
 

 

Design and development of a 3D-printed electrochemical 

sensor for the detection of Pseudomonas aeruginosa  

 

 

A thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Engineering in Medical Devices 

Caitlin McLean BEng (Hons) 

 

Supervisors: 

Dr. Lynn Dennany 

Dr. James Windmill 

 

Centre for Doctoral Training in Medical Devices & Health Technologies 

Department of Biomedical Engineering 

University of Strathclyde 2022 



 

 

 

 

 

This thesis is the result of the author’s original research. It has been composed by the 

author and has not been previously submitted for examination which has led to the 

award of a degree. 

The copyright of this thesis belongs to the author under the terms of the United 

Kingdom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. 

Due acknowledgement must always be made of the use of any material contained in, 

or derived from, this thesis. 

 

Signed:  ____________  Date: 

 

 

 

 

 

9th August 2022



i 
 

Acknowledgements 

 

I would like to extend my deepest gratitude to the following, without whom this thesis 

would not exist:  

Lynn, for always being there, and for creating such a supportive environment within 

your research team.  

James, for your invaluable help and advice. Talking with you put my mind at ease.  

Mr Dow, Mr Gallagher, Mr Abercrombie, and Ms Bell, for nurturing my passion for 

science.  

Gemma, for all our conversations. Our almost daily check-ins have kept me sane, as 

has studying alongside you for the past eight years.  

Kelly, for keeping our lab running even when it seemed impossible, and forever 

assisting everyone in the group with their work. Your upbeat attitude has made all the 

difference, especially in the past few months.  

Ben, Andy, Julien, Rolan and Chris, for helping me in the labs and answering my many 

questions. Without your help, my progress would have been truly glacial.  

Callum, for your kindness and valuable contribution to the project.  

My parents, for your unwavering support throughout my education.  

My family; the McLeans and the McCluckies, for showing an interest in my work and 

keeping my feet on the ground. I am lucky to have you all.  

Scott, for everything. 



ii 
 

Abstract 

Pseudomonas aeruginosa (P. aeruginosa) is a frequent cause of nosocomial infection, 

which can lead to significant morbidity and mortality. Its early detection is vital for 

effective treatment before the bacterium can develop antibiotic resistance. Current 

detection methods are often time consuming, costly, or require experienced personnel. 

There is a clear need for the development of a rapid and sensitive sensing platform for 

the detection of P. aeruginosa. Additive manufacturing may be the key to overcoming 

the issues faced by current detection methods. Methods such as digital light processing 

(DLP) are cost effective, produce little to no waste, and facilitate expeditious 

prototyping. This work details the initial stages of developing a 3D printed 

electrochemical sensor for the detection of P. aeruginosa. The initial sensor design 

incorporated multi-walled carbon nanotubes (MWCNT) and was successful in 

detecting pyocyanin (PyoC), a P. aeruginosa virulence factor, at clinically relevant 

concentrations. This study achieved a linear response across the clinically relevant 

range of 0 – 100 µM, with a limit of detection (LOD) of 2.5 µM. PyoC detection was 

also achieved in human serum. Further sensor designs were then explored, considering 

facile manufacture and operation. The goal was to produce a point-of-care sensor that 

can detect analytes rapidly and sensitively, with no need for sample pretreatment. As 

well as printing MWCNT composites using DLP, carbon black (CB) resins were 

successfully photopolymerised onto glassy carbon (GC) electrodes for their initial 

assessment. These electrodes were used to study the electrochemical detection of 

gentamicin (GN). A linear response was achieved from 25 – 200 µg/mL. The insights 

gleaned in the exploration of conductive, photopolymerisable resins are valuable in 

terms of expanding rapid, cost-effective electrode manufacture. Overall, these studies 
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provide proof of concept regarding 3D printed electrochemical sensors and explore the 

feasibility of utilising conductive additives to successfully manufacture electrodes. 
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Chapter 1  Introduction and L iterature Review  

1.1. Nosocomial Infection 

 

Nosocomial, or healthcare-associated infections (HCAIs) are defined by the World  

Health Organisation (WHO) as: “An infection acquired in hospital by a patient who 

was admitted for a reason other than that infection” 1, 2 or “An infection occurring in a 

patient in a hospital or other health care facility in whom the infection was not present 

or incubating at the time of admission, [including] infections acquired in the hospital 

but appearing after discharge [or] occupational infections among staff of the facility”. 

3 HCAIs are prevalent; the WHO has evaluated that around 15 % of hospitalised 

patients will suffer from a HCAI. 4 High income countries see an incidence of 3.5 – 12  

% and middle- and low-income countries, an incidence of 5.7 – 19.1 %. 5 With an 

estimated 1.4 million people suffering from HCAI-related complications globally at 

any one time, and 8.9 million HCAIs estimated to occur annually within European 

hospitals and long-term care facilities (LTCFs), HCAIs can be considered a global 

health crisis. 6 Additionally, HCAIs are the cause of 4 – 56 % of all deaths in neonates. 

5 Patients in intensