practicality and applicability of the strategies depend depending on 

how practical it is to pursue the strategy of choice. One may choose to (i) prevent, (ii) remediate 

or (iii) compromise with the fouling of the sensors. A bio-inclusive design which primarily 

targets the surface chemistry of the working electrode in an electrochemical sensor should be 

the norm in preventative measures. Remediation strategies may involve a development of in 

situ remediation technique through complete mineralisation by means of electrochemical 

advanced oxidation processes (EAOPs). A compromise can be possible if a particular 

arrangement or geometry of the electrode is in use, such as through the incorporation of 

nanoporous electrode into the device.  

 

All these strategies will often converge into bio-inclusive design of the surface chemistry of 

the working electrode, which can come in the form of surface modification or selection of a 

suitable electrode material for each strategy. Emphasis is given on the bio-inclusivity of the 

design as it is paramount to include the biological considerations related to bacteria, biofilms 

and its interaction with (electrode) surfaces from the outset. Figure 1.3 summarises this bio-

inclusive strategy in overcoming electrochemical sensor biofouling.  
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Bacterial biofouling of electrochemical sensors is an endemic and persistent problem in many 

indwelling situations which includes implantable biomedical devices and aquatic 

environmental monitoring. However, solutions often rarely based on the understanding of 

fundamental effects of biofouling to sensor performance. Modification of surfaces or 

modulation of microenvironmental conditions at the vicinity of the surfaces affected is a 

popular approach. While surface chemistry acts as the epicentre of the phenomena, sole focus 

on surface modification only works to delay the initial bacterial cell adhesion or to reduce the 

abundance of sessile bacteria attaching to the surface.  

 

Although a multitude of strategies to prevent and remediate the problem of biofouling are 

already available, there is little information on how biofouling actually affects sensor 

performance. Electrode reactions are surface related properties and the key to sensor 

performance. Specifically, these electrode reactions refer to (i) mass transport towards 

electrode surface and (ii) electron transfer kinetics at the electrode surface. A fundamental 

understanding of effects of biofouling to electrode reactions can aid in a more guided design 

for biofouling resistant indwelling sensors. This gap in the general knowledge related to 

electrochemical sensor biofouling is what this doctoral project tries to address.  

 

1.9 Aims and objectives 

In light of current state of affairs as pointed out in Section 1.8, this thesis aims to provide the 

foundations to systematic problem solving to electrochemical sensors biofouling in the context 

of sensors network as laid out in Figure 1.3, with specific focus to indwelling electrochemical 

sensors used in drinking water distribution system (DWDS). The majority of this work 

primarily aims to understand the physico-chemical effects of biofouling by bacterial biofilms 

on electrochemical sensors as a means to characterise such effects. Also, this work explores 
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the topic of electrochemical in situ remediation of biofouled electrochemical sensors, to form 

a coherent approach to the problem of electrochemical sensors biofouling. This work also aims 

to bring an attention to the gravity of the problem of bacterial biofouling in indwelling system 

by exploring an environmental sample from such system. Within this work, a novel 

experimental method that has a potential to contribute immensely to the ultimate aim of the 

project, or beyond, will also be described.  

 

In accordance with the aims of the project, this thesis will be designed with the objectives to: 

(i) identify the limiting design factors in engineering biofouling compatible sensors,  

(ii) demonstrate the gravity of bacterial biofouling problem by exploring environmental 

samples taken from a system that is designed to suppress the presence of the bacteria 

itself,  

(iii) elucidate the physico-chemical effects of biofouling on electrode reactions by 

means of a simplified physical model of biofilms and a lab grown real biofilms of 

Pseudomonas fluorescens to derive practical lessons from it,  

(iv) explore the possibility and consequences of developing an electrochemical in situ 

cleaning methods to remediate biofouled electrode using common electrode 

material, and  

(v) formulate design principle framework to engineer biofouling compatible indwelling 

electrochemical sensors that can be used – and reused – in situ in a system of sensors 

network.   

 

1.10 Summary of chapters 

This thesis will be structured into 8 chapters in total which includes the concluding remarks. 

Each chapter will answer and address the objectives (i) to (iv) as laid out in Section 1.9. 
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Chapter 1 (this chapter) provides a literature analysis to globally introduce the problem of 

electrochemical sensors biofouling by bacterial biofilms and its relevance to sensors network 

technology in drinking water quality monitoring. This chapter answers objective (i).  

 

Chapter 2 provides a short theoretical introduction to the concepts of electrochemistry relevant 

to electrochemical sensing and their relationships to understanding the physico-chemical 

consequences of biofouling. 

 

Chapter 3 provides a summary of the experimental methods and techniques used during the 

project. 

 

Chapter 4 provides the latest literature on biofilms and also presents experimental work to 

demonstrate the gravity of bacterial biofouling problem by exploring environmental samples 

of PTFE membrane filter taken from a free chlorine analyser that has been indwelling in a 

chlorinated drinking water supply pipeline for 6 months. This chapter explores objective (ii).  

 

Chapter 5 presents experimental work to demonstrate the physico-chemical effects of bacterial 

biofouling to electrode reactions, i.e., mass transport towards electrode surface and electron 

transfer kinetics at the surface of electrode, using a novel experimental protocol of rapidly 

forming bacterial biofilm of Pseudomonas fluorescens. Quantitative mathematical analysis has 

shown that a critical physico-chemical characteristic of a biofilm that is relevant in the context 

of electrochemical sensors biofouling has been successfully established in just 2 hours. The 

ability to rapidly grow biofilms is important for rapid prototyping of biofouling compatible 

devices. The findings are then used to infer practical lessons that can be useful during actual 
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operation of the sensors, such as to characterise biofouling event in situ or to determine the 

cause of the drift in situ. Naturally dissolved oxygen becomes the main redox probe of interest 

for its potential for in situ diagnostics of indwelling electrochemical sensors. This chapter 

explores objective (iii).  

 

Chapter 6 explores the possibility of using hydrogels-based model biofilms to elucidate 

physico-chemical effects of bacterial biofilm using such model biofilms. Mass transport rate 

constant within biofilm )*% +⁄  (in m s–1) has been identified as the key characteristics of 

biofilm to be modelled in the context of electrochemical sensor biofouling. Non-biological 

models can provide a more reproducible tools for prototyping the sensors. Hence, if hydrogels-

based model biofilms can satisfy this )*% +⁄  requirement, it may open a window of application 

of such models to study certain characteristics of biofilms as relevant to the context. This 

chapter explores objective (iii).  

 

Chapter 7 presents experimental work on the development of electrochemical based in situ 

cleaning protocol. In this chapter, the possibility to develop an electrochemical in situ cleaning 

protocol on an electrode material already commonly used for drinking water quality 

monitoring, i.e. platinum, is explored. The possibility of performing the cleaning protocol and 

its effectiveness are described, analysed and discussed, as well as the consequences that arises 

after the process. This chapter explores objective (iv). 

 

Chapter 8 provides concluding remarks for the whole thesis, as well as some future 

perspectives on the topic explored in this work. Objective (v) will be addressed in this chapter.  
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Figure 1.3 The bio-inclusive framework to overcome sensor biofouling in electrochemical sensors in the 

context of biofouling resistant sensor networks. EAOPs = electrochemical advanced oxidation processes. This 
figure is part of a recent publication by author from reference.89  
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2 Fundamentals of electrochemistry for electrochemical 

sensing 

 

2.1 Introduction 

Electrochemical principles for electroanalysis using electrochemical sensors are built upon the 

principles of equilibrium electrochemistry, dynamic electrochemistry and mass transport. 

These phenomena are essential features of electron transfer reactions at the interface between 

electrodes (typically, but not always, solid metallic) and reactant molecules, usually in a 

solution phase.  

 

Measurement of signal by electrochemical sensor involves transfer of charged particle (i.e., 

electron) between the electrode and solution phases in the form of electrical current. This 

electrical current i can be either the output measured by the sensor (voltammetry; potential E 

is applied as input) or the input used to probe the system (potentiometry; potential E is the 

output measured).  

 

Potentiometric sensors work through the measurement of an equilibrium potential, i.e., the 

potential at zero net current, of the sensor against a suitable reference electrode.1 It is based on 

Nernstian or equilibrium electrochemistry, so no sustained currents flow during the 

measurement. Potentiometric sensors can generate thermodynamic data (equilibrium 

constants, reaction free energies, enthalpies, entropies).2 

 

Voltammetric sensors work through the measurement of the current response as a function of 

applied potential. Amperometric sensors are a special type of voltammetric sensor in which a 
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fixed potential is applied and the current is registered.1 During voltammetric measurements, 

potential is applied between the electrode and the solution, causing a current to occur and 

electrolysis to make the concentrations of the redox active species in the cell to adjust 

themselves to conform to Nernst equation. Hence, current has to flow and electrolysis takes 

place. This process is based on kinetic or dynamic electrochemistry and it can be used to 

investigate mechanistic processes such as electrode reactions.2 

 

This thesis will focus on voltammetric methods due to their ability to probe mechanisms of 

electrode reactions, which are of interest in sensor biofouling. However, discussion will be 

started with equilibrium electrochemistry and the Nernst equation. The aim of voltammetry is 

to measure current as a function of applied potential at working electrode. It is therefore crucial 

to be confident about the value of the electrode potential, so that the registered current can 

purely be attributed solely to changes in the electrode potential of the working electrode.  

 

2.2 The origin of electrode potential and the Nernst equation 

Electrode potential arises from potential difference between the electrode and the solution as 

a result of charge separation at the electrode/solution interface at equilibrium. As an example, 

consider a potential determining equilibrium (i.e., chemical process or reaction which 

establishes electrode potentials):  

 

!"!"($%) + "#((")$*) ⇌ !"$"($%)    (2.1) 

 

If a chemically inert metal wire, for example platinum, is dipped into a beaker of aqueous 

solution of Fe(II) and Fe(III) ions, the metal wire can act as a source or sink of electrons. An 

electron might leave the wire and join an Fe3+ ion in the solution forming an Fe2+ ion. 
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Alternatively, an Fe2+ cation close to the electrode might give up its electron to the metal, 

turning itself into an Fe3+ ion. Both these events take place simultaneously in practice. After 

the wire (‘electrode’) is placed in the solution, equilibrium (2.1) is rapidly established at the 

surface of the metal.2 

 

Electrons are transferred between the metal and solution phases in the forward and reverse 

processes. Hence, when equilibrium is attained for the potential determining equilibrium (2.1), 

a net electrical charge is established on each of these phases. If equilibrium lies to the right in 

favour of Fe2+(aq), electron will move to the right from metal to solution so that the electrode 

will have a net positive charge and the solution will have a net negative charge. If equilibrium 

lies to the left in favour of Fe3+(aq) and e-(metal), electrode will stay in the metal so that the 

electrode will have net negative charge and the solution will have a net positive charge. Thus, 

charge separation has occurred, and it causes potential difference between the metal and the 

solution; an electrode potential has been established on the metal wire relative to the solution 

phase.2  

 

A shift in the direction of equilibrium for (2.1) is induced by changes in the concentrations of 

Fe2+ and Fe3+ (an extension of Le Chatelier’s Principle). Thus, the potential difference between 

the wire and the solution will crucially depend on the activities (thermodynamically effective 

concentrations) of Fe2+ and Fe3+ in solution. The potential difference is given by, 

,% − ,& = /012)$1) −
'(

)
ln 5

*)+!",

[)+#"]
6    (2.2) 

which is a form of Nernst equation. , denotes electrical potential in which ,%refers to the 

potential of the metal wire (electrode) and ,&refers to the potential of the solution phase. R is 

the gas constant (8.314 J K-1 mol-1), T is absolute temperature (in K) and F is Faraday constant 
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(96485 C mol-1).2,3 The constant term is the difference between the chemical potentials of the 

standard states. 

 

Electron transfer at electrode/solution interface occurs due to difference in the energy of the 

electrons in the electrode and solution phase molecules (i.e., the metal wire and Fe2+ ions for 

equilibrium (2.1)). An Fe3+ ion has unfilled orbital, and this is depicted as empty level on Figure 

2.1. When this unfilled orbital gains electron, Fe3+ is reduced and become Fe2+. Electronic 

structure of a metal is depicted by the ‘electron sea’ model. Energetically the electrons form 

into ‘bands’ in which an effective continuum of energy levels are available and are filled up to 

an energy maximum known as the Fermi level. When the metal and the solution are at 

equilibrium this will correspond to an exact matching of the energy levels in the solution with 

the Fermi level. When this point is reached there will be a difference of charge and hence of 

potential between the metal and solution phases. This is the basic origin of the potential 

difference (i.e. electrode potential) predicted by Nernst equation.2  

 

 
Figure 2.1 Depiction of energy levels of electrons in ions in solution and in the metal wire based on equilibrium 

(2.1). Adapted from OCP Electrode Potentials. 
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Equilibrium electrochemistry and the Nernst equation 

The Nernst equation describes the potential difference between the metal (electrode) and the 

solution phases and is the basis for electrode potential which is important in voltammetry. The 

Nernst equation is derived from thermodynamic description of chemical and electrochemical 

equilibria. This is the field of equilibrium electrochemistry and is based on chemical 

thermodynamics. Thermodynamics predicts the direction of chemical change and whether the 

reaction is thermodynamically feasible, but it does not predict the rate of the reaction.2,4  

 

Thermodynamic description of chemical equilibrium  

Chemical equilibrium is thermodynamically described by the partial molar free energy or 

chemical potential 7 and is based on a single phase reaction, such as (2.3) for gas phase reaction 

and (2.4) for aqueous solution phase.  

8(9) ⇌ :(9)       (2.3) 

8($%) ⇌ :($%)      (2.4) 

 

Thermodynamics says that the Gibbs free energy of a system, Gsys, is minimised as it has 

attained equilibrium (Figure 2.2).2,4 

 

 
Figure 2.2 The Gibbs free energy of a system decreases as it reaches equilibrium and is minimised as it attains 

the point of equilibrium. 
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Mathematically it means that at equilibrium, 

;</0/ = 0      (2.5) 

The associated change in Gsys is given by,  

dGsys = Free Energy change + Free Energy change 

  on formation of B     on loss of A 

;</0/ = (>< >11⁄ );11 							+ 			 (>< >12⁄ );12    (2.6) 

Referring to reactions (2.3) and (2.4), for every molecule A lost will result in one molecule B 

formed, 

−;3$ = +;3% = ;3      (2.7) 

Substituting (2.7) to (2.6) resulting in, 

;</0/ = [(>< >11⁄ ) − (>< >12⁄ )];3    (2.8) 

Since the partial derivatives inside the square bracket are the chemical potentials 7 of B and A 

respectively, 

(>< >11⁄ ) = 71 					$1;					(>< >12⁄ ) = 72    (2.9) 

so that,               ;</0/ = [71 − 72];3                        (2.10) 

Thus, it follows that at equilibrium, 

72 = 71      (2.11) 

in other words, the chemical potential of the reactants and products must be identical at 

equilibrium.2,4  

 

Chemical potentials can be related to partial pressures P for gas phase reactions and to amount 

of molecules (mole fractions x or concentration [ ]) for aqueous solution phase, where the gases 

and solutions are assumed to be ideal. 

 

For gases,         72 = 72° + DE lnF2 	$1;	71 = 71° + DE lnF1          (2.12) 
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where 72° and 71° are the standard chemical potentials of gases A and B from (2.3) and have 

a constant value (at a fixed temperature). At equilibrium, the ration PB/PA is fixed and constant 

according to equilibrium constant KP, 

G4 = F1 F2 = "HI{(72° − 71°) DE⁄ }⁄     (2.13) 

 

For solutions,        72 = 72
∇ + DE ln H2 	$1;	71 = 71

∇ + DE ln H1            (2.14) 

or      72 = 72
⊖ + DE ln[8] 	$1;	71 = 71

⊖ + DE ln[:]           (2.15) 

where,    H2 = 12 (12 + 11)⁄ 	$1;	H1 = 11 (12 + 11)⁄         (2.16a)  

and     [8] = 12 L⁄ 	$1;	[:] = 11 L⁄           (2.16b) 

if there are nA moles of A and nB moles of B in the solution of volume V. 72∇ and 71∇ are the 

chemical potentials of A and B when x = 1 (pure liquid). 72⊖ and 71⊖ are the chemical 

potentials of a solution of A at unit concentration [A] = 1 mol dm-3, and so does for B.  

At equilibrium, the equilibrium constant will be, G7 = H1 H2⁄               (2.17) 

and                                                                        G8 = [:] [8]⁄            (2.18) 

where Kx = KC since 7%
7$
=

3% (3$"3%)⁄

3$ (3$"3%)⁄
=

3%

3$
=

3% <⁄

3$ <⁄
=

[1]

[2]
 .  

 

For pure solids,    72 ≃ 72
⊡	$1;	71 ≃ 71

⊡             (2.19) 

where 72⊡ and 71⊡ are the standard chemical potential for the solids.  

 

Thermodynamic description of electrochemical equilibrium 

Unlike chemical equilibria (2.3) and (2.4) which occur in a single phase (gas phase only or 

solution phase only), electrochemical equilibrium involves two separate phases (i.e., the 

electrode and the solution). In addition, transfer of a charged particle (i.e., the electron) occurs 

between these two phases. As a consequence, apart from the differences in the chemical energy 

of the reactants and products (chemical potential 7), difference in their electrical energy should 
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also be taken into accounts. This combination is described by electrochemical potential, 7̅2 for 

species A 

7̅2 							= 						 72 							+ 							 O2!,     (2.20) 

   electrochemical     chemical    electrical 
     potential          potential       energy 

The second term in equation (2.20) describes the electrical energy of species A. zA is the charge 

on the molecule A. , is the potential related to the particular phase (electrode or solution) in 

which species A resides. F is Faraday constant (96485 C mol-1) and is added to change the 

second term of equation (2.20) to an energy term on a per mole basis to match 72.2  

 

Nernst equation derived 

Nernst equation is derived from the differences of electrochemical potentials between reactants 

and products in an electrochemical equilibrium.2 The first principle is that at equilibrium, 

Total electrochemical potential of reactants = Total electrochemical potential of products 

 

Using equilibrium from (2.1) as an example, and applying equation (2.20) to obtain, 

(7)+#" + 3!,&) + (7+& − !,%) = (7)+!" + 2!,&)   (2.21) 

Rearranging, 

!(,% − ,&) = 7)+#" + 7+& − 7)+!"    (2.22) 

where, 

7)+#" = 7)+#"
⊖ + DE ln[!"!"]	     (2.23a) 

7)+!" = 7)+!"
⊖ + DE ln[!"$"]	     (2.23b) 

so that, 

,% − ,& = ∆,° −
'(

)
ln 5

*)+!",

[)+#"]
6     (2.24) 

which is the Nernst equation for the Fe(III)/Fe(II) system, provided that 
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∆,° =
>

)
S7)+#"

⊖ + 7+& − 7)+!"
⊖T     (2.25) 

 

Other examples of Nernst equation for other electrode/solution interfaces are (Figure 2.3): 

The hydrogen electrode; which comprises of a platinum black electrode dipping into a 

solution of hydrochloric acid. Hydrogen gas is bubbled over the surface of the electrode. The 

potential determining equilibrium is  

U"($%) + "#((")$*) ⇌
>

$
U$(9)     (2.26) 

and the Nernst equation is, 

,% − ,& = ∆,° −
'(

)
ln V

[?"]

4'!
( !⁄ W     (2.27) 

where the constant, 

∆,° =
1

!
Y7?"

⊖ + 7+& −
1

2
7?!°Z 

The chlorine electrode; which comprises a bright platinum electrode in a solution containing 

chloride ions. Chlorine gas is bubbled over the electrode surface. The potential determining 

equilibrium is 

>

$
[*$(9) + "

#((")$*) ⇌ [*#($%)     (2.28) 

And its Nernst equation is, 

,% − ,& = ∆,° −
'(

)
ln V

4*+!
( !⁄

[8@&]
W     (2.29) 

where the constant, 

∆,° =
1

!
Y
1

2
78@!° + 7+& − 78@&

⊖Z 

 

The silver/silver chloride electrode; which comprises of a coated wire (made of silver coated 

with porous silver chloride typically by electro-oxidation of the wire in aqueous solution of 
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KCl) which is used in a fresh KCl solution. The equilibrium is established at the silver/silver 

chloride boundary, so the silver chloride coat is porous to allow chloride ions in the solution to 

penetrate the boundary and establishing the equilibrium. The potential determining equilibrium 

at the silver electrode is  

89[*(2) + "#((")$*) ⇌ 89((")$*) + [*#($%)    (2.30) 

The Nernst equation for this Ag/AgCl electrode is 

,% − ,& = ∆,° −
'(

)
ln[[*#]     (2.31) 

where the constant, 

∆,° =
1

!
S72A

⊡ + 78@&
⊖ − 72A8@

⊡ − 7+&T 

 

 
Figure 2.3 Schematic representations for other electrode/solution interfaces for Nernst equation examples. 

 

Nernst equation for non-ideal solutions – concentration vs activity 

All the discussions above have assumed that all the solutions phase species behave “ideally”, 

thus the use of concentration to relate chemical potentials and standard chemical potentials (see 

equation (2.15)). Ideal solutions have enthalpy of mixing that is equal to zero (∆UBC7 = 0). It 

can be physically interpreted that the intermolecular forces between the molecules in the 

mixture are equal to those in pure liquids (A – A, A – B, B – B interactions are the same).2 
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Thus, non-ideality arises from grossly dissimilar inter-particular forces. Hence, electrolyte 

solutions would be expected to be non-ideal (for example NaCl(aq); Na+ – Na+, Na+ – Cl-, Cl- 

– H2O, Cl- – Cl-, Na+ – H2O interactions are all very different). An exception is found for very 

dilute solutions (<10-3 M) which behave more ideally. As in reality electrolyte solutions 

behaves non-ideally, assumption of ideality is unlikely to be true so activities should be used 

rather than concentrations.2 So, in reality, an ion i has a chemical potential 

7C = 7C
⊖ + DE ln $C      (2.32) 

where ai in the activity of species i.  

 

The Nernst equation examples from previous section should then be replaced; from using 

concentration of i, [i], to using activities of i, ai.   

Fe2+/Fe3+ redox couple: 

,% − ,& = ∆,° −
'(

)
ln \

D,-!" 	

D,-#"
]	     (2.33) 

H2/H+ couple: 

,% − ,& = ∆,° −
'(

)
ln V

D'"

4'!
( !⁄ W     (2.34) 

Cl-/Cl2 couple: 

,% − ,& = ∆,° −
'(

)
ln V

4*+!
( !⁄

D*+&
W     (2.35) 

Ag/AgCl couple: 

,% − ,& = ∆,° −
'(

)
ln $8@&      (2.36) 

 

General statement of the Nernst equation 

For any arbitrary potential determining equilibrium 

^28 + ^1: +⋯+ ((")$*) ⇌ ^8[ + ^F` +⋯ 
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in which Ĝ (j = A, B, …, C, D, …) are known as stoichiometric coefficients (for example, for 

hydrogen electrode H+(aq) + e-(metal) ⇌ ½ H2(g), ^?" = 1 and ^?! = ½), the interfacial 

potential difference will be predicted by  

,% − ,& = ∆,° −
'(

)
ln 5

D$
.$D%

.%…

D*
.*D/

./…
6    (2.37) 

which is the general statement for the Nernst equation. All species A, B, …, C, D, … in 

equation (2.37) have been assumed to be solution phase molecules, so activities are used. If 

these species are in gas phase, then partial pressure PA, PB, …, PC, PD, … will be used. If these 

are pure solids, then their activity should be taken as unity (aj = 1).2  

 

Measurement of electrode potential in practice – reference electrode 

The Nernst equation can theoretically predict the concentration dependence of (electrical) 

potential drop, (,% − ,&), at an electrode/solution interface given that the chemistry of the 

associated potential determining equilibrium can be identified. When only a single electrode/ 

solution interface is considered, potential drop (,% − ,&) is attributed to the concentrations of 

solution phase molecules involved in the equilibrium (i.e., balancing of electrochemical 

potentials of reactants and products). Concentration of molecules in the free solution can 

change variably if not held to be fixed, thus it cannot provide a reliable way to measure 

electrode potential and it may also complicate situation during actual voltametric measurement 

(for example cross-reaction).2  

 

It is therefore desirable to be able to measure electrode potential directly. However, it will be 

impossible to measure an absolute value for potential drop at a single electrode/solution 

interface. A digital voltmeter (DVM) is used to measure electrode potential in practice (Figure 

2.4) which measures the potential difference between the two contact leads. The use of only a 

single electrode/solution interface will not result in a successful measurement of potential of 
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electrode A, as no electrical contact is made with the solution at the other contact lead. A 

complete electrical circuit is required to enable this direct measurement so a second electrode 

B should be added. This second electrode is known as the ‘reference electrode’. It is a device 

which has its own electrode/solution interface and its associated potential determining 

equilibrium.2 

Reference electrode | Solution | Test electrode 

 

a"$2bc";	I0)"1)d$*	 = 	 (,I+/I − ,&) − S,J+K+J+3L+ − ,&T  (2.38)  

a"$2bc";	I0)"1)d$*	 = 	 (,I+/I − ,&) + $	/012)$1)     

 

 
Figure 2.4 Direct measurement of electrode potential for A or any other electrode in general requires a second 

electrode B to complete the electrical circuit. 

 

A reference electrode maintains a fixed value of its potential relative to the solution phase,  

(,J+K+J+3L+ − ,&), thus facilitating potentiometry measurements of another electrode relative 

to the reference electrode. To maintain a fixed value of (,J+K+J+3L+ − ,&), reference electrode 

should have a fixed chemical composition for its electrode and the solution to which the 

electrode is directly exposed. Maintenance of these chemical compositions requires no electric 

current passing through the reference electrode since currents at electrified interfaces can only 

be sustained by electrolysis. Experimentally, it is desirable for its potential determining 
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equilibrium to display fast electrode kinetics so (,J+K+J+3L+ − ,&) attains its thermodynamic 

equilibrium value rapidly,2 essentially instantaneously on the timescale of the experiment. 

 

Standard hydrogen electrode and standard electrode potential 

A variety of potentially suitable reference electrode systems is available. However, it is 

important to avoid ambiguity in standardised reporting of electrode potential, so the standard 

hydrogen electrode (SHE) has been arbitrarily selected by convention for reporting electrode 

potentials and is assigned the value of 0 V. Electrode potentials are quoted for the ‘half-cell’ 

of interest against SHE.2  

 

The standard hydrogen electrode consists of a platinised platinum electrode (platinum black 

coated) dipped into hydrochloric acid solution (Figure 2.5). Hydrogen gas is bubbled over the 

electrode. The hydrogen gas is fixed at 1 atm pressure and the [H+] in the HCl(aq) is exactly 

1.18 M, equivalent to unit activity. The temperature is fixed at 298K (25°C) during 

measurement. A high impedance voltmeter is used to measure the potential difference between 

electrode of interest and SHE; the voltmeter draws essentially negligible current, preserving 

the chemical composition of SHE. Platinum black coats the electrode providing fast electrode 

kinetics to ensure potential determining equilibrium H+(aq) + e-(metal) ⇌ ½ H2(g) is rapidly 

established.2  

 

When the potential of any system (‘couple’ or ‘half-cell’) is measured relative to the SHE, the 

measured potential difference between the two electrodes is referred to as the standard 

electrode potential (SEP), provided that all the chemical species contributing to the potential 

determining equilibria at each electrode are present at concentration corresponding to unit 



 62 

activity in the case of a solution phase species, or to unit pressure (in atmosphere) in the case 

of a gas.2 

 

Figure 2.5 illustrates measurement of SEP for Cu/Cu2+ couple. SHE and the couple of interest 

is separated by a salt bridge. It is a tube containing an aqueous solution of potassium chloride 

which places the two half cells in electrical contact but preventing the two different solutions 

required for the two half cells from mixing.  

 

 
Figure 2.5 An illustration of the standard hydrogen electrode (SHE, left beaker) used to measure the standard 

electrode potential of the Cu/Cu2+ couple (right beaker). !0! = 1 atm, "0" = 1, "12!" = 1. 

 

Illustration from Figure 2.5 can be represented by a short-hand notation below 

Pt | H2(g) (P = 1 atm) | H+(aq) (a = 1) || Cu2+(aq) (a = 1) | Cu 

The symbol || denotes the salt bridge, dividing the cell into left half-cell (SHE) and right half-

cell (Cu/Cu2+ couple). Measured potential difference between copper and platinum electrodes 

(in this case the SEP) is given by subtracting right half-cell with left half-cell. 

e⊖ = e
JCAMI

⊖ − e
@+KI

⊖     (at unit activity)   (2.39) 

e
8N 8N!"⁄

⊖
= ,8N − ,4I       (2.40) 

e
8N 8N!"⁄

⊖
= +0.34L   based on DVM reading   (2.41) 
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The two half-cells SHE and Cu/Cu2+ couple forms a complete electrochemical cell so it can be 

generalised that1 

eL+@@ = eJCAMI − e@+KI     (2.42) 

with maximum work that can be obtained is1 

∆< = −1!eL+@@      (2.43) 

 

The value of standard electrode potentials for various system is available in many textbooks. 

It can be used to determine if a reaction is thermodynamically spontaneous (∆<⊖ = −1!e⊖ =

−DE lnG) but SEP tells nothing about the likely rate of reaction. This information on rate of 

reaction, together with the mechanism of the reactions, can be extracted in dynamic 

electrochemistry.  

 

2.3 Dynamic electrochemistry  

Unlike the situations in which there is no observed net current flowing, dynamic 

electrochemistry makes use of techniques which pass current through the cell causing 

electrolysis and consequently a more complicated reaction mechanisms at the molecular level. 

Current is passed by applying potential that is different from equilibrium potential Ee (e+ =

e⊖ +
'(

3)
ln

[O]3

[']3
, Nernst equation).5 This applied potential may come in various waveforms 

depending on electroanalytical technique used and will be discussed in Section 2.5.  

 

The current that is passed through the cell as a result of the applied potential is proportional to 

the rate of the electrode reaction, or flux5  

d = 1!8h      (2.44) 

d~h 
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in which J is the flux, the amount of reactant molecules reacting per unit area per unit time. 

Flux, J represents the rate of reaction for molecules undergoing electrolysis at the 

electrode/solution interface. This can be approached using rate law for reaction O(aq) + ne-

(metal) ⇌ R(aq), thus 

h = jP[k]P      (2.45) 

in which k0 is the heterogenous rate constant and [O]0 is the concentration of reactant molecules 

at electrode surface (subscript 0 denote x = 0; x refers to a distance normal to the electrode 

surface).5 

 

The rate constant for electron transfer reaction at electrode/solution interface during 

electrolysis is heterogeneous because of the phase boundary and consequent loss of spatial 

dimension on the essentially 2-D electrode surface. The concentration of reactant molecules at 

the electrode surface will be typically be different than the bulk concentration as the electrode 

reaction proceeds. This is due to the rate of electrolysis of reactant at electrode surface occuring 

much faster than the transport of reactant to the electrode surface to replenish the consumed 

reactant during electrolysis ([k]P << [k]Q).5 

 

The spatial dissimilarity of reaction rate during electrolysis signifies that the overall kinetics of 

the observed electrolytic current may be dependent on:5 

- rate of heterogenous electron transfer, k0 (rate-determining ‘electrode kinetics’), 

- mass transport of reactant to, or products from, electrode surface, kd (rate-determining 

‘mass transport’). 

 

The dynamics of an electrode reactions have also been found to be influenced by many 

parameters. The rate of charge transfer process can, in principle, be controlled by all the 
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following: the electrode potential, transport of material between the electrode and bulk 

solution, the reactivity (ease of oxidation or reduction) of the solution species, the nature of the 

electrode surface and the structure of the interfacial region over which the electron transfer 

occurs.5  

 

The rate of electron transfer 

The rate constants for electron transfer, kred or kox, can be related to the standard rate constant 

of heterogenous electron transfer, k0. The values of kred and kox depends on the potential applied 

and on the value of k0. For a simple reaction1  

k($%) + 1"#((")$*) ⇌ D($%)     (2.46) 

the rate of electron transfer for each of its reductive and oxidative components are1 

dL = −1!8jJ+R[k]P      (2.47) 

dD = 1!8jS7[D]P      (2.48) 

 

Electron transfer reactions can be reasonably assumed to be analogous to chemical rate process, 

in that the reactant passes through a transition state to overcome an energy barrier to become 

product (transition state theory). For the reduction reaction (kred), 

jJ+R = 8	"HI Y
#∆U4-5

‡

'(
Z     (2.49) 

where ∆<
J+R

‡  is the free energy of activation and A is a frequency factor.5  

 

Consideration of activation energies for forward and backward reactions of (2.46) will lead to 

Butler-Volmer formulation of electrode kinetics for anodic and cathodic rate constants (kox and 

kred, respectively), 

jS7 = jP"HIlmD1! Se − e
⊖WT DE⁄ n    (2.50a) 
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jJ+R = jP"HIl−mL1! Se − e
⊖WT DE⁄ n    (2.50b) 

where k0 is the standard rate constant, mD and mL are the anodic and cathodic transfer 

coefficients and e⊖W is the formal potential for the system. Values of m for metals tend to be 

around 0.5 in the rate-determining step (transition state is approximately halfway between 

reactants and products), and in any case mD + mL = 1.5  

 

The observed rate of reaction at electrode surface under kinetic control is measured as the total 

current, i, 

d = dD + dL = 1!8(jS7[D]P − jJ+R[k]P)    (2.51) 

 

At equilibrium, the net current is zero ia = ic = i0, where i0 is the exchange current. i0 is directly 

proportional to the standard rate constant (i0 ~ k0; substitute equations (2.50a), (2.50b) to 

(2.51)). As the net current at equilibrium is zero thus [D]P = [D]Q and [k]P = [k]Q, also mD +

mL = 1. Substitution of equations (2.50) to (2.51) under these conditions will result in the 

Nernst equation after rearranging.5  

e+X = e⊖W +
'(

3)
ln

[O]3

[']3
     (2.52) 

 If [k]Q = [D]Q = /Q, then e+X = e⊖W and 

dP = 1!8jP/Q     (2.53) 

 

The Nernst equation expressed in equation (2.52) comes in the form that uses concentration 

instead of activity of species. Although activity is more appropriate to describe ‘real’ solutions 

(see Section 2.2 on Nernst equation for non-ideal solutions – concentration vs activity), in 

electroanalytical experiments, the use of concentration of an electroactive species is more 

convenient than its activity. This is because the numbers of electrons transferred, i.e., current, 

is directly proportional to the concentration, not to the activity (i ~ c; see equation (2.53)). 
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Thus, formal potential, e⊖W, is used instead of standard electrode potential, e⊖. Formal 

potential is defined as, 

e⊖W = e⊖ +
'(

3)
ln

∏Z7898

.8

∏Z78:8

.8      (2.54) 

and when comparing equation (2.54) to a generalised form Nernst equation based on equation 

(2.52), 

e+X = e⊖W +
'(

3)
ln

∏[O8]
.8

∏['8]
.8

     (2.55) 

it can be seen that $ = o/, where a is the activity of the species, o is the activity coefficient 

and c is the concentration.  

 

2.4 Mass transport 

Another physical process that may contribute to overall kinetics of any electrode reaction is the 

rate at which material is brought to (or from) the electrode surface through mass transport (e.g., 

diffusion).5 In electroanalytical measurement, three transport processes are found to be 

significant: diffusion, convection and migration.1,3–6 Diffusion occurs due to concentration 

gradient in the solution. Convection is the imposition of mechanical fluid movement. Migration 

is the movement of charged species under electric field gradient.  

 

Migration 

Migration effects are generally undesirable. The interplay of migration effects and electrolysis 

in any electrochemical reaction gives rise to complex physical transport process which is 

difficult to control or interpret. External electric field (;, ;H⁄ ) exists at the electrode/solution 

interface as a result of potential drop between the two phases (,% − ,& or also known as 

∆,%/&). This electric field exerts electrostatic forces on charged species at the interfacial region 

inducing movement of ions to and from the electrode (migratory flux, Jm).  
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hB ∝ −b[/]
\]

\7
      (2.56) 

where u = ionic mobility (depends on ionic charge, size, solution viscosity), [c] = concentration 

of charged species and \]
\7

 = electric field.5 This, in turn, alters the nearby concentration 

gradient, thus, affecting diffusion, and the rate of mass transport of electroactive material to 

and from the electrode as electrolysis proceeds, causing variations in rate of mass transport 

across the solution. This complicates interpretation.5  

 

The effects of migration on the redox active species can be minimised by adding a chemically 

and electrochemically inert ‘background electrolyte’ (supporting electrolyte) in high 

concentrations. The presence of background ions maintains electroneutrality ensuring electric 

fields (;, ;H⁄ ) do not build up in the solution as electrolysis proceeds and act as the majority 

charge carriers in the solution. Thus, contribution of equation (2.56) can be neglected from 

overall transport processes. Concentrations of supporting electrolyte around level or in excess 

of 0.1M can be used for this purpose. More accurately, to ensure that the measured current is 

not significantly perturbed (<1%) by migration, concentration of supporting electrolyte should 

be approximately 100 times that of the reactant.5  

 

The addition of supporting electrolyte has other experimental benefits,5 

- increases the solution conductivity (less resistive, lower iR drop, i.e., the uncorrected 

potential drop between the reference and working electrode), 

- controls the thickness of ‘double layer’ to a very small region of approximate dimension 

of 10 – 20Å, over which full interfacial drop in potential (,% − ,& or ∆,%/&) occurs. 

This has two vital consequences: 

o the absence of potential gradient outside the double layer prevents migration 

effects, 
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o the width of the double layer is narrow enough to be compatible with tunnelling 

of electrons between metal electrode and the reactant in solution.  

- maintains the ionic strength of the solution to stay effectively constant during 

electrolysis, keeping the activity coefficient o of the reactants and products constant. 

This ensures that the electrode potential necessary to drive electrolysis and the rate of 

any chemical reaction at the electrode surface are both constant throughout the 

experiment.  

 

Convection 

Convection effects to overall transport processes may arise from either the contribution of 

natural convection or forced convection. Natural convection naturally exists in any solution 

and arises as a result of thermal gradient and/or density differences within the solution. It 

becomes an issue for macroelectrodes (approximately mm or larger) on the time scales of 10 – 

20s and longer. This generates difficult to predict effects and thus is undesirable. Bockris gives 

an estimate for typical convective boundary layer thicknesses of 0.05 cm.7 Forced convection 

is achieved through external forces such as gas bubbling through solution, pumping or stirring. 

Forced convection is sometimes deliberately introduced to swamp any contribution from 

natural convection, ensuring reproducible experiments can be made over time-scales beyond 

the 10 – 20s limit. Deliberate introduction of forced convection can generate well-defined 

hydrodynamic behaviour which enables quantitative description of the flow in solution and 

prediction of pattern of mass transport to the electrode. Concentration changes resulting from 

movement of solution with a velocity vx are given by5 

\[L]

\I
= −q7

\[L]

\7
      (2.57) 
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There is a convective boundary layer close to any solid surface. This is a region where the fluid 

velocity varies from the bulk.  Extrapolation of the tangent of the velocity from the surface to 

where it reaches the bulk value gives the thickness of the convective boundary layer.  Similarly, 

when there is a spatially confined reaction, such as an electrode reaction, there will be a 

concentration gradient.  Extrapolation of the concentration gradient to the bulk value gives the 

reaction boundary layer thickness.  This needs to be small compared with the convective 

boundary layer, the so-called Prandtl condition, so that the diffusion gradient is not affected by 

convection, either natural or deliberate. 

 

 
Figure 2.6 Overall kinetics of an electrochemical reaction depends on rate of mass transport of materials to and 

from the electrode surface and rate of electron transfer at the surface of electrode. 

 

Diffusion  

Uneven concentration distributions naturally drive movement of species from a region of high 

concentration to low concentration in a transport process known as diffusion. This direction of 

movement from regions of high to low concentration acts to maximise entropy by smoothing 

out inhomogeneities of composition within any system, annulling the concentration 

difference,1,5 and arises naturally from Brownian motion. 
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Diffusion is described by Fick’s first law of diffusion, in one dimension  

h = −`
\L

\7
       (2.58) 

 

where J is the flux of species, >/ >H⁄  is the concentration gradient in direction x and D is the 

constant of proportionality known as diffusion coefficient, which is characteristic of the 

diffusing species, solution and temperature. The diffusion coefficient of a molecule provides a 

measure of how far the molecule travels (diffuses) in a certain time. Typical values for D for 

small molecules and ions in aqueous solution at the temperatures ordinarily encountered in 

electroanalytical experiments are in the range of 10-5 – 10-6 cm2 s-1 (10-9 – 10-10 m2 s-1).1,4  

 

Information on change of concentration at a point (such as that adjacent to electrode surface) 

as a function of time is more of interest in electroanalysis. This can be derived by 

mathematically considering the difference in flux of molecules into and out of a unit volume 

of a solution over a time r) using a statement of mass conservation (Figure 2.7).4,5 

r1 = [h(H) − h(H + rH)]8. r)    (2.59) 

Taylor expansion says that 

h(H + rH) ≈ h(H) + rH t
\^

\7
u     (2.60) 

so that substituting (2.60) to (2.59) 

r1 = −rH t
\^

\7
u8. r)      (2.61) 

concentration can be defined as 

r/ =
_3

2._7
       (2.62) 

thus, 

_3

_7
= r/. 8       (2.63) 

substituting (2.63) to (2.61) gives 
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_L

_I
~
\L

\I
= −

\^

\I
= `

\!L

\7!
     (2.64) 

so that, 

\L

\I
= `

R!L

R7!
       (2.65) 

which is Fick’s second law of diffusion (in one dimension). 

 

 
Figure 2.7 A slab of unit volume of solution from which Fick’s second law of diffusion can be derived through 

mass conservation of flux into and out of the unit volume. 

 

When more than one direction needs to be considered, equation (2.65) must be extended to 

describe transport in each direction. For example for three-dimension in Cartesian directions 

(x,y,z). 

>[/]

>)
= `

>$/

>H$
+ `

>$/

>v$
+ `

>$/

>O$
 

 

Fick’s second law of diffusion describes the evolution of the concentration c at a point x in 

time t. It can be implemented to study ‘potential step chronoamperometry at a planar 

macroelectrode’, as first considered by Frederick G. Cottrell (1877 – 1948) at the University 

of Leipzig and Pal in 1902.4 Chronoamperometry involves stepping the applied potential at t = 

0 from a potential value where no electrolysis occurs to a value where all the species that reach 

the electrode react at a rate limited by diffusion.1 The solution for this case is given by the 

Cottrell equation 

d = 1!8h =
3)2F( !⁄ L3

(aI)( !⁄      (2.66) 
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Concentration profile adjacent to the electrode surface 

As electrolysis proceeds, the three transport processes discussed previously will create 

concentration distributions adjacent to the electrode surface. This concentration profile is 

important to understand in electroanalysis or electrochemical sensing as it will affect steady 

state response time and the magnitude of currents observed. 

 

When a reactant is electrochemically converted into products at the electrode/solution 

interface, a concentration gradient is induced between the electrode (/ → 0) and bulk solution 

(/Q). This concentration gradient is perpendicular to the electrode and acts to force a flux of 

fresh reactant from bulk solution to flow towards the electrode surface (according to Fick’s 

first law).5 

 

A diffusion layer, or mass transport boundary layer, is gradually established close to the 

electrode in which the concentration of reactant differs from the bulk surface. The thickness of 

this layer becomes progressively larger as electrolysis proceeds (Figure 2.8). Diffusion layer 

thickness can grow without limit until all the reactants have been exhausted, if transport is 

purely diffusional. In reality, natural convection limits the scale of expansion of the diffusion 

layer. The greater the convection in bulk is, the thinner the diffusion layer becomes thus, the 

sooner the concentration profile achieves a steady-state diffusion layer thickness. In the steady-

state condition, transport within the diffusion layer is solely affected by diffusion and outside 

the diffusion layer the concentration of reactant is maintained at bulk value through natural 

mixing.5  
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Figure 2.8 The change in concentration profile over time as electrolysis proceeds.5 This graph also illustrates 
how diffusion layer thickness grows as a function of time (see Figure 2.9 on how to determine diffusion layer 

thickness). 

 

The diffusion layer thickness has been estimated by Nernst by extrapolating the linear region 

in Figure 2.9 until it reaches a concentration corresponding to bulk concentration. This 

thickness is measured as a distance from electrode surface (x = 0) and it is called the Nernst 

diffusion layer thickness, rR. Under normal experimental condition, for macroelectrodes (mm 

dimensions), rR for natural convection in a typical laboratory scale experiment, is 

approximately 0.05 cm.5,7  

 

 
Figure 2.9 Extrapolation of linear region of a concentration profile near electrode surface to obtain Nernst 

diffusion layer thickness #;.5 

 

Estimation of flux of material to the electrode surface when the current is known is thus1 

C

3)2
= hR = ` t

\L

\7
u = `

(L3#L<)

_5
    (2.67) 

As the reactants are fully consumed (/P = 0), 
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C

3)2
= hR = ` t

\L

\7
u = `

L3

_5
= jR/Q    (2.68) 

where jR = ` rR⁄  and is the mass transfer coefficient.1 

 

Equation (2.68) describes a situation in which rate of mass transport is limiting the rate of 

electrolysis (e.g., for electrolysis to occur, the maximum observable current is limited by the 

rate at which reactant reaches the electrode/solution interface).5 As electrode potential is 

gradually increased, the surface concentration of reactant reaches zero (/P = 0), and a limiting 

current iL is reached which is proportional to bulk concentration: 

db =
3)2FL3

_5
      (2.69) 

 

Another important expression related to the progression of concentration profile is the Einstein 

Smoluchowskii equation,4 

x(H$) = √2`)     (2.70) 

where x is the average distance diffused in time t. This enables us to estimate the scale 

(distance) of diffusion in a time. This equation shows that the movement of the diffusing 

species dramatically decreases with the distance from its source (e.g., a zone of high 

concentration or an electrode generating the species of interest).  

 

Mechanism of electrode reactions: the influence of overpotential on the interaction of 

electron transfer and mass transport  

Mass transport and electron transfer reaction happen simultaneously in real situations to 

determine overall reaction rate; thus, they have to be considered together. A particular electrode 

reaction may be controlled by either kinetics of electron transfer (k0) or diffusional mass 

transport (kd).1,5 The slowest step becomes the limiting factor for the overall reaction.  
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Interaction between electron transfer and mass transport is influenced by overpotential, z.3 This 

is defined as the deviation of applied potential, E, from the equilibrium potential, Ee,5 

z = e − e+      (2.71) 

where e+ = e⊖ +
'(

3)
ln

[O]

[']
 (Nernst equation) for O/R couple from reaction k($%) +

1"#((")$*) ⇌ D($%).5  

 

When kd << k0, mass transport is limiting. The kinetics are too fast, thus, no kinetic information 

can be extracted from the experimental data for this situation. Due to fast kinetics, equilibrium 

activities are reached at the electrode surface for all values of applied potential and Nernst 

equation applies. This is referred to as reversible reaction.3 

 

When kd >> k0, kinetics is limiting, the surface concentrations are controlled by Butler–Volmer 

equation. Recalling from equations (2.50), it can be seen that deviation of applied potential, E, 

from the equilibrium potential, Ee, affects the rate of electron transfer (refer to equations (2.50) 

– (2.53)). Thus, when kinetics is limiting, overpotential will determine how electron transfer 

and mass transport interact. As such, kinetic and mass transport information can be obtained 

from the situations described below.3 These are referred to as irreversible reactions.1,3  

 

Four situations may be recognised (Figure 2.10), assuming a steady state potential scan with 

an inert rotating disk electrode (more detail on Section 2.5.4) in a solution containing both O 

and R (cO/cR = 0.1) with an excess of inert supporting electrolyte for reaction:3 

k($%) + 1"#((")$*) ⇌ D($%) 

- Situation A: At equilibrium potential, no net current is observed. 
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- Situation B: Close to the equilibrium potential, the rate of electron transfer will be 

very slow and is the rate-determining step. Butler–Volmer and Tafel equations applies 

(Section 2.3). Electron transfer (kinetic) controlled regime can be recognised 

experimentally: 

o The current varies strongly with potential, 

o The current is independent of the mass transport regime (testable by varying the 

rotation rate of the electrode, bubbling gas, or shaking the cell). 

- Situation D: At very high overpotential, the rate of electron transfer increases to a 

very high rate and mass transport will become the rate-determining step. The surface 

concentration will drop to zero and limiting current will apply (equation (2.69)). Mass 

transport (diffusion) controlled regime can also be recognised experimentally; 

o The current is independent of potential (current plateaus), 

o The current varies strongly with the mass transport regime (changing rotation 

rate of the electrode will change the current). 

- Situation C: At intermediate overpotentials, the rates of electron transfer and mass 

transport are similar. This is a mixed control regime where simple mathematical 

relationships as applies to situations B and D cannot apply. The surface concentration 

of reactant is significantly different than its bulk concentration but has not yet reached 

zero. The whole of the steeply rising portion of the i-E curve corresponds to mixed 

control. Obtaining information about electron transfer or mass transport from this 

region will be more complex than from potential regions with a single rate-determining 

step, i.e., the very foot of the wave in i-E curve (situation B, kinetic control) and the 

plateau region (situation D, mass transport control).  
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Between the two extremes of reversible and irreversible reaction lies quasi-reversible reactions. 

When only species O or R is present in the solution, the equations that applies for irreversible 

reactions can be applied for this case to extract kinetic information.1 

 

It is possible to experimentally determine whether a reaction is reversible or irreversible by 

analysing the voltammogram (i.e., i-E curve) which can be obtained through the technique 

cyclic voltammetry (Section 2.5.1).4 Some diagnostics can be usefully identified by recording 

voltammograms over a wide scan rate range (see also Table 2.1, Section 2.5.1). 

- Peak-to-peak separation, ∆{cc 

For reversible reaction ∆edd ≈ 57 mV (at 298K) and is independent of scan rate. For 

quasi- and irreversible conditions, ∆edd depends on the voltage scan rate v. 

- Peak current, ip 

In both reversible and irreversible conditions for a species in solution, the peak current 

varies with the square root of the voltage scan rates (v1/2) but with different coefficient 

of proportionality. The dependence does not hold in the quasi-reversible condition of 

the scan rates straddle the transition from irreversible to reversible kinetics. 

- Waveshape of the forward peak, |Ep – E1/2| 

The forward peak waveshape can be characterised by the difference in potential 

between Ep, potential corresponding to the peak current ip, and E1/2, which corresponds 

to half the peak current ip/2.  

Reversible system    |ed − e>/$| = 2.218
'(

3)
			(≈

ef

3
(L)  

Irreversible reduction system   |ed − e>/$| = 1.857
'(

g73)
			(≈

hf.f

g73
(L)  

Irreversible oxidation system   |ed − e>/$| = 1.857
'(

g=3)
			(≈

hf.f

g=3
(L)  
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Recall that mD + mL = 1 and R = 8.314 J mol-1 K-1, T is at 298K, F = 96485 C mol-1, 

and n is the number of electrons involved in the electrode reaction.  

 

 
Figure 2.10 Current vs potential data for an arbitrary reaction $("&) + )*>(+*,"-) ⇌ /("&) to illustrate how 
overpotential influence mass transport and electron transfer interaction. Voltammogram (i-E curve) is shown for 
steady state potential scan. A = at equilibrium potential no net reaction occurs, B = electron transfer control, C = 

mixed control, D = mass transport control.1,3 

 

The Tafel law 

By plotting ln |d| q2	z as in Figure 2.10, it is possible to perform what is called Tafel analysis 

to obtain kinetic information on m (i.e., transfer coefficient).1 Butler–Volmer formulation 

(equations (2.50a) and (b)) shows that there is a region of potential close to the equilibrium 

potential where i depends exponentially on potential since kinetics dominates in this region 

(situation B, Section 2.4 on Mechanism of electrode reactions: the influence of overpotential). 

This relationship was first discovered experimentally by Tafel (1905). Although, he analysed 

electrochemical data using ln |d| q2	e rather than z since Ee is often unknown.5  
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For reduction4   ln | − d| = /012)$1) −
g73)i

'(
     (2.72) 

For oxidation4   ln |d| = /012)$1) +
g=3)i

'(
      (2.73) 

 

Equations (2.72) and (2.73) are the expressions of the Tafel law and is based on plots of 

ln |d| q2	e (Figure 2.11). This plot gives mL1 and mD1 from the slopes.1 If n is known, the 

values of m can be extracted. When both cathodic and anodic processes can be measured and 

analysed via Tafel plots the quantity i0 (standard exchange current, equation (2.53)) may be 

estimated from the point of intersection of the two extrapolated Tafel lines, which falls at E = 

Eeq.5  

 

 
Figure 2.11 A schematic of a Tafel plot showing how to extrapolate i0 at E = Eeq and how to obtain 0? and 

0@	(0? + 0@ = 1). 
 

Tafel law can be corrected for the effects of transport to enable larger sections of the 

voltametric curve to be used, as long as the limiting current is measured. Below are mass 

transport corrected Tafel relationships for steady-state conditions. Current density j (j = i/A, i 

= current measured, A = area of electrode) is used instead of i.1 
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For reduction  ln Å
>
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>
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For oxidation  ln Å
>
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+ ln jP + ln(1![D]Q)   (2.75) 

 

These equations enable extraction of values of m and k0 from Tafel plots. Concentration 

determination is also possible from the limiting current value.  

 

Marcus theory of electron transfer reactions: inner and outer sphere processes 

The mechanisms of inner and outer sphere electron transfer are related to how fast or slow 

electrode kinetics operate (i.e., reversible or irreversible reaction).5 These different patterns of 

behaviour are (also) observed at the molecular level in electrochemical processes through a 

quantum mechanical model reported by Marcus (1963).4 Consider the electro-reduction of O 

to R as an example (k($%) + 1"#((")$*) ⇌ D($%)). The transfer of electrons between 

electrode and O involves quantum mechanical tunnelling of electrons between the two 

locations. This mechanism is highly sensitive to the distance between the two locations and 

can only proceed when O is no more than about 10Å from the electrode surface (within the 

‘double layer’ (Section 2.4 on Migration)).5 

 

As has been seen in equilibrium electrochemistry (Figure 2.1), transfer of electron at the 

interface of electrode/solution for electroreduction of O to R requires that the electronic energy 

levels at the Fermi level within the metal be higher than those in the localised orbital of O in 

the solution. However, since quantum mechanical tunnelling can only happen if the distance 

between the two locations be no more than 10 Å, it is important that the orbitals in O is 

accurately oriented with those within the metal. Electronic orbitals within a metal (electrode) 

are structured in an orderly manner in a lattice, but the position of orbitals in O depends heavily 
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on how O is oriented in the solution as naturally O would have been moving, vibrating and 

restructuring its solvation shell constantly.3 Thus, electronic energy levels of molecules in the 

solution are time variant. Electron transfer takes place in a very short time-scale of 10-15–10-16 

s compared to other molecular level events such as reorientation of solvent molecule at 10-11 

s.3,5 Thus, some constraints will apply for electron transfer to occur.  

 

Two simultaneous constraints should be fulfilled for transfer of electrons between electrode 

and O via quantum mechanical tunnelling to proceed:5 

- Franck–Condon Principle; the reactant O and the product R should have the same 

geometry the instant before the electron transferred (same molecular shape (bond 

lengths, bond angles, etc) and solvation), 

- Energy conservation; no loss or gain of energy accompanies the electron transfer.  

These simultaneous constraints imply that both O and R must become energetically excited. 

This activated state of O is referred to as the ‘unstable’ transition state.  

 

The transition state involves energetic activation of O into a geometry that is intermediate 

between the equilibrium geometries of (unexcited) O and R. The more gross the difference in 

molecular geometry (bond angles, bond lengths, degree of solvation, orientation and position 

of local solvent dipole moments, etc) between O and R, the higher the activation energy 

required and the slower the kinetics and vice versa (e2 ↑→ jJ+R ↓	, e2 ↓→ jJ+R ↑). Changes 

in bond angle and bond length is an ‘inner sphere’ effect.5 This happens through a common 

ligand and corresponds to specifically adsorbed reactants and thus show kinetics strongly 

dependent of the chemical nature of the electrode surface. In contrast ‘outer sphere’ processes 

are free from adsorption effects. The reactant centre in an outer sphere process lies in the Outer 

Helmholtz Plane (OHP) which still lies within the 10Å distance limit. Thus, coordination 
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spheres do not penetrate the layer of solvent molecules that are specifically adsorbed or 

coordinated directly to the electrode surface.4 An outer sphere process is independent of the 

chemical nature of the electrode surface. Figure 2.12 provides illustration for these two 

processes.  

 
Figure 2.12 Schematic representation illustrating outer sphere (A) and inner sphere (B) electron transfer 

processes between metal electrode and reactant molecule in the solution.4 

 

2.5 Main techniques in voltammetry 

Early in the introduction of this chapter, it has been mentioned that voltammetry is a powerful 

and versatile method in electroanalysis and electrochemical sensing. Specifically, with its 

ability to elucidate the mechanisms of electrode reactions, i.e., electron transfer at the 

electrode/solution interface and mass transport towards electrode surface, it is possible to 

utilise common main techniques in voltammetry to elucidate/investigate the underpinning 

effects of bacterial biofouling to electrochemical sensor performance. This is essentially an 

investigation to obtain information on kinetics and mass transport from the raw data. 

 

The following sections will highlight the key technical and diagnostic capability of some 

common electroanalytical techniques in voltammetry that is used in this doctoral project. 

Cyclic voltammetry (CV), chronoamperometry (CA), electrochemical impedance 

spectroscopy (EIS) and hydrodynamic voltammetry/amperometry (HDV/HDA) will be 

described. Combined with the selection of appropriate reversible/irreversible reaction and 
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inner/outer sphere process, as well as the appropriate selection of potential regions in 

irreversible reaction to isolate potential region with single rate-determining step, it is possible 

to develop methodologies to elucidate bacterial biofouling effects to sensor performance in 

later chapters. 

 

A three-electrode system controlled by electronics (potentiostat) will be used throughout the 

thesis since mm-sized electrodes are used to accommodate sizeable biofilm formation. A large 

working electrode poses complications when used in a two-electrode system (i.e., that which 

consist of only a working electrode and a reference electrode, as discussed in detail in 

Equilibrium electrochemistry, Section 2.2). Due to the large surface area, a large electrode will 

cause significant iR drop which can no longer be negligible according to, 

e = (,% − ,&) + dD + S,& − ,J+K+J+3L+T    (2.76) 

where E is the applied potential between a working electrode and a reference electrode; 

(,% − ,&) is the interfacial potential drop at the working electrode/solution interface; iR is the 

voltage drop in solution due to passage of current between the two electrodes (working and 

reference electrodes), and S,& − ,J+K+J+3L+T is the potential dop at reference 

electrode/solution interface, which is fixed by the chemical composition of the chosen 

reference electrode.5  

 

The aim of any voltammetry experiment is to measure i as a function of changes in the quantity 

(,% − ,&), which is the driving force for electrolysis at the working electrode/solution 

interface. With smaller electrodes (microelectrodes) iR drop will pass negligible current in the 

solution between the two electrodes. This will not affect the chemistry of the reference 

electrode, thus S,& − ,J+K+J+3L+T would not be materially affected by changes in the 

magnitude of current passed.  In other words, changes in the applied potential E will directly 
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correspond to only changes in (,% − ,&) because e = (,% − ,&) + /012)$1) for small 

electrodes.5  

 

In contrary, the iR drop for large electrode will no longer be negligible. As such, it will alter 

the chemistry at the reference electrode, causing S,& − ,J+K+J+3L+T to be unstable (i.e., dD +

S,& − ,J+K+J+3L+T no longer a constant) and changes in the applied potential E can no longer 

solely attributable to (,% − ,&). The magnitude of the error in the reference electrode potential 

can be estimated from the Butler-Volmer equation.8,9 To circumvent this problem, a third 

electrode is introduced when using a large mm-sized working electrode. This third electrode is 

referred to as the counter electrode (or auxiliary electrode).5  

 

Electronics (a potentiostat) is used to control a three-electrode system. The potentiostat ensures 

that current only flows between the working and counter electrodes; not flowing through the 

reference electrode. Thus, the reference electrode is now stable. In practice, the working and 

reference electrodes are held in the same compartment in the cell to minimise iR drop. The 

counter electrode is held in a separate compartment in the cell separated by a frit. Electrolysis 

also occurs at the counter electrode and the frit prevents the products formed at the counter 

electrode from entering the main part of the cell where the working and reference electrodes 

are held.5  

 

2.5.1 Cyclic voltammetry 

The goal of cyclic voltammetry technique is to gain some insights about the nature of the 

reaction involving electroactive substances. Insights of interest may include, but not limited to: 

determination of whether the reaction is thermodynamically reversible, irreversible or quasi-

reversible; to examine general cleanliness of the electrode or the working solution; 
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identification of the presence or absence of a particular electroactive substance and 

determination of its concentration.  

 

This is a dynamic technique employing a three-electrode system as the electrochemical cell 

and the rate of change of electrode potential is large compared with charge transfer and mass 

transport rates, so the Nernst layer is evolving throughout the recording. A potential sweep 

(measured in volt, V) is applied between the working and reference electrodes to get current as 

the response (in ampere, A), applied in two directions subsequently (forward scan, then reverse 

scan) at certain scan rate (in V s–1). A cyclic voltammetry experiment will generate a graph 

which is called a voltammogram, also known as the i-E curve, see Figure 2.13.  

 
Figure 2.13 A typical waveform for a cyclic voltammetry scan (left) and its associated voltammogram (right).  

 

Parameters most often looked for from cyclic voltammetry includes the presence of wave over 

a particular range of voltage scanned, peak current that can be extracted from the i-E curve or 

voltammogram, the general shape of the wave of an electroactive substance, the numbers of 

waves (peaks) observed during each direction of scan, and the voltage between waves or 

position of each wave as observed. The significance and interpretation of these parameters are 

summarised in Table 2.1.  

 

The presence of any electroactive substance will be observed as current which can be anodic 

(oxidising) or cathodic (reducing) depending on the chemistry of the substance. Under IUPAC 
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convention, anodic current is positive (+i) and cathodic current has negative sign (-i). The 

observed current is proportional to the concentration of the substance. Of all the parameters 

presented in Table 2.1, peak current ip is normally of main interest as it can be used to infer 

parameters related to diffusional mass transport, i.e., diffusion coefficient DO (in m s–2).  As 

the appearance of waves or peaks become the main feature of qualitative analysis for cyclic 

voltammetry, the quantification of response is correlated with peak current ip as described by 

Randles-Sevčik equation, for reversible electron transfer, 

dd = 0.4461!8[∗ t
3)kF9

'(
u
> $⁄

     (2.77) 

where ip ~ D1/2. Validity of reversibility assumption can be assessed from |Ep-E1/2| which should 

be ≈ 55 mV for reversible system (Figure 2.14). This therefore enables independent assessment 

of the effect of the adsorbed film on diffusional mass transport in the vicinity of the electrode 

for reversible outer sphere redox couples which are insensitive to surface chemistry. 

Voltammograms for quasi- and irreversible systems will be affected by both mass transport 

and kinetics (Figure 2.15). A comprehensive approach therefore involves a variety of redox 

couples to tease apart the different effects of the films. Table 2.2 provides a summary of 

diagnostic tests useful to determine the reversibility of cyclic voltametric responses.  

 

Table 2.1 Parameters of interest in a cyclic voltammetry experiment and its indicative interpretations.  

Parameters  Interpretations  

Presence of wave indicative of a presence of a redox active substance specific to that 
potential range 

Height of the wave indicative of the amount (concentration) of that substance in the 
system, formally known as peak current ip 

General shape of the wave 
indicative of either the nature or the chemistry of the reaction or the 
general state or cleanliness of the electrode. This depends on 
several factors such as the type of electron transfer mechanism of 
the electroactive substance (i.e., inner or outer sphere electron 
transfer) and its reversibility, or the innate nature of the electrode 
and any modifications of its surface 

Number of waves (peaks) 
The position of the waves 
(i.e., at potential E vs 
reference electrode) 
The distance of one wave 
to another 
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Figure 2.14 A typical voltammogram for a reversible system obtained from cyclic voltammetry (CV) scans. 
Shown is the way to obtain half width of the wave |Ep – E1/2|. Peak current ip, as described by Randles-Sevčik 

equation, is observed at peak potential Ep. When the value of ip is halved, it become ip/2 45D/F =
G#
F
6. The 

potential corresponding to ip/2 is the halfwave potential E1/2. This figure is based on actual experimental data for 
the reduction of 1 mM ruthenium(III) hexamine in 1 M KCl(aq). 

 

 

Figure 2.15 Typical cyclic voltametric wave for irreversible O/R couple. Kinetics controls the overall electrode 
reaction between the onset of the wave and the peak. Further beyond the peak, mass transport takes over control. 

 

Table 2.2 Useful experimental diagnostic tests for the form of cyclic voltametric responses for a reversible and 

irreversible couple O/R at 298 K.3 

Experimental measurables Reversible couple Irreversible couple 

∆8D = 8D? − 8D@ 
59
) +< >HI
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DD Proportional to @L/F Proportional to @L/F 
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2.5.2 Chronoamperometry 

Chronoamperometry uses a potential step and records the resulting current as a function of 

time. In its most common manifestation, the potential is stepped from a potential in which no 

reaction occurs (E1, in V) to another potential in which the reaction would occur (E2, in V), 

typically at diffusion-limited rates. The potential step is a technique used to diminish the 

contribution of kinetic controlled contribution to the current, allowing for a fully diffusional 

mass transport contribution to the current to be observed.4 For this reason, chronoamperometry 

is often used to determine the diffusion coefficient DO (in m s–2) of an electroactive substance 

through Cottrell equation,  

d()) =
3)F(/!L3

√aI
      (2.78) 

However, it should only be used for this purpose when the exact potential E2 (in V) at which 

the diffusion coefficient would be extracted is known, and this would typically be identified 

from a voltametric scan. 

 

A graph as shown in Figure 2.16 will typically be obtained from this technique. This graph 

shows the current response over time, i(t) vs t. The E2 section of the graph can be converted 

into a form that can fit into Cottrell equation to obtain diffusion coefficient DO from the slope 

of the plot, which is i(t) vs t–1/2 (Figure 2.17), by linearly fitting the data in time range á > RC 

for bare electrode and for coated electrode 2RC < á < t at x = √2`) where x is the thickness of 

the film. The time constant RC is the product of the solution resistance between the reference 

electrode and the working electrode and the double layer capacitance. Extraction of diffusion 

coefficient by using Cottrell relationship should consider the contribution of time constant RC 

(t > 2RC) and the limit of hydrodynamic boundary layer (t < x2/2D).4 Bockris estimates the 

typical hydrodynamic boundary layer thickness arising from natural convection in aqueous 

media as around 0.05 cm.7 The double layer properties and natural convection therefore 
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provide the lower and upper limits respectively of the validity of the Cottrell equation in the 

analysis of experimental data applied throughout here. 

 

The E1 section of the graph can also be converted into the form ln i(t) vs ln (t) to extract non-

faradaic parameters such as RC (or more accurately RsCd) based on d = i

'M
"#I 'M85⁄  which is 

the definition for non-faradaic current.6  However, bear in mind that the total current is the sum 

of the faradaic (electron transfer) and non-faradaic (RC) currents. Their relative contribution 

varies with time. The response is essentially faradaic for time > 2RC. The RC time constant 

can be obtained from the i-t response in the absence of electroactive species.  

 
Figure 2.16 A typical waveform for a chronoamperometry (left) and its associated i(t) vs t plot (right).  

 

RC is the time constant for the additional non-faradaic charging current as the distribution of 

ions changes on application of the new potential.  Modelling the ideally polarised electrode as 

a series resistance and capacitor, the double layer charging current decays exponentially as: 

d()) =
∆i

'
"HIS− ) D[à T     (2.79) 

where DE is the potential step, R is the resistance (in this case the uncompensated solution 

resistance between the reference electrode and the working electrode). Since RC can be 

estimated from chronoamperograms in analyte-free solution (blanks), the low time limit for 

analysis can be established, i.e., based on when the charging current makes a negligible 

contribution to the total current. R is typically in the order of ohms for lab-based experiments 
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in high ionic strength, DE is known, and the double layer capacitance C of pristine electrodes 

is 20–50 µF cm-2 for Pt or Au and around 70–100 µF cm-2 for glassy carbon. It is therefore 

usually straightforward to select the lower time limit for chronoamperometry analysis, either 

based on experimental measurement (where possible) or the worst-case calculation based on 

pristine capacitance values, which will always be higher than those observed in real 

measurement situations.  

 

 
Figure 2.17 A typical Cottrell plot of 5	EF	,>L F⁄  obtained from chronoamperometric scans. This figure is based 

on actual experimental data for the reduction of 1 mM ruthenium(III) hexamine in 1 M KCl(aq). 

 

2.5.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is an electroanalytical technique that 

modulates a constant electrode potential with small amplitude (typically 5 – 10 mV) sinusoid. 

The frequency of the modulation is varied from mHz to 100 kHz or 1 MHz to enable 

examination of the different relative rates of the electrode reaction processes. Diffusion 

dominates below 102 Hz, the RC behaviour dominates the mid-frequency responses and at the 

highest frequencies, only real resistances, normally the solution resistance Dm, contributes to 

the impedance. This technique is based on the concepts of impedance and AC circuit. The 
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response of this modulation lies in a complex plane of Nyquist plot (Figure 2.18). At the 

imaginary maximum 2âä = >

'8
 and Dm (solution resistance) is the intersection of the plot with 

x-axis of real impedance ZRe. Rct (charge transfer resistance) is related to exchange current i0 

through DLI = DE (1!dP)⁄ .  

 

 
Figure 2.18 A typical Nyquist plot obtained from electrochemical impedance spectroscopy (EIS) scans, taken 

from the book by Bard and Faulkner.6 This Nyquist plot is for the Randles circuit model (Figure 2.19), the 
simplest representation of an electrified interface with a soluble redox active reactant.  

 

Electrode/electrolyte interface can be modelled as electrical circuit with EIS technique.6 

Equivalent electrical circuits are constructed with passive electrical components (e.g. resistors, 

capacitors and constant phase elements) used in the analysis of EIS to represent the different 

contributions to the electrode reaction current voltage relationship. Randles equivalent circuit 

is the typical circuit used to fit a Nyquist plot (Figure 2.19).6 The ranges of values of the 

components used to fit the data are constrained by known values, for example capacitance is 

expected to be 20 – 50 μF cm-2 and charge transfer resistances must be consistent with the 

known electrode kinetics. 
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Figure 2.19 Randles equivalent circuit. /N refers to solution resistance, Rct refers to charge transfer resistance 

and Cdl refers to double layer capacitance.  

 

EIS is typically used to find the charge transfer resistance (Rct) during electron transfer reaction 

between the electrode and an electroactive substance. As this is related to exchange current 

density j0 (see equation (2.53), considering j0 = i0/A where A is electrode surface area) and thus 

electron transfer kinetics for low overpotentials, Rct is often used as a proxy to obtain kinetics 

information. The assumption is that the higher the Rct value, the higher the barrier to electron 

transfer. Kinetics parameter k0 can be obtained from Rct where Rct ~ 1/i0 ~ 1/k0.  

 

However, Rct as the sole proxy kinetics parameter should be used with caution as it has been 

found recently that many factors can contribute a confounded effect to charge transfer 

resistance. It should be cautioned that the naïve use of Rct as a proxy to purely correlate the 

magnitude of charge transfer resistance to k0 can be misleading. Eloul et al. have demonstrated 

that while the use of EIS to interrogate films on electrode surface is sensitive, it reflects not 

simply electrochemical charge transfer but also multiplicity of other factors which includes 

film thickness, diffusion coefficient and the solubility of the analyte in the film.10  

 

2.5.4 Hydrodynamic methods using rotating disk electrode 

Unlike previous techniques which run in a static and no flow condition, hydrodynamic 

techniques deliberately introduce forced convection into the system which precisely controls 

mass transport, resulting in a steady state response, i.e., dc/dt = 0. Thus, hydrodynamic 
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experiments are exceptionally powerful and robust.11 The most well-known and 

mathematically established method to perform hydrodynamic techniques is through the use of 

rotating disk electrode (RDE). This type of electrode rotates about the axis normal to the 

exposed surface, generating a flow perpendicular to the electrode which spreads outwards 

radially at the surface of the electrode, with a hydrodynamic boundary layer whose thickness 

is radially uniform across the electrode (Figure 2.21).4,6  

 

The RDE has the advantage of a uniform convective boundary layer, and there is a well-defined 

analytical relationship between the thickness of this boundary layer rR and the rotation rate ã 

which is given by the Levich equation (equation (2.80)) for laminar flow conditions, typically 

achieved in practice in the rotation rate range of 100 – 2500 rpm. 

dR = 0.621!8`O
$ !⁄ ã> $⁄ å#> n⁄ [O     (2.80) 

 

 
Figure 2.20 Concentration profile normal to rotating disk electrode surface when mass transport is limiting. 
Concentration gradient changes with G at any given potential so mass transport and electron transfer can be 
expressed separately using Koutecký–Levich analysis. # refers to the thickness of Nernst diffusion layer. H 

refers to the thickness of the film which modifies the electrode surface.6 The discontinuity at the solution/film 
interface arises when the solute partition coefficient in the film differs from unity. 
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Nernst diffusion layer model is an oversimplified model of the hydrodynamics at the vicinity 

of electrode surface. It may be regarded as a useful equivalence model to understand the key 

features of voltammetry at an RDE, but it must be recognized that this layer thickness rR has 

no physical reality. The thickness of this boundary layer will decrease as the stirring of the bulk 

solution becomes stronger (equation (2.81) and Figure 2.20). Substituting equation (2.81) into 

the Fick’s first law of diffusion will give us the Levich equation (equation (2.80)).3  

rR =
>.n>o(/OF9

(/#

p(/!
      (2.81) 

 

 
 

 
a b c 

Figure 2.21 Examples of RDE electrodes with platinum, gold and glassy carbon tips (figure (a) left, middle and 
right respectively) and its schematic dimension (b). Disk OD (d) is 5.0 mm, tip length (t) is 35 mm and PTFE 
shroud OD (s) is 12.0 mm. Small area in yellow is the disk electrode tip. Area in grey is the threaded contact. 
Figure (b) is taken from Pine Research. Figure (c) illustrates how solution flows towards electrode surface as 

electrode is rotated, taken from reference 12.  

 

Hydrodynamic experiments are performed in a three-electrode setup with the addition of an 

RDE rig and a rotator controller. RDE rig holds the working electrode still upside down (the 

RDE electrode). The rest of the electrochemical cell is housed in a specially fabricated 

glassware positioned underneath the working electrode. The RDE rig provides electrical 

contact between the working electrode and the electronics (potentiostat), while the other two 

electrodes are connected directly to it. Forced convection is introduced through control of the 

rotation speed, ã (in rpm or rad s–1), of the RDE electrode through the use of the rotator 

controller which is connected electrically to the rig.  
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In the interest of the voltammetric study of reactions at the electrode surface (i.e., diffusional 

mass transport and electron transfer kinetics), the hydrodynamic technique has the ability to 

deconvolute the two processes by harnessing the robust mathematical analysis of Koutecký–

Levich. Two hydrodynamic techniques are used subsequently to provide the raw data for 

Koutecký–Levich analysis. First, hydrodynamic voltammetry (HDV) is performed to obtain 

potentials specific to each rate-determining step. Potentials should be chosen from regions with 

single rate-determining step to allow complete deconvolution of diffusional mass transport and 

electron transfer kinetics through Koutecký–Levich analysis (Figures 2.22 and 2.10). Next, 

hydrodynamic amperometry (HDA) is performed to obtain the approximate steady state 

current for each potential as a function of the rotation rate (i.e., i(ã) at E1, E2, E3 etc).  

 

Hydrodynamic voltammetry records the steady-state current voltage relationship under 

controlled convection. A slow scan rate is used to generate quasi-steady state hydrodynamic 

voltammogram to determine holding potentials for subsequent experiment (hydrodynamic 

amperometry), typically 1 mV s–1. A set of potential values corresponding to either the 

diffusional mass transport, the kinetic controlled or the mixed control regions is obtained from 

the voltammogram (Figure 2.22).  

 
Figure 2.22 A typical waveform (left) and voltammogram (right) for hydrodynamic voltammetry. There are 

specific regions in the voltammograms which corresponds to a specific rate-determining step (mass transport, 
electron transfer). Refer back to Figure 2.10 for more details.  
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The potential values that have been extracted from slow scan hydrodynamic voltammogram 

are used as holding potentials to polarise the working electrode in hydrodynamic amperometry 

experiment. The RDE is rotated at different rotational speed ã (in rpm when operating the 

instruments, and in rad s–1 when performing analysis) and the corresponding current i is 

recorded as it reaches a steady state current. This experiment will generate an i vs t curve with 

staircase of current corresponding to different rotational speeds as the plot (Figure 2.23).   

 
Figure 2.23 A typical waveform (left) and i-t plot (right) for hydrodynamic amperometry. Current as a function 

of rotation speed is recorded for each selected potential corresponding to a specific rate-determining step, 
resulting in a staircase-like plot which goes up or down according to the chemistry of reaction (goes up for 

oxidation and goes down for reduction reaction, using IUPAC convention for the signs of the current).  

 

The steady state currents from hydrodynamic amperometry form the basis of raw data points 

that will be used in Koutecký–Levich analysis. Specifically, it is the correlation between 

current i (in ampere, A) and the rotational speed ã (in rad s–1) that is used for the analysis in a 

double reciprocal relationship 1/i vs 1/ã1/2.   

 

2.5.5 Koutecký–Levich analysis 

The general form of Koutecký–Levich relationship is given as double reciprocals of additive 

mathematical terms (equation (2.82)).6 It is written as the reciprocals of current (1/i) as it 

represents the resistances R that the charge has to overcome as it travels towards the electrode 

surface (R ~ 1/i from Ohm’s law). The first term refers to resistance of electron transfer at 

electrode surface (1/ik) and the second term refers to resistance of diffusional mass transport 
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(1/id(l,c)). The resistances are physically in series with each other in the direction normal to 

electrode surface, so in its mathematical form it is represented with the operation of addition.  

>

CP&A
=

>

CQ
+

>

C5(+,7)
     (2.82) 

 

Hydrodynamic voltammetry (and amperometry) is a comprehensive technique which allows 

for the parameters of kinetics and mass transport region to be extracted at the same time in a 

single experiment and analysed using simple mathematical relationships. Multiple data points 

are used to calculate the parameters ensuring robustness and reliability of results compared to 

other methods. The generation of straight line relationships (linearity) enables assurance of the 

validity of the experiment and its analysis. The strength of hydrodynamic electroanalytical 

techniques also comes from the generality of its analysis by means of Koutecký–Levich 

calculations.6 This generality allows for other parameters to be quantified as long as it can be 

traced back to its ‘resistance to charge flow’ (1/i) form in the normal direction to the electrode 

surface. This is useful in analysis of modified electrodes, including biofouled electrodes. Thus, 

variations of Koutecký–Levich form exist according to underlying electrode reactions involved 

in a modified electrode (see Chapter 5 for more details, Section 5.1.9, Table 5.4).  

 

Complete deconvolution of electrode reaction steps is another strong feature of Koutecký–

Levich analysis using RDE. It should be emphasised that potentials chosen from the 

hydrodynamic voltammogram must cover both single rate-determining steps of limiting 

regimes in electrode reactions (electron transfer kinetics and diffusional mass transport). 

Choosing potentials which correspond to each regime ensure that its respective resistance to 

current (1/ik for electron transfer kinetics or 1/id(l,c) for mass transport and so on) is limiting at 

that potential. In a limiting situation, the mathematical term for the step that is happening at a 
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much faster rate can be completely eliminated (e.g., when kinetics is limiting kd >> ke.t. so that 

id(l,c) >> ik and id(l,c) ≈ ∞ and thus 1/id(l,c) = 0 and disappears from the calculation).  

 

 
Figure 2.24 A typical double reciprocal Koutecký–Levich plot of 1 5⁄ EF 1 GL F⁄⁄  obtained from hydrodynamic 
amperometry (HDA) at different rotational speeds by holding a constant potential throughout the experiment. 
This is taken from an actual experimental data for oxygen reduction reaction (ORR) at saturation level in the 

region of mass transport control (at -1.0V vs Ag/AgCl) at pristine glassy carbon electrode (thus the plot 
intersects with the origin). The current response is sensitive to both mass transport and kinetics.  

 

When the general form of Koutecký–Levich (equation (2.82)) is expanded, the form below will 

be obtained in which the mass transport term, id(l,c) can be traced back to Levich equation, 

>

CP&A
=

>

CQ
+

>

P.n$3)2F9
! #⁄

o&( O⁄ 8MT+U
∙

>

p(/!
     (2.83) 

where ik, the term for electron transfer kinetics, is defined as 

dq = 1!8jK[O     (2.84) 

 

In the mass transport regime the rate of mass transport (kd) is slower in comparison to the 

rate of electron transfer reaction (ke.t.), so mass transport is limiting in the mass transport 

regime.3  

kd << ke.t.  so that ik ≈ ∞ and >
CQ
= 0   
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thus  >

CP&A
=

>

C5(+,7)
   

and  >

CP&A
=

>

P.n$3)2F9
! #⁄

89
∙

>

p( !⁄   

 

A parameter of diffusional mass transport, which is the diffusion coefficient DO, can be 

calculated from the slope of the K–L plot.  

`O = t
>

(r#b	/@Sd+)P.n$3)2o&( O⁄ 8
u
! $⁄

     (2.85) 

 

In electron transfer kinetics regime the rate of electron transfer reaction (ke.t.) is slower than 

the rate of mass transport (kd), so electron transfer will be limiting in this regime.3  

ke.t. << kd  so that id(l,c) ≈ ∞ and >

C5(+,7)
= 0  

thus  >

CP&A
=

>

CQ
   

and  >

CP&A
=

>

3)2qV89
  

 

A parameter of electron transfer kinetics, which is the standard rate constant k0, can be 

calculated from 1/ik or the y-intercept of K–L plot by using equations (2.86) and (2.87),  

dq = 1!8jK[O     (2.86) 

jK = jPexp	(
#g3)89(i#i

<)

'(
)    (2.87) 

where typically m = 0.5, E refers to the applied potential and E0 to standard electrode potential 

for the redox couple. E and E0 should be adjusted so that it refers to the same reference 

electrode.  

 

Equation (2.87) should be log transformed (in base 10) before being used to calculate k0 from 

the calculated values of kf. 
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log jK = log jP −
g3)(i#i<

W
)

'(
     (2.88) 

Formal potential E0’ is used. By plotting log kf vs (E – E0’), the value of k0 can be obtained from 

the y-intercept of the plot through back-transformation from log (base 10) form to its original 

form.  

 

2.5.6 Propagation of random error for Koutecký–Levich results  

Analytical data are meaningless without the information on its degree of uncertainty. 

Parameters obtained from Koutecký–Levich analysis are calculated from a combination of 

measured quantities involving several stages which is subject to error, thus, propagation of 

random error should be used to quantify this degree of uncertainty.13 

 

The general form of error propagation for a general function y = f(x) to relate the standard 

deviation of x and y is  

(î0)
$ = t

R0

R7
u
$

∙ (î7)
$     (2.89) 

or 

(∆v)$ = t
R0

R7
u
$

∙ (∆H)$     (2.90) 

where î0 and ∆v refer to the standard deviation of parameter of interest y, R0
R7

 refers to the 

change of y for every change of parameter x, and î7 and ∆H refer to the standard deviation of 

parameter x. The form with capital Greek letter delta ∆ are typically the standard deviations of 

the measured parameter, measured from repeat measurements or from the fitting parameters of 

the K–L curve.13 After consideration of uncertainty through propagation of random error, the 

final form of the result will become ï ± ∆ï; similar to how uncertainties would normally be 

presented in results.  
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The calculated diffusion coefficient DO is presented as ós ± ∆ós. Its error propagation is 

calculated with respect to changes in the Koutecký–Levich slope from which the value of DO 

was calculated. 

(∆`O)
$ = t

\F9

\(r#b	/@Sd+)
u
$

∙ (∆(G − ò	2*0I"))$   (2.91) 

where ∆(K–L slope) is the standard deviation of the slope of K–L plot obtained from curve 

fitting and \F9

\(r#b	/@Sd+)
 should be manually derived through partial derivatisation from the 

expression of `O = t
>

(r#b	/@Sd+)P.n$3)2o&( O⁄ 8
u
! $⁄

 derived from K–L slope to obtain 

\F9

\(r#b	/@Sd+)
= −

!

$
∙ [L

#!/$ ∙ (G − ò	2*0I")#e $⁄    (2.92) 

where [L = 0.621!8å#>/n[O.  

 

2.5.7 Obtaining 95% confidence interval for k0 after log transformation  

The y-intercept of plot log kf vs (E – E0’) from equation (2.88) is log k0 and it can be back-

transformed to k0. However, the standard deviation of the y-intercept cannot be directly back 

transformed, but rather the 95% confidence interval should be obtained first. 

 

For a linear relationship y = A + Bx with y-intercept of A = a ± ∆$, where a is the mean of the 

y-intercept obtained through least mean square curve fitting and ∆$ is the standard deviation 

of the fitted y-intercept, the 95% confidence interval is14 

Lower limit = $ − 1.96 × ∆$ = 8b      

Upper limit = $ + 1.96 × ∆$ = 8t     (2.93) 

Back transformation of AL and AU (through antilog) will give the lower and upper limits of the 

95% confidence interval of k0. The standard deviation of k0 (∆õu) is halfway the range of the 

intervals (úD3IC@SA(2X)#D3IC@SA(2A)
$

ú ). Thus, the results of õu ± ∆õu can be presented.  
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3 Experimental  

 

3.1 Introduction 

Discussions from Chapter 1 have demonstrated that the investigation of biofouling of 

indwelling electrochemical sensors requires a global multidisciplinary perspective involving 

sensor performance and function, and biological understanding.1 Hence, methodological 

approaches in electrochemistry and microbiology are chosen to answer the aim and objectives 

of this thesis. All descriptions of experimental methods in electrochemistry and microbiology 

used are collated in this chapter.  

 

3.2 Experimental of electrochemistry  

Standard techniques of electroanalysis are used: cyclic voltammetry, chronoamperometry, 

electrochemical impedance spectroscopy, hydrodynamic voltammetry and hydrodynamic 

amperometry.  

 

3.2.1 Electrode surface preparation 

The purpose of electrode surface preparation is to provide a clean, reproducible and 

geometrically well-defined surface. A successful electrochemical experiment generally 

depends on the quality of the electrode surface; electrode reactions are essentially two 

dimensional and electron transfers are limited to 10–10 length scale. Routine use and exposure 

to ambient conditions such as humidity and dust can drastically change the surface of electrode 

and alter its electrochemical performance. Cleaned electrodes can normally be stored in 

deionised water to reduce exposure to ambient factors. Electrode surface preparation can be 
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two main preparations based on the objective, which is bulk surface preparation and molecular 

surface preparation.  

 

3.2.1.1 General electrode cleaning protocols 

Generic electrode cleaning protocols can be seen as bulk surface preparation because the 

purpose of this step is to clean and prepare the bulk of the electrode from obvious debris, 

impurities and scratches. These cleaning protocols are necessarily substrate-specific.2,3 The 

goals of electrode cleaning are: production of a flat, well-defined and reproducible surface, 

removal of organic contaminants e.g. grease, or inorganic contaminants or the reaction products 

e.g. sulfides.  

 

 

Figure 3.1 The importance of surface preparation for gold and platinum electrodes is demonstrated by i-E curve 
of oxygen reduction reaction scans as shown in the figures.  
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Cleaning the electrodes should begin with rinsing with deionised water to remove any 

unwanted objects on the electrode surface, followed by rinsing with neat ethanol and then 

deionised water to remove excess ethanol. Polishing should follow after rinsing. Electrode is 

polished using aqueous alumina slurry on a polishing pad by using alumina powder. Polish the 

electrode with an increasingly finer alumina powder size (from 1.0 to 0.3 to 0.05 !m grain 

size). The electrodes need to be sonicated in deionised water after each grain size to completely 

remove any remaining fine powder from the surface, otherwise it will be dislodged deeper into 

the roughness of the electrode surface and cause many unwanted results. This is especially 

important for noble metal electrodes such as platinum and gold, as demonstrated in Figure 3.1.  

 

3.2.1.2 Electrochemical cleaning 

Electrochemical cleaning is typically only performed when preparing noble metal electrodes. 

This step is performed by running a cyclic scan in a 0.5 M H2SO4(aq) solution, though 

considerable variations have been reported.4,5 Electrochemical cleaning should be performed 

after the electrodes are cleaned by polishing, sonication and rinsing. Run 100 cycles from –0.5 

to +1.5 V vs Ag/AgCl at 0.5 V/s for gold electrodes. Run the cycle for 100 cycles from –0.2V 

to +1.2 V vs Ag/AgCl at 0.5 V/s for platinum electrodes.  

 

This type of cleaning prepares the molecular structures at the electrode surface. Estimation of 

real surface area of a working electrode can be performed by mathematical integration of the 

current i of the reduction waves from the resulting i-E curve with respect of time. Faraday’s 

law and knowledge of the area of the unit cell enable estimation of the area on the near atomic 

length scale.6  
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3.2.2 Electroanalytical techniques 

Always have the instrumentations ready before setting up or starting the experiment (i.e., 

potentiostat, computer or laptop, any necessary cables). Prepare the working solution 

analytically and setup the electrochemical cell in a clean glass beaker. Three-electrode system 

is used. Have a working electrode, a counter electrode and a reference electrode ready. Connect 

each electrode to the potentiostat. Make sure to connect the working electrode last when setting 

up, and to disconnect the working electrode first when finishing or stopping the experiment to 

avoid short circuiting the working electrode.  

 

3.2.2.1 Cyclic voltammetry (CV) 

Steps involved to perform cyclic voltammetry as used during the project are given below.  

a) Open the user interface software for the potentiostat and choose the technique cyclic 

voltammetry then adjust the parameters. Set the initial and final potential (E, in V) to 

set the range of potential scan, set the scan rate (in V s–1) and the number of cycles. 

Other parameter such as gain (or sensitivity in A V–1 in some softwares, such as CHI 

from CH Instruments) can be adjusted to improve any noise recorded during the scan. 

The closer the gain to the expected current range, the smoother the results.  

b) Run the experiment.  

c) Save the results as the native file type of the software and also as text file for backup.  

 

3.2.2.2 Chronoamperometry (CA) 

Steps involved to perform chronoamperometry as used during the project are given below.  

a) Open the user interface software for the potentiostat and choose the technique 

chronoamperometry then adjust the parameters. Set the initial and final potential (E1 

and E2 respectively, in V, or in reverse for some manufacturer such as PalmSens) to set 
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the potential step. Other parameter such as gain (or sensitivity in A V–1 in some 

software, such as CHI from CH Instruments) can be adjusted to improve any noise 

recorded during the scan. The closer the gain to the expected current range, the 

smoother the signal.  

b) Run the experiment.  

c) Save the results as the native file type of the software and also as text file for backup.  

 

3.2.2.3 Electrochemical impedance spectroscopy (EIS) 

Steps involved to perform electrochemical impedance spectroscopy as used during the project 

are given below.  

a) Before running the actual EIS scan, run a quick CV scan to determine halfwave 

potential E1/2 that will be used during the EIS scan.  

b) Open the user interface software for the potentiostat and choose the technique 

electrochemical impedance spectroscopy (EIS) then adjust the parameters. Set the 

potential to use (it is often called Ebias in the software, but it actually refers to halfwave 

potential E1/2, in V, that was obtained from step c) above). Set the range of frequency 

to use (i.e., 0.01 kHz to 100 kHz) and the amplitude to use (i.e. 5 mV).  

c) Run the experiment.  

d) Save the results as the native file type of the software and also as text file for backup.  

 

3.2.2.4 Hydrodynamic voltammogram (HDV) 

Steps involved to perform hydrodynamic voltammetry as used during the project are given 

below.  

a) Setup the RDE rig and have the rotator controller ready and connected to the rig. Ensure 

all removable and adjustable parts of the rig are secured properly in place. Otherwise, 
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it may become an occupational hazard, and also introducing disturbances and noise into 

the signal as the experiment is running.  

b) Hydrodynamic experiments use an RDE electrode as the working electrode. This 

electrode rotates about its own axis for up to 2,500 rpm for a standard RDE electrode 

(e.g., a high speed RDE electrode can go up to 10,000 rpm but is not used in this 

project). Hence, it will cause significant disturbance to the solid/electrolyte interfaces 

of the counter and reference electrodes, thus a custom glassware cell is used to setup 

the electrochemical cell for RDE experiments. This glassware has a stopper built in for 

use with gasses, such as for saturating the working solution with oxygen gas and 

degassing the working solution with nitrogen gas.  

c) Open the user interface software for the potentiostat and choose the technique cyclic 

voltammetry then adjust the parameters. Set the initial and final potential (E, in V) to 

set the range of potential scan, set the scan rate to 1 mV s–1 and the number of cycles 

for 1 cycle of forward and reverse scans (in CHI it will be 2 (1 time forward and 1 time 

reverse scans), but in other system it is taken as 1 (1 cycle of forward and reverse 

scans)). Other parameter such as gain (or sensitivity in A V–1 in some softwares, such 

as CHI from CH Instruments) can be adjusted to improve any noise recorded during the 

scan. The closer the gain to the expected current range, the smoother the results.  

d) Turn on the rotator controller and set the rotational speed. Most rotator controller 

displays the rotational speed " in rpm. Do not exceed the speed limit of the electrode 

model. A standard RDE electrode typically is suitable for up to 2,500 rpm. Check that 

the working electrode is rotating securely and ensure that the entire rig setup and 

Dreschler gassing bottle (if using) are secured in safely.  

e) Run the experiment.  

f) Save the results as the native file type of the software and also as text file for backup.  
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3.2.2.5 Hydrodynamic amperometry (HDA) 

Steps involved to perform hydrodynamic amperometry as used during the project are given 

below.  

a) Follow step (a) and (b) from Section 3.2.2.4.  

b) Open the user interface software for the potentiostat and choose the technique 

amperometric i-t curve then adjust the parameters. Set the holding potential (E, in V) 

and period of time to hold the potential (t, in seconds). The holding potential(s) is 

determined from i-E curve of the same electroactive substance from hydrodynamic 

voltammetry experiment (section 2.2.2.4). Several potentials are usually chosen to 

represent regions of diffusional mass transport and electron transfer kinetics. Other 

parameter such as gain (or sensitivity in A V–1 in some softwares, such as CHI from 

CH Instruments) can be adjusted to improve any noise recorded during the scan. The 

closer the gain to the expected current range, the smoother the results.  

c) Turn on the rotator controller and set the rotational speed. Most rotator controller 

displays the rotational speed " in rpm. Do not exceed the speed limit of the electrode 

model. A standard RDE electrode typically is suitable for up to 2,500 rpm. Check that 

the working electrode is rotating securely and ensure that the entire rig setup and 

Dreschler gassing bottle (if using) are secured in safely. Choose 6 or more rotational 

speeds to generate a staircase-like i vs t graph, holding each rpm for a certain period of 

time to allow for a steady state current to be established.  

d) Run the experiment.  

e) Save the results as the native file type of the software and also as text file for backup.  
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3.2.3 Data extraction and analysis  

Koutecký–Levich analysis is primarily used throughout the thesis for data analysis. Oxygen 

reduction reaction (ORR) is used as paradigm to extract all these parameters. Parameters of 

importance that are extracted from raw data are as follows,  

- n, the number of electrons 

- k0, the standard rate constant (in m/s) – a kinetics parameter 

- #$! %⁄ , permeability or the rate of mass transport within film (in m/s) – a mass transport 

parameter 

- DO, the diffusion coefficient (in m2/s) – a mass transport parameter 

- kd, the rate of mass transport in bulk solution (in m/s) – a mass transport parameter 

 

The number of electrons is extracted from the mass transport region of a hydrodynamic 

voltammogram (Figure 3.2) at slow scan rate (1 mV/s). Five points are chosen randomly to 

obtain 5 values of current (i1 – i5) and n is calculated from these i values using Levich equation 

(equation (2.80)). The results ' ± ∆' shall be obtained. Diffusion coefficient of oxygen in the 

buffers is 2.3 x 10–9 m s–1,7,8 kinematic viscosity is 1.004 x 10–6 m2 s–1 and concentration of 

dissolved oxygen at air equilibration (~20%) is 0.24 mol m–3 and 1.2 mol m–3 at saturation 

(100%). All values are at 25 °C.   

 

The standard rate constant k0 is extracted from the double reciprocal Koutecký–Levich plot 

(Figure 2.24) which is constructed from hydrodynamic amperometry experiment (Figure 2.23). 

Potentials used to perform hydrodynamic amperometry experiment are selected from the 

kinetics region of the hydrodynamic voltammogram at slow scan rate (Figure 3.2). The values 

of k0 are calculated form the y-intercept of the Koutecký–Levich plot using equations (2.86) – 

(2.88). The value of n calculated earlier determines which formal potential E0’ is used to extract 
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k0 (Table 5.6). A post log-transform 95% confidence interval calculation is used to calculate 

∆*" (Section 2.5.7) to obtain *" ± ∆*".  

 

 
Figure 3.2 Hydrodynamic voltammogram at 1 mV/s is used to extract values of n, to determine the potentials at 

which subsequent hydrodynamic amperometry shall be performed to extract values of !"! #⁄ , DO and k0. 
 

Permeability or the rate of mass transport within film #$! %⁄  is also extracted from Koutecký–

Levich plot and hydrodynamic amperometry experiment. However, the potentials used to 

obtain this parameter are selected from the mass transport region of the hydrodynamic 

voltammogram (Figure 3.2). The values of #$! %⁄  are still calculated from the y-intercept of 

the Koutecký–Levich plot (see Section 5.1.9). Equation (5.2) is used to extract #$! %⁄  with the 

assumption that the rate of mass transport within the film is limiting. Error propagation is used 

to calculate ∆#$! %⁄ , obtaining #$! %⁄ ± ∆#$! %⁄  (Section 5.1.9).  

 

The diffusion coefficient DO is also extracted from Koutecký–Levich plot and hydrodynamic 

amperometry experiment, and – being a mass transport parameter – potentials from mass 

transport regime of the hydrodynamic voltammogram are also used (Figure 3.2). However, the 

values of DO are calculated from the slope of the Koutecký–Levich plot using equation (2.85). 

Error propagation is used to obtain ∆$# (Section 2.5.6).  
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Figure 3.3 A flowchart depicting data extraction and analysis using Koutecký–Levich analysis and 
hydrodynamic methods.  

 

The rate of mass transport in bulk solution kd is useful to compare all three parameters k0, 

#$! %⁄  and kd which represent the resistances to charge in a biofouled electrode (all are in units 

of m/s). The value kd is obtained from DO where *$ = $# ,$⁄  in which ,$ is the hydrodynamic 

boundary layer or the Nernst diffusion layer (,$ = 0.05 cm).  

 

A schematic summarising the flowchart for data extraction and analysis using Koutecký–

Levich analysis is depicted in Figure 3.3. 

 

3.3 Experimental of microbiology  

Microbiology present biological hazards which pose potential risk to the users. Specialised 

training in the framework and protocols of microbiological work are important to follow in the 

interest of safety.  
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3.3.1 Biosafety and aseptic technique 

Biosafety is a set of good laboratory practices implemented during works involving biological 

hazards to ensure the protection of the user, the experiment, other users and the environment. 

Biological hazards are divided into 4 (four) risk groups based on the relative hazards of the 

infective microorganisms (WHO Risk Groups 1, 2, 3 and 4). Containment capabilities of 

laboratory facilities are designated as basic – Biosafety Level 1, basic – Biosafety Level 2, 

containment – Biosafety Level 3 and maximum containment – Biosafety Level 4.9 In short, 

these biosafety levels of laboratory facilities are called BSL (BSL-1, BSL-2, BSL-3, BSL-4), 

but in the UK the term ‘containment level’ (CL) is used (CL1, CL2, CL3, CL4).  

 

Table 3.1 Classification of infective microorganisms by risk group as taken from Laboratory Biosafety Manual 

published by WHO from reference 9.  

Risk group Description of risk Description of the infective microorganisms 

Risk Group 1 No or low individual 
and community risk A microorganism that is unlikely to cause human or animal disease. 

Risk Group 2 
Moderate individual 
risk, low community 
risk 

A pathogen that can cause human or animal disease but is unlikely to 
be a serious hazard to laboratory workers, the community, livestock or 
the environment. Laboratory exposures may cause serious infection, 
but effective treatment and preventive measures are available and the 
risk of spread of infection is limited. 

Risk Group 3 High individual risk, 
low community risk 

A pathogen that usually causes serious human or animal disease but 
does not ordinarily spread from one infected individual to another. 
Effective treatment and preventive measures are available. 

Risk Group 4 High individual and 
community risk 

A pathogen that usually causes serious human or animal disease and 
that can be readily transmitted from one individual to another, directly 
or indirectly. Effective treatment and preventive measures are not 
usually available.  

 

Risk groups of biological hazards and biosafety levels of laboratory facilities are related, but it 

does not equate one to the other.9 Table 3.2 provides description on the relation of risk groups 

to biosafety levels, practices and equipment and is taken from Laboratory Biosafety Manual 

published by WHO from reference 9. Most microbiology research labs are designed to operate 
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as a Containment Level 2 (CL2) facilities. All microbiological experiments in this project are 

conducted in a CL2 lab.  

 

Table 3.2 The relation of risk groups to biosafety levels, practices and equipment as taken from Laboratory 

Biosafety Manual published by WHO from reference 9.  

Note: BSC is biological safety cabinet, GMT is good microbiological techniques.  

Risk 
group Biosafety level Laboratory type Laboratory 

practices Safety equipment 

1 
Basic – 
Biosafety Level 
1 

Basic teaching; 
research GMT None; open bench work 

2 
Basic – 
Biosafety Level 
2 

Primary health 
services; diagnostic 
services, research 

GMT plus protective 
clothing, biohazards 
sign 

Open bench plus BSC for 
potential aerosols 

3 
Containment – 
Biosafety Level 
3 

Special diagnostic 
services, research 

As Level 2 plus 
special clothing, 
controlled access, 
directional flow 

BSC and/or other primary 
devices for all activities 

4 

Maximum 
containment – 
Biosafety Level 
4 

Dangerous 
pathogen units 

As Level 3 plus 
airlock entry, shower 
exit, special waste 
disposal 

Class III BSC, or positive 
pressure suits in conjunction 
with Class II BSCs, double-
ended autoclave (through the 
wall), filtered air 

 

The implementation of aseptic technique is a gold standard in all microbiology labs. The goal 

of aseptic technique is to eliminate all possible sources of contamination to the working culture 

or the working system.  

 

Elimination of sources of contamination is achieved through sterilisation of perishable items 

and disinfection of surfaces or instruments. Perishable items such as chemicals and 

consumables should always be sterilised prior to use. Sterilisation is normally achieved through 

the use of autoclave which makes use of pressurised saturated steam at 121 °C for 15 – 20 

minutes. Not all items are suitable for autoclaving, so other sterilisation method should be used 

such as membrane filter sterilisation or ethylene oxide (EtO) sterilisation. EtO sterilisation is 

used for heat- and moisture-sensitive devices,10 while membrane filter sterilisation is used for 
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heat-sensitive liquids. Some items are also available in a pre-sterilised format and normally 

cost more substantially compared to non-sterilised ones.  

 

Disinfection of surfaces and instruments are usually achieved by means of 70% v/v aqueous 

ethanol spray (EtOH). Other commercial lab-grade disinfection solutions have also been 

recently used, such as Virkon and Distel. These disinfection solutions have broad and general 

antimicrobial effects capable of eliminating viable microorganisms and viruses, ensuring 

aseptic conditions. Aseptic technique implemented in this project combines all the methods 

mentioned above, except EtO sterilisation, and will be described in more details in each 

chapter. 

 

Aseptic work also includes performing any microbiological work inside a Class II biological 

safety cabinet which is fitted with a HEPA filter. Working in a Class II cabinet minimises 

exposure of microbiological agents to the users and the ambient environment. Although, 

historically, aseptic work is possible to be performed in open ambient in a CL2 lab by working 

directly in very close proximity to a blazing Bunsen burner, as long as there are no potential 

aerosols. All microbiology works in this project is performed inside a Class II biological safety 

cabinet. It is a good practice to have a spray bottle of 70% v/v aqueous ethanol nearby 

throughout microbiology related works. The use of Howie lab coat and gloves is mandatory.  

 

3.3.2 Standard pure culture technique 

Standard pure culture technique is an essential part in good microbiological techniques. The 

mindset of pure culture technique is to work in such a way that we can be confident that the 

changes observed in the experiments are the result of the activity of only one or multiple 
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specific microorganisms as used. Proper execution of standard pure culture technique will 

ensure no presence of contamination.  

 

3.3.2.1 Propagation of freeze dried commercial bacterial culture  

Type culture collection centre such as NCTC (PHE, UK) and ATCC (US) maintains and 

supplies a collection of bacterial strains. These are normally supplied in freeze-dried format; 

thus, it should be properly resuscitated prior to use. The protocols of resuscitation should 

always follow the manufacturer’s instruction, but in general aseptic technique should always 

be observed at all times during the propagation process. 

 

Pseudomonas fluorescens ATCC® 13525TM will be used throughout this thesis and it was 

obtained from LGC Group. It is supplied in freeze dried format inside a small glass vial with a 

secure rubber cap, in triple-layered packaging. All propagation steps are conducted inside a 

Class II biosafety cabinet.  

 

The propagation steps for this bacterial strain are as follow: 

1) In advance of propagation plan, prepare a couple of 5 ml aliquots of nutrient broth (NB, 

a liquid growth media) in a sterile 15 ml centrifuge tubes and a couple sterile plates of 

nutrient agar (NA, a solid growth media). See section 2.3.2.2 below for further details 

on preparing sterile growth media. If these growth media are kept in a fridge, remove 

them outside of the fridge a couple hours before commencing propagation steps to bring 

them to room temperature.  

2) Perform all these propagation steps in a Class II biosafety cabinet. Carefully open the 

vial by twisting the rubber cap very slowly to avoid spilling the content. 
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3) Using a sterile pipette tip and a micropipette, aspirate a small amount of NB from one 

of the aliquots from 1) and carefully use this to hydrate the freeze-dried culture. Let it 

sit for 10 minutes to allow full hydration of the culture.  

4) Using the same pipette tip, carefully homogenise the hydrated culture and transfer it to 

either a fresh 5 ml aliquot of NB or plate it to an NA plate, or both.  

5) Incubate the inoculated NB or NA (or both) overnight (16 °C – 18 °C) at 26 °C in 

aerobic condition. When incubating inoculated NB, it is possible to use a shaker 

incubator with temperature control function to speed up the growth; use 200 rpm.  

6) After incubation period is completed, check if there are signs of bacterial growth. The 

liquid media NB will become cloudy upon successful propagation. Dots of bacterial 

colonies will appear on solid media NA upon successful propagation.  

 

3.3.2.2 Subculturing: maintenance of pure culture 

Once propagation of P. fluorescens ATCC® 13525TM is successful, it is important to make 

copies of this bacterial strain as a stock culture and back-up throughout the project. This process 

is called subculturing. It involves inoculating an aliquot of the ‘master culture’ into a fresh 

growth media and incubating it at the same growth conditions as the master culture.  

 

When subculturing using liquid growth media, prepare in advance a couple of sterile aliquots 

of liquid media. Using micropipette and sterile pipette tips, aspirate some amount of master 

culture (also in liquid growth media) and transfer it to a fresh liquid growth media so that it 

makes up a 10% v/v of master culture in the fresh liquid growth media. Aliquots of 5 ml 

bacterial culture are used throughout the project. Thus, 0.5 ml of master culture is inoculated 

into 4.5 ml of fresh NB to make up a 10 % v/v subculture.  
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Subculturing into liquid growth media is also possible by using master culture grown in solid 

growth media. To do this, take a loopful of bacterial colonies from the surface of the NA master 

culture and transfer in into a fresh NB. Ensure that all of the colonies are transferred into the 

liquid by moving the inoculating loop back and forth gently to avoid creating splashes, then 

incubate accordingly. 

 

Subculturing into solid growth media is a way to maintain stock culture in the long run. 

Inoculation is possible to do from either liquid or solid master culture. If inoculation is from 

liquid master culture, pipette a small amount of the NB master culture (1 – 2 ml) into the surface 

of a fresh NA (already set in a sterile culture plate). Using a sterile L-shaped cell spreader, 

spread the pipetted aliquot evenly throughout the surface of the agar using a swiping motion. 

If inoculation is from solid master culture, take a loopful of NA master culture using a sterile 

inoculating loop. Take care to only scrape the bacterial colonies, not the agar. Transfer the loop 

of bacterial colonies into a fresh NA by swiping the loop onto the surface of the agar in a small 

zig-zag motion to maximise the amount of the subculture. New bacterial colonies will grow 

along the trail that the loop made.  

 

3.3.2.3 Inoculum preparation: preparation of working culture 

Stock culture is intended as long-term storage and maintenance of the bacterial strain and 

should not be used too often on a daily basis to avoid contamination. Hence, it is recommended 

to make separate subcultures from stock culture and working culture. Inoculum is the term used 

for the subcultures that will be used as a working culture. Preparation of inoculum is the same 

as subculturing from previous section 3.3.2.2. All experiments in this project use liquid 

inoculum (i.e., subculturing into liquid growth media). Instead of NB, tryptic soy broth (TSB) 
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is used as the media for the inoculum (also, TSA instead of NA when subculturing into solid 

growth media). TSB is used to induce biofilm formation.  

 

3.3.2.4 Sterile growth media preparation 

Autoclaving is used to prepare sterile growth media. Both liquid and solid growth media are 

supplied as powder which is mixed and dissolved into deionised water according to directions 

on its packaging before autoclaving at 121 °C for 15–20 minutes.  

 

Preparation of liquid growth media is as follows: 

1) Dissolve dehydrated powder of the medium into deionised water. 

DifcoTM Nutrient broth = 8.0 g NB (BD cat 234000) in 1L deionised water 

Bacto Tryptic soy broth = 30 g TSB (BD cat 211825) in 1L deionised water 

2) Autoclave at 121 °C for 15–20 minutes. 

3) Let it cool to room temperature and make 5 ml aliquots in 15 ml sterile centrifuge tubes.  

 

Preparation of solid growth media is as follows: 

1) Dissolve dehydrated powder of the medium into deionised water.  

Nutrient agar = 23 g of NA (BD cat 213000) in 1L deionised water  

Tryptic soy agar = 40 g TSA (BD cat 236950) in 1L deionised water 

2) Autoclave at 121 °C for 15–20 minutes. 

3) Let it cool to 50–65 °C and pour into sterile petri dish culture plates.  

 

These growth media can be prepared from scratch by following these recipes from ATCC.  

• Nutrient agar = 3.0 g beef extract, 5.0 g peptone, 15.0 g agar; final pH 6.8 ± 0.2 

• Nutrient broth = nutrient agar but omit the agar 
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• Tryptic soy agar = 17 g tryptone, 3 g soytone, 2.5 g dextrose, 5.0 g NaCl, 2.5 g K2HPO4, 

15 g agar; final pH 7.3 ± 0.2 

• Tryptic soy broth = tryptic soy agar but omit the agar 

 

3.3.2.5 Sterile chemicals and consumables preparation 

Sterilisation of other chemicals and consumables by default is through autoclaving.  However, 

some chemicals are not suitable for autoclaving, such as Ru(III)(NH3)6.Cl3 in KCl, so 

membrane filter sterilisation is used.  Consumables such as petri dish culture plates, inoculating 

loop, pipette tips, filter for membrane filter sterilisation and L-shaped spreader are bought pre-

sterilised from the manufacturer. The advantage of using pre-sterilised consumables is omitting 

the need to re-sterilise the items for future use, avoiding risk of cross-contamination and time 

and effort saving, although this will generate significant wastes.  

 

3.3.2.6 Disposal of CL2 biohazard wastes 

Biohazard solid wastes generated from CL2 work should be disposed of in a separate yellow 

biohazard bins lined with clear autoclave bag. Once the bag is ¾ full, it should be replaced with 

new clear autoclave bag. The waste filled autoclave bag should be closed with autoclave tape 

and autoclaved in a waste-specific autoclave to avoid cross-contamination with sterilising 

autoclave unit. It is a good practice to prepare a container filled with either bleach, Distel or 

Virkon solution to dispose used pipette tips after each use, let it sit for a couple hours before 

disposal to yellow biohazard sharps bins. The liquid used to soak the pipette tips should be 

treated as biohazard liquid waste. Biohazard liquid waste from CL2 work should be pre-treated 

with either bleach, Distel or Virkon solution and left to soak for a couple days before disposal.  
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3.3.3 Running microbial electrochemistry experiments  

As a consequence of incorporating a biological hazard into the experiment, data acquisition for 

this chapter is conducted by observing aseptic techniques in a biosafety level or Containment 

Level 2 (CL2) laboratory facilities. Pseudomonas fluorescens ATCC 13525 is a Risk Group 1 

biological hazard (i.e. it cannot make you sick), but all general microbiology workspace area 

is designed for CL2 according to health and safety standards.  

 

All steps of the data acquisition are conducted inside a Class II biological safety cabinet fitted 

with CL2 compliant HEPA filters. Electrode surface preparation does not require aseptic 

techniques and is carried out separately outside the CL2 facility prior to biofilm related 

experiments.  

 

 
Figure 3.4 Experimental setup for taking electrochemical measurement inside a Class II biological safety 

cabinet. A laptop connected to PalmSens EmStat3 potentiostat are shown. Rotating disk electrode (RDE) rig and 
its rotator controller unit will be setup to the left of the laptop, on which the orange tube rack and the 

micropipette currently are (RDE rig and rotator controller not shown). 
 

Instrumentations required to carry out the electrochemical measurements are taken inside the 

Class II biological safety cabinet (Figure 3.4). This includes the potentiostat (PalmSens 

EmStat3), rotating disk electrode (RDE) rotator rig and its controller, a laptop to control the 

potentiostat and to record data and any additional cables as required. These instruments are 

covered with masking plastic sheet and then sprayed with 70% v/v ethanol. The window of the 
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safety cabinet is then lowered at safe working level and the microbiological safety cabinet is 

switched on and left unused for 20 minutes to let the air flow stabilise and to ensure that any 

form of airborne contamination is not present when the actual experiment is started.   

 

3.3.4 Microscopy  

Microscopy is a standard and essential technique in microbiology and is used throughout this 

project to provide better visualisation of an object. A fluorescence type microscopy is mainly 

used in this project to assess bacterial biofilm presence with the help of fluorophore.  

 

3.3.4.1 Light microscopy 

This is the most basic type of microscopy and is used for general initial inspection of objects. 

Light microscopy can provide quick assessments of objects, but it is limited to optically 

transparent samples.  

 

3.3.4.2 Fluorescence microscopy 

Fluorescence microscopy is an indispensable technique in biofilm studies. Visualisation of 

bacteria through microscopy typically involves staining agents, such as crystal violet. 

However, crystal violet is only suitable for optically transparent samples as it is observable 

with light microscopy. Substrates used as surface to support biofilm growth in this project are 

not optically transparent (i.e., the electrodes), hence fluorescence microscopy is a more suitable 

option.  

 

Acridine orange is used as the fluorescent dye to help visualise biofilms on the samples. 

Acridine orange is absorbed by bacteria, intercalate with their DNA and fluoresced under 450–

490 nm light illumination allowing biofilms to be observed.11 They will appear green under the 
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illumination. Two types of fluorescence microscope are used in this project, epifluorescence 

microscope (Brunel SP105F) and confocal laser scanning microscope (Leica SP5 CLSM).  

 

3.4 Project inventory 

This section provides a list of inventories of items used in this project, which includes a list of 

electrodes, instrumentations, chemicals, biological materials and microbiological equipment 

and consumables.  

 

3.4.1 Electrodes 

Three electrode system, which consists of a working electrode (WE), a counter electrode (CE) 

and a reference electrode (RE), is used throughout the experiments. The list of the electrodes 

used, and its respective usage are provided in Table 2.4 below. 

 

Table 3.3 List of electrodes used for electrochemical experiments 

Electrode name Supplier Usage 
Glassy carbon d = 5 mm, 
rotating disk electrode (RDE) Pine Research Working electrode 

Gold d = 5 mm,  
rotating disk electrode (RDE) Pine Research Working electrode 

Platinum d = 5 mm,  
rotating disk electrode (RDE) Pine Research Working electrode 

Platinum wire  
counter electrode IJ Cambria Counter electrode 

Ag/AgCl | 1M KCl  
reference electrode IJ Cambria 

Reference electrode for 
oxygen reduction reaction 
(ORR) experiments 

Ag/AgCl | 3M KCl  
reference electrode 

IJ Cambria 
Note: 3M KCl(aq) is user refilled (i.e. it is 
filled with 1M KCl(aq) by factory default).  

Reference electrode 

 

3.4.2 Instrumentation 

Single channel potentiostats are used throughout the experiments. Multi-channel potentiostats 

are also used in some instances to streamline repetitive tasks such as to check general surface 
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cleanliness of electrodes using a mixture of ferro/ferricyanide in 1M KCl(aq). The list of the 

instrumentations is provided in Table 2.5 below.  

 

Table 3.4 List of instrumentations used for electrochemical experiments. 

Instrument name Manufacturer Channels 
CHI650A CH Instruments, Texas Single channel 
CHI1030 CH Instruments, Texas Multi-channel, 8 channels 
CHI1030A CH Instruments, Texas Multi-channel, 8 channels 
Ivium CompactStat Ivium Technologies B.V. Single channel 
PalmSens EmStat3 PalmSens Single channel 

 

3.4.3 Chemicals 

The chemicals used for the electrochemical works are provided in Table 2.6 below. These 

chemicals are used to make up aqueous solutions (unless otherwise stated) for various usages 

as indicated. They are used as is, as received from the supplier without any modification or 

pre-treatment.  

 

Table 3.5 List of chemicals used for electrochemical experiments. 
Chemical name Usage 

Deionised water (DI water, H2O) Solvent for aqueous solution, electrode rinsing, glassware 
rinsing. 

Ethanol neat (C2H5OH) A strong solvent used for general cleaning and electrode rinsing.  

Phosphate buffered saline (PBS) pH 7.4, tablets 

Buffered electrolyte solution used as solvent for other chemicals, 
buffered electrolyte solution to perform oxygen reduction 
reaction (ORR) experiments on glassy carbon and gold 
electrodes. 

Potassium chloride (KCl) General electrolyte solution used as solvent for other chemicals. 

Potassium monobasic phosphate (KH2PO4) 
Ingredient for making up fresh phosphate buffered solution from 
scratch (used for ORR experiments on platinum electrodes).  

Sodium hydroxide (NaOH) Ingredient for making up fresh phosphate buffered solution from 
scratch (used for ORR experiments on platinum electrodes).  

Potassium ferricyanide (K3(FeCN)6) 
Used in a mixture with K4(FeCN)6 to check the general 
cleanliness of electrode surface.  

Potassium ferrocyanide (K4(FeCN)6) 
Used in a mixture with K3(FeCN)6 to check the general 
cleanliness of electrode surface.  

Ruthenium (III) hexamine chloride (Ru(III)(NH3)6.Cl3) An outer sphere redox probe 
Ferrocene dimethanol (Fc(MeOH)2) An outer sphere redox probe 
Alumina powder grain sizes 1.0 !m, 0.3 !m and 0.05 
!m (Al2O3) 

Used in a DI water-based slurry as an abrasive agent for 
electrode polishing. 

Sulfuric acid neat (H2SO4) 
Diluted to 0.5 M H2SO4(aq) and used for electrochemical cleaning 
for gold and platinum electrodes.  

Pressurised air Deep cleaning of items with intricate structures. Useful to 
remove debris and residual water droplets.  

Nitrogen gas, oxygen-free nitrogen (OFN) Purging or degassing solution to remove oxygen. 

Oxygen gas Saturating phosphate buffered solutions to make up solution of 
100% dissolved oxygen (~1.2 mol.m-3) 

Sodium alginic acid Hydrogel based model biofilm 
Agarose low melting point (LMP) Hydrogel based model biofilm 
Cellulose acetate Model biofilm for in situ removal experiments 
Acetone Solvent for cellulose acetate 
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3.4.4 Biological materials 

Pseudomonas fluorescens ATCC® 13525TM is the principal biological material used throughout 

this project. This is a Risk Group 1 biological material, which poses no health risk to the users, 

that is used as a model organism for the electrochemical rapid biofilm formation. P. fluorescens 

is the second most abundant bacteria found in biofilm after P. aeruginosa which is a Risk 

Group 2 biological material. Table 2.7 provides a summary for the bacterial strain.   

 

Table 3.6 A summary of product description from ATCC for Pseudomonas fluorescens ATCC® 13525TM 
Biosafety level Description  Storage temperature 

1 

Designation:  
NCTC 10038 [28/5, CCEB 546, DSM 50090, NCIB 
9046, NCPPB 1964, PJ239, R. Hugh 818, R.Y. 
Stanier 192, Biotype A] 

Frozen:  
–80 °C or colder   

Deposited name: 
Pseudomonas fluorescens Migula 

Freeze-dried: 
2 °C to 8 °C 

Product description: 
Type strain.  

Live culture: 
Optimum temperature: 26 °C 
Atmosphere: Aerobic 

 

3.4.5 Microbiological equipment and consumables 

The chemicals used for the electrochemical works are provided in Table 2.8 below. These 

chemicals are used to make up aqueous solutions (unless otherwise stated) for various usages 

as indicated. They are sterilised prior to use by either autoclaving (bacterial medium) or filter 

sterilised (other chemicals).  

 

The equipment used for microbiological experiments are Class II biological safety cabinet and 

shaker incubator with temperature control. Sterile pipette tips, sterile centrifuge tubes and 

sterile petri dish are considered consumables.  
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Table 3.7 List of chemicals used for microbiological experiments. 

Chemical name Usage 

Deionised water (DI water, H2O) Solvent for aqueous solution, electrode rinsing, glassware 
rinsing. 

Ethanol neat (C2H5OH) A strong solvent used for general cleaning and electrode 
rinsing.  

Phosphate buffered saline (PBS) pH 7.4, tablets 

Buffered electrolyte solution used as solvent for other 
chemicals, buffered electrolyte solution to perform oxygen 
reduction reaction (ORR) experiments on glassy carbon 
and gold electrodes. 

Potassium chloride (KCl) General electrolyte solution used as background 
electrolyte for other chemicals. 

Potassium ferricyanide (K3(FeCN)6) 
Used in a mixture with K4(FeCN)6 to check the general 
cleanliness of electrode surface.  

Potassium ferrocyanide (K4(FeCN)6) 
Used in a mixture with K3(FeCN)6 to check the general 
cleanliness of electrode surface.  

Ruthenium (III) hexamine chloride 
(Ru(III)(NH3)6.Cl3) 

An outer sphere redox probe 

Alumina powder grain sizes 1.0 !m, 0.3 !m and 
0.05 !m (Al2O3) 

Used in a DI water-based slurry as an abrasive agent for 
electrode polishing. 

Sulfuric acid neat (H2SO4) 
Diluted to 0.5 M H2SO4(aq) and used for electrochemical 
cleaning for gold and platinum electrodes.  

Pressurised air Deep cleaning of items with intricate structures. Useful to 
remove debris and residual water droplets.  

Nutrient agar (NA) General growth media for bacteria (agar) 
Nutient broth (NB) General growth media for bacteria (broth) 
Trypticase soy agar (TSA) Growth media for pseudomonad bacteria 
Trypticase soy agar (TSB) Growth media for pseudomonad bacteria 
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4 Introduction to biofilms and its significance in drinking 

water monitoring  

 

4.1 Introduction 

Bacterial biofouling of natural and manmade structures is a very common occurrence around 

us. It happens every time any surface is in contact with non-sterile aqueous liquid. 

Nevertheless, the public is rarely exposed to the extent of damage this phenomenon may cause. 

In this chapter, environmental sample taken from a continuously disinfected pipeline network 

from a drinking water distribution system (DWDS) in Bristol area is examined microscopically 

for biofilm presence. The sample has been indwelling for six months.  

 

4.1.1 The importance of biofilm studies in the context of sensor research 

Fouling of sensors due to biofilm formation is very common in indwelling situation and it is a 

major drawback in the development of sensor networks. Sensors will fail once it is fouled and 

it can happen in just a couple of days or weeks.1 Engineering robust sensor networks begins 

with designing biofouling resistant sensors. To be able to do that, a good working knowledge 

on the latest science of biofilm formation of surfaces will be essential. Firstly, exploration of 

the science of biofilm formation and its biofouling phenomena should begin with establishing 

the ‘definition’ of ‘biofilm’ and ‘biofouling’ in the context of electrochemical sensor biofouling 

in drinking water networks.  

 

4.1.2 Establishing the fundamental definitions of biofilms and biofouling  

Biofouling that becomes the focus of this thesis is only biofouling that is specifically occur due 

to bacterial biofilm. It is important to emphasise the context of biofouling here because 
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biofouling can have different meaning in different applications. As an example, despite within 

the same area of electrochemical sensing, biofouling in the field of biosensors for medical 

monitoring and diagnosis refers to the passivation of electrode surface by adsorption of 

molecules of biological origin such as proteins in physiological fluids2 or fibrous coverage of 

in vivo electrode due to physiological immune response.3–5  

 

Biofouling refers to ‘unwanted growth’ of biofilm on surfaces. The consequences of biofouling 

in the context of electrochemical sensor performance, together with mineralisation, may 

manifest into the insulation of conducting surfaces, perturbation of mass transport, deactivation 

of catalytic sites and partitioning of analyte or product. Other type of sensor such as 

photometric devices additionally will suffer from light scattering, attenuation and absorption 

of light by the film. All these effects confound accurate measurement (O’Hare, 2016, personal 

correspondence).  

 

Biofouling negatively affects a lot of systems. Most of which are engineered or manmade, such 

as the drinking water distribution systems (DWDS) within the context of this thesis. Biofilm 

growing on internal surfaces of the pipelines is not only unsightly, but also responsible for 

causing discolouration, scaling, corrosion and can harbour pathogenic organisms within its 

structure. Not only is a threat to public health, biofouling also has a reputation of causing a 

significant amount of financial loss in various industries. This is due to the degree of investment 

needed for cleaning up fouled surfaces in, for example, food industry and the loss of 

efficiencies in, for example, cooling towers for energy generation and fuel consumption in 

ships with a heavily fouled hulls.6 Biofouling could also lead to fatal consequences, especially 

in medical and healthcare settings, in which biofouling of implantable medical devices can be 

lethal and may require surgery for its removal.7  
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Biofilm is not inherently a hazard. It is, in fact, the most predominant bacterial mode of life in 

nature. The scientific communities used to perceive that bacteria in nature live as a discreet, 

free-roaming single colonies of individual species. However, it is now widely acknowledged 

that the sessile mode of life as bacterial biofilm is the actual norm (Marshall, 1992 in reference 

8). Despite so, there is little agreement on what defines ‘biofilms’. Different fields of 

specialisation are affected by biofilm. Some disagree with the term ‘film’ as it implies a 

continuous and thin layer when it is not. Some disagree to regard biofilm as mode of microbial 

growth as it is not practical for scientist and engineers alike. Defining biofilm as “an aggregate 

of microorganisms imbedded in matrix composed of microbially produced extracellular 

polymeric substances (EPS) and attached to a surface” makes it easier to regard biofilm as a 

structure or a system.7 

 

4.1.3 The framework for studying biofilm  

Motivations to study biofilms 

• Scientific motivations 

Bacteria has always been traditionally studied as planktonic, free moving organism in 

liquid culture although in nature it exists as solid colonies growing on surfaces (just like 

the ones in agar culture). The scientific communities began to systematically study biofilm 

as wider acknowledgement that bacterial default mode of life is based on surface attached 

colonies (i.e., biofilms) gains traction. 

• Medical motivations  

Bacterial infection mostly exists due to biofilm formation on exposed tissues with 

consequences ranging from mild infection to serious septic shock syndrome (bacteraemia). 
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It is also responsible in debilitating effect of Pseudomonas aeruginosa growth in the lungs 

of cystic fibrosis patients and implant-related infections or surgery-related infections.9  

• Industrial motivations 

Biofilm is known to cause serious damage to high valued and expensive industrial assets, 

causing substantial financial damages.  

• Innovation-oriented motivations 

Biofilm is known to conduct electricity and has been investigated as a possible stand-alone 

fuel cell technology known as microbial fuel cell (MFC), widely studied as 

bioelectrochemical systems (BES) in bioelectrochemistry or microbial electrochemistry, 

other technologies have also been derived indirectly from bacterial or biofilm metabolism 

such as conventional fuel cell, battery technologies.7,10  

 

Where to start 

A reasonable framework or guide is needed to enable a systematic biofilm study. Table 4.1 

provides one framework to do so. It is a general framework which also involves applications 

in promoting biofilm growth.  

 

What to study 

Biofilm system can be broken down into 3 (three) aspects11 as summarised in Table 4.2.  

 

How to study  

Biofilm can be studied from many approaches, including classical microbiology (growth), 

environmental microbiology (culture-dependent/biochemical, culture-independent/genomics), 

electrochemistry (electrode processes) and physical chemistry (surface science, physical 

chemistry of surfaces).  
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Table 4.1 Framework for systematic study of biofilm in terms of controlling biofilm growth. 

AIM 
Promote biofilm growth Control biofilm growth Prevent biofilm growth 

CONTEXT 
Production of amino acids, 

vitamins Food Fouling of food processing 
assemblies  

Wound healing Medical Fouling of implantable devices 
Chemicals, biofuel, biohydrogen 
production; electricity (Microbial 

Fuel Cell) 
Industrial Fouling of heat exchanger, piping, 

sensor 

Bioremediation, waste treatment Environmental Fouling of environmental sensor 
GOALS 

Growth phase optimisation  Early prevention 
Production optimisation  Mitigation 

Waste or by-product minimisation  Contingency 
SYSTEMS 

 The surface  
 The biofilm  
 The aqueous matrix  
 The gas matrix  

INTERFACES 
 Surface-biofilm  
 Biofilm-aqueous matrix  
 Biofilm-gas matrix  

 

Table 4.2 Aspects of biofilm for systematic studies purposes. 

Biofilm scaffold Biofilm interior Biofilm processes and 
physiology 

Structure 
Architecture 

>90% EPS matrix,  
<10% bacteria 12 

 

Abiotic components 
Biotic components 

Properties of components 

O2, H2, H2S, CO2, Ca2+, NO2, NOx, 
Fe2+ 

Glucose 
CH4 

Temperature 
pH 

Uptake rates 
Diffusion coefficients 

Microbial activity 
 

Methods to study 

The following is a summary of methods that has been used in biofilm studies (Table 4.3). 

Beyenal Research Group from Washington State University, USA is well-known for utilising 

electroanalytical methods to study biofilm physiology and processes which draws upon the 

expertise of the group in fabrication of microsensors to conduct the studies. Haluk Beyenal co-

authored a comprehensive book to date on the fundamentals of conducting biofilm research.7 
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Table 4.3 Methods to study biofilm and biofilm processes at the interface. 

Biofilm Interface 
Bacterial 
community 
analysis 

Bacterial 
signalling analysis 

Bacterial cell 
study 

Interaction analysis 

Microbial 
ecology 
approach 

Electroanalytical 
approach 

Cell confinement 
approach 

Electrode processes 
approach 

Rheological 
approaches 

Biodiversity 
(structure): 
DGGE, 
metagenomics 
 
Metabolic capacity 
(ecological 
function): FISH 13 

Ultra 
microelectrode 
(UME) 
 
Analytical imaging 
techniques: 
SECM, IMS, 
SIMS, NanoSIMS, 
DESI-MS, MALDI-
MS 14 

Microfluidics, 
droplet 
microfluidics, 
hydrogels, protein 
hydrogels, lipid-
silica structures 14 

Mass transport & 
kinetics: flow cell, 
microfluidics, cyclic 
voltammetry, square 
wave voltammetry 15–

17 

Spatial orientation, 
spatial arrangement 
& distribution: 
microfluidics, 
advanced 
microscopy (SEM, 
AFM, CLSM) 18 
 

Abbreviations 
DGGE 
FISH 
SECM 
IMS 
SIMS 
NanoSIMS 
DESI-MS 
MALDI-MS 
SEM 
AFM 
CLSM 

Denaturing Gradient Gel Electrophoresis 
Fluorescence In-Situ Hybridization 
Scanning Electrochemical Microscopy 
Imaging Mass Spectrometry 
Secondary-Ion Mass Spectrometry 
Nano Secondary-Ion Mass Spectrometry 
Desorption Electrospray Ionization – Mass Spectrometry 
Matrix-Assisted Laser Desorption-Ionization – Mass Spectrometry 
Scanning Electron Microscopy 
Atomic Force Microscopy  
Confocal Laser Scanning Microscopy 

 

4.1.4 Biofilm is all about ‘interaction’ between systems  

Biofouling problem can be viewed by systems analysis approach. Lewandowski & Beyenal 

(2014) divides biofilm system into 4 (four) subsystems (i.e., the surface, the biofilm, the matrix 

in aqueous phase and the matrix in gaseous phase, if any).7 Biofouling is a problem very closely 

related to the theme of ‘interaction’. Fouling occurs initially because interaction occurs 

between the ‘pioneering’ bacterial cells and the to-be-fouled surface. A number of subsequent 

interactions between these systems help biofilm to develop and become established to the point 

it causes significant disturbances. An established biofilm layers are composed of highly 

structured and functional communities of bacteria. Delving into the microbial ecology of the 

biofilm itself is the most appropriate approach to elucidate these interactions and correlate these 

with the structure and metabolic activities (i.e., ecological function) of each bacterial 
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community. The ‘interaction’ begins when the pioneering bacterial cells establish ‘the first 

handshake’, which triggers the development of a more complex biofilm architecture.19  

 

4.1.5 The science of biofilm development  

Generic model of biofilm development classically involves four steps which are (i) reversible 

attachment of bacterial cells into the surface, (ii) irreversible attachment of that reversible 

attachment, (iii) maturation and (iv) detachment.20 Each of this step is more complex in reality 

and involves a combination of physical, chemical and biological aspects surrounding the 

process of biofilm formation.  

 

 

Figure 4.1 A simplified illustration of a generalised biofilm development on a surface. 

 

Sadekuzzaman et al. has compiled these complex processes and expanded the steps of biofilm 

development into 6 distinct steps,21 which are: 

(i) reversible attachment via weak interactions (i.e., van der Waals forces) with an abiotic 

or biotic surface, 

(ii) irreversible attachment via stronger interactions (i.e., hydrophilic/hydrophobic 

interactions) with the help of attachment structures and appendages, 

(iii) proliferation and extracellular polymeric substances (EPS) production to develop 

biofilm architecture, 
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(iv) maturation of biofilm structure with the formation of water channels to accommodate 

nutrient and signalling molecules distribution, 

(v) detachment of clumps of biofilm or individual cells from the main body of biofilm due 

to intrinsic or extrinsic factors, and 

(vi) dispersion of such cells and colonisation of other niches. 

 

Interaction between bacteria and the surface  

The successful interaction between pioneering bacteria and the surface is the make-or-break 

situation for biofilm development. Initial stages of biofilm development are characterised by 

the importance of intermolecular force to the success of reversible and irreversible attachment. 

The first two steps of biofilm development model (see Section 4.1.5) demonstrate the 

importance of interaction in early stages of biofouling. This interaction specifically refers to 

interactions related to the chemistry and physical chemistry of the surfaces involved, both 

biotic and abiotic, and the interface in between (Table 4.4). Hence, prevention of biofouling at 

the earliest of its stages may be possible by minimising van der Waals interaction to avoid 

reversible attachment as the first handshake between pioneer bacterial cell and the surface, 

followed by minimising hydrophilic, dipole–dipole interaction and hydrophobic interactions. 

This practically achieved through modulation and control of surface energy and contact angle.  

 

Table 4.4 Types of intermolecular forces and its magnitude,22 and its relevance in biofilm development.  

Type of forces Basis of attraction Energy / kJ mol–1 Relevance in biofilm 
development 

Intramolecular   

Irreversible attachment Ionic Cation-anion 400 – 4000 
Covalent Nuclei-shared e– pair 150 – 1100 
Metallic Cations-delocalised electrons 75 – 1000 

Intermolecular   

Reversible attachment 

Ion–dipole Ion charge-dipole charge 40 – 600 

Hydrogen bond Polar bond to H-dipole charge (high 
electronegativity of N, O, F) 10 – 40 

Dipole-dipole Dipole charges 5 – 25 
Ion-induced dipole Ion charge-polarisable e– cloud 3 – 15 

Dipole-induced dipole Dipole charge-polarisable e– cloud 2 – 10 
Dispersion (London) Polarisable e– clouds 0.05 – 40 
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Bacterial appendages have some roles in their attachment to surface. Reversible adhesion is 

typically mediated by thin proteinaceous structures such as fimbriae, pili, and flagella. 

Reversible interactions between the cell and surface started with flagellum-driven motility 

which brings a cell to the surface. This interaction has low affinity, and it can easily break. 

Reversible interactions are mediated by the flagellum itself and by fimbriae, pili, or both. 

Irreversible adhesion results from secretion of an ‘adhesin’, typically composed of 

polysaccharides, proteins, or both, which tethers the bacterium to the surface. Adhesin forms 

rapidly upon flagellum and pili contact with the surface (can be as fast as < 2 mins in 

Caulobacter crescentus which produces adhesin called ‘holdfast’).19 

 

There is a phenomenon called ‘biomineralisation’ which is related to the interaction between 

bacteria and the surface. Biomineralisation is thought to have a role in biofilm development, 

but it is a largely unexplored area due to inability of current methods to directly observe 

biomineralisation within biofilms. Many expects mineralisation should occur at the surface of 

biofilm, while a recent report discovers that biomineralisation occurs at the base of biofilm.23  

 

The quintessential role of bacteria in biofilm development  

Bacteria has a central role in biofilm development in that they are the ‘initiator’ of biofilm 

formation through the efforts towards irreversible attachment to surface. Biotic components of 

biofilm can be studied by microbial ecology approach. Pseudomonas aeruginosa has been 

found to be predominant in biofilm communities followed by P. fluorescens.24 P. aeruginosa 

prevalence also holds true for drinking water biofilm, however, interestingly it never holds true 

in the water itself.25,26 Looking for predominant bacteria can be performed by analysing 

publicly available metagenome data, such as MG-RAST metagenomics analysis server.27 To 
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date, there are 2 (two) metagenome sets for drinking water related project. The dataset was 

uploaded in 2011, with Randy Revetta from US EPA as the PI. It is a comparison of 

metagenomics data of drinking water disinfected by chlorine and chloramine. In both 

conditions of the waters, again, Pseudomonas genus only accounts for 1.3% and 1.8% 

respectively.  

 

Pseudomonas aeruginosa (PA) is often used as a model for biofilm and biofouling experiments 

due to its prevalence – and also due to ease of access in obtaining a PA culture – but there is a 

high likelihood that this bacterial species is not the pioneer bacteria during attachment.25,26,28–

30 This could mean that the prevalence of PA may actually happen due to surface modification 

that the pioneers did, i.e., not necessarily due to direct contact with the (electrode) surface. It 

may be necessary to include the pioneers in the ecology of simulated development of 

biofouling, but it can be understandably difficult to obtain the cultures commercially unless 

they are independently isolated. 

 

This may also mean that PA is not necessarily a good indicator for early detection of biofouling 

through pyocyanin detection because this molecule is produced by quorum sensing31,32 (i.e., 

only when there are enough PA cells present) which happen at relatively later stages of 

biofouling. Nevertheless, the use of pyocyanin detection as an indicator of biofouling depends 

on how we define ‘early detection of biofouling’.  

 

The time scale at which pyocyanin starts to be detectable electrochemically will determine how 

early this electroactive compound is usable as an indicator of biofouling that fits the context of 

‘early detection of biofouling’. Recent study has shown that pyocyanin peaks are detected on 

fouled BDD at –0.4 V and +0.1 V vs Ag/AgCl | 3M KCl(aq) after long term sensor performance 
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evaluation for 31 days.33 While electrochemical detection of pyocyanin can be a specific 

biomarker that differentiates biofilm biofouling from non-biological fouling (e.g., scaling), if 

it is not detectable within a time scale of a couple days or weeks, sole reliance on pyocyanin 

will not enable early detection of sensor failure.  

 

The production of extracellular polymeric substance (EPS)  

Extracellular polymeric substance (EPS) is the defining characteristic of biofilm architecture 

which forms the ‘biofilm matrix’. EPS are mainly polysaccharides, proteins, nucleic acids and 

lipids. These macromolecules provide the mechanical stability of biofilms, mediate their 

adhesion to surfaces and form a cohesive, three-dimensional polymer network that 

interconnects and transiently immobilizes biofilm cells. The biofilm matrix also acts as an 

external digestive system. EPS keeps extracellular enzymes close to the cells, enabling them 

to metabolize dissolved, colloidal and solid biopolymers. A surprisingly large amount of 

extracellular DNA (eDNA) is also found within the biofilm matrix.12,34 Mechanism of EPS 

production has been found to be related to quorum sensing35 and defence mechanism against 

external stressor such as hydrogen peroxide.36  

 

Maturation of biofilm structure 

As biofilm matures, tunnels and pores will form within their structure to let water and nutrients 

to flow throughout the structure. The tunnels and the pores may have formed as a result of a 

memory of the biofilms on continuous shear stress imposed by the flow of water throughout 

their internal structure.37 These internal structures also has a role in the distribution of 

signalling molecule which determines how biofilm responds to stimuli7 which shows the 

importance of transport within the biofilm matrix.  
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Interaction of biofilm with external stimuli and the environment 

Biofilm formation is largely affected by the environment. At the individual cell level, 

environmental factors determine the cell’s decision to form or leave a biofilm. The biofilm 

structure also largely depends on the environment, implying that biofilms are shaped to adapt 

to local conditions. Second messengers such as cAMP and c-di-GMP are key factors that link 

environmental factors with gene regulation. Cell-to-cell communication is also an important 

factor in shaping the biofilm.38 The biology (i.e., external stimuli-driven gene expression) of 

cell attachment to surfaces is still poorly understood, mainly due to lack of enabling 

technology. However, microfluidics offers a possibility to study a single cell of bacteria which 

may help elucidating bacterial cell attachment to surfaces.17,18,39–41  

 

Lab-on-chip (LOC) systems offer many advantages for investigating the role of the 

environment on bacterial dynamics and biofilm maturation and growth.18 Gene expression and 

environmental conditions (such as surface properties, hydrodynamic conditions, quorum 

sensing signals, and the characteristics of the medium) can have positive or negative influences 

on bacterial biofilm formation. Microfluidics approaches have the capacity to address the 

influences of each factor and the combined effects of multiple factors through its ability to 

control the hydrodynamic conditions, establish stable chemical gradients, perform 

measurement in a high-throughput manner, provide real-time monitoring and in vivo-like in 

vitro culture devices.17,39 Distributions of organisms and chemical cues can be varied spatially 

and temporally in microfluidics systems to mimic natural microbial habitats by exploiting 

physics at the micrometer scale and by incorporating structures with specific geometries and 

materials.40 Through the use of microfluidics systems, it has also been found that bacterial 

adhesion was significantly related to culture time, microenvironment geometry, and aqueous 

flow rates. Adhered bacterial density increased with culture time, complex microenvironment 
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geometry and low shearing force. Flow rates also determines how bacteria would attach. The 

orientation of adhered bacteria was random and disorderly at low flow rate, but at high flow 

rates, bacteria are oriented uniformly (streamlined) towards the flow direction.41  

 

4.1.6 Managing biofilm development 

Managing biofilm development (and biofouling) is a matter of controlling biofilm growth. 

Generally, it involves (i) prevention and (ii) mitigation measures, but since biofilm will always 

occur on drinking water systems (iii) contingency in relation to data processing is also 

necessary. Biology at the surfaces is the basis for controlling formation of biofilm. This is 

related to physical science of surfaces with biological application on the interface.44–46  

 

Thus, strategies to control biofilm formation could be classified by systems of interest related 

to the surface: (i) bulk environment, (ii) surface that act as the substrate for bacteria to adhere, 

and (iii) microenvironment just at the vicinity of the surface. These strategies may include the 

following and it can serve as the means to either prevent or accelerate their formation 

depending on intended application:  

• Bulk environment: modification of biophysicochemistry of the bulk matrix. For water 

based matrix (such as drinking water in which control is possible): treatment with 

chlorine-based disinfectant to minimise bacterial load, treatment to adjust pH, pre-

treatment of raw water to adjust turbidity. 

• Surface: modification of surface physicochemistry, can also in the form electrical 

properties of the surface. Physicochemistry may include surface chemistry (i.e., groups 

or functional groups that present at the surface which is exposed to the environment, 

particularly oxygen-containing functional groups), surface roughness (with surface 
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topographies of micro- and nano-scale length scales),18 hydrophobicity or the surface 

(which is also determined by surface chemistry).  

• Microenvironment: local control of pH, temperature, generation of certain chemicals 

(for example at the vicinity of an electrochemical sensor). 

 

Prevention 

Most biofilm prevention approaches are to prevent bacterial attachment to surfaces. It is a very 

complicated process involving bacterial appendages such as pili, fimbriae or fibrillae.42 The 

approach includes development of new surface materials and modifications and also coating 

and paint.21 However, coating and paint are not suitable for indwelling sensor as there is a risk 

of sloughing of the material that can be dangerous if ingested. Biomimetic surfaces can prevent 

biofouling. Examples are Sharklet AFTM mimicking sharkskin43 and epoxy resin polymer 

mimicking insects cuticle.44 Biofouling detection is also preventative and can be detected on 

the electrochemical sensor by various means such as square wave voltammetry detection of 

redox active pyocyanin from Pseudomonas aeruginosa, voltammetric determination of solvent 

limits and changes in the relationship between volume flow rate and diffusion-limited current.33 

 

Mitigation 

Removing biofilm from surfaces usually include physical and chemical removal. Bioelectric 

approach is considered a breakthrough in biofilm control strategy. This approach can treat 

active biofilms and inhibit initial surface colonisation on electrified devices. Electrical pulses 

are used in bioelectrical approach for biofilm removal from an electrode or a device. However, 

because it uses quite a large voltage it is effective for most of industries except healthcare.21 
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Contingency 

Biofilm will always form on surfaces in contact with non-sterile fluid, so it worth developing 

contingency strategies to deal with acceptable level of biofouling. Downstream application of 

this approach is related to applying some ‘correction factor’ to the data collected by sensors. 

This approach includes identification of failing sensors (such as through assessments by means 

of calibration or electroanalytical techniques such as cyclic voltammetry or electrochemical 

impedance spectroscopy, see Chapters 5, 6 and 7), correction for losses of sensitivity due to 

diffusional blocking or correction of applied potential arising from losses of electrocatalytic 

activity.  

 

4.2 Aims 

This chapter aims to present microscopy analysis of environmental sample for any presence of 

biofilm. PTFE membrane retrieved from a free chlorine analyser hat has been indwelling for 

six months will be microscopically analysed. This sample is taken from a constantly disinfected 

DWDS in Bristol area. This is to show the actual extent of biofouling prevalence in a working 

engineered system. This chapter explores objective (ii) from Section 1.9.  

 

4.3 Experimental methods  

4.3.1 Sample collection 

During routine service of free chlorine analyser which is indwelling in a clean drinking water 

DWDS in Bristol area, replacement of membrane filter from the analyser is scheduled every 6 

(six) months. This membrane filter is the sample collected (Figure 4.2). It is conveniently 

collected at the same time as the replacement schedule. These membrane filters are to be 

disposed of after replacement, so collecting these as samples does not interfere with any 
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operational systems within the DWDS. The pipelines in the network are constantly chlorinated 

at ≤ 1 ppm (WHO guideline = 0.2–1 ppm). 

 

      
Figure 4.2 Sample of PTFE membrane filter taken from a free-chlorine analyser that has been indwelling in a 
network of clean drinking water distribution system for 6 months. White circle at the centre of the filter is the 

PTFE membrane. Dark grey toroid surrounding the membrane is a rubber sheath. 

 

The membrane filter has a dimension of 7 mm in diameter and 4 mm in thickness. The 

membrane is a spongy white PTFE disc. It does no electrochemical sensing, but it is an integral 

part of an electrochemical based analyser. Hence, it can serve as a proxy on how indwelling 

electrochemical sensors would experience biofouling. 

 

4.3.2 Sample analysis by fluorescence microscopy 

To visualise the degree of fouling on each membrane, fluorescence microscopy was performed 

using 0.03% acridine orange. This is the cheapest and simplest dye commonly used in biofilm 

studies. Analysis of the samples are performed through imaging techniques, mainly to look for 

biofilm presence. This involves microscopy analysis with the help of a fluorescent dye to help 

visualise the biofilm because the sample has significant thickness (4 mm) and is not optically 

transparent. Hence, light microscopy will not fit for the purpose intended. The stained samples 

were visualised using 2 (two) microscopes. One is a fluorescence microscope Brunel SP105F 

and the other is confocal microscope Leica SP5 AF. Both are inverted microscopes. 

 

 



 146 

Acridine orange staining 

Acridine orange (AO) is a fluorescent dye that can be used to visualise bacterial cells and 

biofilm through fluorescence microscopy. AO has been known to be used to stain bacterial 

cells as it can enter the cells and intercalate with their DNA. Acridine orange binds to nucleic 

acid and does not differentiate between dead or alive cells.7 Upon absorbance of the dye by 

bacterial cells, it will fluoresce green under 450 – 490 nm light illumination.45 An aqueous 

solution of 0.03% w/v acridine orange (A6014, Sigma) was used to dye the samples.  

 

   
(a) (b) (c)  

 
Figure 4.3 Preparation for sample staining with acridine orange. Place samples in small vials (a) then fill the 
vial with just enough 0.03% w/v acridine orange to cover the sample and let sit for 10 minutes. Remove the 
samples from the vials then place it in a clean plate and let air dry (b). Once sample has been air dried, it is 

ready for fluorescence imaging works (c).  

 

Methods to stain the samples with AO solution are as follows:  

1) Prepare a solution of 0.03% w/v acridine orange in deionised water.  

2) Place the sample inside a small vial and drop some AO solution enough to cover the 

whole sample, let it sit for 10 minutes. 

3) Remove the sample from the vial using a small tweezer and place on a clean culture 

plate and let air dry. 

 

Epifluorescence microscopy 

Brunel SP105F fluorescence microscope was used to perform epifluorescence microscopy. 

Always start with maximum gain for all light illumination sources (i.e.,100). Use green light 
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source illuminate to visualise AO stained samples. This microscope can only capture image the 

size of the field of view of the objective lens, but it is useful for quick assessment of samples.  

 

Confocal laser scanning microscopy (CLSM) 

Unlike epifluorescence microscope, a confocal microscope can generate the full image of a 

sample by image stitching. However, it has more complicated machinery and protocols to 

follow and takes significantly longer time to acquire an image. Nevertheless, a CLSM 

microscope has user interface with software that allows custom modification of illumination 

settings (i.e., set illumination at 450 – 490 nm). Leica SP5 AF is the CLSM microscope used. 

Table 4.5 presents the merits and drawbacks of each fluorescence microscope type.  

 

Table 4.5 Merits and drawbacks for each fluorescence microscope for the scope of use for the experiments to 

analyse the membrane filter samples that has been indwelling for 6 months. 

Brunel SP105F 
Merits Drawbacks 

• Quick assessment 
• Instant imaging acquisition 
• Works well even with polystyrene petri dish 

as base 
 

• Field of view restricted to the eye piece 
(cannot do tile scanning) 

• Unable to visualise by depth 
• Resolution depends on camera attached 
• Unable to adjust laser exposure level by 

specific wavelength 
Leica SP5 AF 
Merits Drawbacks 

• Resolution is customisable 
• Able to do tile scanning (to visualise the 

whole sample) 
• Able to do Z-stack scanning (visualise the 

sample by depth) 
• Able to produce 3D imaging 
• Ability to adjust laser exposure level by 

specific wavelength 

• Image acquisition can take minutes to hours 
depending on resolution parameters chosen 

• Very sensitive to stray light 
• Does not work well with polystyrene petri 

dish as base, must use glass 

 

4.3.3 Surface characterisation of sample 

White light interferometry (WLI) is used for surface characterisation of interesting features of 

the sample. This is a non-contact optical method for profiling the surface of an object through 

surface height measurement. WLI works based on wave superposition principle. This 
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technique provides information related to surface roughness and surface profile. It provides a 

more detailed visualisation of the sample to complement visualisation through microscopy.  

 

4.3.4 Data analysis 

The main objective of this experiment is to identify the presence of biofilm on the sample. 

Biofilm presence will be detected in the images as irregular objects that is brightly fluorescing 

in green. As the way AO staining works is by intercalating with bacterial DNA, the size of the 

object can be a determining factor of whether the object is a presence of biofilm. A bacterium 

would typically be in the size of unit micrometre ("m). In the presence of biofilm, it will appear 

as if the whole biofilm structure fluoresces green upon illumination as a compounded effect of 

a community of bacteria fluorescing in a small space. Determination of the size of an object in 

images retrieved through microscopy can be determined using a scale bar. The length of a scale 

bar can be determined by calibrating the length using a stage micrometer viewed under the 

same magnification. A stage micrometer is a microscope slide with a scale etched on its surface. 

Image processing software Fiji is used to add this scale bar. 

 

4.4 Results and discussion 

4.4.1 Biofilms are present all throughout the structure of the membrane filter sample 

Fluorescence microscopy analysis has found that biofilms are present throughout the structure 

of the membrane filter. The membrane filter is composed of two parts: the toroidal rubber 

sheath and the PTFE membrane filter in the middle. The PTFE membrane is quite porous like 

a sponge and blobs of biofilms are present throughout this ‘spongy’ structure (Figure 4.4, right 

column). The irregular, brightly fluorescing green blobs are the biofilms.  
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Figure 4.4 Epifluorescence microscopy imaging of the PTFE membrane filter using 0.03% w/v acridine orange 
taken by Brunel SP105F epifluorescence microscope using green filter light illumination (450 – 490 nm). 

Images on the left column are imaging results for biofilms on the surface of the rubber sheath. Images in the 
right column are those of the spongy PTFE membrane.   

 

The rubber sheath is a compact, solid body which has a dense structure unlike the PTFE 

membrane. Biofilms are also found growing on the surface of the sheath (Figure 4.4, left 

column). Areas of brightly fluorescing green regions often in line with the creases on the 

surface of the sheath are the biofilms.  

 

This simple experiment to demonstrate biofilm prevalence in real system has shown how 

biofilm can flourish over time ‘unknowingly’. Bear in mind that the samples are taken from an 

environment in which constant disinfection with ≤ 1 ppm of hypochlorite (as per WHO 

guideline) is maintained. Constant disinfection is supposed to prevent survivability of the 

bacteria. Alas, not only surviving, but they are also thriving as biofilms on a component of an 

analyser used to measure residual chlorine (from the disinfection process).  
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4.4.2 Biofilms are so persistent, it causes structural damages  

A simple epifluorescence microscopy has been used to provide visualisations in previous 

section. In current section, a more complex confocal laser scanning microscopy (CLSM) was 

used to provide better imaging resolution. Confocal microscope has the ability to image the 

entire body of the sample through ‘stitching’ using tile scanning (Figure 4.5). The resulting 

image also shows biofilm presence (brightly fluorescing green structures). An interesting 

feature of the sample was observed on the rubber sheath.  

 

  
A B 

 
Figure 4.5 Fluorescence imaging of the PFTE membrane sample taken with Leica SP5 AF confocal microscope 

using tile scanning. Imaging is performed by using 0.03% w/v acridine orange at 450 – 490 nm light 
illumination. The red box refers the fine Y-shaped crack (B) that is resolved further using WLI in Figure 4.6.  

 

There is a peculiarly fine Y-shaped crack cutting thorough the creases of the sheath (inside red 

box). This area is visualised further with white light interferometry (WLI) (Figure 4.6 A). This 

technique can image the rubber sheath, but not the PTFE membrane as the membrane is ‘see-

through’ and does not reflect the light used to image WLI scans. Surface profile and the profile 

height measurements are the output of the technique. The sample is then magnified 11x and 

the Y-shaped crack is resolved (Figure 4.6 B). Based on the height profile measurement, the 

Y-shaped crack appears to be a kind of micro-fracture that is lower in height than to top creases 

of the sheath (those appearing light green, refer to the colorised height scale), but it is higher 

than the valleys created by the creases of the sheath (those appearing dark blue). It seems like 
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the Y-shaped crack is fracturing the sheath, but then fills it up again with ‘something’. It is like 

something is growing and filling up the space, and this ‘filler’ is transparent enough for WLI 

imaging to still be able to see the structures underneath the Y-shaped crack. 

 

 
A 
 

 
B 
 

 
C 
 

Figure 4.6 White light interferometry (WLI) imaging of the Y-shaped crack on the surface of the rubber sheath 
of the membrane filter (from Figure 4.5) at 2.8x magnification (A), 11x magnification (B) and 20x 

magnification which is also rendered in 3D (C).  

 

This area of the sample is further magnified at 20x and is rendered in 3D (Figure 4.6 C). the 

3D rendering of the area shows exactly as what has been described in the previous paragraph. 
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A translucent structure is filling up the space created by the Y-shaped crack. Referring to the 

original CLSM scan of the image, this Y-shaped crack appears brightly fluorescing green – 

which means that the structure filing up the Y-shaped cracked is the ‘biofilm’ itself. It is 

interesting to learn that the bulk of biofilm structure appears translucent – like hydrogels – 

under WLI imaging. This supports what is mentioned in the literature about EPS (the principal 

biofilm architecture) being composed of more than 90% water, making it rather translucent just 

like hydrogels.  

 

This clearly shows how persistent bacteria are in real life situations. They survive constant 

chlorination; they thrive within biofilm structures, and they are able to cause structural damage 

overtime. Biofilms thriving in unwanted places can be very dangerous.  

 

4.4.3 If biofilms are impossible to avoid, how should we get around this problem? 

If there is one specific lesson that can be learned from the results of the analysis of the 

environmental samples as described in previous sections, it would be that prevention of biofilm 

formation has failed. It has been clearly shown through the various imaging and surface 

characterisation analysis of the environmental samples as presented in the previous sections 

that biofilm is so persistent it is still able to survive and thrive in an environment that is 

designed to suppress its presence. Chlorination of drinking water distribution system (DWDS) 

has a purpose to prevent microbial abundance throughout the pipeline. However, bacterial 

biofilms still manage to thrive on and cause some damage to PTFE membrane filters that have 

been indwelling for half a year.  

 

Preventative measures will only delay bacterial attachment to surfaces (and its subsequent 

biofilm formation), but it never truly addresses the actual root cause of the problem. Biofilms 
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will never form if there is no viable bacterial cell present in the system to begin with, but this 

is not a practical approach. Drinking water is never intended to be treated into a sterile quality 

because it is technologically and economically impractical.46  

 

Biofilms are impossible to avoid, so it is of highest priority to try to understand the underlying 

physico-chemical effects of biofouling to electrochemical sensors to be able to find the most 

effective way(s) to manage biofouling (Chapters 5 and 6). Moreover, it may be necessary to 

think from a wider point of view – from the whole concept of remote, online, in situ sensors 

network as a new strategic approach to better monitor the quality of distributed clean drinking 

water which will require periodical in situ clean up. However, this also comes with its own 

challenges and design engineering limitations (Chapter 7). By understanding how biofouling 

affects the sensors, it can be possible to determine when biofouling actually occurs and how 

often the cleaning cycle should be performed. Both approaches will together form a 

comprehensive solution to manage biofouling of indwelling electrochemical sensors to develop 

biofouling resistant sensors.   

 

4.5 Conclusion 

Simple fluorescence microscopy and surface profiling of environmental sample taken from an 

actively and constantly disinfected pipeline network of a DWDS in Bristol area has shown the 

extent of the existence and the seriousness of biofouling in real life situations. Biofilms persist 

and thrive under external pressures which was designed to prevent their formation, thus, 

prevention measures have failed and focus should now be directed towards efforts to 

understand the underlying physico-chemical effects of biofouling to electrochemical sensors. 

The knowledge obtained can then be used to formulate cleaning protocols to manage biofouling 
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better – because biofilm will always form in DWDS which is never intended to be sterilised 

for practical and economic reasons.  
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5 Modelling the effects of bacterial biofouling on electrode 

reactions using a novel electrochemical rapid biofilm  

 

5.1 Introduction 

Understandings of how biofilms affect sensor performance is critical in the application of 

indwelling electrochemical sensing because biofilm will always form eventually and interfere 

with mass transport and electron transfer at the electrode/solution interface. Voltammetric 

elucidation of effects of biofilm formation on electrode reactions (diffusional mass transport 

and electron transfer kinetics, see Sections 2.3 and 2.4) will be the focus of this chapter. The 

rotating disk electrode and Koutecký–Levich analysis will be used for the first time (see 

Sections 2.5 and 2.5.4–2.5.6). The findings can be useful to infer practical lessons, such as to 

characterise biofouling event in situ, determine the cause of the drift in situ and inform cleaning 

strategies.  

 

As the first step, biofilm should be deliberately grown during experiments. A timeframe of at 

least 2 days up to several weeks is typical in biofilm research.1 This is not practical in the 

context of sensor prototyping. As an answer to this constraint, a novel experimental method to 

rapidly grow biofilm of Pseudomonas fluorescens in just 2 hours has been successfully 

developed and it will be presented in this chapter. Quantitative analysis has shown that a key 

physico-chemical characteristics of a biofilm that is relevant in the context of electrochemical 

sensors biofouling has been successfully established in just 2 hours. This chapter explores 

objective (iii) from Section 1.9.  

 

 



 159 

5.1.1 Key characteristics of biofilms in the context of electrochemical sensor biofouling 

Most work has focussed on the physiology of biofilms (i.e., mimicking structure and function), 

but this project will be specifically aimed towards the understanding of physico-chemical 

effects of bacterial biofouling on electrochemical sensor performance. Hence, key 

characteristics of biofilms that will contribute to this context will be established (Table 5.1).  

 

Table 5.1 A summary of replicable key characteristics of biofilms and how it is replicated in this project. 

Key 
characteristics 

of biofilms 

Specific 
characteristics 

Implications in the context of 
electrochemical sensors 

biofouling 

How it is replicated in 
this project 

Its existence 
The presence of the 
biofilms itself on the 
surface of electrode 

Biofilms presence on electrode 
surface effectively turns an 
electrode into a modified electrode 
and should be treated as one during 
analysis. 

Intentionally growing 
biofilm on electrodes (this 
chapter) and surface 
coverage of electrodes by 
thin layer hydrogels 
(Chapter 6) 

Biological 
components 

The residential 
bacterial species 
communities, can be 
mono species or multi 
species 

Selection of bacterial species to 
model the biofilms. Most models 
have focused on the most prevalent 
bacterial species. However, other 
kinds may also need to be 
addressed, such as the pioneers of 
attachment. 

Pseudomonas fluorescens 
as model organism in 
mono species biofilms 
(this chapter) 

Chemical 
compositions 

Building blocks of 
macromolecules, 
primarily of 
polysaccharides 

These chemical compositions will 
establish secondary physico-
chemical properties that may affect 
other primary characteristics (i.e., 
biological components, physical 
properties). 

Selection of hydrogels 
material that represent 
some components of 
biofilm structure, i.e., 
alginate, agarose (Chapter 
6) and cellulose acetate 
(Chapter 7) 

Physical 
properties 

Structural and 
mechanical properties 

More evident in flow-based 
systems, these properties will affect 
the transport properties of biofilms 
which in turn affects electrode 
reactions. 

RDE system is used, 
which introduced a highly 
controllable forced 
convection (this chapter, 
Chapters 6 and 7).  

Transport properties 

These properties are directly related 
to mass transport of analyte or 
redox probe towards electrode 
surface. 

Permeability or mass 
transport rate constant 
within the film, !"! #⁄  (this 
chapter and Chapter 6) 
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Biofouling of electrochemical sensors due to biofilms formation can essentially be considered 

as a form of chemical modification of electrodes. As such, it is a reasonable approach to 

elucidate the effects of biofilm as the ‘modifying structure’ by using methods used to 

characterise modified electrodes, particularly hydrodynamic techniques using rotating disk 

electrode.2 Many of its application are based on monolayer modification of electrodes, but 

complicated structures has also been considered,2,3 thus, it fits with the context of biofilm.  

 

The specific key characteristic of biofilms which directly intercalates with reactions at the 

electrode/solution interface is the permeability characteristics of the film (Table 5.1). Later in 

Section 5.1.9, it will become evident that this characteristic is the mass transport rate constant 

of the film (also see Sections 2.3 and 2.4). Anything that may affect this transport process, 

including biofilms formation on electrode surface, will interfere with the performance of the 

sensor.  

 

The biological component of biofilms may appear to be the easiest one to replicate, but is 

complex. Mono species biofilms of a defined bacterial species have always been used for 

simplicity,4–7 followed by multi species biofilms which may consist of two or more defined 

bacterial species.8–10 In reality, natural biofilms that are found in real environments will have a 

very diverse communities of bacterial species with complicated ecology. Chemical 

compositions of biofilms may also appear to be easy to replicate. Building blocks of 

macromolecules, mostly in the form of polysaccharides, are the main component that 

chemically make up the bulk structure of biofilms. These macromolecules often have chemical 

similarities with common organic polymers already widely used in research. Both biological 

and chemical compositions of biofilms determine physical properties arising within the 

microenvironment of biofilm ecosystem. Physical properties of a biofilms are often defined 
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based on the notion that biofilms are a type of a structure, so its mechanical properties may 

also be replicated.  

 

5.1.2 Developing the framework to engineer rapid biofilm formation protocol 

Bio-engineering of biofilm formation is only possible through adequate understanding of the 

science of biofilm formation. According to the latest understanding of biofilm formation and 

development (see Section 4.1.5), two major critical events are identified: (1) initial bacterial 

adhesion to surface and (2) production of extracellular polymeric substance (EPS) as the 

defining structural characteristic of a biofilm.  

 

EPS is produced by the attaching bacterial cells and may be a response to certain external 

stimuli which may be regulated through gene expression.11–13 There is therefore a strong 

possibility that EPS production is a defensive response to external stress factors, such as 

chemical stress. Therefore, a reasonable framework to bio-engineer biofilm formation would 

consist of the modulation of the surface chemistry of the electrodes to stimulate bacterial 

adhesion. Once the bacterial cells are established on the surface, EPS production should be 

induced such as through chemical stress with non-specific target.  

 

5.1.3 Design inspirations for the novel rapid electrochemical biofilm formation method 

The novel experimental method developed to engineer the rapid electrochemical biofilm 

formation was formulated through design inspirations coming from other fields of science and 

other contexts of the science of biofilm formation: tissue culture and the relationship between 

biofilms and antimicrobial resistance (AMR).  
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Tissue-culture treated plates 

Mammalian cell lines are grown on tissue-culture treated plates which have been modified to 

facilitate better adhesion of mammalian tissue lines, to ensure confluency. These have also 

been used as a popular tool in biofilm research. Biofilms grown on tissue culture plates are 

used to develop biofilm formation abundance assay using crystal violet14 or other application 

such as to test the ability of PEDOT:PSS conducting polymers in modulating bacterial adhesion 

to surfaces.15 These reports have shown that bacterial cells are able to attach firmly on tissue 

culture plates, despite being originally designed for mammalian cells and tissue.  

 

A particularly interesting feature related to the usage of these plates in tissue culture laboratory 

is the protocol used to detach the lawn of mammalian tissue or cells from the walls of the plates, 

which is called trypsinisation. A mixture of enzyme and chelating agent is normally used for 

detaching the cells, such as trypsin and EDTA mixture.16 Trypsin is a C-terminal protease 

whose principal targets are lysine and arginine in the protein components of the biofilm. EDTA 

chelates calcium ions Ca2+ that integrins require to maintain cell adhesion.17,18  

 

Cell attachment to surfaces is facilitated by intermolecular forces between the attachment 

surface and components on the cell surface. Intermolecular forces is a relatively weak force 

with energy only accounts for 5 – 10% of covalent forces (see Table 4.4).19 Covalent forces 

between the attachment surface and the cell surface may have a role too because the forces 

responsible to hold the cells firmly to the wall of the tissue culture plate is so significant that 

an enzymatic action, with the help of a calcium chelator and sometimes physical tapping of the 

plates, has become the standard protocol for detaching cells during routine tissue culture work. 

Further, this also implies that the wall of tissue culture plates must have been modified to alter 
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certain characteristic of its surface to facilitate deliberate cell attachment. Not all surfaces can 

support deliberate cell attachment well.  

 

Tissue-culture treated plates are ‘plasma-treated’ to make them more hydrophilic, resulting in 

net negative charge from oxygen-containing functional groups (carboxylates) leading to 

increase in cell attachment.20  Thus, it can be hypothesised that treating the surface of electrodes 

with oxygen plasma will alter the surface chemistry of the electrode to increase the attachment 

of bacterial cells onto the electrode as the first step in biofilm formation.  

 

The effects of triclosan on biofilm structure 

A recent finding described how triclosan has now been found to alter biofilm structure. The 

original research focused on the role of biofilm in facilitating antimicrobial resistance (AMR), 

with particular interest in the role of disinfectants that are widely used in consumer products, 

such as triclosan, in biofilm formation, hence its wider role in AMR. It was shown that 

incubation of Staphylococcus aureus with triclosan increases polysaccharide proportions in the 

biofilm matrix, that could potentially mediate protection against antibiotics, making it more 

difficult to kill with ciprofloxacin, rifampicin and vancomycin as tested.21  

 

Triclosan is a known antibacterial agent. Incubation of bacterial culture in triclosan is akin to 

introducing chemical challenges to the culture. EPS production in biofilm formation is a form 

of defence mechanism against external chemical challenges. As such, it may therefore be 

possible to induce EPS production, which is the defining characteristic of biofilm, by 

introducing external chemical stress to bacteria to provoke their defence mechanism. However, 

the caveat is that the chemical stress should have no specific molecular target like medicine or 

antibiotics which could lead to resistance.  
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Hydrogen peroxide, H2O2, is another commonly-used disinfectant with no specific target and 

is also produced during immune response. It has a strong oxidising properties and is a source 

of hydroxyl radicals, via the Fenton reaction and related mechanisms.22,23 Moreover, unlike 

triclosan, hydrogen peroxide can be easily generated electrochemically by reduction of oxygen. 

This is an important aspect from experimental point of view, as bacteria will only begin to form 

biofilm when it is already attaching on a surface. Hence, the ability of the experimental setup 

to generate the chemical stress at the interface between the surface (the electrode) and the 

bacteria that already attached on it will be immensely useful as it will avoid the need to 

homogenise the entire solution which can potentially disrupt the bacterial cells already 

attaching on the surface. Thus, it can be hypothesised that a more rapid production of EPS by 

the attaching bacterial cells can be induced through the application of electrochemically 

generated hydrogen peroxide at the electrode surface.  

 

5.1.4 Selection of model organism for rapid biofilm formation 

Environmentally relevant biofilms in drinking water settings are enormously diverse. 

Douterelo et al. has shown that even in a seemingly ‘clean’ treated drinking water that flows 

through a distribution network, a vastly diverse microbial phylogenetic profile exists.24 

Attention should be drawn into the pattern of abundance of bacterial species present on bulk 

water and within the biofilm (Figure 5.1). Irrespective of the source water of the network (i.e., 

surface water and groundwater), bacteria that belongs to the genus Pseudomonas are more 

abundant than all other genera within the biofilms. Pseudomonas bacteria are particularly very 

abundant in biofilms within networks that are supplied by groundwater, at 75% to 100% 

abundance. The investigators attribute this to low-flow hydraulic conditions.24  
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Figure 5.1 The figure above is from reference 24. The heat maps show percentages of the most abundant 

bacteria and fungi at genus level within bulk water and biofilm samples (n = 3). Map (a) refers to bacterial 
genus and (b) refers to fungal genus. Only bacterial genus is discussed in the text as the focus will be solely on 

bacterial biofilm. This figure is used on the basis of fair use. 
 

Interestingly, by looking into the bacterial abundance on the bulk water, bacterial genus 

Pseudomonas is not always the most abundant, especially in networks with groundwater as 

source water. Bacterial genus Hyphomicrobium is the most abundant in bulk water from 

networks with groundwater source. On the other hand, networks with surface water as source 

water has bacterial genus Pseudomonas and Serratia as the most abundant, but they each only 

constitute 25% to 50% of the total abundance. This observation has several implications:  

• abundance does not mean that the most prevalent is the likely pioneer in initial 

attachment, 

• the common selection of bacteria from genus Pseudomonas may be valid for general 

biofilm studies,  

• Pseudomonas aeruginosa is often seen as the most abundant bacterial species in 

biofilm, but P. fluorescens follows second– the use of P. aeruginosa for drinking water 
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biofilm studies is not absolute if using abundance as metric of selection, as the most 

abundant bacteria comes from genus Pseudomonas in general,  

• if we use abundance as metric for likely pioneer, then pioneer bacteria are likely coming 

from unfamiliar genus such as Hyphomicrobium or Serratia which is more common. 

However, in the case for Serratia, its abundance drops as it goes into biofilms, so its 

significance is unclear.  

 

Abundance can still be a reasonable metric to choose model organism, so P. fluorescens will 

be chosen as the model organism. The model organism will be subjected to novel experimental 

manipulation. Thus, borrowing from the practices in synthetic biology in which only CL1 

microorganisms should be used in the alteration of gene expression, P. fluorescens which is a 

CL1 bacteria has been chosen as the model organism.   

 

5.1.5 Biofouling of indwelling electrochemical sensors alters sensor performance  

Biofouling blocks access to electrode surface, interferes with signal conversion by altering 

mass transport and kinetics. Anything that prevents analyte to reach the surface or prevents the 

surface chemical reaction to occur will impair sensor performance.25 Selectivity and sensitivity 

are the main performance characteristics of a sensor and are generated at the electrode surface. 

Selectivity describes the ability of the sensor to identify and distinguish the target analyte from 

everything else. Sensitivity describes the correlation of the generated signal with the actual 

concentration of the analyte,26 and is typically quantitatively represented as the slope of the 

calibration working curve. Biofilm deposition may exert multiple physico-chemical effects 

altering these performance characteristics, which may include (Figure 5.2): 

• Blocking diffusional access to the electrode surface. This can be modelled using e.g. 

excluded volume approaches.27 Quantification or estimation of the impact on local 
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diffusion coefficients may be possible in the lab using outer sphere redox couples that are 

insensitive to surface condition (see McCreery).28  

• Kinetically and electrocatalytically active sites will be disproportionately affected by 

adsorption; their function largely depends on a promiscuous ability to adsorb molecules 

from solution. This will affect the form of the current-voltage relationship in 

amperometric/voltammetric sensors. Since selectivity depends, inter alia on potential, such 

effects seriously affect the function before biofilm formation becomes overt.  

• Complete or partial insulation of the sensor. Even patchy film formation could severely 

interfere with electrode reactions (Figure 5.3).  

• The presence of biofilm may lead to partitioning phenomena due to e.g., hydrophobic 

domains or Donnan equilibria (arising from fixed charges on polymer adsorbates) which 

could give rise to analyte concentrations and local pH that are different from bulk solution 

values.  

• Double layer structure will be affected by adsorption which will affect dynamic behaviour.  

• Mechanical effects at the metal-insulator boundary e.g., delamination of sensor structure 

and disruption of local flow.  

• Biofilm components, such as reduced cysteine residues or pyocyanin, may react with 

electrode reaction reactants or products, distorting the calibration in a way that is hard to 

detect directly.  
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Figure 5.2 The multiple physico-chemical consequences of biofouling of electrode surface in an 

electrochemical sensor. (a) Blocking diffusional access to the electrode surface, (b) kinetically active sites will 
be disproportionately affected by adsorption, (c) complete or partial insulation of the sensor and mechanical 

effects at the metal-insulator boundary e.g., delamination and disruption of local flow, (d) double layer structure 
will be affected by adsorption which will affect dynamic behaviour, (e) the presence of biofilm may lead to 

partitioning phenomena due to e.g., hydrophobic domains or Donnan equilibria (arising from fixed charge in the 
adsorbed film) which could give rise to analyte concentration and local pH that are different from bulk solution 

values, (f) biofilm components, such as reduced cysteine residues, may react with electrode reactants or 
products, distorting the calibration in a way that is hard to detect directly.29  
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Figure 5.3 Hydrodynamic quasi-steady-state voltammograms of glassy carbon electrodes in oxygenated PBS 
showing the impact of even patchy coverage of biofilm. Red and blue voltammograms represent a pristine and 
biofouled electrodes respectively in air-equilibrated PBS.  Note the hysteresis (∆"), and thus capacitance (Cdl) 
decreases after fouling. Note the negative shift in half-wave potential and wave width reflecting a decrease in 

electron transfer rate constant (k0) and the change in potential for solvent reduction. Mass transport also 
becomes slower as indicated by the smaller diffusion limited current (id) during fouling.29  

 

5.1.6 Sensor performance is determined by electrode reactions 

Everything happens at the electrode surface. Any signal that an electrochemical sensor 

generates is a direct result of all events that occur at the electrode surface. This occurrence is 

called electrode reactions or electrode processes. The plural noun is an emphasis that the signal 

transduction occurring at the electrode surface is a multistep process. Electrode reactions are 

ultimately achieved by redox reaction between analyte and the electrode at the electrode 

surface. This reaction generates a flux of electrons which is equal to the electrical current that 

reads out as the signal scaled appropriately, i.e., the flux J is related to the external current i by 

! = # $%&⁄ 	 where F is Faraday’s constant and A is the electrode area. This electrical current is 

measured as a rate of redox reaction between the redox couple at the electrode surface, hence 

this process is called electron transfer kinetics. However, before this reaction can occur at the 

electrode surface, the analyte must travel from the bulk solution towards the electrode surface, 

a process which is called mass transport (Figure 5.4).  



 170 

 

Mass transport in electrode reactions can be categorised as migration, convection and diffusion. 

Migration is normally assumed to contribute insignificantly to the signal as long as high ionic 

strength screens the electric field. The screening length scale of electric potential in ionic 

solutions is quantified by the Debye length, typically <0.5 nm for ionic strengths in typical 

electroanalytical experiments (1 M) to 10 nm for mM ionic strength.30 Convection happens 

through introduction of flow into the system. Diffusional mass transport is described by 

diffusion coefficient (DO).2 Electron transfer kinetics is described by standard rate constant (k0) 

and the transfer coefficient (a). See Chapter 2 for detailed explanations on electrode reactions.  

 

 
Figure 5.4 Illustration of electrode reactions, mass transport and electron transfer kinetics that are involved in 

signal generation in electrochemical sensors.25,31 The analyte need to be within the 10Å distance limit for 
electron transfer to happen according to quantum mechanics models (Section 2.4 on Marcus theory).  

 

5.1.7 Electrochemical techniques for assessing bacterial biofouling effects to sensors 

The electrochemical analysis used to characterise the effects of biofouling on electrochemical 

sensors relies on commonly used electroanalytical methods such as cyclic voltammetry (CV)32–

35 and electrochemical impedance spectroscopy (EIS).34,36,37 Chronoamperometry (CA) has 

also been used to characterise films on electrode surfaces,35,38 which can be applied for 

biofouling situations. CV, EIS and CA are electroanalytical techniques that can be performed 

in situ, controlled and assessed remotely. Observation of the changes in the shape of the 

voltammogram in CV can provide information regarding the electrode surface cleanliness, 
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which suggest interference in the electron transfer kinetics; for example, peak width at half-

height can be characteristic of the kinetically significant transfer coefficient a2 for quasi-

reversible reactions. EIS can also be used to obtain information on electron transfer kinetics 

through measurement of the charge transfer resistance (Rct) at the open circuit potential and 

thus exchange current density and heterogeneous rate constant. CA is a transient technique that 

can provide diffusional information at certain distances from electrode surface depending on 

the duration of potential step applied, which can be useful to determine presence of film on the 

electrode surface and its impact on mass transport. 

 

Simple electroanalytical methods such as cyclic voltammetry (CV) can also be useful in early 

detection of biofouling. Adsorption is expected to reduce double layer capacitance (Cdl) by 

displacing counter ions at the electrode surface. This can easily be quantified from the 

hysteresis (∆#) in the double layer region of the cyclic voltammogram from the expression 

*!" =
∆$

%(!' !(⁄ )
 and can provide a ready assessment of sensor condition. EIS can also provide 

this information but may be harder to implement in situ. CV can also reveal the presence of 

redox active molecules characteristic of specific bacterium, where present. Biofilm formation 

can be detected from pyocyanin, a redox-active quinoid32 produced by Pseudomonas 

aeruginosa (PA) that is prevalent in biofilm. However, it is a quorum-sensing molecule and is 

only produced for high density of PA cells, a situation which would arise long after sensor 

failure had arisen.  
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Table 5.2 A summary of electroanalytical methods used and parameters quantifiable from each method to 

investigate changes in electrode reactions due to electrode surface modifications.  

Method 

Electrode reaction probed 

Parameters 
quantified 

Quantification 
procedure 

Faradaic 
Non-

faradaic Mass transport 
Electron 
transfer 
kinetics 

Hydrodynamic 
voltammetry (HDV) YES   DO from id  

Rotating disk 
electrode 
Levich equation 

Hydrodynamic 
amperometry (HDA) 

YES YES  

DO from KL slope 
k0 from KL y-
intercept 
(kDs/j)film (film 
characteristics) 
from 
characteristic 
currents 
k0film from KL y-
intercept when 
the electrode 
surface is 
modified 

Rotating disk 
electrode 
Koutecký–
Levich equation 

Cyclic voltammetry 
(CV) 

YES 

* 
*parameter for 

electron 
transfer 

kinetics can 
also be 

extracted from 
CV 

measurements 
through current 

function 
analysis 

YES 

Hysteresis (Di on 
non-faradaic 
region)† 
|Ep – E1/2| to 
check 
reversibility†  
Cdl from 
hysteresis 
DO from ip  

Randles–Sevcik 
equation 
Savéant current 
function 
analysis (for *) 
Direct 
voltammogram 
reading (for †) 

Chronoamperometry 
(CA) YES  

** 
**non-

faradaic 
parameter 
such as Rct 
and Cdl can 
be obtained 

using 
solutions 

containing no 
electroactive 
substance  

DO from i(t)  
Cdl 
Rct 

Cottrell equation 

Electrochemical 
impedance 
spectroscopy (EIS) 

*** 
***parameter for 
mass transport 

can also be 
extracted from 

EIS 
measurements 

through the 
analysis of 
Warburg 

impedance 
component 

YES YES 
Cdl 
Rct 
k0 from Rct  

Nyquist plot and 
curve fitting 
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Commonly used electrochemical techniques do not address the problem of unknown mass 

transport conditions across biofilm structure, which is a poorly addressed problem in biofilm 

studies.39 Thus, hydrodynamic voltammetry and amperometry using the rotating disk electrode 

(RDE) have also been used to characterise and quantify biofouling effects on mass transport 

and electron transfer kinetics in a dissolved oxygen measurement.33 It is not an in situ 

technique, but RDE techniques are generally a robust and useful tool to characterise any film 

on electrode surface,38 including biofilm, because it is possible to obtain information on both 

mass transport and electron transfer kinetics from a single experiment. RDE analysis using the 

Koutecký–Levich equation enables separation of electrode processes into two distinct 

mathematical expressions2 quantifying kinetics and mass transport.  

 

A summary of parameters obtainable from the methods mentioned is available on Table 5.2. 

Despite the ability to provide information on individual rate-determining step in electrode 

reaction, there are limitations to electrochemical techniques commonly used in biofilms studies 

in that it requires further chemical and physical evidence to ascertain an observed response.39  

 

5.1.8 Other methods used in biofouling assessment 

Additional characterisation methods can include different types of microscopic, spectrometric 

and gravimetric techniques to gain a better understanding of the biofouling processes and its 

effects on sensor performance. These three techniques are not particularly useful for in situ 

characterisation and detection of fouling, because they involve the need to remove the parts to 

be analysed from the system and they also need a specialised instrumentation not native to 

typical sensor instrumentation. Table 5.3 provides a summary of various characterisation 

methods that can be used in biofouling investigation, along with the types of information 

obtainable through the methods and the in situ compatibility of the methods. 
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Table 5.3 Summary of characterisation methods for biofouling on electrochemical sensors and the respective in 
situ compatibility in a sensor network. The notion of whether a characterised information can be a proxy for 

sensor performance is based on the premise that sensor performance is strongly related to electrode reactions.   

Method of 
characterisation Technique Information obtained 

Information 
obtained is a 

proxy for sensor 
performance? 

In situ 
compatible? 

Electroanalytical 
methods 

Cyclic voltammetry 

Mass transport 
Kinetics 
Hysteresis 
Double layer capacitance 

Yes Yes 

Electrochemical 
impedance 
spectroscopy 

Mass transport, through 
Warburg impedance 
Kinetics 
Charge transfer resistance 
Solution resistance 

Yes, indirectly (by 
probing surface 
condition) 

Yes 

Chronoamperometry Mass transport 
Double layer capacitance Yes Yes 

Rotating disk 
electrode techniques 

Mass transport 
Kinetics 
Film characteristics 

Yes, although 
through rigorous 
mathematical 
analysis based on 
a robust model of 
Koutecký–Levich 

No, but extremely 
useful in design 
stages 

Microscopy 

Light microscopy 

General visualisation of any 
surface features, only useful 
for optically transparent 
objects.  

No No 

Epifluorescence 
microscopy 

Visualisation of bacterial 
cells (using fluorophores 
Baclight LIVE/DEAD, 
acridine orange). 
Visualisation of biofilm 
extracellular polymeric 
substance (EPS) through 
fluorescence lectin-binding 
analysis (FLBA) (using 
fluorescent-labelled lectin 
proteins). 

No No 

Electron microscopy 
Observation of bacterial 
nanostructures responsible 
for surface attachment. 

No No 

Spectrometry 

Crystal violet based 
spectrometry Abundance of biofilm No No 

Raman spectrometry Non-destructive real time 
detection of biofilm. No  No 

Surface Enhanced 
Raman Spectrometry 
(SERS) 

Characterisation of 
composition and structure of 
biofilm. 

No No 

Gravimetry Quartz crystal 
microbalance (QCM) 

Conditioning film formation 
studies. 

Maybe, but can be 
complicated. 
Conditioning film 
may have a 
correlation with 
(electrode) surface 
conditions, which 
can be an indirect 
proxy for sensor 
performance.  

No 

 

Microscopic techniques can be useful to visualise the actual physical presence of biofouling 

films on the surface.40 This includes light microscopy, epifluorescence microscopy and 
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electron microscopy. Light microscopy is only useful for optically transparent samples. 

Epifluorescence microscopy does not require for the samples to be optically transparent 

because it uses reflected light to visualise a fluorescently labelled sample, which means it 

requires the use of a fluorophore or fluorescent dye. Baclight LIVE/DEAD viability kit is the 

commonly used fluorescent dye.41–45 Acridine orange46 has also been used and it is more cost 

effective and works as well with Baclight for visualising bacterial cells within biofilm, but it is 

unable to assess their viability. These fluorescent dyes can only stain the bacterial cells. If 

visualisation of the extracellular polymer substance (EPS) itself is required, a different staining 

method which is called fluorescence lectin-binding analysis (FLBA) should be used.47–49 This 

analysis uses the interaction between fluorescent-labelled lectin proteins with sugar molecules 

that forms the EPS. Electron microscopy such as scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) has excellent resolution, down to sub-nanometre 

resolution, enabling the observation of bacterial nanostructures that are, for example, 

responsible for surface attachment, but it is an invasive method that dehydrates the biofilm1 

and is restricted to thin conductive films which enable passage of the electrons. Whilst 

environmental SEM has become more available, electron microscopy methods typically 

employ high vacuum with inevitable distortions of biofilm structure which render these 

techniques less useful.29   

 

Spectrometry and gravimetry have also been used for lab-based investigations. Crystal violet 

based spectrometry was developed to assess abundance of biofilm.50 Raman spectroscopy has 

also been used for real time detection of biofouling.51 It is a non-destructive technique that 

provides fingerprint information of a molecule by providing information on the identity of the 

chemical bonds. Surface-enhanced Raman spectroscopy (SERS) is a form of Raman 

spectroscopy that provides enhanced scattering of molecule in close proximity of a 
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nanostructured noble metal (e.g., silver or gold) enabling characterisation of composition and 

structure of biofilm.52 Quartz crystal microbalance (QCM) is a gravimetric technique and has 

been shown to be useful in studying conditioning film formation which is considered to be an 

important factor in biofilm formation1,53 though the quantitative analysis of non-rigid films in 

contact with solution can be challenging. 

 

5.1.9 Hydrodynamic methods and Koutecký–Levich analysis for biofouling studies 

Despite its ability to overcome the issue of unknown mass transport conditions inside a biofilm 

structure,39 hydrodynamic methods using rotating disk electrode (RDE) have been underused 

for studying biofilms and its related phenomena, including biofouling of electrochemical 

sensors. Even more, there is no known use of Koutecký–Levich for thorough analysis of mass 

transport and electron transfer kinetics in that context to date. The closest hydrodynamic 

method application in biofilm-related studies is an original research paper by Babauta and 

Beyenal on the use of RDE setup to study mass transport effects on electron transfer using 

electrochemical impedance spectroscopy (EIS).54  

 

Koutecký–Levich analysis on modified electrode, such as electrodes fouled by biofilm, follows 

the general principles of the analysis (Section 2.5.5), but with additional resistance to the 

current due to the film or modifying structure (Figure 5.5). In the bulk solution (+ > - where 

- is the thickness of film), there are resistances to diffusion (1/id) in the solution. As the analyte 

reaches the film (0 < + < -), the film itself poses resistances (1/is). When the analyte finally 

arrives at the interface, there are resistances to the rate of electron transfer (1/ik). So, the 

Koutecký–Levich form for modified electrodes becomes the following 

+
$!"#

= +
$$
+ +

$%
+ +

$&((.*)
      (5.1) 
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where iS is a current corresponding to the limiting processes that is representative of the 

physico-chemical conditions within the film (or any modifying structure in general), and is 

defined as 

#, =
-./0%12

3
       (5.2) 

where DS is diffusion coefficient within film, 1 is partitioning coefficient at the film/solution 

boundary (1 = 2(3")
2(3,)

 assuming equilibrium at film/solution boundary, where *(-4) refers to 

analyte concentration just inside the film and *(-5) refers to analyte concentration just outside 

the film) and - is film thickness.  

 

 

Figure 5.5 A schematic representation of resistances to charge transfer in the presence of a modifying structure 
on the surface of an electrode in the context of Koutecký–Levich analysis using hydrodynamic methods. # is 

film thickness, $ is Nernst diffusion layer thickness, %- is bulk concentration, &(#.) refers to analyte 
concentration just inside the film and &(#/) refers to analyte concentration just outside the film.  

See explanation for equation (5.1) and equations (5.3) – (5.5) for details on the lower part of the schematic.  
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The individual contributions to the overall current cannot be determined directly, unless one of 

them is characteristic of a rate-determining process.2 It only serves as a mathematical 

representation of charge transfer resistances due to physico-chemical phenomena happening at 

an electrode due to surface modification. There are different types of possible characteristic 

currents depending on the limiting processes that define the resistance imposed by the film to 

the movement of charge (Table 5.4).2,55–57  

 

Table 5.4 A list of possible limiting processes that may occur in a physico-chemically modified electrodes.2 

Apart from Case A, all other cases refer to limiting processes that may occur within the modifying structure or 

film. Refer to Figure 5.6 for an illustration of these limiting processes. 

Type Limiting process(es) Characteristic current 
Koutecký–Levich 

form 

Case A 
Total diffusion control from bulk solution 

towards the working electrode system. 
%" = 0.62+,"∗""$ %⁄ -'( )⁄ .( $⁄  

1
%*
= 1
%"

 

Case S 
Diffusion of redox probe A within the 
modifying film structure. 

%! =
+01"!!,"∗

#  
1
%*
= 1
%"
+ 1
%!

 

Case P 

Permeation or partitioning of the 

concentration of redox probe at the 
interface of bulk solution and the outer 

boundary of the modifying film structure. 

%+ = +013,,"∗ 
1
%*
= 1
%"
+ 1
%!
+ 1
%+

 

Case E 

Apparent diffusion of charge (electrons), 
not the redox probe, within the modifying 

structure. This is a case in which the 

redox probe is not able to enter the 

modifying film structure, but still able to 
transfer the charge through a redox 

active mediator P embedded within the 

film.  

%- =
+01"-,+∗

#  

 

"- = " + 45$,+∗6 

 

Case R 

Cross reaction between redox probe and 

a redox active mediator within the 

modifying film structure. Both redox 
probe and the mediator are cross 

reacting within the film structure.  

%. = +01#4!,"∗,+∗ = +014Γ+,"∗ 
1
%*
= 1
%"
+ 1
%.
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Figure 5.6 A diagram of possible processes occurring at a modifying structure on a modified electrode. Refer to 

Table 5.4 for mathematical representations of each process (adapted from reference 2, Fig 14.4.1, page 68). 
 

There is a complicated interplay between physicochemical processes within the film structure 

(Table 5.5), so the limiting processes must be identified to simplify the analysis. Channel 

distribution (1/iCD) is assumed to occur rapidly as it gives direct access to electrode surface. 

Cross reaction between naturally dissolved oxygen (the redox probe) and the aerobic 

respiratory complexes of Pseudomonas fluorescence is also assumed to occur rapidly (1/iPf). 

Hence, it makes the diffusion of redox probe within the film (1/iS) and the resistance to electron 

transfer kinetics at the electrode surface (1/ik) to be the limiting processes. Diffusion within 

film can be assumed to be limiting as diffusion through a hydrated, membrane-like film can be 

severely hindered when, at large overpotentials, the electron transfer rate constant is 

large.27,58,59 Electron transfer at the electrode surface for electrocatalytic redox probe such as 

the naturally dissolved oxygen can be substantially altered when there is slightest structural 

change at the electrode surface which can significantly affect the electrochemistry of oxygen 

at the electrode surface. 

 



 180 

Use of the steady state simplifies the dynamic interplay of mass transport and electron transfer 

in a modified electrode by eliminating time as a variable, which is what hydrodynamic 

voltammetry at RDE does. Koutecký–Levich plot (K–L plot) enables the separation of the 

effects of rate limitation within the assembly (inside film) from those of convective diffusion 

outside (outside film).2 Film properties are obtained from this technique, by analysis of film 

characteristic current, is, which is obtained from the double reciprocal plot of Koutecký–Levich 

equation. Like the case of pristine electrode, mass transport and electron transfer kinetics 

properties can be calculated from the slope and y-intercept of the K–L plot, respectively.  

 

Table 5.5 A description of types of resistance to charge transfer occurring in a complex modifying structure or 

film on electrode surfaces.2 These have been separated into those occurring outside and inside the film.  

Outside film • Resistance to diffusional mass transport in bulk (1/iA) 

Inside film 

• Resistance to diffusional mass transport in film (1/iS) 

• Cross reaction with bacterial aerobic respiratory complexes, if the charge or electrons 
is carried out by dissolved oxygen as redox probe that act as an electrochemical tracer 

to study the effects of biofouling (1/iPf) 

• Contribution from channel distribution due to movement of redox probe through a 
pinhole or channel, as biofilms often has pores and channels arising from shear stress 

memory (1/iCD, from Bard & Faulkner p. 622. Eq 14.5.4) 

• Resistance to electron transfer kinetics at the electrode surface (1/ik) 

 

On fouled electrodes, the reciprocal of the y-intercept of double reciprocal K–L plot is the 

characteristic current of the film is from which the film properties or permeability 

characteristics are derived (is ~ Ds1/-) provided mass transport is rate-limiting.2 The general 

form in equation (5.1) consists of terms representing the inside of the film (1/ik + i/iS, which is 

the y-intercept of the K–L plot; highlighted in yellow in equation (5.3)) and those of outside of 

the film (1/id(l.c), which forms the slope of K–L plot; not highlighted in equation (5.3)). 

However, as 1/iS is a representation of diffusional properties, although it describes the situation 

inside the film (i.e., a part of y-intercept of K–L plot), its behaviour is more determined by the 

mass transport regime. This is important to later separate 1/ik from 1/iS to calculate the 
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parameters associated with both (i.e., ‘k0 in the presence of film’ (or k0,film) from 1/ik and ‘film 

properties 14, -⁄ ’ from 1/iS). The value for k0,film can be calculated from 1/ik at kinetic control 

region and 14, -⁄  can be calculated from 1/iS at mass transport control region. Nevertheless, 

its mathematical representation remains the same (Figure 5.5). 

 

+
$
= +

$$
+ +

$%
+ +

$&((,*)
      (5.3) 

in mass transport regime: km <<< ke.t. so #6 ≈ ∞⟹ +
$$
= 0  

+
$
= 0 + +

$%
+ +

$&((,*)
      (5.4) 

so, y-intercept = 7
81

 in mass transport regime. 

in kinetics regime: ke.t. <<< km so #9 ≈ ∞⟹ +
$%
= 0 and #!(",;) ≈ ∞⟹ +

$&((,*)
= 0 

+
$
= +

$$
+ 0 + 0      (5.5) 

so, y-intercept = 7
82

 in electron transfer kinetics regime. 

 

The above analysis will provide us with the following information related to the film: 

• ‘film characteristics 14, -⁄  or permeability’ which is the mass transport rate constant 

within the film, kd,film (units m/s) and is calculated from characteristic current iS. 

• ‘standard rate constant k0 in the presence of film’ (or k0,film) calculated from the y-

intercept of Koutecký–Levich plot for electrode modified with film, taken from the 

electron transfer kinetics regime (units also in m/s).  

 

Propagation of random error for electrochemical biofouling characteristics  

‘The standard rate constant k0 in the presence of film’ (or k0,film) and ‘permeability 14, -⁄ ’ are 

calculated from a combination of measured quantities involving several stages which is subject 
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to error, thus, its degree of uncertainty should be quantified by propagation of random error 

(Section 2.5.6). Error propagation for k0,film is the same as derived in Section 2.5.7 and the result 

should be presented as 8<,=8>? ± ∆8<,=8>?. Error propagation for 14, -⁄  has contribution from 

the error of the y-intercept of the K–L plot in mass transport regime (1/iS) from which it is 

calculated and should be presented as :;@ <⁄ ± ∆:;@ <⁄ .   

 

Error propagation for 14, -⁄  follows the form of 

=∆(14, -⁄ )>% = ? A
A(+ $3⁄ )

(14, -⁄ )@
%
∙ =∆(1 #,⁄ )>%    (5.6) 

where ∆(1 #9⁄ ) is the standard deviation of the K–L plot y-intercept obtained from curve fitting 

and A(103/3)
A(+/$3)

 should be manually derived to obtain  

A
A(+ $%⁄ )

(14, -⁄ ) = 4+
,∙(+ $%⁄ )4

      (5.7) 

where C = $%&*. 

 

5.1.10 Redox couples as a tool for studying electrode reactions  

Referring to Section 2.4 on Marcus theory of electron transfer kinetics: inner sphere and outer 

sphere electron transfer, it was described that redox couple with inner sphere electron transfer 

characteristic is different from that with outer sphere mechanism. ‘Inner sphere’ electron 

transfer happens through a common ligand and corresponds to specifically adsorbed reactants, 

showing kinetics strongly dependent on the chemical nature of the electrode surface. ‘Outer 

sphere’ processes are free from adsorption effects and can therefore be used to probe mass 

transport effects. Performance of the electrochemical sensor is determined by electrode 

reactions which depends on electrode surface conditions – fouling could require a larger 

overpotential to reach the diffusion-limited condition or prevent electron transport completely. 

Thus, inner and outer sphere redox couples can be used to assess electrochemical sensor 



 183 

performance by performing electroanalytical methods that can provide information on the 

kinetics and diffusive properties of the redox probes.  

 

Oxygen is an example of inner sphere redox probe. Oxygen reduction is an electrocatalytic 

reaction and therefore requires adsorption of the oxygen, and thus bond formation, prior to any 

electron transfer. Ruthenium(III) hexamine reduction (potential determining equilibrium: 

Ru(III)(NH3)63+ +	D4 ⇌ Ru(II)(NH3)62+ and the redox couple is Ru3+/Ru2+), which involves 1-

electron is an example of outer sphere redox probe where k0 is large (around 30 cm s-1) so it is 

thermodynamically reversible on all accessible timescales in standard electrochemical 

methods. An outer sphere redox probe such as Ru(III)(NH3)63+ is electrochemically reversible 

(fast kinetics), requires no adsorption, no bond breaking or formation with any functional 

groups on the electrode surface and involves no electrocatalysis. Another example for outer 

sphere redox probe is 1,1’-ferrocene dimethanol (Fc(MeOH)2) with a 1-electron electro-

oxidation pathway. Use of outer sphere redox probes with different charges can facilitate 

investigation of fixed charges on adsorbed films. 

 

Oxygen reduction reaction (ORR) 

Naturally dissolved oxygen is chosen for its potential use in in situ diagnostics. The selection 

of oxygen as the main redox probe of interest was based on its relevance in environmental and 

drinking water settings. Oxygen is naturally present in environmental waters, removing the 

requirement of introducing foreign substance into the drinking water network. Due to its 

electrocatalytic nature, its redox chemistry is highly dependent on the surface conditions of the 

electrode that makes up the sensor. The electrocatalytic redox chemistry of oxygen offers a 

convenient way to assess sensor performance remotely and in situ.  
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Oxygen reduction is usually described as two possible overall reaction pathways: (1) an overall 

4D4 reduction to water (though the evidence for this is equivocal) and (2) a 2D4 + 2D4 pathway 

(peroxide pathway).60 For this latter mechanism, the first overall step is a 2D4 and 2 proton 

reduction of oxygen to hydrogen peroxide (F% + 2H5 + 2D4 ⇌ H%F% with O2/H2O2 couple) 

followed by a further 2D4 reduction of hydrogen peroxide into water (H%F% + 2H5 + 2D4 ⇌

2H%F with H2O2/H2O couple) to a total of 4D4 reduction (Figure 5.7 and Table 5.6).61,62 The 

redox chemistry of oxygen and its reduction products are heavily dependent upon mechanistic 

pathway, substrate (i.e., electrode material and its surface chemistry) and solution acidity.22,60  

 

 

Figure 5.7 Generalised mechanism of oxygen reduction reaction. Taken from reference 63.   
 

Table 5.6 Formal potential E0’ associated with each reaction pathway of oxygen reduction.63  

Oxygen reduction pathway Formal potential E0’ Referenced to 

O2/H2O2 (n = 2) 0.082 V vs Ag/AgCl 
pH 7 
25 ºC O2/H2O (n = 4) 0.616 V 

 

Oxygen redox chemistry depends on pH. Figure 5.8 presents mechanistic pathway and redox 

potentials for oxygen reduction reaction at acidic, neutral, and basic solutions. The first electron 

transfer to O2 is almost invariably the rate-determining step.22  
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Figure 5.8 Different mechanistic pathways for oxygen reduction in water (H2O at 1 atm) at different solution 

pH. Standard reduction potentials are provided (O2 at 1 atm). The potentials in parentheses are formal potentials 
for O2 at unit concentration (adapted from Sawyer, reference 22). All potentials values are against NHE.   

 

5.2 Aims 

This chapter aims to describe two things: (1) a novel experimental method to rapidly grow 

biofilm electrochemically and (2) its application to gain insight on the effects of biofouling to 

diffusional mass transport to electrode surface and electron transfer kinetics at the surface of 

the electrode. Naturally dissolved oxygen is used as the paradigm and Pseudomonas 

fluorescens ATCC® 13525TM is the test organism. This chapter will discuss, for the first time, 

the application of RDE and Koutecký–Levich analysis for comprehensive extraction of 

information on mass transport and electron transfer kinetics of a bacterially fouled electrode.  
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5.3 Experimental methods 

5.3.1 Electrode surface preparation 

Glassy carbon and gold RDE electrodes with 5 mm diameter are used (E3 Series Fixed-Disk 

RDE tips, Pine Research, see Figure 2.21a). The electrode has a shroud of white solid PTFE as 

insulator material. Electrode was cleaned and prepared as described in Section 3.2.1. It is then 

disinfected by immersing the electrode in 70% v/v ethanol (aqueous) for 2 hours. The threaded 

contact end of the electrodes is covered with parafilm prior to disinfection.  

 

5.3.2 Inoculum preparation  

Pseudomonas fluorescens ATCC® 13525TM is received in a freeze-dried format from LGC 

Group. It is propagated before use (follow Section 3.3.2.1) and maintained through 

subculturing (follow Section 3.3.2.2). Inoculum is prepared in sterile TSB media by following 

protocols in Sections 3.3.2.3 and 3.3.2.4. A loopful of the stock culture of P. fluorescens in NA 

is transferred to 5 ml aliquots of sterile TSB to make the inoculum (or transfer 0.5 ml of NB 

stock culture into 4.5 ml aliquots of sterile TSB to make up 10% v/v P. fluorescens inoculum 

in TSB). Incubate the inoculated TSB overnight (16–18 hours) in a shaker incubator 

(continuously at 200 rpm) with temperature control set at 26 °C to allow optimal growth. At 

the end of incubation period, a small amount of the inoculum is aliquoted for absorbance 

measurement at 600 nm by using a spectrophotometer to determine its optical density (OD600). 

Measure OD600 and adjust to 106 cells/ml with the assumption that OD of 1 equal to 8 x 108 

cells/ml for Escherichia coli, 64 E. coli and P. fluorescens are roughly the same size and shape.  
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5.3.3 Growing naturally forming biofilm  

Naturally forming biofilm is grown passively without any manipulation by immersing the RDE 

electrode into a 10% v/v inoculum of P. fluorescens ATCC® 13525 TM in TSB. The electrode 

is then left as is inside a Containment Level 2 (CL2) microbiological safety cabinet for 3 weeks.  

 

5.3.4 Surface treatment with oxygen gas plasma 

Cover the threaded contact end of a prepared RDE electrode (as prepared in Section 5.3.1) with 

parafilm to avoid it accidentally altered by the plasma, then put the electrode inside the firing 

chamber of an oxygen plasma cleaner (Plasma Etch PE-25). Treat the electrode with pure 

(100%) oxygen plasma for 10 minutes. Do another one using plasma from ambient air (~20% 

oxygen). Set the supply valves to 15 cc/min. After plasma treatment is complete, keep the 

electrode carefully inside a sterile 15 ml centrifuge tube.  

 

5.3.5 Electrochemical rapid biofilm formation 

After leaving overnight, the inoculum from Section 5.3.2 is ready and its OD600 reading is 

taken, make a 10% v/v working inoculum in TSB from this overnight inoculum. Take 5 ml of 

this working inoculum and immerse the plasma treated electrode from Section 5.3.4 statically 

for 1 hour.  

 

5.3.6 Electrochemical local generation of hydrogen peroxide 

Without removing the electrode from Section 5.3.5 out of the working inoculum, apply a 

constant potential for the next 1 hour. Use –0.2V vs Ag/AgCl | 1M KCl for glassy carbon 

electrode and 0V vs Ag/AgCl | 1M KCl for gold electrode. The potential applied should be 

taken following examination of a hydrodynamic voltammogram. 

 



 188 

 
Figure 5.9 Experimental method for rapid lab grown biofilm of Pseudomonas fluorescens (taken from a 

conference poster by author).65  
 

5.3.7 Biofilm formation assessment 

Confirmation of biofilm presence can be performed by using fluorescence microscopy. 

Immerse the electrode in a solution of 0.03% w/v acridine orange (AO, A6014, Sigma) for 10 

min then let it air dry. AO will be absorbed by bacteria and intercalate with their DNA. It 

fluoresces green under 450–490 nm or blue light illumination.46  

 

5.3.8 Electroanalytical investigation of modelled biofouling 

Cyclic voltammetry (CV), chronoamperometry (CA), electrochemical impedance 

spectroscopy (EIS), hydrodynamic voltammetry (HDV) and hydrodynamic amperometry 

(HDA) are performed to provide data for analysis (Table 5.7). Protocols used to generate the 

data follows those described in Chapter 3.  

 

Standard deviations are calculated based on 95% confidence interval. Where results are 

obtained from K–L analysis, error propagation is used to calculate the standard deviation of 

the results (Sections 2.5.6 and 5.1.9). Thus, if the standard deviation does not overlap, the 

values compared are statistically dissimilar. When the standard deviation overlaps, these values 

are statistically similar.   
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Table 5.7 Experimental data for analysis to elucidate the effects of modelled biofouling to electrode reactions.  

Electrode Experiment 

Redox probe 
Electron 
transfer 

mechanism 

Molecule 
name Concentration  Solvent 

Glassy 
carbon 
d = 5 mm 

biofouling by 3-weeks 
P. fluorescens biofilm 

Inner sphere Oxygen ~20%  
(~0.24 mol/m3) 

Sterile PBS pH 7.4 

Outer sphere Ruthenium(III) 
hexamine 1 mol/m3 Sterile 1M KCl 

biofouling by 2-hours 
P. fluorescens biofilm Inner sphere Oxygen ~20%  

(~0.24 mol/m3) 
Sterile PBS pH 7.4 

Gold 
d = 5 mm 

biofouling by 2-hours 
P. fluorescens biofilm Inner sphere Oxygen ~20%  

(~0.24 mol/m3) 
Sterile PBS pH 7.4 

 

 

5.4 Results and discussions 

5.4.1 A novel protocol to rapidly establish biofilm formation electrochemically 

Epifluorescence microscopy by acridine orange staining (Figure 5.10) shows that the methods 

used to rapidly establish biofilm formation has been a successful event. This novel 

experimental protocol is tested for the first time on glassy carbon electrode. Image D (scalebar 

represents 1000 Im) from Figure 5.10 shows that there is a significant electrode surface 

coverage by P. fluorescens biofilm for glassy carbon electrode that has been treated with pure 

oxygen gas plasma prior to biofilm formation incubation, statically incubated for 1 hour and 

then polarised at –0.2V vs Ag/AgCl | 1M KCl for the next 1 hour during incubation to induce 

local production of hydrogen peroxide.  

 

The degree of biofilm formation of image D is compared to images A, B and C. Bacterial 

attachment was not quantified. Surface coverage is not quantified because visual observation 

through epifluorescence microscopy suffices the conclusion that a bacterial biofilm has been 

clearly formed. The aim of this novel experimental method in the context of this thesis is only 

to establish a rapid biofilm formation on electrode; there is no need for specific percentage of 

surface coverage. Epifluorescence microscopy is performed at the end of 2-hour incubation; it 
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is not performed after the first 1-hour incubation as removing the electrode at this time may 

alter bacterial attachment. Attention should be drawn to the size of the scalebar for images A, 

B and C which represents 500 Im, compared to image D which represents 1000 Im. There is 

no clear biofilm formation on images A and B. Sparse biofilm formation is observed on image 

C. However, biofilm formation on image D is so obvious and it covers most of the electrode 

surface that it must be zoomed out for documentation.  

 

 
Figure 5.10 Electrochemical rapid biofilm of P. fluorescens has been successfully established using a novel 

experimental protocol on glassy carbon electrode (image D). The scalebar for images A, B and C represent 500 
)m; for image D it represents 1000 )m. Biofilm structure is visualised with acridine orange (AO) which 

fluoresce green under 450 – 490 nm light illumination. These are taken from a conference poster.65  
 

The results have shown that it is important to directly use the inoculum as it is ready after 

overnight (16 – 18 hours) incubation for this novel biofilm formation method. Aliquoting 

inoculum and storing it in 4ºC fridge for later use yields sparse biofilm coverage (Figure 5.10, 

image C). Storage for later use, if possible at all, may be desirable for on demand testing of 

electrodes. This is a common practice adapted from synthetic biology (although at different 

cooling temperature and with additional cell preservation agent such as glycerol). The 

explanation for this is because biofilm formation requires a fully viable bacterial cells, the low 

temperature may have reduced the metabolic activity of the bacteria. Even if a cell preservation 

PTFE shroud 

electrode surface 
biofilm 

PTFE shroud 

electrode surface 

electrode surface 

biofilm 

biofilm 

electrode 
surface 

PTFE  
shroud 



 191 

agent is used, there may be effects which alter the subsequent steps of the protocol (and may 

also interfere during electroanalysis), so it was not pursued.  

 

The result shown in image B (Figure 5.10) shows the importance of hydrogen peroxide in EPS 

production as hypothesised in earlier section. In image B, surface treatment with oxygen gas 

plasma is also applied, but without subsequent electrode polarisation to generate hydrogen 

peroxide, no biofilm coverage is observed. Although ambient air is used for image B (~20% 

oxygen compared to pure oxygen used in images C and D), some biofilm formation akin to a 

fifth of what is observed in image D should be expected (20%/100% = 1/5), or at least some 

form of biofilm formation. However, no biofilm formation is observed at all in image B. This 

may lead to speculation that oxygen plasma makes no difference in biofilm formation on 

electrodes, but the case of tissue culture treated plates (Section 5.1.3) plasma treatment seems 

to generally improve adhesion. Although electrode and tissue culture plates have different 

surfaces, upon plasma treatment both surfaces would have experienced an increase in net 

negative charge or dipolar moieties from oxygen-containing groups (such as carbonyl (–CO) 

and hydroxyl (–OH) groups) which increases cell attachment.20,66 Thus, both oxygen gas 

plasma surface treatment and hydrogen peroxide stress for the attaching cells are important.  

 

Image A (Figure 5.10) in which both oxygen plasma and hydrogen peroxide steps are not 

applied to the electrode, no biofilm formation is observed, as expected. In summary, the results 

have shown that a combination of surface treatment by oxygen gas plasma and electrochemical 

local generation of hydrogen peroxide are important steps of the novel method and has been 

successfully used to rapidly establish biofilm formation on electrode for the first time.  
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5.4.2 Hydrogen peroxide and rapid biofilm formation 

Attachment of bacteria to surfaces marks the initial step of biofilm development, but what 

defines the attaching entity as a biofilm is the presence of the biofilm matrix which would form 

as ‘the film’. Extracellular polymeric substance (EPS) forms most of the biofilm matrix. This 

substance is mostly composed of polysaccharides and is produced by the attaching bacteria. As 

EPS is produced by the bacteria themselves, there must have been a set of triggers or events 

that would act as a cue for the bacteria to produce the substance.  

 

The use of hydrogen peroxide as a chemical ‘trigger’ to stress bacteria into producing EPS as 

defence mechanism is inspired by the effect of triclosan pre-treatment on Staphylococcus 

aureus which alters biofilm structure by increasing the proportion of polysaccharides within 

the biofilm matrix, potentially mediating protection against antibiotics.21 The glassy carbon 

electrode is polarised at –0.2 V vs Ag/AgCl for an hour to produces a quantifiable local flux of 

H2O2 at the the electrode surface. This is expected to provide ‘chemical stress’ to bacterial cells 

already attaching to the surface of electrode during the first one-hour static incubation.  

 

The effect of H2O2 in providing chemical challenge to stress the bacteria to induce more EPS 

production during biofilm formation has been observed elsewhere recently. The role of H2O2 

in biofilm formation was studied by Jang et al. in wild type and mutants cells of Acinetobacter 

oleivorans DR1. It was found that increased endogenous H2O2 production in mutants defective 

in alkyl hydroperoxide reductase (AhpC) in rich media enhanced biofilm formation, and the 

enhancement was not observed in the presence of antioxidant. More importantly, exogenous 

addition of H2O2 promoted biofilm formation in wild type cells. This suggest that biofilm 

development is linked to defence against H2O2.12  
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The use of –0.2 V vs Ag/AgCl as applied potential to locally generate H2O2 is based on the 

voltammogram recorded for electrochemical reduction of oxygen. H2O2 is produced at glassy 

carbon as by-product of oxygen reduction reaction (ORR) since ORR proceeds through the 2-

electrons pathway on glassy carbon.60 The potential chosen is taken from the lowest potential 

at which the onset of ORR wave is seen. This approach is taken so that the smallest amount of 

H2O2 is produced, so that the bacteria will not be accidentally killed off. A –55 nA current is 

recorded at this potential (–0.2 V vs Ag/AgCl) and it was used to choose the H2O2-potential 

for the gold electrode (–55 nA is at 0 V vs Ag/AgCl on gold electrode). 

 

 

Figure 5.11 The image above is taken from reference 39 and is used free of charge based on this statement 
‘Taylor & Francis is pleased to offer reuses of its content for a thesis or dissertation free of charge contingent 

on resubmission of permission request if work is published.’ 
 

Does the approach taken to choose –0.2 V vs Ag/AgCl as H2O2-generating potential justifiable? 

There is a research by an external research group independent of this project which uses 

microelectrode to measure hydrogen peroxide concentration at the vicinity of a glassy carbon 

electrode colonised by biofilm of Shewanella oneidensis.39 The microelectrode is positioned at 
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~100 Im above the colonised glassy carbon electrode. The colonised glassy carbon simulated 

a cathode in a sediment microbial fuel cell in which oxygen reduction is the cathodic reaction. 

Through cyclic voltammetry scan, it was found that H2O2 was produced at potentials more 

negative than around 200 mV vs Ag/AgCl. The onset of the wave is at –200 mV vs Ag/AgCl 

(Figure 5.11, at –0.2V vs Ag/AgCl the concentration of H2O2 is ~0.5 IM). This exactly matches 

with the approach used and described above and important point to note from the 

microelectrode research is that H2O2 is not detected to accumulate at the bulk solution. Thus, 

the notion that ‘local concentration’ of H2O2 is used to rapidly grow biofilm in this novel 

method is supported with evidence.  

 

5.4.3 An observation on common disinfectants encouraging biofilm formation 

A recurring theme has been observed throughout this thesis which is related to the mechanism 

of biofilm formation: common disinfectants seem to counter-intuitively encourage biofilm 

formation. This is observed in three common disinfectants related to this project: (1) triclosan; 

the inspiration for the novel method for rapid electrochemical biofilm formation, (2) H2O2; 

used to induce EPS production in rapid biofilm, and (3) hypochlorite; used to maintain 

continuous disinfection of treated drinking water across the drinking water distribution system 

(DWDS) (see Chapter 4). What could be the unifying underlying pattern that makes these 

common disinfectants exert the same effect on biofilm formation? Comparison of molecular 

structure of these chemicals does not provide with any immediately observed pattern (Table 

5.8). There seems to be nothing in common regarding the molecular weight (by extension the 

size), structure, 3D conformation, charge or any functional groups possessed by the molecules.  

 

Despite that, recent publications have reported a similar observation, the concentration of the 

substance used could be the underlying pattern to this phenomenon. Recently it has been found 
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that ‘sublethal’ disinfection application promotes biofilm formation.67,68  Triclosan was used 

sub lethally to assess antibiotic sensitivity in biofilm by Walsh et al.,.21,69–71 Hypochlorite was 

used at the level of 1 – 2 ppm according to WHO guidelines to maintain constant disinfection 

in DWDS. It cannot be used at a higher concentration as it will affect the taste of the water and 

will be harmful for human consumption too. The purpose of drinking water disinfection is 

never to completely sterilise the water, thus, some ‘persister cells’ must have survived, 

protecting itself within biofilm. H2O2 is certainly purposedly used at low concentration to avoid 

killing off the bacteria. Thus, it all fits the idea that sublethal disinfection promotes biofilm 

formation.  

 

Table 5.8 Comparisons between common disinfectant that have been found to apparently encourage EPS 

production in bacteria to form biofilm. Chemical structures are taken from PubChem.  

 Triclosan Hydrogen peroxide Hypochlorite 

MW 289.5 g/mol 34.015 g/mol 51.45 g/mol  
(74.44 g/mol in Na-HClO format) 
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It is natural to think whether frequent use of this novel rapid electrochemical biofilm formation 

will cause a problem of bacterial resistance to common disinfectant, since the method induced 
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natural defence mechanism of the bacteria against hydrogen peroxide. Bacterial resistance 

arises from frequent use of chemical stressors with very specific targets that is transferable 

through horizontal gene transfer, such as the case of antimicrobial resistance (AMR). Common 

disinfectants, and especially hydrogen peroxide, do not target a very specific component of the 

bacteria. It is unlikely that this method will induce bacterial resistance. However, caution 

should still be applied in that this novel method should only be used on non-infectious 

organisms such as CL1 bacteria.   

 

5.4.4 How well does electrochemical rapid biofilm replicate naturally growing biofilm?  

The rate of mass transport within film 14, -⁄  (in m/s) has been identified as the key 

characteristic of biofilm in the context of electrochemical sensor biofouling (Section 5.1.1). 

through Koutecký–Levich analysis of y-intercept of the K–L plot for data extracted from mass 

transport regime, the values for 14, -⁄  can be obtained (Section 5.1.9). Table 5.9 presents the 

results for calculation of 14, -⁄  for both natural and rapid biofilms. The standard deviations 

for these values (∆14, -⁄ ) are calculated through error propagation. Upon comparison, the 

values of 14, - ± ∆14, -⁄⁄  for each biofilm overlaps with each other.  The relative standard 

deviations are in the range of 10 – 16%. There is no evidence of significant difference (p < 

0.05) and thus, the rapid electrochemical biofilm has replicated the properties of natural biofilm 

really well in the context of electrochemical sensor biofouling.  

 

Table 5.9 The key characteristic of biofilm in the context of electrochemical sensor biofouling, i.e., mass 

transport properties within film !"! #⁄ , of a naturally growing biofilm which is incubated for 3 weeks has been 

successfully replicated by rapid electrochemical biofilm grown in 2 hours.  

Naturally forming biofilm (in 3 weeks) Rapid electrochemical biofilm (in 2 hours) 
E vs Ag/AgCl 

(in V) Permeability, 89/ :⁄  (in m/s) E vs Ag/AgCl 
(in V) Permeability, 89/ :⁄  (in m/s) 

-1 3.36 x 10-4 ± 5.53 x 10-5 -0.9 3.21 x 10-4 ± 3.21 x 10-5 
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This is an exciting result and finding in that it opens up a new avenue to research in biofilms 

through a novel method that can dramatically cut down the time needed to grow biofilms from 

typically days, weeks of months to only a few hours. This result has also provided a supporting 

evidence that the two stages in biofilm development which was assumed as ‘key stages’ during 

the process (Section 5.1.2) have been correctly identified to successfully bio-engineer a rapid 

biofilm. Attachment of bacterial cells to the surface and the subsequent production of 

extracellular polymeric substance (EPS), which is a main structural component of biofilm 

matrix,21 indeed determine the successful formation of biofilms. The similarity of 14,/- 

between natural and rapid electrochemical biofilms sheds a light on biofilm formation 

mechanism in that EPS production takes a considerable amount of time (naturally for 3 weeks 

in this experiment), but external factors can speed up the process as a defence mechanism (in 

just 2 hours using rapid electrochemical biofilm method).  

 

The finding that mass transport properties of rapid biofilm which is grown in just 2 hours for 

the first time has similar physico-chemical properties to naturally forming real biofilm is a 

breakthrough. It also validates the use of this rapid biofilm protocol for electrochemical sensor 

biofouling studies because a key defining parameter specific to this application has been 

successfully replicated.  

 

5.4.5 Diffusion of molecules across a biofilm structure is hindered   

Naturally dissolved oxygen and ruthenium(III) hexamine are used as redox probes to analyse 

mass transport within naturally forming biofilm (the 3-weeks old biofilm). The values of DS 

(diffusion coefficient within film) for both oxygen and ruthenium (III) hexamine diffusing 

across naturally growing biofilm can be estimated by back-calculating it from their mass 

transport coefficient within the film (permeability, 14,/-), which is extracted from the y-
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intercept of K–L plot at the mass transport regime (Figure 5.12). The permeability for both 

oxygen and ruthenium(III) hexamine are in the same order of 10–4 m/s (Table 5.10) despite 

their free solution diffusion coefficients (DO) being in a different order of magnitude. The 

diffusion coefficient for dissolved oxygen in free solution of pH 7 is 2.3 x 10–9 m2/s and for 

ruthenium(III) hexamine in potassium chloride solution is 8.8 x 10–10 m2/s. 63,72  

 

Table 5.10 Mass transport within biofilm as investigated by both inner and outer sphere redox probes. 

Dissolved oxygen is an inner sphere redox probe and ruthenium(III) hexamine is an outer sphere one.  

3-weeks biofilm 
on glassy 

carbon 

At mass transport 
regime Permeability, 89/ :⁄  

Redox probe E vs Ag/AgCl 
(in V) 

Numbers of 
electrons involved, 

n 

89/ :⁄ ± ∆(89/ :⁄ )  
at calculated n electrons 

(in m/s) 

O2 
-1 

2 
3.36 x 10-4 ± 5.53 x 10-5 

-1.1 5.45 x 10-4 ± 8.62 x 10-5 

Ruthenium(III) 
hexamine 

-0.3 

1 

1.61 x 10-4 ± 3.54 x 10-5 

-0.33 1.63 x 10-4 ± 3.60 x 10-5 

-0.35 1.61 x 10-4 ± 3.65 x 10-5 

 

 
Figure 5.12 The arrows in red and blue show the mass transport regime from which the parameter *+5/# is 

extracted from the y-intercept of the double reciprocal K–L plot (1/id vs 1/-1/2). The parameter *+5/# 
represents rate of mass transport within film (in m/s) which has been identified as the key characteristic of 

biofilms in the context of electrochemical sensor biofouling. See Figure 5.18 for data extraction from electron 
transfer kinetics regime.  
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On a side note, the permeabilities for ruthenium (III) hexamine (which is an outer sphere redox 

probe) are statistically similar on all potential in the mass transport regime (Table 5.10, Figure 

5.13). As expected, application of more negative potentials during electrochemical reduction 

of ruthenium (III) hexamine within its mass transport regime does not change the resulting 

steady-state current. The reversibility of the ruthenium (III) hexamine is preserved because as 

an outer sphere redox probe, its successful interfacial electron transfer is independent of surface 

condition and does not involved bond formation with the surface (Section 2.4 on Marcus 

theory).  

 

 

Figure 5.13 Hydrodynamic voltammograms for oxygen reduction reaction (left, red) and the reduction of 
ruthenium(III) hexamine (right, blue) at 500 rpm, 1 mV/s on glassy carbon electrode. Coloured arrows show the 

direction of the scan. Black arrows point to potentials at mass transport regime used for Koutecký–Levich 
experiments. 
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Estimation of DS values are taken by applying a number of assumptions to each component of 

14,/-. Both oxygen and ruthenium(III) hexamine are diffusing across the same biofilm, so 

the film thickness - can be taken as identical and is assumed to be in the order of Im (10-6 m). 

P. fluorescens are within the micrometre range in size, so a few weeks old biofilm can be 

assumed to be within the same range since it is considered within its early stages of formation. 

Oxygen is a neutrally charged molecule so it is not expected to interact with any charged 

functional group within the film, thus no dramatic change on its solubility within the film is 

expected and the partition coefficient 1 can be taken as unity (1 = 1). Ruthenium (III) 

hexamine is positively charged, so it is expected to interact with the negatively charged 

functional groups within the biofilm. As such, the solubility will increase from unity and is 

expected to possess a partition coefficient 1 > 1.  

 

 

Figure 5.14 Schematic logic of assumptions on the parameters involved in permeability calculation (*+5 #⁄ ) 
and how it is used to roughly estimate the value of diffusion coefficient of each redox probe within biofilm 

structure (DS). The calculated values of *+5 #⁄  for both the reduction of oxygen and ruthenium(III) hexamine 
(ruhex) is presented in Table 5.10.  
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The thought process to roughly estimate the values of DS is presented in Figure 5.14. 

Substitution of the assumed parameters 1  and - to 14,/- gives rough estimates of 4,	E4 and 

4,	FGHIJ which are both less than their own DO values in free solution. In other words, diffusion 

of both oxygen and ruthenium(III) hexamine are hindered within the film.  

 

Interestingly, oxygen is hindered by up to an order of magnitude (4,	E4 ≈ 10–10 m2/s < 4E	E4 = 

2.3 x 10–9 m2/s), but ruthenium(III) hexamine is only scaled down in the same order (4,	FGHIJ ≈ 

10–10/1 m2/s < 4E	FGHIJ = 8.8 x 10–10 m2/s). Oxygen is much smaller than ruthenium(III) 

hexamine (notice that 4E	E4 > 4E	FGHIJ; oxygen being smaller in size diffuses faster in free 

solution), so why does it hindered more dramatically? The charge of the molecule plays a role 

in this situation. Biofilm architecture are built by extracellular polymeric substance (EPS) 

which consist of polymeric macromolecules such as sugars, proteins and other organic 

molecules which are mostly negatively charged. A neutrally charged molecule like oxygen, 

despite small, will benefit nothing from this while diffusing across the biofilm matrix. On the 

contrary, positively charged molecules like ruthenium(III) hexamine, despite large, will be 

rapidly and uniformly distributed within the biofilm matrix which is charged negatively 

according to Donnan equilibrium and its consequences. The slow diffusion of oxygen in the 

film may also occur due to activities of P. fluorescens with their catalase enzyme which will 

‘crowd’ the matrix with more oxygen from the degradation of hydrogen peroxide produced at 

the electrode surface during electrochemical reduction of oxygen (see Section 5.4.8). 

 

Nevertheless, it has been found that the charge of the redox probe has effect on the diffusion 

of the molecule within the matrix of biofilm. This has several implications related to the total 

charge of the redox probes used to assess biofouling and its impact on the mass transport rate 

constant: 
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• Neutrally charged molecules will be hindered by at least an order of magnitude – as 

demonstrated by dissolved oxygen. 

• Positively charged molecules will also be hindered, due to excluded volume effects, but 

only scaled down and the order of magnitude would likely stay the same – as 

demonstrated by ruthenium (III) hexamine.  

• Negatively charged molecules will most likely be hindered due to greater excluded 

volume effects.73 

 

These implications are some valuable additions to means to detect bacterial biofouling during 

its early stages by using differently charged redox probes. Detection of pyocyanin can be used 

to determine whether biofilm is the culprit in deterioration of a sensor, but this biomolecule is 

only produced by P. aeruginosa through quorum sensing which would only occur when biofilm 

is mature.  

 

5.4.6 Voltammograms show that biofouling alters electrode reactions  

It has been hypothesised that biofouling will introduce changes to electron transfer kinetics and 

mass transport, consequently affecting electrochemical sensor performance. Both effects can 

be probed using an inner sphere redox probe. Figure 5.15 shows quasi-steady state 

hydrodynamic voltammograms for electrochemical reduction of oxygen at slow scan rate of 1 

mV/s for glassy carbon electrodes (d = 5 mm, rotating disk electrode (RDE)) at pristine 

condition (dashed red line) and during fouling situation by natural (red) and rapid biofilms 

(blue). Biofouling changes both the shape of the voltammogram and the magnitude of the 

diffusion limited steady state current (id). The onset of the oxygen reduction wave is delayed 

during biofouling. The magnitude of id has also considerably diminished, consistent with 

biofouling affecting both mass transport and the heterogeneous electron transfer rate constant. 
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Compared to glassy carbon, biofouling on gold electrode does not seem to affect mass transport 

although it does affect the kinetics (Figure 5.16). The onset of oxygen reduction reaction (ORR) 

for biofouled gold has a higher overpotential compared to pristine gold which suggests barrier 

to electron transfer kinetics at the surface. The ORR wave during biofouling of gold electrode 

disappears. Interestingly, the magnitude of id during gold biofouling is similar to pristine gold. 

Visual confirmation using fluorescence microscopy with 0.5% w/v acridine orange as the 

fluorophore shows no significant biofilm coverage. The presence of bacterial cells on the 

surface of gold electrode is confirmed albeit very few. So, this may explain the unexpected 

results. The kinetics of oxygen reduction on biofouled gold are affected by the smallest of 

presence of bacterial cells and their products on the electrode surface. However, because no 

significant biofilm formation occurs, mass transport is not affected.  

 

 
Figure 5.15 Oxygen reduction reaction on pristine and biofouled glassy carbon electrodes in sterile PBS pH 7.4.  
 

These results may indicate that Pseudomonas fluorescens ATCC 13525 biofilm forms more 

easily on glassy carbon than on gold electrode when using the novel rapid electrochemical 

method. Bacterial cells are attached to both electrodes suggesting surface treatment is not the 

issue – this is supported by the shift of the onset of the wave towards more negative potential 
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for both electrodes fouled by rapid biofilm. The difference may arise during the process of 

extracellular polymeric substance (EPS) production through electrochemically generated local 

concentration of hydrogen peroxide. This suspicion arises from the way biofouled gold does 

not display clear changes for its steady-state current at mass transport regime. This will be 

discussed further in Section 5.4.9.  

 

 
Figure 5.16 Oxygen reduction reaction on pristine and biofouled gold electrodes in sterile PBS pH 7.4.  

 

5.4.7 Interaction between biofilm and the naturally dissolved oxygen  

Biofilm appears to be consuming the naturally dissolved oxygen molecules (Figure 5.17). 

Three subsequent cyclic voltammetry scans are performed one after the other with only less 

than a minute delay for electrochemical reduction of oxygen. Fast scan rate is used at 0.1 V/s. 

The wave of oxygen reduction can be seen clearly during the first scan. However, the wave 

diminishes during the second scan, and it disappears during the third scan. Oxygen is naturally 

dissolved and is in equilibrium with the atmospheric air, so it would have been naturally 

replenished rapidly to maintain the equilibrated concentration. Why does it disappear 

eventually during fast scan rate? 
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The explanation could be that both the electrode and the biofilm are consuming the dissolved 

oxygen. As voltametric scans are taken at a fast scan rate, the electrode is consuming the 

oxygen fast. However, as the biofilm is also consuming the oxygen at the same time, the 

replenished oxygen is consumed first by the biofilm before it can reach the electrode surface. 

This can only possible if the rate of oxygen consumption by the biofilm is quite fast. P. 

fluorescens is a known aerobic bacterial species, which means that they use oxygen as final 

electron acceptor during their respiration process to obtain energy. The aerobic respiratory 

complexes (Complex II) are the ones reacting with the oxygen.74 In modified electrode terms, 

this would be called ‘cross-reaction’ between the analyte and an active complex within the 

modifying matrix. This can actually become a supporting evidence that the assumption that the 

limiting process within the biofilm is only the rate of mass transport within film (is, represented 

by 14, -⁄ ) to be reasonable. Cross-reaction (iCD, Section 5.1.9, Table 5.5) happens rapidly, 

thus, it is not limiting the overall electrode reactions.  

 

 
Figure 5.17 Subsequent voltammograms obtained from performing hydrodynamic voltammetry for oxygen 

reduction reaction (ORR) on glassy carbon electrode that has been fouled for 3 weeks by Pseudomonas 
fluorescens in TSB media biofilm seems to suggest that the biofilm is using the oxygen.  

 

5.4.8 The ‘surface’ of electrode holds the key to managing biofouling  

Elucidation of underlying physico-chemical effects of bacterial biofouling to electrochemical 

sensors is the main aim of this doctoral project. This idea is translated in this section by 
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comparison of parameters specific to each component contributing to electrode reactions under 

fouled situation. Referring to Figure 5.5 in which components of 1/ik, 1/is and 1/id are involved 

in ‘fouling’ situation comparable to the case of biofouling modelled in this project, parameters 

of k0, 14, -⁄  and kd (kd = DO/K where K = 0.05 cm and is the mass transport boundary layer or 

the Nernst diffusion layer) are used to represent each of component respectively. k0 is extracted 

from electron transfer kinetics regime (Figure 5.18) through y-intercept of the K–L plot. 14, -⁄  

and kd are extracted from mass transport regime (Figure 5.12). 14, -⁄  is extracted from the y-

intercept of the K–L plot. kd is calculated from DO which is extracted from the slope of the K–

L plot from the diffusion-limited currents. These parameters are compared (all in units of m/s) 

to understand the effects of biofouling to electrode reactions and to identify which component 

of the electrode reactions that is affected the most during biofouling (Table 5.11).  

 

Table 5.11 Comparing the values of k0, *+5 #⁄  and kd for biofouled glassy carbon electrodes to determine which 

component of electrode reactions is affected the most by biofouling.  

Experiment ?0 ±	∆?0 (in m/s) /06 1⁄ ±	∆/06 1⁄  (in m/s) ?1 ±	∆?1 (in m/s) 

Reference 
value 

1.63 x 10-8 ± 2.33 x 10-8 
(pristine GC at oxygen 

saturation) 
N/A 

4.39 x 10-6 ± 4.39 x 10-8 
(pristine GC at air 

equilibration) 

Natural biofilm  2.38 X 10-10 ± 7.80 X 10-6 3.36 x 10-4 ± 5.53 x 10-5  
(at -1.0 V vs Ag/AgCl) 

1.09 x 10-5 ± 5.47 x 10-7 
(at -1.0 V vs Ag/AgCl) 

Rapid 
electrochemical 

biofilm 
8.53 X 10-9 ± 9.58 X 10-9 3.21 x 10-4 ± 3.21 x 10-5  

(at -0.9 V vs Ag/AgCl) 
4.58 x 10-6 ± 9.16 x 10-8  
(at -0.9 V vs Ag/AgCl) 

 

Natural and rapid electrochemical biofilms possess similar rate of mass transport within their 

film (i.e., 14, -⁄ ) as already discussed in Section 5.4.4. However, the rate of mass transport 

within the hydrodynamic boundary layer K! (i.e., kd = DO/K!) is different between the two 

biofilms. The kd for both rapid and natural biofilms are different and faster than the reference 

(pristine glassy carbon at air equilibration). Natural biofilm has ‘better’ kd compared to the 

reference (faster DO). Natural biofilm was let to grow for 3 weeks, so, it is a possibility that 

some biochemical products may have been produced which diffuses beyond the boundary of 
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the biofilm towards the bulk solution. The bioproduct(s) may somehow interact with the 

naturally dissolved oxygen or interact with the solution (altering viscosity, gas solubility, 

osmotic pressure, local pH etc) and enhancing oxygen diffusion in the solution. The thickness 

of biofilm would be less than the hydrodynamic boundary layer (- < K!), so, beyond the 

boundary of biofilm (at x > -) diffusion of solute is not expected to change (as in what is found 

with rapid biofilm), unless something else is happening possibly due to the activity of the 

biofilm (as in what is observed in natural biofilm). Rapid biofilm, on the other hand, may have 

involved more complex situations as will be discussed further below.  

 

 
Figure 5.18 The arrows in blue show the electron transfer kinetics regime from which the parameter k0 is 
extracted from the y-intercept of the double reciprocal K–L plot (1/id vs 1/-1/2). See Figure 5.12 for data 

extraction from mass transport regime.  
 

Both biofilms exert negative impact on the kinetics of electron transfer at the surface of the 

electrode. The k0 for both natural and rapid biofilms are smaller than the reference (pristine 

glassy carbon at oxygen saturation). Comparison for k0 values had to be roughly done by 

comparing the central values since the standard deviations are too intensely spreading 

(irregularly high ∆LK). Upon further analysis and reflections on the experiments, the ‘poor’ 

precision of LK ± ∆LK may arise from either (i) the nature of the experiments that is supposed 

to ‘ruin’ the electrodes or (ii) the effects from the pre-treatment of the surface. Point (ii) can be 



 208 

visited further in Section 6.4.4. As point (i) states, these fouling experiments are meant to ‘ruin’ 

the electrodes to see the physico-chemical effects to electrode reactions. So, it is really not 

something unexpected to obtain ‘key results’ which seems not interpretable at first glance. 

Nevertheless, through rough comparison of the central values k0, it can still be seen that natural 

biofilm also exerts more negative impact than rapid biofilm – possibly because a more complex 

surface interaction may have happened within 3 weeks compared to in just 2 hours and there 

is a likelihood that losses of electrocatalytic activity are time-dependent. It appears that in 3 

weeks the attaching bacteria are developing a surface biochemistry interaction which is yet to 

be discovered which is expressed in a rate of 10 times more negative impacts on electrode 

kinetics compared to the 2-hours rapid biofilm. Both biofilms (natural and rapid) come from 

viable bacterial cells. However, ‘period of time passed’ can significantly affect the biology of 

a living system and its interaction with its surrounding.  

 

By comparing all three parameters k0, 14, -⁄  and kd at the same time, counter intuitively, 

14, -⁄  has the fastest rate compared to the others despite what has been found and discussed 

regarding the extraction of DS (diffusion coefficient within film) in Section 5.4.5. This is 

consistent for both natural and rapid biofilms. P. fluorescens is an aerobic bacterial species 

(they use oxygen as the final electron acceptor in their respiration process). So, it can be 

speculated that a ‘steep’ concentration gradient of dissolved oxygen is created within the film 

due to P. fluorescens respiration forcing more oxygen to diffuse into the film. This agrees with 

discussion on Section 5.4.7 and also supports the assumption that iCD (refer to Section 5.1.9) 

contribution due to interaction of dissolved oxygen and respiratory complex on the bacteria 

occurs rapidly and thus, not limiting the overall electrode reactions. However, in Section 5.4.5 

the diffusion coefficient of oxygen within the biofilm, 4,	E4, is found to be roughly hindered 
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by an order of magnitude suggesting a swamping of dissolved oxygen is happening within the 

film.  

 

How can fast rate of 14, -⁄  be reconciled with a smaller DS? To satisfy that condition, 1 

(partition coefficient 1 = [E4]78(9
[E4]%:(;<8:=

) must be immensely large or nearing maximum value 1 =

1 – which agrees with the speculations above. Despite that, to satisfy all these conditions, more 

flux of dissolved oxygen from the bulk solution into the film probably will not be able to swamp 

the film ‘enough’. Thus, another ‘source’ of dissolved oxygen must have existed within the 

film. As aerobic bacteria, P. fluorescens would have the enzyme catalase which breaks down 

hydrogen peroxide into water and oxygen. Glassy carbon is an electrode material which 

proceeds in a 2-electrons process during electrochemical reduction of oxygen, producing 

hydrogen peroxide.60 H2O2 will be produced at the surface of the electrode and diffuses away 

through the biofilm. As pointed out in Section 5.4.2, hydrogen peroxide is a natural threat for 

bacteria and thus, armed with catalase, P. fluorescens would break down the incoming H2O2 

from the electrode into oxygen (and water), swamping the film with more oxygen and causing 

4,	E4 to be slower than 4E	E4 in bulk solution and maintaining a fast 14, -⁄ .  

 

On the other hand, as discussed in earlier paragraphs, k0 values are affected negatively upon 

biofuling but kd are affected positively, yet they are smaller than 14, -⁄ . In addition, the 

surface treatment of electrode used to grow rapid biofilm may also contribute to the 

phenomena. Oxygen gas plasma makes electrodes to be more receptive to oxygen reduction 

reaction (ORR) by introducing oxygen-containing functional groups. As the bacterial 

incubation prior to hydrogen peroxide polarisation is only applied for an hour, it is very likely 

that not all these oxygen-containing functional groups are attracting bacteria to be sessile. The 

free ones may have facilitated better ORR kinetics in rapid biofilm. Hydrogen peroxide is 



 210 

locally generated at the vicinity of electrode/biofilm interface. According to Babauta et al., 

H2O2 can still be detected at the biofilm/solution interface (at 100 Im from the electrode 

surface).39 So, residual H2O2 might be contributing to the reduction current.  

 

The consistent yet opposite in direction of the scale of the change in k0 and kd for both biofilms 

are actually in agreement with their voltammograms (Figure 5.12, 5.15 or 5.18). Inspection on 

the kinetics regime of the graph shows that natural biofilm is worse than in the rapid biofilm. 

Yet, on the mass transport limited regime, rapid biofilm is shown to produce less steady-state 

current (id) compared to natural biofilm. This observation has revealed how valuable 

Koutecký–Levich analysis is in elucidating biofouling effects to electrochemical sensor. This 

also extends into a quantitative validation that cyclic voltammetry technique using naturally 

dissolved oxygen can be useful for in situ assessment of biofouling situation in indwelling 

sensors.    

 

Comparison between the values of k0, 14, -⁄  and kd has shown that k0 to be affected the most 

for oxygen reduction. In other words, electron transfer kinetics is affected the most during 

fouling situation and solutions to counteract biofouling should focus on interventions to the 

surface of the electrodes. The implication of this finding is that it provides a supporting 

evidence on the notion that ‘the surface of the electrode’ holds the key to managing 

electrochemical sensor biofouling (Section 1.8). Strategies to managing biofouling in 

indwelling electrochemical sensor should, as a consequence of the importance of electrode 

surface, come in the form of surface modification or selection of material (or novel materials) 

with surface properties able to resist biofouling.29  
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5.4.9 Rapid biofilm on noble metal electrode 

Noble metal electrodes such as gold are commonly used as oxygen sensor based on the 

electrochemical reduction of oxygen. Rapid electrochemical biofilm formation on gold 

electrode is not as successful as on glassy carbon electrode. Nevertheless, kinetics seems to be 

disturbed based on the spreading of the central values (Table 5.12, see Section 6.4.4 for 

discussion on the spreading of the standard deviations for kinetics analysis). Mass transport 

within film is not interpretable. Diffusion in bulk is undisturbed as it is not statistically different 

from reference value. These suggests that bacterial EPS on gold is not formed as well as on 

glassy carbon (no apparent difference in bulk diffusion and negative 14, -⁄  values), but some 

bacterial cells and EPS managed to attach or deposit on the surface of the gold electrode (hence, 

the poor kinetics). Overall, it can be concluded that rapid electrochemical biofilm on gold 

electrode makes kinetics of electrochemical oxygen reduction become slower despite not 

forming well on the electrode and having no measurable effects on bulk diffusion, which agrees 

with the voltammogram (Figure 5.16).  

 

Table 5.12 Koutecký–Levich analysis of rapid electrochemical biofilm on gold electrode 

Parameters Values 

Standard rate constant k0 (in m/s) 
Reference (pristine gold at air 

equilibration) 3.95 X 10-8 ± 1.08 X 10-7 

Results for rapid biofilm on gold 2.98 X 10-7 ± 2.82 X 10-4 

Rate of mass transport within film 
!"! #⁄  (in m/s) 

At mass transport regime (vs 
Ag/AgCl)  

-0.8 V -4.72 X 10-4 ± 1.28 X 10-4 
-0.85 V -3.58 X 10-4 ± 7.19 X 10-5 
-0.87 V -3.97 X 10-4 ± 6.66 X 10-5 

Diffusion coefficient DO (in m2/s) 

Reference 2.3 X 10-9 
At mass transport regime (vs 

Ag/AgCl)  

-0.8 V 2.12 X 10-9 ± 7.52 X 10-11 
-0.85 V 2.11 X 10-9 ± 7.28 X 10-11 
-0.87 V 2.19 X 10-9 ± 5.84 X 10-11 

 

Another explanation to the seemingly unsuccessful formation of rapid electrochemical biofilm 

on gold electrode is because hydrogen peroxide may not have been produced well on gold 
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electrode. Unlike carbon electrode which is suitable for electrochemical synthesis of hydrogen 

peroxide as electrochemical reduction of oxygen on carbon electrodes proceeds predominantly 

as a 2-electron process,60 the electrochemical reduction of oxygen on gold electrodes may have 

favoured more to continue the process past the peroxide production (the additional 2-electron 

process). A different approach to growing rapid electrochemical biofilm on noble metals (or 

other materials) is needed. This is a limitation of this novel experimental method.  

 

5.5 Conclusion 

A rapid electrochemical biofilm formation has been successfully bio-engineered for the first 

time through a novel experimental method. Two key scientific knowledge concerning the 

mechanism of biofilm formation is harnessed to formulate the method: (i) initial bacterial 

attachment on the surface and (ii) the production of extracellular polymeric substance (EPS); 

the hallmark of biofilm structure. Innovative solutions are then offered to address each of the 

key aspects: (i) the modification of electrode surface through the use of oxygen gas plasma to 

encourage bacterial attachment to the surface and (ii) the use of electrochemically generated 

local concentration of hydrogen peroxide which act as a non-specific chemical challenge to the 

‘attaching bacteria’ to induce production of EPS.  

 

In just two hours of induced formation, this rapidly formed biofilm of Pseudomonas 

fluorescens displays key characteristic resembling naturally forming biofilm of 3-weeks old. 

In the context of electrochemical sensor biofouling, mass transport within the film as 

represented by 14, -⁄  is the key characteristic of biofilm which directly affects electrode 

reactions – and thus, sensor performance. Koutecký–Levich analysis of hydrodynamic 

methods using rotating disk electrode (RDE) has shown that at its mass transport regime – by 

using oxygen as a paradigm – 14, -⁄  for rapid biofilm at –0.9V vs Ag/AgCl is 3.21 x 10-4 ± 
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3.21 x 10-5 m/s. For naturally forming biofilm at its mass transport regime at –1.0V vs 

Ag/AgCl, the 14, -⁄  value is 3.34 x 10-4 ± 5.53 x 10-5 m/s.  

 

The combined use of oxygen gas plasma surface-treatment and local concentration of hydrogen 

peroxide to induce rapid biofilm formation described and discussed in this chapter is the first 

ever application of such methods for this purpose. Local concentration of hydrogen peroxide 

is electrochemically generated at the surface of the glassy carbon by taking advantage that 

electrochemical reduction of oxygen (or oxygen reduction reaction, ORR) proceeds via the 

peroxide pathway on carbon electrodes. This characteristic peroxide pathway for ORR on 

carbon is both an advantage in this novel method and a limitation of this method. Local 

concentration of H2O2 is guaranteed to be generated on carbon electrodes, but noble metals 

(gold etc) will need different approach to successfully implement this method since ORR 

pathway may proceed differently on noble metals. H2O2 is a weak acid with strong oxidising 

action, providing oxidative stress to bacteria inducing increased EPS production as a form of 

defence mechanism. Despite its nature as stress factor to bacteria, there is very little possibility 

of resistance development (akin to antimicrobial resistance, AMR). H2O2 does not target a very 

specific component of bacteria which can be passed on through horizontal gene transfer; it only 

act as a strong oxidiser which exert oxidative stress to bacteria. This rapidly formed biofilm 

will be referred to as rapid electrochemical biofilm since the bio-engineered formation of this 

rapid biofilm involves electrochemical means.  

 

The use of hydrogen peroxide to deliberately stress bacteria into producing EPS is inspired by 

the effects of a common disinfectant, triclosan. A common thread was accidentally observed 

in that common disinfectants used or related to this project seem to counter-intuitively 
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encourage biofilm formation; sublethal concentration of common disinfectants are inducing 

biofilm formation.  

 

Koutecký–Levich analysis of parameters of kinetics and mass transport of ORR as a paradigm 

have shown, in agreement with cyclic voltammetric scans, that biofilm of P. fluorescens is 

indeed negatively affects electron transfer kinetics (k0/film < k0 reference) and hindering diffusion 

within their biofilm matrix (DS < DO, which has also shown by using outer sphere redox probe 

ruthenium(III) hexamine). Biofouling of electrochemical sensor can be regarded in Koutecký–

Levich mathematical terminology as having resistances to charge transfer in the normal 

direction of the electrode in the form of 1/iK–L = 1/id + 1/is +1/ik. Through comparison of all 

three components of the resistances (kd for 1/id, 14, -⁄  for 1/is, k0 for 1/ik; all in units of m/s), 

it has been found that k0 to be affected the most. This supports the notion that ‘the surface of 

the electrode’ is the key determining factor in management of biofouling of indwelling 

electrochemical sensor. Either innovative ways to modify the surface of electrodes is on 

demand, or that novel advanced electrode materials are needed – or both – to counteract the 

problem of electrochemical sensor biofouling. 14, -⁄  which refers to resistance within the 

biofilm matrix shows the highest rate which can be attributed to the complex chemistry and 

interaction between ORR and the biochemical activity of the bacteria. 
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6 Modelling the effects of biofilm to electrode reactions 

using hydrogels 

 

6.1 Introduction 

Permeability or mass transport rate constant within film !"! #⁄  has been identified as the key 

characteristic of biofilms in the context of biofouling of indwelling electrochemical sensors. 

Chapter 5 has described and discussed the success of a novel method to rapidly grow biofilm 

by electrochemical means. The !"! #⁄  characteristic of a rapid 2-hours biofilm is successfully 

replicating that of a naturally forming 3-weeks biofilm. Now, in this chapter, another step 

forward is to be taken in ‘fabricating’ physical models of biofilms. Can it be simplified further?  

 

Abiotic models have been used widely in medical research to model biological system or 

biological process. The use of hydrogels to model the intervertebral disc in human spine to 

study low back pain is an example.1 In an abiotic model, no biological components are involved 

in the fabrication of the models (not even enzyme or genome). This approach is often 

adequately successful in replicating the systems in medical context. A similar approach will be 

explored for fabricating abiotic models of biofilms in electrochemical sensor biofouling 

context. If successful, this approach will be able to allow the wide use of a ‘standardised’ model 

of biofilms in which ‘reproducibility’ of the model is guaranteed. Biofilms are very diverse. 

Biofilm is a heterogenous structure that is very high in variability and complexity. For example, 

if how the bacterial cells are distributed and oriented within the biofilm is to be considered, a 

limitless possibility exists. One biofilm will be completely different from the other, even if they 

are grown from the same inoculum, unless a very specific and controlled environmental 

conditions are imposed during biofilm formation period, but this will be very difficult to do as 
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the variability will also exist within the microenvironment, a situation that will be virtually 

impossible to control. The orientation of bacterial cells within the biofilms structure will also 

be of importance, as it will determine whether the analyte (i.e., oxygen in this case) will ever 

be in physical contact with the electroactive complex in bacterial surface.  

 

6.1.1 Does it really matter to try to model biofilms as closely as possible?  

Whether ‘true likeness’ matter in modelling ‘a system’ depends on the purpose and aims of the 

research. ‘A model’ is a simplified representation of a real system whose likeness is determined 

by key characteristic(s) which has high relevance to the context of the situation in which the 

real system is operating. A simple model only replicates one or a few key characteristics, while 

a complex model replicates an often complicated set of characteristics. Complexity of a model 

is not always an advantage as complexity can lead to difficulties in interpretation of results and 

impracticality in establishing or setting the model up. A simple model can be a good model 

when it can effectively establish key characteristic within the context of the research.  

 

Thus, abiotic model of biofilm will be developed to simplify biofilm further. Hydrogels are 

taken as the general approach to model biofilms structure as the overall structural composition 

between hydrogels and real biofilms are similar, i.e., a mesh of organic polymeric 

macromolecules with more than 90% water comprising the structure. Hydrogels have been 

used numerous times in biofilm related experiments to mimic the gel-like characteristic of 

biofilm which has more than 90% of water content in its structure2 to create artificial biofilms. 

This includes the use of gel-entrapped bacteria to create artificial biofilm.3–5 These artificial 

biofilms have been useful in elucidating key physicochemical characteristics of biofilms which 

otherwise would be too complicated to understand in an actual biofilm.  
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A hydrogel-based model biofilm would be desirable because it is simple with more guarantee 

of reproducibility and uniformity. It will also discount the requirement for biological safety 

risk assessment. All of which are important for rapid prototyping in analytical device 

development such as these indwelling electrochemical sensors. A selection of hydrogels 

materials will be tested for its suitability as hydrogel-based model biofilm. Selection of 

materials is based on the similarity of chemical composition between real biofilms and the 

hydrogels. Naturally, hydrogels with chemical composition that are representative to real 

biofilms is desirable, so alginate hydrogels come up as the primary choice. The logic is that 

transport across a structure will be determined by the nature of the structure. Interaction 

between the diffusing analyte and the inner matrix of the structure can affect the overall 

transport properties.   

 

6.1.2 Design criteria and engineering constraints  

Testing of these hydrogel materials will be performed through hydrodynamic electroanalytical 

methods, just like Chapter 5. Hydrogels of choice will then be used to assess ‘bio’fouling 

effects to electrode reactions using the paradigm of oxygen reduction reaction (ORR). Thus, 

the hydrogels must be fabricated in such a way on the surface of RDE electrodes so that it will 

stay intact on the electrode surface when the electrodes are rotated (up to 2,500 rpm) upside 

down. Hydrogels layers which are too thick will immediately fall off. Hydrogel layers that are 

not mechanically robust will readily dissolve into the working solution.  

 

6.1.3 Selection of the hydrogels 

As the abiotic model of biofilms used in this project will not involve any viable bacterial cells, 

selection of hydrogels should reflect the known constituents of an actual biofilm. Alginate 
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hydrogels, agarose hydrogels and cellulose acetate film are the model biofilm considered. The 

model also assume that biofilms are passive films.  

 

Alginate 

Alginate has been considered as an important component of extracellular polysaccharides in 

many pseudomonads bacterial biofilm.6,7 It has been extensively studied in the context of 

fundamental biofilm studies, surface fouling8 and cystic fibrosis virulence. It is considered as 

the dominant constituent of biofilm. It is important to note that the bacterial alginate that is 

found inside biofilm has some difference in its chemical structure than the more widely 

available commercial alginate such as sodium alginic acid which are derived from seaweed.  

 

 
Figure 6.1 Chemical structure of alginate.9 

 

Agarose 

Agarose is a complex group of polysaccharides extracted from the agarocytes of 

Rhodophyceae, a marine algae found predominately in the Pacific and Indian Oceans.10 

Biofilms do not generally contain agarose, but since this hydrogel is a group of 

polysaccharides, it can be an acceptable model biofilm because the extracellular polymeric 

substance (EPS) that forms most of the biofilm structure is polysaccharide by nature. Agarose 

is also widely available and accessible due to its extensive use in other fields such as microbial 

genomics.  
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Figure 6.2 Chemical structure of agarose (taken from Sigma Aldrich product description). 

 

Cellulose acetate 

Cellulose acetate is another material under consideration as model biofilm. Apart from bacterial 

alginate, biofilm also contains bacterial cellulose which is a fibrous structural component of 

biofilms.11 Cellulose acetate is not a hydrogel, but dissolved in acetone to form a mixture, it 

will form a layer of film when the acetone has completely evaporated. 

 

 
Figure 6.3 Chemical structure of cellulose acetate (taken from Sigma Aldrich product description). 

 

6.2 Aims 

In this chapter, a hydrogel based abiotic model biofilm will be developed. Its key characteristic 

!"! #⁄  will be compared with that of real biofilms, and how the models affect electrode 

reactions will also be explored. This chapter explores objective (iii) from Section 1.9.  
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6.3 Experimental methods 

6.3.1 Preparation of alginate hydrogels mixture 

Alginate hydrogels are prepared by cross linking a solution of sodium alginic acid with a 

divalent cross linker such as Ca2+. The recipes tested are for 0.5% w/v Na-alginate in PBS + 

1% CaCl2(aq) and 1% w/v Na-alginate in PBS + 1% CaCl2(aq). No heating of the hydrogel 

solution mix is required to cross link the hydrogels.  

 

6.3.2 Preparation of agarose hydrogels mixture 

Mix the weighed amount of the agarose powder into the solution (or buffer solution) that it will 

be made up with. The mixture should be heated thoroughly to dissolve the powder completely. 

It is important to put (sprinkle) the powder into the solution. Do not do otherwise as the powder 

will become a lump at the base of the container that is difficult to dissolve. Low melting point 

agarose is used to ensure the gels set at room temperature. Agarose hydrogels are prepared in 

10 mM PBS(aq) pH 7.4. Concentrations of 1%, 0.85%, 0.7%, 0.5% and 0.3% w/v are tested.  

 

6.3.3 Preparation of cellulose acetate film mixture 

Dissolve 18 mg of cellulose acetate powder in 20 ml of acetone and 3 ml of water to make up 

4.35% w/v cellulose acetate mix. Dissolve 5.29 ml of 4.35% cellulose acetate mix with 2.3 ml 

of water and 15.41 ml of acetone to make 1% cellulose acetate mix.  

 

6.3.4 Electrode surface preparation 

Prior to fabrication of the model biofilm, the electrodes are prepared according to Section 2.2.1. 
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6.3.5 Fabrication of alginate hydrogels  

Take a small piece of acetate film (a square of around 1.5 x 1.5 cm). Using a hole puncher, 

make a hole in the middle of the acetate film. Place it on top of the RDE electrode that has been 

cleaned according to Section 6.3.4. Drop an equal amount of Na-alginate in PBS solution and 

CaCl2(aq) on the electrode surface. The acetate film prevents the solution mix from bleeding 

outside the electrode surface. Place another small acetate film piece to even the surface.  

 

6.3.6 Fabrication of agarose hydrogels  

Two types of agarose fabrication on electrode surface were tested: dried and hydrated. Dried 

agarose model biofilm is fabricated by drop casting 5 %L of melted agarose hydrogels solution 

in PBS on cleaned electrode surface. Spread the liquid evenly and let it air dry completely.  

 

 
Figure 6.4 The end result for hydrated agarose model biofilm fabricated on top of acetate film as demonstration 

(left) and on top of glassy carbon RDE electrode (right).  

 

Hydrated agarose model biofilm fabrication is more complicated. Make a ring of filter paper 

by punching holes of two different sizes out of a filter paper and place around the electrode 

surface. Wet the filter paper with two small drops of deionised water by using a 100 %L pipette 

tips to prevent the filter paper from curling. This will act as a scaffold that evenly stretch the 

melted agarose solution evenly over the electrode surface. Tiny dots of cyanoacrylate can be 

used to secure the filter paper scaffold. Drop 50 %L of the melted agarose solution, quickly 

spread it even and cover with an acetate film piece to even the surface and turn it upside down 

to set and even it out by the weight of the electrode. Let it sit to set the hydrogels (Figure 6.4). 
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Leaving the fabricated agarose on electrode inside a small vial of PBS in a 4 °C fridge helps to 

maintain the hydrated state of the hydrogels, otherwise it will dry out relatively quickly.  

 

6.3.7 Fabrication of cellulose acetate film  

Drop cast 5 %L of 1% cellulose acetate mix on a cleaned electrode and let it air dry inside a 

fume hood to let the acetone evaporate safely.  

 

6.3.8 Preparation of working solution for electrochemical experiments 

Oxygen reduction reaction is performed in buffered working solution at pH 7.4. A working 

solution of 1M KCl(aq) is used for the outer sphere redox probes. A concentration of 1mM is 

used for both ruthenium(III) hexamine and 1,1’-ferrocene dimethanol.  

 

Table 6.1 Phosphate buffered solution for oxygen reduction reaction experiments.  

Glassy carbon and gold electrodes Platinum electrodes 
commercial phosphate buffered saline  

(PBS, Sigma Aldrich) pH 7.4 freshly made phosphate buffer pH 7.4 

One tablet dissolved in 200 ml of deionised 
water yields 0.01M phosphate buffer, 0.0027M 

potassium chloride and 0.137M sodium chloride, 
pH 7.4, at 25 ºC. 

Dissolve 27.22 gr of monobasic potassium 
phosphate (KH2PO4) in deionised water and 

dilute with deionised water to 1000 ml to make 
0.2 M of monobasic potassium phosphate 

solution. Place 50 ml of the monobasic 
potassium phosphate solution in a 200 ml 

volumetric flask, add 39.1 ml of 0.2 M 
NaOH(aq), then add water to volume. The final 

pH should be 7.4. 
 

6.3.9 Assessments of model biofilm candidates 

The hydrogels are tested for its ability to fulfil the constraint described in Section 6.1.2 by 

performing a hydrodynamic voltammetry (HDV) at 500 rpm at very slow scan rate (1 mV/s). 

Oxygen reduction reaction (ORR) is used as the paradigm for the test. Successful candidate 

will display hindered diffusion effects (smaller limiting current in mass transport region) and 

shifts in onset or shape of the wave of oxygen reduction.  
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6.3.10 Determination of model biofilm thickness through surface profilometry 

A confocal laser microscopy ‘Olympus LS5000’ was used to determine the thickness of 

agarose model biofilms. Olympus system is a laser-based surface profiler.  

 

6.3.11 Experimental setup for studying the effects of model biofilm on electrode reactions 

Three-electrode system was used throughout the experiments. RDE electrode with 5 mm inlaid 

disk diameter (glassy carbon, gold, platinum) is used as the working electrode. Platinum wire 

is used as the counter electrode. A silver/silver chloride reference electrode is used (Ag/AgCl 

| 1M KCl for ORR to match with real biofilms experiments in Chapter 5, and Ag/AgCl | 3M 

KCl for outer sphere redox probes (ruthenium(III) hexamine and 1,1’-ferrocene dimethanol). 

Agarose hydrogels, dried and hydrated, are fabricated on the RDE electrodes (Table 6.2).  

 

Cyclic voltammetry, chronoamperometry, electrochemical impedance spectroscopy, 

hydrodynamic voltammetry and hydrodynamic amperometry were performed. A 15 ml of the 

working solution was used throughout experiments. When required, the working solution 

should be saturated with relevant gas according to the experiment. It is saturated with oxygen 

gas (BOC) to make up oxygen saturated solution (100% O2 in 10mM PBS, pH 7.4 for glassy 

carbon and gold, and in a freshly made phosphate buffered saline from scratch, pH 7.4 for 

platinum). Redox couple that requires degassing such as ruthenium (III) hexamine is degassed 

with oxygen-free nitrogen (OFN, BOC). Gas saturation should be done for at least 20 minutes. 

Degassing of ruthenium (III) hexamine solution is necessary to minimise oxygen contribution 

to the observed current because the direction of the scan and the potential range for ruthenium 

(III) hexamine reduction overlaps with oxygen reduction. After gas saturation is completed, 

the working solution should be blanketed with the respective gasses throughout the entire 
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experiment. All experiments are performed by using CHI650A (CH Instruments, Texas) 

potentiostat, unless otherwise stated.  

 

Table 6.2 Experimental matrix for assessing the effects of abiotic model of biofilms to electrode reactions.  

Electrode 
material 

Redox probe Experiments 
Electron 
transfer 

mechanism 
Molecule 

name 
Concentration 

and solvent 
Surface 

modification 
Hydration 

state 
Concentration 

(in % w/v) 

Glassy 
carbon 

Inner sphere Oxygen 

~20% 
or ~0.24 mM 

in PBS pH 7.4 

Pristine N/A N/A 

Agarose 
hydrogels 

Air dried 

1 
0.85 
0.7 
0.5 
0.3 

Hydrated 

1 
0.85 
0.7 
0.5 

100% 
or 1.2 mM 

in PBS pH 7.4 

Pristine N/A N/A 

Agarose 
hydrogels Air dried 

1 
0.85 
0.7 
0.5 
0.3 

Outer sphere 

Ruhex 1 mM 
in 1M KCl 

Pristine N/A N/A 

Agarose 
hydrogels Hydrated 

1 
0.85 
0.5 

Fc(MeOH)2 
1 mM 

in 1M KCl 

Pristine N/A N/A 

Agarose 
hydrogels Hydrated 

1 
0.85 
0.7 
0.5 

Gold 

Inner sphere Oxygen 

~20% 
or ~0.24 mM 

in PBS pH 7.4 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 

100% 
or 1.2 mM 

in PBS pH 7.4 
Pristine N/A N/A 

Outer sphere 

Ruhex 1 mM 
in 1M KCl 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 

Fc(MeOH)2 
1 mM 

in 1M KCl 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 

Platinum 

Inner sphere Oxygen 

~20% 
or ~0.24 mM 

in PBS pH 7.4 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 

100% 
or 1.2 mM 

in PBS pH 7.4 
Pristine N/A N/A 

Outer sphere 

Ruhex 1 mM 
in 1M KCl 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 

Fc(MeOH)2 
1 mM 

in 1M KCl 

Pristine N/A N/A 
Agarose 

hydrogels Hydrated 1 
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6.3.12 Data extraction and analysis 

Data extraction and analysis for electroanalytical experiments follows Section 3.2.3. the 

followings are parameters extracted and calculated: 

• n, numbers of electron involved (to determine whether E0’ n = 2 or E0’ n = 4 is used) 

• DO, diffusion coefficient (in m2/s) 

• k0, standard rate constant (in m/s) 

• !"! #⁄ , rate of mass transport within film (in m/s) 

 

6.4 Results and Discussion 

6.4.1 Agarose hydrogels is the better model for RDE-based biofilm studies 

Due to the requirement for hydrodynamic experiments which involves rotating the electrode 

about its axis, testing was performed by fabricating the hydrogels on top of a glassy carbon 

(GC) rotating disk electrode (RDE) to perform hydrodynamic voltammetry (HDV) scans of 

oxygen reduction at saturation (100% O2) at 500 rpm. 

 

 
Figure 6.5 Comparison of hydrodynamic voltammograms of pristine glassy carbon (red) and those modified 

with alginate (yellow) and agarose (blue) hydrogels.  
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During successful hydrodynamic voltammetry (HDV) slow scans at 500 rpm and 1 mV/s for 

oxygen reduction reaction (ORR) on glassy carbon (GC), the results for alginate covered GC 

(yellow) is not distinguishable from pristine electrode (red) because the hydrogel is not 

mechanically robust, dissolving into the solution as the electrode rotates (Figure 6.5). Agarose 

model biofilm (blue) truly deviates from pristine electrode. It shows that agarose can withstand 

RDE rotations and displays ‘fouling’ behaviour (hindered mass transport).  

 

 
Figure 6.6 Hydrodynamic voltammograms for alginate and agarose hydrogels modified glassy carbon.  

 

Another set of hydrodynamic voltammetry (HDV) scans at 500 rpm and 0.1 V/s shows that all 

variations of alginate hydrogel as model biofilm cannot be distinguished from pristine electrode 

(Figure 6.6). Meanwhile, agarose hydrogel as model biofilm can always be distinguished from 

pristine electrode and hence is a better candidate for hydrogel-based model biofilm. Table 6.3 

provides summary of the results.  

 

Upon further inspection, hydrated agarose model biofilm appears to cause changes to the 

electrode surface (Figure 6.7).  During the first scan, the forward scan has an onset of oxygen 

reduction reaction (ORR) at less than –0.8V, but during the second scan, the onset starts earlier 

at around –0.3V (around 400 mV difference). These scans are performed sequentially. Both 
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scans have similar reverse scan. During the second scan a massive wave in the range of 

hydrogen peroxide reduction appears. It could be that the first scan somehow modifies the 

surface of electrode and upon sequential scan it becomes sensitive to hydrogen peroxide. The 

agarose structure does not appear to be affected by changes in pH (i.e., the pH changes as 

potential goes towards –1.2V and more negative) because the magnitude of the wave at that 

region does not appear to differ.  

 

 
Figure 6.7 Hydrodynamic voltammetry (HDV) scan at 500 rpm and 0.1 V/s for agarose model biofilm.  

 

The emergence of transport properties of the model as the key characteristic to be established 

in the context of the topic of this project makes the use of agarose hydrogels as the model 

becomes advantageous. Agarose is a hydrogel that has been widely used in the field of genomic 

studies in techniques such as gel electrophoresis. This technique makes use of the transport 

properties of pieces of DNA or RNA through agarose hydrogel by means of applied potential 

difference between the two sides of the hydrogel. As such, a number of fundamental researches 

intended to elucidate transport phenomena in agarose hydrogel are more widely available 

compared to other hydrogels.12–19 This is useful in aiding the analysis of the results.   
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Table 6.3 Summary of fabrication testing results for alginate and agarose hydrogels to model the effects of 

biofilm coverage to electrode reactions.  

Hydrogels tested Results 
Hydrogels Recipe Mechanical stability Voltammetric response 

Alginate 

0.5% w/v Na-alginate in 
PBS + 1% CaCl2(aq) 

Mechanically unstable, hydrogel 
dissolves completely at the end 
of the tests.  

Hydrodynamic voltammetry 
(HDV) scan is 
indistinguishable from pristine 
electrode (Figure 4.6). 

0.5% w/v Na-alginate in 
PBS + 1% CaCl2(aq), double 
casting 

Mechanically unstable, hydrogel 
still dissolves into the working 
solution with some dried patches 
left, possibly comes from the 
first layer of dried alginate 
before the double casting.  

Hydrodynamic voltammetry 
(HDV) scan is 
indistinguishable from pristine 
electrode (Figure 4.7). 

1.0% w/v Na-alginate in 
PBS + 1% CaCl2(aq), filter 
paper ring scaffold 

The whole structure fell off 
during the second scan of the 
testing. Cyclic voltammetric (CV) 
scan in indistinguishable from 
pristine electrode. 

Hydrodynamic voltammetry 
(HDV) scan is 
indistinguishable from pristine 
electrode (Figure 4.7). 

Agarose 

1.0% w/v agarose in PBS 
pH 7.4, filter paper ring 
scaffold secured onto the 
PTFE insulating shaft using 
dots of cyanoacrylate  

The whole structure is stable 
and completely intact at the end 
of the testing. 

Hydrodynamic voltammetry 
(HDV) scan truly deviates 
from pristine electrode. 
Diffusion limited current is 10 
(ten) times smaller than 
pristine electrode (Figure 4.6).  

 

The entirety of experimental work in this project relies on hydrodynamic electroanalytical 

technique which involve rotating the electrode about its axis up to maximum 2500 rpm.  Only 

agarose hydrogels can withstand this principal requirement, while alginate hydrogels, which 

was more preferred due to the presence of alginate in bacterial biofilm, fails to demonstrate 

structural integrity during initial tests. Cellulose acetate film shows unclear results as it was 

scanned using electrochemical impedance spectroscopy (EIS) (Section 6.4.3). Based on these 

results, agarose hydrogels will be used throughout the entire experiments.  

 

While the selection of agarose hydrogels is at the compromise of chemical composition 

similarity to real biofilms as alginate would do, as in general chemically agarose hydrogels still 

also consisted of more than 90% water, it is expected that this will exhibit the same mass 

transport properties within the film, which is a key parameter in elucidating physico-chemical 

effects of modifying structures on electrode surface. 
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6.4.2 Cellulose acetate gives unclear results  

The fabrication of cellulose acetate is relatively the easiest of all three hydrogels tested, but 

this mixture gives unclear results. Upon electrochemical impedance spectroscopy (EIS) scan 

for electrochemical reduction of oxygen for cellulose acetate covered glassy carbon, it appears 

as if the film encourages better kinetics (Figure 6.8). A double semicircle seems to appear 

rather than one. This is a complicated situation and thus, circuit fitting was not performed as it 

is not the aim of the research to pursue so. Moreover, it is important to note that resistance to 

charge transfer is not purely a consequence of electrochemical kinetics, but also a multitude of 

combination from partitioning effects, diffusion coefficient and film thickness.20 Due to this 

apparent improvement of electrochemical kinetics, cellulose acetate film is not pursued further 

as model biofilm. Thus, cellulose acetate is not suitable for assessments of electrode reactions.  

 

 
Figure 6.8 Cellulose acetate film does not appear to interfere with electron transfer kinetics of oxygen 

reduction, taken from reference 21.  
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6.4.3 Are agarose hydrogels a good model for biofilms?  

Similar to what has been discussed in Section 5.4.4, the rate of mass transport within film 

!"! #⁄  for the agarose hydrogels are compared with biofilms to see whether it is possible to 

use abiotic models to model biofilm in its role in electrochemical sensor biofouling. Dried and 

hydrated agarose are tested, but counter-intuitively, the hydrated ones are very poor in 

replicating biofilm (Table 6.4). Hydrated agarose gels were supposed to mimic the matrix 

composition of biofilm which consists of > 90% water. However, dried agarose turns out to be 

a better model for biofilms. The slower rate of !"! #⁄  for hydrated agarose is due to its 

thickness (~200 %m as compared to ~30 %m for dried agarose; measured with Olympus LS5000 

confocal laser microscope). A higher rate for 0.5% w/v hydrated agarose may be because it 

cracks during experiment (low gel density).  

 

Several concentrations (gel density) of agarose were tested and the results show that dried 

agarose at concentration of 0.85% w/v agarose is the closest agarose model that is able to 

slightly replicate real biofilms (the naturally growing biofilm). It only barely replicates natural 

biofilm, unlike rapid electrochemical biofilm which can replicate natural biofilm well. 

Nevertheless, the 0.85% w/v dried agarose model is almost similar to rapid biofilm. As the 

concentration of agarose gets smaller (1% → 0.85% → 0.7% → 0.5% → 0.3%), there is a 

tendency of an increasing trend in the values of !"! #⁄  (i.e., the looser the gel density, the 

faster the rate of mass transport within the gels). Thus, agarose hydrogel which can better 

replicate the characteristic of natural biofilm in biofouling context could be somewhere 

between 0.85% and 0.7% w/v of agarose used as dried agarose gels.  
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Table 6.4 Comparison of rate of mass transport within film !"! #⁄  between natural biofilm, rapid biofilm and 

agarose models of biofilm grown or fabricated on glassy carbon electrodes with electrochemical reduction of 

oxygen as the paradigm. Cells shaded in salmon are statistically similar.  

Biofilm 
models 

E vs Ag/AgCl 
(in V) n electrons ∆n 

"#! $⁄ ± ∆("#! $⁄ ) 
at calculated n electrons 

(in m/s) 
Natural biofilm -1 0.17 (2) 0.04 3.36 x 10-4 ± 5.53 x 10-5 

Rapid biofilm  -0.9 1.67 (2) 0.04 3.21 x 10-4 ± 3.21 x 10-5 

Dried agarose 
1% air 

equilibrated 

-0.9 

1.53 (2) 0.002 

6.92 X 10-05 ± 4.73 X 10-06 

-0.93 7.88 X 10-05 ± 8.12 X 10-06 

-0.95 7.33 X 10-05 ± 9.11 X 10-06 

Dried agarose 
0.85% air 

equilibrated 

-0.9 

1.61 (2) 0.006 

1.19 X 10-04 ± 1.31 X 10-05 

-0.93 1.33 X 10-04 ± 1.67 X 10-05 

-0.95 2.34 X 10-04 ± 4.84 X 10-05 

Dried agarose 
0.7% air 

equilibrated 

-0.9 

1.86 (2) 0.005 

8.16904 X 10-05 ± 6.14 X 10-06 

-0.93 7.53287 X 10-05 ± 6.63 X 10-06 

-0.95 8.33566 X 10-05 ± 1.10 X 10-05 

Dried agarose 
0.5% air 

equilibrated 

-0.9 

2.19 0.006 

1.18 X 10-03 ± 2.30 X 10-03 

-0.93 1.59 X 10-04 ± 1.26 X 10-05 

-0.95 1.70 X 10-04 ± 2.07 X 10-05 

Dried agarose 
0.3% air 

equilibrated 

-0.9 

2.36 0.006 

1.45 X 10-04 ± 1.44 X 10-05 

-0.93 1.61 X 10-04 ± 1.95 X 10-05 

-0.95 4.77 X 10-04 ± 2.51 X 10-04 

Hydrated 
agarose 1% 

air 
equilibrated 

-0.97 

0.32 (2) 0.0007 

1.25 X 10-05 ± 3.94 X 10-08 

-1.0 1.30 X 10-05 ± 2.95 X 10-08 

-1.05 1.37 X 10-05 ± 6.88 X 10-08 

Hydrated 
agarose 

0.85% air 
equilibrated 

-0.97 

0.33 (2) 0.0002 

4.75 X 10-06 ± 2.98 X 10-08 

-1.0 4.73 X 10-06 ± 2.67 X 10-08 

-1.05 5.19 X 10-06 ± 2.58 X 10-08 

Hydrated 
agarose 0.7% 

air 
equilibrated 

-0.97 

0.78 (2) 0.002 

9.02 X 10-05 ± 7.52 X 10-06 

-1.0 7.03 X 10-05 ± 2.40 X 10-06 

-1.05 7.02 X 10-05 ± 2.09 X 10-06 

Hydrated 
agarose 0.5% 

air 
equilibrated 

-1.0 

1.16 (2) 0.003 

9.99 X 10-04 ± 7.16 X 10-04 

-1.05 1.38 X 10-03 ± 1.44 X 10-03 

-1.07 1.36 X 10-03 ± 1.55 X 10-03 

-1.09 1.52 X 10-03 ± 1.83 X 10-03 

 

Despite the less than satisfying results, these agarose model displays behaviour that is 

consistent with fouling situation: poor kinetics and hindered diffusion (Table 6.5). As has been 

done in Section 5.4.8, kinetics parameter k0 is compared by its central values only (discussion 
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on the intense ∆1" values is available in Section 6.4.4). All agarose models, both dried and 

hydrated, are causing the kinetics of oxygen reduction reaction (ORR) to become poor. The 

diffusion coefficient of oxygen within biofilm matrix ("!	$") also becomes slower than in free 

solution based on rough deduction from their !"! #⁄  (Table 6.10) as also done in Section 5.4.5. 

Interestingly, unlike both natural and rapid biofilms, agarose models do not alter oxygen 

diffusion in free solution ("$	$"). This potentially points out to the important role of the viable 

bacteria within the biofilm matrix (Section 5.4.8) which abiotic models cannot replicate yet.  

 

Table 6.5 Comparison of standard rate constant k0 and diffusion coefficient DO between agarose models 

fabricated on glassy carbon with electrochemical reduction of oxygen as the paradigm. 
Agarose 
models 

E (in V), 
kinetics  )" ± ∆)" (in m/s) E (in V), mass 

transport  ## ± ∆## (in m2/s) 

Reference value N/A in the order of 10-7 N/A 2.3 x 10-9 
Dried agarose 

1% air 
equilibrated 

-0.4 
2.83 X 10-8 ± 1.38 X 10-4 

-0.9 2.85 X 10-09 ± 2.03 X 10-10 
-0.43 -0.93 2.08 X 10-09 ± 1.59 X 10-10 
-0.45 -0.95 2.00 X 10-09 ± 1.94 X 10-10 

Dried agarose 
0.85% air 

equilibrated 

-0.4 
7.75 X 10-9 ± 1.17 X 10-5 

-0.9 2.73 X 10-09 ± 1.79 X 10-10 
-0.43 -0.93 2.56 X 10-09 ± 1.64 X 10-10 
-0.45 -0.95 1.65 X 10-09 ± 7.32 X 10-11 

Dried agarose 
0.7% air 

equilibrated 

-0.4 
8.32 X 10-9 ± 4.03 X 10-4 

-0.9 2.31 X 10-09 ± 1.33 X 10-10 
-0.43 -0.93 2.41 X 10-09 ± 1.82 X 10-10 
-0.45 -0.95 2.18 X 10-09 ± 2.08 X 10-10 

Dried agarose 
0.5% air 

equilibrated 

-0.4 
1.55 X 10-8 ± 4.20 X 10-7 

-0.9 1.34 X 10-09 ± 9.64 X 10-11 
-0.43 -0.93 3.04 X 10-09 ± 1.14 X 10-10 
-0.45 -0.95 2.65 X 10-09 ± 1.31 X 10-10 

Dried agarose 
0.3% air 

equilibrated 

-0.4 
1.41 X 10-8 ± 6.93 X 10-8 

-0.9 2.86 X 10-09 ± 1.42 X 10-10 
-0.43 -0.93 2.63 X 10-09 ± 1.35 X 10-10 
-0.45 -0.95 1.49 X 10-09 ± 7.72 X 10-11 

Hydrated 
agarose 1% air 

equilibrated 

-0.25 
3.58 X 10-17 ± 2.02 X 1047 

-0.97 2.75 X 10-08 ± 2.27 X 10-09 
-0.27 -1.0 2.22 X 10-08 ± 1.09 X 10-09 
-0.3 -1.05 1.79 X 10-08 ± 1.61 X 10-09 

Hydrated 
agarose 0.85% 
air equilibrated 

-0.23 
2.63 X 10-10 ± 1.52 X 10-8 

-0.97 2.23 X 10-09 ± 1.80 X 10-10 
-0.25 -1.0 2.03 X 10-09 ± 1.39 X 10-10 
-0.27 -1.05 2.66 X 10-09 ± 1.76 X 10-10 

Hydrated 
agarose 0.7% 
air equilibrated 

-0.25 
3.65 X 10-8 ± 1.61 X 10-7 

-0.97 1.26 X 10-09 ± 6.30 X 10-11 
-0.3 -1.0 2.40 X 10-09 ± 9.71 X 10-11 
-0.35 -1.05 3.43 X 10-09 ± 1.54 X 10-10 

Hydrated 
agarose 0.5% 
air equilibrated 

-0.25 

2.74 X 10-8 ± 3.66 X 10-7 

-1.0 2.01 X 10-09 ± 1.02 X 10-10 
-0.3 -1.05 2.39 X 10-09 ± 1.44 X 10-10 

-0.35 
-1.07 2.50 X 10-09 ± 1.71 X 10-10 
-1.09 2.56 X 10-09 ± 1.67 X 10-10 
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Figure 6.9 Cyclic voltammetry scans of oxygen reduction reaction (ORR) for all agarose models (dried and 

hydrated) fabricated on glassy carbon electrodes show fouling behaviour (poorer kinetics and hindered 

diffusion). The subset image (black) is for dried agarose at oxygen saturation.  

 

 
Figure 6.10 Cyclic voltammetry scans of outer sphere redox probes (left: reduction of ruthenium(III) hexamine 

and right: oxidation of 1,1’-ferrocene dimethanol) for hydrated agarose fabricated on glassy carbon electrodes 

shows that hydrated agarose models displays fouling behaviour (hindering diffusion). 
 

 
Figure 6.11 Electrochemical impedance spectroscopy (EIS) scans show that hydrated agarose fabricated on 

glassy carbon electrodes makes kinetics of electrochemical reduction of oxygen (ORR, oxygen reduction 

reaction) becomes more sluggish than pristine electrode.  
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Cyclic voltammogram scans also show that all agarose models are negatively affecting 

electrochemical reduction of oxygen (Figure 6.9). Hydrated agarose gels were expected to 

replicate biofilm better, but it does not turn out to be the case. Despite so, EIS scans and CV 

using outer sphere redox probes still show that they demonstrate fouling behaviour (Figures 

6.10 and 6.11).  Cyclic voltammograms of outer sphere redox probes show that diffusion is 

hindered. EIS scans show that resistance to charge transfer (Rct) increases when hydrated 

agarose is fouling the electrodes. EIS is used to quickly show the effects of the gels to the 

kinetics. No detailed interpretation was drawn from it and no circuit fitting was performed.  

 

Table 6.6 Inconsistent replicate measurements of ORR paradigm at air equilibration using the same hydrogel 

(1% w/v dried agarose) – fresh fabrication of hydrogel is necessary for each new measurement performed.  

Measurement )" ± ∆)" (in m/s) "#! $⁄ ± ∆("#! $⁄ ) (in m/s) ## ± ∆## (in m2/s) 
1st  9.82 X 10-8 ± 1.46 X 10-1 7.88 X 10-05 ± 8.12 X 10-06 2.08 X 10-09 ± 1.59 X 10-10 
2nd  7.75 X 10-9 ± 1.17 X 10-5 9.12 X 10-05 ± 4.69 X 10-06 6.10 X 10-09 ± 4.11 X 10-10 

 

It is wort to note that if dried agarose were to be used as abiotic models of biofilms, the 

hydrogels should be fabricated fresh for each measurement since replicate measurements are 

not consistent (Table 6.6). Measurements of different concentrations of analyte also yield 

inconsistent values for !"! #⁄ , the properties of the film, which is expected to remain the same 

since it comes from the same film (Table 6.7).  

 

Table 6.7 Inconsistent !"! #⁄  values for dried agarose on different concentrations of dissolved oxygen, i.e., 

~0.24 mol. m-3 (air equilibration) and ~1.2 mol. m-3 (oxygen saturation). Measured at -0.95 V vs Ag/AgCl.  

[O2] 1% w/v 0.85% w/v 0.7% w/v 0.5% w/v 0.3% w/v 
~0.24 
mmol 

7.33 X 10-5 ± 9.11 X 10-6 2.34 X 10-4 ± 4.84 X 10-5 8.34 X 10-5 ± 1.10 X 10-5 1.70 X 10-4 ± 2.07 X 10-5 4.77 X 10-4 ± 2.51 X 10-4 

~1.2 
mmol 

1.14 X 10-4 ± 3.82 X 10-5 1.06 X 10-4 ± 2.17 X 10-5 9.79 X 10-5 ± 1.09 X 10-5 1.05 X 10-4 ± 1.84 X 10-5 1.20 X 10-4 ± 3.64 X 10-5 

 

An explanation for these inconsistencies may come from some residual artefact of reactions 

occurring during electrochemical reduction of oxygen. Hydrogen peroxide, water or oxygen 
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molecules are by-products of the ORR reactions and these may alter the physico-chemistry of 

agarose in a number of ways. H2O2 and O2 may interfere with the actual ORR that is currently 

happening. Water may alter swelling of the hydrogel causing effects to diffusion.  

 

The results have shown that biofilms cannot be adequately modelled by abiotic models. The 

viable bacterial cells making up active communities within biofilm do have important roles in 

the exertion of effects to electrode reactions which abiotic models are yet to replicate (if 

possible at all). Unlike the spinal disc hydrogel model mentioned in the introduction (Section 

6.1) which only replicated ‘a part’ of a whole organism, biofilm models must try to replicate 

‘a community of organisms’ and ‘all of its relevant behaviours’ (variations in bacterial 

orientation and distribution within a small area of biofilm) that may affect the observation, 

which is clearly much more complex. It is akin to trying to model a very complex, responsive 

and massive system like the whole city of London and its individually diverse characteristic 

and role of its people. Moreover, assumption that biofilm is an inert film is quite problematic 

because biofilms are electroactive. Biofilms can be both ‘seen’ by the electrode it is attaching 

to (pyocyanin detection, impaired signal) and can also ‘see’ the redox probe that the electrode 

is trying to see. It is like having an electrode on top of another electrode where both can ‘see’. 

Indeed, EPS is known to have a role in redox reaction of minerals as a bioelectrochemical 

system (BES; which has been harnessed as microbial fuel cell or MFC).22 All microorganisms 

are, in fact, electroactive.22 This includes not only bacteria which is the focus of this project, 

but also fungi, yeast and archaea. The electroactive nature of microorganisms comes from the 

principal physiological function of microorganisms as biotic organisms (i.e., living organisms), 

which is respiration. The electrochemical interaction between bacteria and dissolved oxygen 

during their respiration is a quite complex factor which will interplay with the overall effects 

seen (Sections 5.4.7, 5.4.8).  
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6.4.4 Electrochemical reduction of oxygen is a complicated paradigm for in depth 

studies of biofouling, but useful in situ 

Electrochemical reduction of oxygen, or oxygen reduction reaction (ORR), was chosen as a 

paradigm to elucidate effects of biofouling on indwelling electrochemical sensor because 

oxygen is naturally available and dissolve within the system of the sensor (i.e., drinking water 

distribution system (DWDS)). More conveniently, oxygen has an inner sphere electron transfer 

mechanism, and its electrochemical reaction is electrocatalytic, thus, it is highly sensitive to 

surface conditions of the electrode. However, experience from the experiments in this project 

has revealed that ORR is very challenging to use as the paradigm for in depth studies of 

electrode reaction.  

 

The challenge in using oxygen paradigm for that purpose comes from its high sensitivity to 

surface conditions – its surface dependence is a double-edged sword. This complication is 

demonstrated during K–L analysis of kinetics parameter. While there was little issue for 

calculating mass transport related parameter, the results for k0 have very poor precision. A very 

wide range of standard deviation for k0 suggests that there is something systematically 

disturbing the condition of the surface. These experiments were designed to ‘deliberately ruin’ 

the electrode surface through modelled fouling (by real biofilms in Chapter 5 and agarose 

models in this chapter), so, the electrode surface is indeed ‘systematically disturbed’ for 

experimental purpose and poor precision of the parameter sensitive to surface condition should 

be expected. The results are supposed to be ‘ruined’. However, this makes quantitative analysis 

impossible to do with good precision.  
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There are many factors that can contribute to the complication in using oxygen as paradigm for 

in depth analysis, among others, 

• which pathway of ORR that is proceeding during fouled experiment? 2-electron or 4-

electron pathway? 

• is the working solution, glassware, tubings etc clean enough? 

• are surfaces prepared consistently? 

• are surface pre-treatment chosen enough and fit for purpose? 

• the period of the experiment. 

 

Electrochemical reduction of oxygen on glassy carbon electrode proceeds on the peroxide (2-

electron) pathway, but there are speculations on whether the same thing occurs on noble metals 

(gold, platinum). ORR proceeds at a faster kinetics on noble metals, but some attributed this to 

the direct (4-electron) pathway that may have happened on the noble metals. However, ORR 

may have happened through the 2e– + 2e– pathway on noble metals. There is actually no 

agreement yet on how electrochemical reduction of oxygen pathways actually proceeds.23  

 

There are multiple pathways to ORR mechanism which makes the number of electrons 

transferred for ORR is particularly important.24 The number of electrons will determine which 

formal potential to use for kinetics analysis (Section 3.2.3). Table 6.8 shows the calculated 

number of electrons from limiting current at mass transport region during hydrodynamic 

voltammetry. Many of the ‘fouled’ electrodes possess less than 2 electrons involved in during 

oxygen reduction. The presence of biofilm and agarose models must have effects on the 

extraction of the number. Since ORR has multiple pathways, this can also mean that a different 

– or new – pathway is at play. Nevertheless, since number of electrons is necessary to choose 

the value of E0’ to calculate k0, in kinetics analysis a value of n = 2 was used.  
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Notice that low concentrations of dried agarose at 0.5% and 0.3% w/v still have more than 2 

number of electrons. This could happen because the gel density is so sparse that it does not 

really alter the ‘normal’ pathway. Since the calculated number of electrons is still close to 2, 

the formal potential for 2 electrons is used for these two. Gold and platinum electrodes were 

also tested for this. When they are covered with agarose, they also display the same behaviour 

with number of electrons that is less than 2. Referring to Sections 5.4.6 and 5.4.9 in which it 

was found that rapid electrochemical biofilm cannot form as well on gold compared to glassy 

carbon, the calculation results for number of electrons for pristine and rapid biofilm fouled gold 

electrodes are statistically similar. This suggests that, indeed, rapid electrochemical biofilm 

was not forming well on gold electrode since there is no apparent change in its ORR pathway. 

Interestingly, the number of electrons at oxygen saturation (100% O2 or 1.2 mM) for glassy 

carbon and platinum electrodes are less than two. Electrode poisoning by ORR by-products or 

interaction of the by-products with spectator species (such as Cl–)25 may be the cause, since 

very large concentration of oxygen is involved. Looking into all the results from Table 6.14, 

none of the experiments proceeds with the 4-electrons ORR pathway. Noble metals were said 

to be able to proceed with the 4-electrons pathway and most of the research related to ORR 

have been for the interest of fuel cell in which pH 14 electrochemistry is preferred (Figure 5.8) 

as it improves the kinetics. This project concerns with pH 7 electrochemistry of oxygen 

reduction and, perhaps, ORR does not proceed as advanced as in alkaline situations.  

 

The cleanliness of working solution glassware, tubings etc can affect how ORR would 

proceeds. Any impurities from ‘anything’ that is in contact with or able to be the medium to 

transfer impurities to the surface of electrode can dramatically alter ORR kinetics. This is 

especially true for platinum electrodes (Chapter 7). Platinum electrode covered in a selective 
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membrane is a typical working electrode used for electrochemical measurements of dissolved 

oxygen used in commercial Clark-type oxygen sensors. Platinum is very prone to surface 

poisoning and passivation, hence, the reason for the addition of membrane coverage for 

protection against rapid fouling.  

 

Table 6.8 Calculated total n electrons for oxygen reduction reaction (ORR) at air equilibration (20% or ~0.24 

mM) and oxygen saturation (100% or 1.2 mM) on PBS pH 7.4 (glassy carbon and gold) and freshly made 

phosphate buffer pH 7.4 from scratch (platinum). The shaded cells have less than 2 electrons.  

Electrode 
Experiment ~20% O2 or ~0.24 mM 100% O2 or 1.2 mM 

Total n 
electron 

Standard 
deviation (n 
sample = 5) 

Total n 
electron 

Standard 
deviation (n 
sample = 5) 

Surface 
modification Concentration 

Glassy 
carbon 

Pristine - 3.38 0.005 1.97 0.01 
Natural biofilm - 0.17 0.04 - - 

Rapid 
electrochemical 

biofilm 
- 1.67 0.04 - - 

Agarose, dried 

1% w/v 1.53 0.002 1.05 0.002 
0.85% w/v 1.61 0.006 1.26 0.004 
0.7% w/v 1.86 0.005 1.66 0.003 
0.5% w/v 2.19 0.006 1.35 0.006 
0.3% w/v 2.36 0.006 1.52 0.002 

Agarose, 
hydrated 

1% w/v 0.32 0.0007 - - 
0.85% w/v 0.33 0.0002 - - 
0.7% w/v 0.78 0.002 - - 
0.5% w/v 1.16 0.003 - - 

Gold 

Pristine - 2.86 0.02 2.93 0.003 
Rapid 

electrochemical 
biofilm 

- 2.93 0.07 - - 

Agarose, 
hydrated 1% w/v 0.42 0.0007 0.42 0.0007 

Platinum 
Pristine - 2.33 0.01 1.86 0.004 

Agarose, 
hydrated 1% w/v 0.19 0.0004 0.19 0.0004 

 

Inconsistently prepared surface can lead to inconsistent and uninterpretable results. Glassy 

carbon electrodes were prepared though polishing, sonication and rinsing (Chapter 3). A quick 

EIS scan (without having to fit any circuit to the Nyquist plot) can show how consistent the 

surfaces are prior to fabrication of hydrogels. If the semicircle on the Nyquist plots for each 

electrode are of the same size (similar Rct), the surfaces are consistently prepared (Figure 6.12). 

EIS scans are consistent throughout different electrodes, different days (GC2 was scanned 

twice for two consecutive days), with exactly the same potential bias at –0.6 V vs Ag/AgCl | 
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1M KCl. If the electrode surface is not properly prepared, it will display different response 

every single time. EIS can show how well the electrode surface is prepared, especially for 

reactions whose electrochemistry depends heavily on the conditions of the surface.   

 

There are various ways to prepare carbon electrodes for electrochemical reduction of oxygen.23 

All of this surface pre-treatments are aimed at increasing ‘active sites’ for electron transfer 

during ORR, although, there is not even an agreement on what defines an active site for ORR. 

However, will this be necessary to do for electrode fouling experiments? It is not the interest 

in fouling experiments to maximise access to active sites during electrochemical reduction of 

oxygen, as long as surface pre-treatment can adequately activate the surface for ORR to 

proceed, that would count as enough. Despite that, how enough is ‘enough’? There is no 

‘standard’ to date related to how ‘active’ the electrode surface should be for ORR, let alone for 

in depth biofouling studies since this is an under-explored field of study.  

 

 
Figure 6.12 Nyquist plot from EIS scans for oxygen reduction at saturation for different glassy carbon 

electrodes prepared for agarose hydrogels model biofilm experiment. The semicircle for each scan overlaps well 

(they are of same size and shape), showing consistent surface preparation.  

 

Period of time spent to perform the experiments is certainly a major factor. K–L analysis relies 

on raw data generated through tedious long hours experiments that can last a whole day. During 
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these long hours, the condition of the surface can potentially change or fouled by impurities or 

known or unknown by-products since ORR chemistry is so complicated.  

 

Based on these discussions, it can be seen how ORR is a very complicated paradigm to use for 

in depth studies of sensor biofouling. Insights on both mass transport and kinetics can still be 

extracted through K–L analysis, but, despite the good quantitative results obtained for !"! #⁄  

and DO (or kd), it is challenging to quantify k0 with precision. A different redox probe is 

required. The other candidate for the redox probe should possess a simple and straightforward 

chemistry with simple electrochemical pathway, ideally not involving multistep electron 

transfer. Nevertheless, dissolved oxygen is useful in situ. Through cyclic voltammetry, an 

assessment to the position of the onset of the wave, the wave size, the wave shape and the 

magnitude of the steady-state current (limiting current) can quickly provide indication of 

fouling (Section 5.4.8). A fouled sensor would find that ORR onset would shift to a more 

negative potential and the limiting current will diminish compared to its pristine condition – 

this changes the wave size and shape.  

 

Not only the number of electrons involved and the pathway ongoing on the respective pH, the 

‘concentration of oxygen’ dissolved in the working solution also affect the overall reaction of 

oxygen reduction. At saturation (100% O2 or 1.2 mM) the onset of the wave of ORR is shifted 

to a more negative potential (Figure 6.13). The k0 calculation from K–L analysis generally 

supports this, although, it is more on the unclear side since the standard deviation is too wide. 

High concentration of dissolved oxygen could be poisoning the electrodes with by-products for 

noble metals. It may be the case for glassy carbon too, but the results are too unclear.  
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Figure 6.13 Voltammograms for ORR at saturation and air equilibration (PBS pH 7.4 for glassy carbon and 

gold, freshly made phosphate buffer pH 7.4 from scratch for platinum). Onset of ORR wave at oxygen 

saturation shifted to a more negative potential. 

 

Nevertheless, information on mass transport can still be extracted despite the difficulties in 

kinetics quantifications (Sections 5.4.4, 5.4.5). However, when comparing the !"! #⁄  results 

for electrochemical reduction of oxygen and ruthenium(III) hexamine (Section 5.4.5) it can be 

seen that even in the same mass transport regime, the results for !"! #⁄  for oxygen reduction 

reaction (ORR) at different potentials can be statistically dissimilar (Table 5.10). On the other 

hand, !"! #⁄  for ruthenium(III) hexamine reduction at different potentials within mass 

transport regime are precisely consistent. Moreover, the apparent lack of clear plateau region 

in its mass transport regime makes the use of ‘point-based’ (snapshot) electroanalytical 

technique not useful as it is very difficult to pin down which mass transport potential(s) are 

relevant. Chronoamperometry (CA) is a technique that can potentially be used in situ, and has 

been used to analyse diffusion properties within film but results are too unclear since the 

potentials chosen turn out to be not the relevant ones. This is only evident after tedious K–L 

analysis (not immediately known during experiment). Techniques that scan a wide range of 

potentials may be better suited when ORR is used, such as what is recently done by Cobb and 

Macpherson using square wave voltammetry (SWV) for rigorous analysis of non-Faradaic 
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signals obtained from the technique.26 The focus perhaps should also be redirected towards 

extraction of non-Faradaic parameters (capacitance, for example) for in situ diagnostics of 

sensor biofouling, as ORR gives problematic Faradaic signals due to its surface sensitivity.  

 

By now, it has been clear that the difficulties for using ORR as a paradigm for in depth studies 

of biofouling comes from its inconsistent kinetics analysis because of its own surface 

sensitivity, and hard to pin down mass transport ‘window’ due to the narrowness of its plateau 

mass transport region which is the results of surface passivation over time during ORR. There 

is no recorded report of the use of kinetics aspects of ORR to develop diagnostics for sensor 

performance. The closest application of ORR for diagnostics of sensors is a patent file from 

2001 (Bureau International, France) and 2005 (United States Patents) on application of 

Koutecký–Levich equation to detect biofilm and measure their thickness by means of 

measurement of limiting current from the reduction of an electrochemical tracer such as 

naturally dissolved oxygen. Wall-jet set up was used to perform hydrodynamic experiments 

and K–L equation was used to analyse transport of matter through a porous layer by relating 

the value of the limiting current for reducing the tracer to the flowrate of the electrolytic 

solution (medium + tracer) and used this relationship to calculate the thickness of  the porous 

layer at the surface of the working electrode.27,28 Ferricyanide (Fe(CN)%&') can also be used as 

the tracer29 and Koutecký–Levich relationship as described by Deslouis et al. was used.30  

 

6.5 Conclusion 

Compared to alginate and cellulose acetate, agarose hydrogel has turned out to be the most 

suitable abiotic model for biofilm studies performed using RDE-based setup. Agarose can 

withstand rotation up to 2,500 rpm, does not fall off and does not dissolve into the working 

solution. 
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However, these abiotic models cannot adequately replicate key characteristic !"! #⁄  of real 

biofilms. Agarose models can only almost replicate the characteristic, but not quite there yet. 

Dried and hydrated agarose fabrication method were used. Counter-intuitively, dried agarose 

replicates real biofilm better despite the hydrated ones are modelled to mimic the more than 

90% water content of real biofilms. A dried agarose in between 0.85% and 0.7% w/v seem to 

be replicating real biofilms quite closely. 

 

Unlike real biofilms (natural and rapid), agarose models do not negatively alter diffusion in 

free solution within the hydrodynamic boundary layer (DO within 8( = 0.05 cm). This might 

be the principal difference between abiotic models and real biofilm. The absence of viable cells 

(and its ‘electroactive’ EPS) makes abiotic models of agarose hydrogel fail to adequately 

replicate key characteristic of real biofilms in the context of electrochemical sensor biofouling. 

The consideration of the presence or role of ‘viable’ bacterial cells and the importance in 

emphasising the ‘electroactive’ nature of the bacterial cells and the EPS (and thus, the whole 

biofilm structure) matters a lot to the success of a model in replicating biofilms.  

 

Nevertheless, both dried and hydrated agarose still display ‘fouling’ behaviour based on k0 and 

!"! #⁄  calculation (and DS estimation) using ORR paradigm. Cyclic voltammetry and EIS 

scans using the same paradigm also support this result. The use of outer sphere redox probes 

(ruthenium(III) hexamine and 1,1’-ferrocene dimethanol) also supports the results (through 

smaller plateau current during HDV scans).  

 

Electrochemical reduction of oxygen (or oxygen reduction reaction, ORR) has been used 

throughout Chapters 5 and 6 to perform in depth studies of the physicochemical effects of 
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biofouling to electrode reactions. While it can provide good insights on the nature of transport 

(and its complexity) within biofilms (Sections 5.4.4 to 5.4.8) and provides a way to determine 

the suitability of abiotic biofilm model (Section 6.4.3) and rapidly formed biofilm through 

novel method (Section 5.4.4) in replicating real biofilms, ORR is a very complicated paradigm 

for assessing kinetics at electrode surface. This surface dependence and surface sensitivity of 

ORR is a double-edged sword. A different redox probe with simple and straightforward 

electrochemistry must be used. Nevertheless, ORR is useful for qualitative in situ assessment 

of fouling through cyclic voltammetry. ORR is also not suitable for electroanalytical technique 

which depends on ‘snapshot’ data capturing such as chronoamperometry (CA). The plateau 

area of the mass transport regime of ORR is too narrow to allow for accurate ‘guessing’ of the 

E2 required for CA scan. A technique which scans a wide spectrum of data capturing may be 

better suited for ORR paradigm, but this must be approached with an acknowledgement that 

ORR has considerable limitations due to its complicated interplay with the surface of electrode 

and the biofilm itself.  
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7 In situ electrochemical restoration of fouled electrodes  

 

7.1 Introduction 

Electrochemical restoration of fouled electrodes in situ can be possible using electrochemical 

advanced oxidation processes (EAOPs). This is based on the idea of complete mineralisation 

in which organic compound CxHyOz is oxidised (+ O2) completely into carbon dioxide and 

water. Complete mineralisation is a common approach used in restoration or remediation of 

area contaminated with organic contaminants.  

 

As the name suggests, this method will involve the use of extreme anodic potential to ensure 

complete mineralisation (no problematic by-products produced during the process) and also to 

induce oxygen evolution (O2 gas bubble production) which can help in detaching the 

adsorbates, such as biofilms. However, the use of extreme anodic potential will limit the type 

of electrode materials on which it can be performed.  

 

Boron-doped diamond (BDD) is one such material that can withstand the extreme conditions 

of EAOPs.1–3 This is a novel material which has many potentially exciting applications, but 

still found little commercial use due to worries of the ‘diamond costs’ despite it being lab-

made. Thus, it would be interesting to demonstrate what EAOP-based cleaning method would 

do to commonly used electrode materials.4,5  

 

Oxygen reduction reaction (ORR) has been used as a paradigm to study biofouling throughout 

the earlier chapters. ORR-based paradigm will also be used in this chapter. Platinum electrode 

is a commonly used material for dissolved oxygen sensor. A paradigm of ‘platinum based 
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dissolved oxygen sensor’ will be used to examine EAOP-based in situ electrochemical 

restoration to the reusability of the working electrode.  

 

7.1.1 Platinum-based dissolved oxygen sensor  

Electrochemical measurement of dissolved oxygen in an aqueous matrix is performed by using 

Clark type sensors. These sensors work by using the potential determining equilibrium of 

electrochemical reduction of oxygen (or oxygen reduction reaction, ORR). Noble metals are 

normally used as the working electrode since ORR has better kinetics on noble metals.6 A 

selective membrane is normally used with platinum electrodes to avoid passivation of the 

electrode. However, a plain platinum electrode will be used in this experiment to avoid 

complicated interaction between the membrane and the ‘model’ biofilm.  

 

7.1.2 Oxygen paradigm – dissolved oxygen calibration  

A paradigm based on oxygen reduction reaction (ORR) will be used to examine in situ 

electrochemical restoration of fouled electrode in this chapter. However, Koutecký–Levich 

analysis will not be used for this experiment. Rather, assessments based on the calibration of 

dissolved oxygen will be used. As such, ‘sensitivity’ of the calibration curve and ‘the limit of 

detection’ (LOD) will be used as the parameters to assess the restoration of the electrode. 

Calibration curve is constructed by plotting the signal of the response against the concentration 

of the analyte (i.e., current, i vs concentration of dissolved oxygen, [dO2]). Sensitivity is the 

slope of the calibration curve and LOD is the value of x when y = y (x = 0) + 3 × ∆ y (x = 0).7  

 

There are multiple ways to perform calibration of dissolved oxygen. Calibration of gasses 

dissolved in aqueous solution requires methods to establish different concentrations of the gas 

in solution to make up the ‘standard solution’.  
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One method to perform dissolved oxygen calibration is through ‘three-point calibration’. In 

this method, only 3 different concentrations of dissolved oxygen are used: 0, ~20% and 100%. 

This is a common method used to calibrate dissolved oxygen sensors.8 Another method is to 

use ‘multi-point calibration’ in which multiple concentrations of dissolved oxygen is 

established by mixing different volumes of oxygen saturated solutions (buffered) with blank 

solution. One such way to do this is by adding 0.1M Na2SO3(aq) in aliquots to deionised water 

or MiR05 (mitochondrial respiration) buffer.9 Another way to vary the concentrations of 

dissolved oxygen is by flowing different mixtures of N2 and O2 gasses to a solution.8,10  

 

7.1.3 Pulsed amperometric detection (PAD) based EAOPs as the basis for the 

electrochemical in situ restoration method  

EAOP will be used as the basis for the in situ electrochemical restoration of fouled electrode – 

but how it will be implemented exactly? Pulses of ‘extreme potentials’ based on pulsed 

amperometric detection (PAD) will be used to apply ‘cleaning pulses’ and ‘regeneration 

pulses’. PAD is an amperometric sensing method developed to provide a means for detection 

of analyte which can foul the working electrode over time. Detection pulse is applied for a 

certain period, then a restoration pulse is applied afterwards for a certain period too. After 

restoration pulse is completed, detection pulse is applied again and so forth the pulses are 

alternated to detect analyte and restore the surface.11–14  

 

Referring to the practice of ‘electrochemical cleaning’ of noble metals through repeated 

voltammetric cycles in 1M of aqueous sulfuric acid (Section 3.2.1.2), metal electrodes are 

cycled between extreme anodic and extreme cathodic potentials to burn off surface impurities 

and regenerate fresh activated metal lattice at the surface, respectively. The in situ restoration 
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method tested in this chapter will be based on this back-and-forth cycling, but rather than using 

cyclic sweeping, pulses of extreme potentials will be used in sequence based on PAD.  

 

7.1.4 Complete mineralisation of model biofilm  

Rather than real biofilms, a model biofilm will be used to examine in situ electrochemical 

restoration of fouled electrodes. A model biofilm with specifically known stoichiometry will 

be chosen for the purpose of removal effectiveness analysis. In Chapter 6, three candidates 

were chosen for fabrication of abiotic model biofilms. One of the candidates – cellulose acetate 

– were deemed unsuitable for in depth electrode reactions studies because it gives unclear 

results regarding its kinetics effects. However, cellulose acetate can be useful for the 

application of the restoration method testing.  

 

Bacterial biofilms structure is also known to have some cellulosic chemical composition that 

comes from the bacterial cellulose (BC), which is a fibrous structural component of biofilms.15 

As bacterial biofilms are more defined as a structural entity, this selection of a representative 

cellulosic compound is used. Apart from being chemically representative as a structural 

component of biofilms, cellulose acetate also has straightforward stoichiometry when being 

considered for complete mineralisation chemistry.  

 

7.1.5 Removal effectiveness analysis  

The concept of complete mineralisation used as the basis for the restoration method is based 

on the chemistry of complete combustion (equation (7.1)), 

#$!%"&# + (&$ → *$&$ + +%$&     (7.1) 

where CxHyOz is the model biofilm (cellulose acetate, C10H16O8).  
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Removal effectiveness will be defined as the percentage of model biofilm removed during the 

cleaning pulses. The amount of oxygen consumed will be equivalent to the cleaning pulses. A 

plot of i vs t will record the cleaning pulses and the total charge for each pulse can be obtained 

by integrating the area underneath the plot , = ∫ /+0%
& .  

 

The total charge for each pulse should be converted into the units of moles to obtain percentage 

of removal,  

12345	27	$!%"&#	841294+ = '
()     (7.2) 

where Q is the total charge for each pulse (in coulombs), n is the total numbers of electrons 

involved in each pulse and F is Faraday constant (96,485 C/mole) to convert the units into 

‘moles’ basis.  

 

The number of electrons involved can be calculated by balancing the stoichiometric reaction.16  

$*&%*+&, + 10&$ → 10$&$ + 8%$&    (7.3) 

The carbon atoms in cellulose acetate are oxidised into CO2 (from 0 to +4) and the oxygen 

atoms in O2 is reduced into H2O (from 0 to –2). The oxidation number for H in the compound 

(bonded with other elements; not with other H) is +1 and for O is –2 in the compound. The 

oxidation number for O in O2 is 0 because it is a neutral molecule (not charged) and O is bonded 

with another O.  

 

The electrons involved is equivalent to the amount of oxygen consumed. In this reaction, 

oxygen undergoes complete reduction into H2O (O2/H2O) which is the 4-electron reduction 

pathway in ORR. Thus, for every mole of oxygen consumed, 4 electrons in involved. There 

are 10 moles of oxygen involved for every mole of cellulose acetate oxidised (C10H16O8 : O2 = 

1 : 10), so there will be a total of 40 electrons involved for each mole of cellulose acetate 
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removed in each cleaning pulse (n = 40), though this assumes 100% faradaic efficiency, i.e., 

no solvent breakdown or redox processes on the electrode surface. 

 

Removal effectiveness is calculated by taking the percentage between total cellulose acetate 

removed and the amount of cellulose acetate film fabricated at the beginning,  

%	84129#3 = -./01	34	567787316	/56%/%6	.60396:
-./01	34	567787316	/56%/%6	4/;.<5/%6: × 100%    (7.4) 

 

7.1.6 Electrochemically clean electrodes  

Since atomically clean noble metal surfaces can only really exist under circumstances 

somewhat remote from typical sensing applications, a more pragmatic definition of cleanliness 

is required.  An electrode will be considered as clean if it can generate reproducible results 

from the ‘same’ ‘starting point’. An electrode that looks clean to the naked eye may actually 

be ‘dirty’ and ‘disorganised’ at the molecular level. The length scale at the vicinity of electrode 

surface matters as it determines whether an electrode is ‘electrochemically clean’ for the 

chemistry of the reaction. This is the reason why surface preparation of electrodes, despite 

tedious and repetitive (Section 3.2.1), are extremely important and should be religiously 

performed correctly before taking any measurements. A simple mis-step can dramatically alter 

the results (often in unwanted ways) especially for reactions which are surface-dependent or 

sensitive to slightest surface changes.  

 

Ensuring that electrodes are starting from the same point can be achieved through a number of 

ways. Checking the voltammetric response of a fast inner sphere redox probe (such as 

ferricyanide/ferrocyanide Fe(CN)63+/Fe(CN)62+ couple) is the fastest and easiest way. Some 

electrode materials such as noble metals (gold, platinum etc) must be reactivated before use 

each time though hundreds of cyclic voltammetric sweeping in aqueous sulfuric acid (1M). 
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Surface roughness or the measure of real surface area can be a way to determine whether an 

electrode is appropriately activated.17 Surface roughness is the ratio of real surface area (or 

microscopic surface area, Am) to macroscopic geometric surface area, Ag (surface roughness, 

> = ?0 ?-⁄ ). Surface roughness of 2 to 3 is a good measure of electrode cleanliness.18 

Polishing the electrodes in an aqueous alumina or diamond slurry in decreasing grades down 

to 0.05 μm is the most standard method to ensure electrodes are electrochemically clean.  

 

Measuring double layer capacitance, Cdl, of the material is a useful indicator of material quality 

or surface cleanliness. Cdl can be determined through cyclic voltammetric (CV) measurements 

using $:7 = //9 A?⁄  where iav is the average current from the forward and reverse sweep, A is 

the scan rate and A is the electrode area.2 Accurate measurement of surface area has been 

compiled by Trasatti and Petrii.19 Cdl can also be determined  from electrochemical impedance 

spectroscopy (EIS) measurements (Section 2.5.3, Figure 2.18). 

 

A correctly prepared electrode, however, does not always stay ‘clean’ throughout 

measurements or experiments. Thus, it is a good practice to periodically clean the electrodes. 

The storage of cleaned electrode is also important to slow down electrode passivation due to 

impurities in the air. Typically, electrodes should be stored in deionised water or other buffered 

storing solution (such as for pH meter which is an ion selective electrode). The presence of the 

solution around the electrode slows down the transport of the impurities, such as hydrocarbons 

and hydrogen sulfide, from the air. Wet storage is necessary but impractical, so dry storage is 

desirable. Most disposable screen printed electrode can be stored dry, but not many standard 

electrodes can be stored dry without needing rigorous surface preparation before use; except 

BDD.20  
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The potential window (or solvent window) of an electrode is related to whether measurements 

by that electrode starts from the same point. The potential windows for commonly used 

electrode materials in different solvents and as a function of pH (for water) are compiled in a 

book by R. N. Adams.21 Similar data are presented by Macpherson for BDD in which it is noted 

that the size of the window will be pH-dependant, so the electrolyte (and concentration), pH 

and the current values (and scan rate) used to define the potential window is important to be 

quoted. The potential window should also be quoted for a given geometric current density to 

enable comparison between different electrode geometries. It is also useful to note the surface 

termination of the electrode has also been reported to affect potential window (H-terminated 

BDD surfaces are narrower than O-terminated ones).2  

 

7.2 Aims 

This chapter aims to demonstrate the proof-of-concept for in situ electrochemical restoration 

based on the idea of electrochemical advanced oxidation processes (EAOPs) and pulsed 

amperometric detection (PAD). The concepts involved the use of extreme applied potentials 

on the working electrode; thus platinum electrode is used as it is a commonly used electrode 

material as a dissolved oxygen sensor (ORR is used as the paradigm). This chapter explores 

objective (iv) from Section 1.9. 

 

7.3 Experimental methods  

7.3.1 Platinum electrode preparation 

RDE electrode with platinum tip (d = 5 mm, inlaid disk) are used as dissolved oxygen sensor 

without any membrane (plain electrode). The electrode was cleaned as described in Section 

3.1.2.  
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7.3.2 Model biofilm preparation and fabrication – cellulose acetate  

Dissolve 18 mg of cellulose acetate in 20 ml of acetone and 3 ml of water to make up 4.35% 

w/v cellulose acetate mixture. Dissolve 5.29 ml of 4.35% cellulose acetate mix with 2.3 ml of 

water and 15.41 ml of acetone to make 1% w/v cellulose acetate mixture. Drop cast 5 BL of 

1% w/v cellulose acetate mix on a cleaned electrode and let it air dry inside a fume hood to let 

the acetone evaporate safely. The mixture will dry out into a thin white layer. 

 

7.3.3 Electrode restoration protocol 

The electrochemical in situ restoration method will be based on EAOPs, PAD and 

electrochemical cleaning by means of sulfuric acid sweeping. Extreme potentials will be used 

on the basis of EAOPs. Pulses of potentials for cleaning and surface regeneration will be used 

on the basis of PAD. Potential used for surface regeneration is based on electrochemical 

cleaning in sulfuric acid.  

 

The number of pulses applied and the duration of each pulse is chosen arbitrarily. No delay 

between pulses was taken. Three pulses for cleaning followed by three pulses of regeneration 

were chosen, arbitrarily. Each pulse is held for 5 minutes. Cleaning pulses are applied at +2.0 

V vs Ag/AgCl to simulate EAOPs and ensure complete mineralisation. Regeneration pulses 

are applied at –2.0 V vs Ag/AgCl to mimic surface regeneration in platinum during H2SO4(aq) 

electrochemical cleaning.  

 

7.3.4 Dissolved oxygen calibration 

The calibration was performed using a platinum tip RDE electrode (d = 5 mm, Pine Research) 

arranged in a three-electrode configuration in custom glassware for RDE. Platinum wire is used 

as counter electrode (CHI) and a silver/silver chloride (3M NaCl(aq)) reference electrode is 
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used (CHI). Three-point calibration was performed by using 3 standard solutions with 3 

different concentrations of dissolved oxygen: 0%, 20% and 100% (0, 0.24 and 1.2 mM). 

Standard solution with 0% dissolved oxygen was created by 20 minutes purging of freshly 

made phosphate buffer solution (50 mM phosphate ions, pH 7.4) with nitrogen gas. The one 

with 20% dissolved oxygen was air equilibrated. The one with 100% dissolved oxygen was 

saturated with oxygen gas for 20 minutes and blanketed with oxygen gas throughout data 

acquisition (using amperometric it-curve). Working electrode is set at 0 rpm throughout 

measurements during 3-point calibration as it is only a test run for proof-of-concept.  

 

Multi-point calibration involves the mixing of a purged buffer solution used as the working 

solution with an analytically calculated and measured volumes of oxygen-saturated buffer 

solution. Freshly made buffer from scratch pH 7.4 (Section 6.3.8, Table 6.1) was used 

throughout. A stock solution of oxygen saturated phosphate buffer (100% O2) was made up by 

saturating some volume of the buffer in a specially made gas collection jar, a U-shaped glass 

tube with a fritted disk for gas bubbling. The other end of the tube has a top screw lid with 

replaceable thick silicone rubber septum that serves as a plug and the place from which the 

stock solution would be drawn out using an analytical glass syringe (Hamilton syringe). A 

Drechsel bottle filled with the same buffer is used to dampen direct air flow into the U-shaped 

tube. The stock solution should be saturated for 20 – 30 minutes. After saturation is completed, 

prepare a small piece of parafilm enough to seal the small opening which connects to the tubing, 

the tubing should be disconnected from the U-shaped tube carefully and quickly, and the 

parafilm piece should be quickly used to seal the opening. The stock solution of 100% O2 is 

ready.  

 



 
 

263 

Plan the data points for multi-point calibration in a spreadsheet. The different concentrations 

were made up by mixing a calculated volume of the stock solution into the working solution, 

some volume of the working solution must also be drawn out to adjust the concentrations as 

per calculation. Use multiple Hamilton syringes to avoid cross-contamination between 

concentrations of dissolved oxygen. Use either a 15 or 18 ml of working solution as a starting 

point. The general dilution equation (M1V1 = M2V2) is used for the calculations. Working 

electrode is set at 100 rpm throughout experiments.  

 

7.3.5 Determination of the removal effectiveness  

The amount of cellulose acetate, C10H16O8, removed from the electrode surface by means of 

this pulse methods can be estimated by calculating the total charge passed during the cleaning 

pulses at +2.0 V vs Ag/AgCl | 1M KCl. In Igor Pro 6 or 7, the command ‘Print areaXY’ can be 

used for this purpose. Once the charge passed for each cleaning pulse is known, the number of 

moles of C10H16O8 removed should be calculated for each pulse using equation (7.2). The total 

amount of the moles removed can then be calculated, and so does its value in grams (molecular 

weight, MW for C10H16O8 is 264.23 grams/mole). Finally, removal effectiveness can be 

calculated using equation (7.4) after calculating how many grams are contained in 5 BL of 1% 

w/v cellulose acetate mixture.  

 

7.4 Results and discussions 

7.4.1 Proof of concept  

Comparison of the results for 3-point calibration of dissolved oxygen for pristine, fouled and 

restored platinum electrode provided the proof of concept for the in situ electrochemical 

restoration of fouled electrodes (Figure 7.1 top).  
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Figure 7.1 A 3-point (top) and multi-point (bottom) calibration curves of dissolved oxygen for platinum 
electrode (RDE electrode, d = 5 mm) showing the proof of concept for the electrochemical in situ restoration 

protocol as it is tested against a model biofilm of air dried thin layer of 5 !L of 1% w/v cellulose acetate 
mixture. A restoration protocol of 3 x cleaning pulses (+2V vs Ag/AgCl) followed by 3 x regeneration pulses (–

2V vs Ag/AgCl) of 5 mins each were used.  
 

The trend of the calibration curves (red, blue, yellow) are promising, but the analysis of the 

changes in sensitivity and LOD for each condition (pristine, fouled, restored) are unclear (Table 

7.1), so a multi-point calibration of dissolved oxygen was performed. The calibration curves 

for multi-point calibration seems promising too (Figure 7.1 bottom) and the analysis results of 

the changes in sensitivity and LOD are clearer (Table 7.1). The sensitivity and LOD of restored 

platinum electrode shows a trend of recovery from fouled state back to its original state (close 

to pristine). Statistically speaking, the sensitivity for pristine, fouled and restored platinum 

electrode are not dissimilar, but the trend shows that recovery is in action. The LOD for all 

three situations are different but the trend also shows that recovery is happening.  
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Table 7.1 Comparison of sensitivity and LOD for pristine, fouled and restored platinum electrode (RDE, d = 5 

mm) obtained from calibration of dissolved oxygen at 0 rpm (3-point calibration) and 100 rpm (multi-point 

calibration). Model biofilm is 5 !L of 1% w/v cellulose acetate. If the calibration curve has a line of y = bx + a 

then b = the slope and a = the y-intercept of the calibration curve. 

3-point calibration (0 rpm) 
Parameters Pristine Fouled Restored 

b  –3.55 x 10–7 –2.86 x 10–7 –3.58 x 10–7 
∆b 7.4 x 10–8 4.81 x 10–8 2.48 x 10–7 
a –1.53 x 10–6 –6.14 x 10–7 –1.96 x 10–6 
∆a 4.35 x 10–6 2.82 x 10–6 1.46 x 10–5 

a + 3 x a 1.15 x 10–5 7.85 x 10–6 4.18 x 10–5 
LOD 36.7% 29.6% 122.23% 

multi-point calibration (100 rpm) 
Parameters Pristine Fouled Restored 

b  –2.45 x 10–4 –1.80 x 10–4 –2.01 x 10–4 
∆b 3.59 x 10–5 4.86 x 10–5 3.92 x 10–5 
a –2.18 x 10–5 –2.82 x 10–5 –9.63 x 10–6 
∆a 2.23 x 10–5 3.01 x 10–5 2.43 x 10–5 

a + 3 x a 4.51 x 10–5 6.21 x 10–5 6.33 x 10–5 
LOD 0.27% 0.50% 0.36% 

 

 

Figure 7.2 Calibration under flow condition gives better and clearer calibration parameters (sensitivity, LOD). 
ORR is used as paradigm. Red line and dots are for 3-point calibration at 0 rpm. Blue line and dots are for multi-

point calibration at 100 rpm. 
 

As additional note, it appears that performing the calibration under flow condition (at 100 rpm 

during multi-point calibration) improves sensitivity and makes sensitivity and LOD analysis 
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clearer. Without flow (at 0 rpm during 3-point calibration), sensitivity is poor and comparison 

of results (sensitivity, LOD) becomes unclear (Figure 7.2).  

 

7.4.2 Calibration and EIS results validate each other  

During in situ operation of the sensor, performing 3-point of multi-point calibration would be 

deviating from the ideals of remotely enabled sensor network because engineers will have to 

be sent onsite to perform the calibration. A remote validation method may be desired in a sensor 

network, so another option for validating the effectiveness of the in situ electrochemical 

restoration method is explored.  

 

  

Figure 7.3 Electrochemical impedance spectroscopy (EIS) scan results assessment of electrochemical in situ 
restoration method. Cellulose acetate covered platinum electrode is used to model biofouling. Oxygen reduction 
reaction (ORR) is used as a paradigm. Oxygen saturated freshly made phosphate buffer solution pH 7.4 is used 

for the EIS scans. The bias potentials are 0.0528 V, 0.00 V and 0.05 V vs Ag/AgCl for pristine, fouled and 
restored electrode.  

 

Electrochemical impedance spectroscopy (EIS) is one such method that can be applied 

remotely to validate the effectiveness of the restoration. Without having to do complicated 

circuit fitting, the degree of electrode recovery can be decided by comparison of Nyquist plots 

for all three conditions (pristine, fouled, restored) (Figure 7.3). The Nyquist plot demonstrates 

that restoration to near pristine was achieved (Figure 7.3 left). The semicircle (Rct ~ 1/k0) for 

restored electrode (yellow) becomes smaller than when it was fouled (blue), although somehow 
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it is also smaller than pristine (red). The smaller the Rct, the better the kinetics in general – 

although other factors may also contribute.22 Nevertheless, the tail of the curves (indicative of 

mass transport regime) for restored and pristine electrodes are overlapping – suggesting 

recovery of electrode in general. A plot of real impedance vs log(frequency) also shows that 

restored and pristine electrodes are overlapping, indicative of electrode recovery post-

restoration method (Figure 7.3 right). Moreover, the Ebias used to scan the EIS spectra for 

restored electrode has also recovered to a similar Ebias for pristine electrode (Table 7.2).  

 

Table 7.2 Bias potential (Ebias) for generating EIS spectra for restored electrode has recovered to a similar Ebias 

for pristine electrode. These bias potentials were identified from the i-E plots (voltammograms).  

Condition  Ebias / V vs Ag/AgCl 
Pristine  0.0528 
Fouled  0.00 

Restored  0.05 

   

7.4.3 Effectiveness of fouling removal  

Calculation of the amount of cellulose acetate model biofilm removed during the cleaning 

pulses can be indicative of the removal effectiveness. According to the calculations, a 40.37% 

removal effectiveness was achieved (Table 7.3). Three pulses for cleaning and three pulses for 

regeneration were applied for a total of 30 minutes (5 mins for each pulse). This degree of 

removal effectiveness may explain the results obtained on the previous sections (Sections 7.4.1 

and 7.4.2), in which calibration shows trend towards recovery of electrode although not 

entirely, and EIS shows recovery in Rct and Ebias despite the restored electrode was shown to 

possess smaller Rct compared to pristine electrode.  

 

More than half of the cellulose acetate that was fabricated on the electrode is still left on the 

surface of the electrode. Thus, although a trend in recovery is observed during calibration, the 

recovery was not complete. Referring to Section 6.4.2 in which cellulose acetate was 
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disqualified as an abiotic model for biofilm due to its seemingly improved kinetics in the 

presence of cellulose acetate, this may explain results from Section 7.4.2. The Rct for recovered 

electrode (Figure 7.3 left) appears smaller than pristine electrode – as if suggesting a general 

improvement in electrode kinetics under oxygen paradigm, though surface roughening could 

also contribute. This is consistent with Section 6.4.2. Only 40.37% of cellulose acetate was 

removed by the in situ electrochemical recovery method tested, so a coverage of cellulose 

acetate still presents at the surface of the electrode which causes the seemingly improved ORR 

kinetics upon EIS scanning. Note that the calculations of the amount of cellulose acetate 

removed are overestimates since the faradaic efficiency will be well below 100%.  

 

 

Figure 7.4 The amount of charge passed in each of the pulse for the electrochemical in situ restoration method. 
Each of these pulses are applied in sequence: 1st clean pulse, 2nd clean pulse, …, 3rd regen pulse. These pulses 
passed charges in the amount of 0.13, 0.09, 0.08, –0.24, –0.31 and –0.35 coulombs, respectively. The pulse 

potentials for the 1st, 2nd and 3rd clean pulses are all +2.0 V and for the 1st, 2nd and 3rd regen pulse are all –2.0 V 
(all vs Ag/AgCl).  

 

In practice, removal effectiveness is not the only way to assess the degree of success of a 

restoration method, there is also an important parameter to be considered. Thirty minutes are 

required to complete the whole restoration process (i.e., 3 times cleaning pulses and 3 times 

regeneration pulses for 5 minutes each, Figure 7.4). Prior to commencing the restoration 

process, an assessment of the degree of fouling is required. This can take up from 0.5 to 1 hour 

depending on which assessment method was used (EIS is roughly 20 – 30 minutes each scan, 
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calibration is roughly 1 hour for 3-point calibration, or almost a day’s work for multi-point 

calibration). Thus, at the minimum, a total of 2 hours of time is required to assess the degree 

of fouling, complete the restoration process and assess the degree of success for the restoration. 

In the context of sensor network, this means that each of the sensor deployed within the network 

must undergoes an offline period of at least 2 hours every time the restoration process is 

commenced or deemed necessary. An offline sensor is a blind spot in network of a continuously 

monitoring sensors. Thus, formulating an adequately successful in situ restoration method for 

fouled sensors is only half the job. The equally challenging part of the whole process is to 

figure a way to fit the restoration method into the network without disrupting the normal 

operation of the sensors in monitoring the quality of the drinking water in the DWDS.  

 

Table 7.3 Total charge passed for each pulse for cleaning and surface regeneration steps. Three cleaning pulses 

are performed first for 5 mins each before 3 pulses of surface regeneration are performed subsequently. The 

length of each surface regeneration pulse is also 5 mins each. 

Cleaning pulse 
at +2.0V vs Ag/AgCl | 1M KCl 

Cleaning pulse 
(5 mins each) 

Total charge 
passed, Q  

(in coulombs) 

Model biofilm 
removed, Q/nF 

(in moles) 
Description 

1st  0.13 3.32 x 10–8  
2nd  0.09 2.31 x 10–8  
3rd  0.08 2.01 x 10–8  

  
"Q/nF 7.64 x 10–8 moles total of cellulose acetate removed  

"Q/nF x MW 2.02 x 10–5 grams total of cellulose acetate removed 
  

 5 #L of 1% w/v cellulose acetate drop casted 
 5 x 10–5 grams of cellulose acetate drop casted 

  
 40.37 % cellulose acetate oxidised 

 

7.4.4 Caveats in using electrochemical restoration  

Apparently, there is a limit to how many times a common electrode material such as platinum 

can be used with electrochemical in situ restoration method which is based on EAOPs and PAD 

to completely mineralise organic matter from the surface of the electrode. It has been found 
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that sulfuric acid electrochemical cleaning (Section 3.2.1.2) will trigger the appearances of 

anomaly waves which may be a manifestation of the historical build-up of oxides on the 

platinum electrode that has been treated with in situ restoration method multiple times (Figure 

7.5). The onset of the ORR wave appears to shift towards a more positive potential (between 0 

and –0.2 V vs Ag/AgCl). However, when hydrodynamic amperometry is performed at the 

potential in which the wave was seen, no response was observed, suggesting a surface bound 

redox active process. Changing the rotation speeds of the electrode also does not return any 

response (the i vs t plot stays plateau, no steps corresponding to the rpm change was seen 

whatsoever). The ORR response in hydrodynamic amperometry will still be seen in the actual 

wave position (starting from –0.4 V vs Ag/AgCl), which is more negative than the build-up 

history wave, despite no ORR wave appearing at this actual ORR potential in which ORR wave 

should be seen on platinum.  

 

 
Figure 7.5 Different but immediately subsequent cyclic voltammetric scans of air equilibrated ORR on platinum 
RDE electrode are overlaid (left). The size of the electrode is d = 5 mm. ORR at platinum electrode is scanned 

from 0.1 to –0.75 V vs Ag/AgCl. In this experiment a scan rate of 0.1 V/s at 0 rpm was used. An unknown 
cathodic wave shows up between 0 and –0.2 V vs Ag/AgCl. The onset of ORR wave normally starts to appear 

from around –0.4 V (right), but no ‘real’ ORR wave was observed in the left image on this potential range.  
 

The exact cause of the ‘fake’ ORR wave is still unknown, but it is likely that the wave arises 

from mixed hydroxide/oxides and possibly peroxides on the electrode surface. It is most likely 

a surface reaction since it is not affected by mass transport in the solution, thus, fouling-related 

factor may be at play, such as unknown reactions between a certain species in the matrix and 
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the electrode surface, or effects of spectator ions.23 Nevertheless, despite still being in a black 

box, ways to rectify the situation have been found. Figure 7.6 shows the sequence of events 

leading to the finding of ways to rectify the anomalous wave. The remedy involves the use of 

multiple sweeps of cyclic voltammetry scans at potential range of the analyte itself (in this case 

dissolved oxygen or ORR on platinum, from 0.1 to –0.75 V vs Ag/AgCl) and also the use of 

sodium sulfite spiked buffers.  

 

   
a b c 

   
d e f 

   
g h i 

   
j k l 

 
Figure 7.6 The chronology of figuring out the accidental way to rectify malfunctioning platinum electrode 

surface after multiple applications of the tested electrochemical in situ restoration method. Description of each 
snapshot is written in the text.  

 

The fake ORR wave is very persistent in that it shows up in 10 subsequent separate scans 

(Figures 7.5 left and 7.6(a)). Ten sweeps from 0.1 to –0.75 V vs Ag/AgCl were performed out 
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of curiosity. The fake ORR wave still appears on the first sweep, but it seems to disappear on 

the subsequent sweeps (Figure 7.6(b)). Another ten sweeps were performed, and the same thing 

was observed, except that the onset of the wave now appears at a more negative potential, at 

roughly 50 mV shift compared from previous sweeps (Figure 7.6 (c)). It would be interesting 

to know if this fake wave is present in the absence of dissolved oxygen. Sodium sulfite 

(Na2SO3) is an oxygen scavenger and addition of this substance to the working solution can 

turn the solution oxygen-free. Thus, to save time (purging O2 out of the solution using N2 will 

take 20 – 30 minutes) a dash of Na2SO3 powder, a reducing agent, was added to the phosphate 

buffer used for performing ORR on platinum electrode. Upon scanning between 0.1 and – 0.75 

V vs Ag/AgCl, the fake wave disappears – and as it should have been, in the absence of 

dissolved oxygen, no ORR wave is present too (Figure 7.6(d)).  

 

To examine ‘sulfite stripping’ in more detail, 10 sweeps were performed and the results is 

consistent (Figure 7.6(e)). As the fake wave has now disappeared, the electrode is used to scan 

ORR between 0.1 and – 0.75 V vs Ag/AgCl in 10 sweeps (in freshly made phosphate buffer 

from scratch pH 7.4, air equilibrated). The electrode is now ‘rectified’ in that it is now able to 

see actual ORR wave which supposed to show up starting from – 0.4 V vs Ag/AgCl (Figure 

7.6(f)). Another ten sweeps were performed and the actual ORR wave is still consistently 

present (Figure 7.6(g)). The electrode can now correctly see the ORR wave at saturation in a 

single sweep (Figure 7.6 (h)) and ten sweeps of ORR scan (Figure 7.6(i)). The ten sweeps ORR 

scan at saturation diminish the peak wave (Figure 7.6(j)) from – 1.8 x 10-4 A in image (h) to – 

1.2 x 10-4 A in image (j). To see if the sulfite stripping works again in this situation, a ten 

sweeps sulfite stripping were performed (Figure 7.6(k)) and it does recitify the electrode again 

(Figure 7.6(l)). The peak wave is now restored to roughly – 1.6 x 10-4 A, quite close to – 1.8 x 

10-4 A.  
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The exact mechanism on why the ‘accidental’ method works to restore restored platinum 

electrode from fake ORR wave is beyond the scope of this section, but the fast scan rate used 

throughout the process (at 0.1 V/s) may play a role. A similar electrode restoration method was 

also reported in restoring fouled BDD electrode implanted for propofol monitoring in human 

serum during surgery.24,25 Multi-sweeps of cyclic voltammetric scan in the working solution at 

potential range of the analyte were similarly employed.  

 

7.5 Conclusion 

This chapter has presented a proof-of-concept for an electrochemical in situ restoration method 

for fouled electrode based on EAOPs, PAD and electrochemical cleaning in sulfuric acid. A 

40% removal effectiveness within at least 2 hours was achieved and this has been assessed 

through dissolved oxygen calibration and EIS scans. Cellulose acetate was used as model 

biofilm to enable stoichiometric analysis.  

 

As a note for caution, it has been found that platinum electrode which has been repeatedly used 

for electrochemical in situ restoration method will, over time, accrue a history at its surface 

that will be very tricky to rectify. Restored platinum electrode was used to detect dissolved 

oxygen in neutral aqueous solution (phosphate buffer pH 7.4) in this experiment and somehow 

it sees a ‘fake’ ORR wave in a potential more positive than where the actual ORR wave would 

appear (almost 500 mV shift). However, when hydrodynamic amperometry is performed at the 

potential in which such wave was seen, no response was seen whatsoever. The oxygen 

reduction response in hydrodynamic amperometry was still be seen in the actual wave position 

which is more negative than then fake ORR wave, despite ORR wave appears at the actual 
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potential for oxygen reduction in platinum (onset is around –0.4 V vs Ag/AgCl, peak wave is 

around –0.6 V vs Ag/AgCl).  

 

Rectifying this surface history due to multiple applications of electrochemical in situ 

restoration method was found by accident. The surface of the electrode can be restored by 

sweeping the electrode multiple times at the potential range for the analyte within the working 

solution in which the analyte detection would be performed. Running 10 sweeps of cyclic 

voltammetry scans between 0.1 to –0.75 V vs Ag/AgCl | 1M KCl in freshly made phosphate 

buffered solution from scratch, pH 7.4 under air equilibration condition (~20% or 0.24 mM of 

dissolved oxygen) restores the platinum electrode, so that it now shows the oxygen reduction 

wave at the potential in which it should appear. Performing the same procedure in a sodium 

sulfite spiked phosphate buffered solution pH 7.4 strips the surface build-up history even more.  

 

The findings have demonstrated the complexity of restoring fouled electrodes remotely using 

in situ methods. The problematic surface history experienced by platinum electrode exposed to 

the electrochemical in situ restoration method has shown that either further optimisation of 

method is required, or a completely different or novel electrode material should be used instead 

for sensor network purposes. Time spent to perform complete restoration procedures (assessing 

damage, commencing restoration, assessing restoration) should also be taken into account. An 

offline period of at least 2 hours for each fouled electrode should be considered as this will 

equal to a period of unmonitored water quality over a certain district in which the fouled sensor 

is operating.  
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8 Concluding remarks 

 

The underlying physico-chemical effects of bacterial biofouling in indwelling electrochemical 

sensors have been successfully elucidated in this thesis using Koutecký–Levich analysis by 

means of hydrodynamic electroanalytical techniques using rotating disk electrodes (RDE). 

This is the first ever application of such techniques for the aforementioned purpose, and thus, 

a pioneering research in the field of sensor biofouling. The paradigm of electrochemical 

reduction of oxygen, or oxygen reduction reaction (ORR), has been used throughout the thesis 

to elucidate many aspects related to sensor biofouling. Oxygen is an electrocatalytic redox 

probe whose electrochemistry is highly surface-dependent. Being naturally abundant in the 

environment, the selection of ORR as a paradigm is relevant in the context of drinking water 

distribution system (DWDS) which encompass the main theme of the thesis. The relevance 

arises from the potential use of ORR electrochemistry for in situ assessment of biofouling to 

fulfil the ideals of remotely enabled sensor network. However, ORR electrochemistry 

possesses a complex multi-step pathway(s) which is dependent on electrode material. 

Currently, there is no agreed mechanism of ORR on carbon electrodes alone – that is not to 

mention the noble metals and, more elusively, modified, or novel electrodes. This has led many 

to avoid the use of the oxygen reduction reaction for in-depth kinetics parameters analysis. 

Nevertheless, it does not mean that the ORR paradigm cannot provide contributions to the 

topic.  

 

Throughout all the chapters on electrochemical experiments in this thesis, the ORR paradigm 

has been successfully being used to identify the electron transfer kinetics at electrode surface 

as the critical component of electrode reactions in the event of sensor biofouling (k0 << kd, 
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!"! #⁄ ; Chapter 5). The implication of this finding is that the ‘surface’ of the electrode holds 

the key to managing biofouling of sensors. Either surface modification or the use of novel 

materials – or both – should be the focus in designing biofouling resistant sensors. Bear in mind 

that most surface ‘intervention’ can only delay the process of biofouling – even on the most 

robust material in literature to date: BDD – because the knowledge on the interaction between 

the surface and individual bacterial cells at the microenvironment is still limited.  

 

That is to say that ‘initial bacterial attachment to surface’ is a key scientific knowledge in 

relation to the mechanism of biofilm formation relevant to sensor biofouling. In fact, there are 

two key scientific knowledge which is of relevance. The other one being ‘the production of 

extracellular polymeric substance (EPS)’; the hallmark of biofilm structure. These two key 

steps can be utilised as the basis for managing biofouling in indwelling (or even implanted) 

sensors. Interestingly enough, these can also be used as the basis to bio-engineer ‘rapid 

electrochemical biofilm’ formation. In-depth studies for elucidating physico-chemical effects 

of biofouling on electrochemical sensors requires deliberate biofilm formation on electrodes. 

Days, weeks or months are typically required to do so, thus, a method to rapidly grow biofilm 

is desirable. A novel experimental method to rapidly grow Pseudomonas fluorescens biofilm 

through electrochemical means has been successfully developed by harnessing the two key 

steps in biofilm formation mechanism (Chapter 5). Innovative solutions are offered to address 

each of the key aspects: (i) the modification of electrode surface through the use of oxygen gas 

plasma to encourage bacterial attachment to the surface and (ii) the use of electrochemically 

generated local concentration of H2O2 which acts as a non-specific chemical challenge to the 

‘attaching bacteria’ to induce production of EPS. This is the first ever application of the 

combined methods to deliberately grow biofilm more rapidly.  
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The use of H2O2 as a chemical challenge to rapidly induce biofilm formation was inspired by 

a recent finding that common disinfectant, triclosan, has been found to increase polysaccharide 

proportion in Staphylococcus aureus biofilm. Quite peculiarly, a microscopic analysis of a 

sample which has been indwelling for 6 months in a routinely disinfected DWDS pipelines has 

shown that biofilm thrive within and on the sample, so much so that it causes structural damage 

(Chapter 4). This thesis has unexpectedly recognised a pattern in which common disinfectants 

routinely used in common households (H2O2, triclosan, hypochlorite) appears to encourage 

biofilm formation despite the general claim as ‘disinfectants’. A number of recent reports were 

found to shed light to the situation through their observations in that the cause of the problem 

lies with the concentration of the disinfectant; sublethal concentration encourages production 

of EPS in biofilm.  

 

Despite the tale of caution that has been realised regarding the relationship between common 

disinfectants and biofilm, this knowledge has been useful in the formulation of the novel 

method for ‘rapid electrochemical biofilm’ formation. To assess whether the rapid biofilm 

actually replicates natural biofilm well, a key characteristic of biofilm in the context of sensor 

biofouling should be established. The rate of mass transport within film or permeability !"! #⁄  

is the key characteristic in question. By using ORR as the paradigm (again), rapid biofilm has 

been shown to replicate the mass transport properties of natural biofilm.  Thus, once again, 

despite its limitations, oxygen reduction finds another application in the field of sensor 

biofouling. Abiotic models of biofilm were developed using agarose hydrogels and was 

assessed the same way (Chapter 6). However, the hydrogels failed to replicate biofilms as it 

appears that the viable bacterial cells in biofilm are actually contributing to the physico-

chemical effects observed – and also potentially to the !"! #⁄  values. Despite failing, a dried 

agarose model biofilm at the concentration between 0.85% and 0.7% w/v were found to 
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‘almost’ replicate real biofilms, counter-intuitively (because it was tested against hydrated 

agarose model which as modelled based on the high water content of biofilms!). If an abiotic 

model can be successfully engineered, this will further simplify in-depth studies of sensor 

biofouling as it will remove the need for CL2 (or BSL2) working environment.  

 

Oxygen reduction can still be pursued to develop a more elegant models of biofilm for in-depth 

studies of biofouling. However, it is important to acknowledge that ORR is a very complicated 

mechanism for assessing kinetics at electrode surface. The electrocatalytic nature of ORR is a 

double-edged sword. Nevertheless, oxygen paradigm is useful for qualitative in situ assessment 

of fouling through cyclic voltammetry (CV). However, it is not suitable for ‘snapshot’ 

techniques such as chronoamperometry (CA) which requires an accurate identification of 

potential E2. The plateau area of the mass transport regime of ORR is too narrow to allow for 

reliable estimation of potential required for diffusion-limited reduction. A technique which 

scans a wide spectrum of data capturing may be better suited for ORR paradigm, but this must 

be approached with care because ORR has considerable limitations due to its complicated 

interplay with the surface chemistry of the electrode and the biofilm itself.  

 

The complex interplay between the surface and the biofilm brings us back to the fact that 

biofilm will always form eventually. Prevention has been shown to be ineffective (Chapter 4) 

and mitigation only delays the problem, so a cleaning or restoration method becomes necessary. 

An electrochemical in situ restoration method based on electrochemical advanced oxidative 

processes (EAOPs) and pulsed amperometric detection (PAD) was tested on platinum electrode 

which is a commonly used electrode material for water-related monitoring (Chapter 7). A 40% 

removal was achieved in at least 2 hours, but it comes with significant caveats. Repeated 

applications of the restoration method cause the appearance of a surface-bound redox wave 
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which overlaps or masks the  ORR wave upon routine electrochemical cleaning in sulfuric acid 

solution necessary to reactivate platinum surface. The wave appears almost 500 mV more 

positive to the actual ORR wave. This is a tricky situation to rectify but solutions to the problem 

was found serendipitously by performing multiple sweeps of cyclic voltammetric scans at the 

potential range for the analyte (0.1 to –0.75V vs Ag/AgCl for ORR on platinum) in the working 

solution (phosphate buffer pH 7.4) spiked with sodium sulfite. The exact reason on why this 

works to remove the surface oxide wave is still unclear, but a similar approach has been 

reported in the literature for restoring fouled implanted BDD used for propofol monitoring in 

human serum during surgery.  

 

While the critical step in electrode processes has been identified – and this has called for more 

focus on the development of better materials for the electrode – more questions are yet to be 

answered. Clearly, a ‘better’ redox probe or probes for in-depth studies of biofouling is required 

as oxygen reduction (despite being electrocatalytic, surface sensitive and conveniently 

abundant in the environment) has been found to possess serious limitations when being used 

for in-depth kinetics analysis, mostly owing to the complex electrochemical pathway that, 

among others, depends on electrode materials, pH, spectator ions and impurities in the matrix 

and all things forming the electrochemical cell. Novel electrode materials (or modifications of 

it) are also in demand, and this can only be possible with more knowledge on the complex 

interaction between a surface and individual bacterial cells, in which microfluidic techniques 

have found some applications in the literature. Ultimately, restoration methods of fouled 

electrode will become the main technique to manage biofouling of indwelling sensors in 

networks, so, more development of such method will be critical since biofilm, being the most 

ancient life form on Earth, is very persistent and will always form eventually. Yet again, a good 

restoration method can only work with adequately robust electrode material since the extreme 
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process can damage the electrode itself. All in all, this thesis has provided a solid basis for more 

development and advances in materials science and engineering for sensing (or biosensing) 

purposes which can find many applications beyond water quality monitoring in DWDS, such 

as in biomedical, agriculture or food processing industries, to name a few.  
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If you really want to get guidance from This Book,  

understand that you cannot understand everything.  

First, understand that. 

 

Nouman Ali Khan, Founder of Bayyinah Institute 
 

 

 

 

 

Quoted from his lecture about the meaning of  

Alif Laam Meem (Qur’an, Al-Baqarah (Heifer) 2:1)  

which doesn’t really mean anything in particular  

as it is only a sequence of letters in Arabic  

akin to saying ABC in English.  

Fakhr ud-Din al-Raazi has made  

one of the most important interpretation of the ayaat  

which is what is rephrased by Nouman Ali Khan above.  
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Like the scarlet night 

Veiling the dark 

You can hide your fear 

Can lie, my dear 

 

YOSHIKI, Red Swan by YOSHIKI feat. HYDE 

 

 

 


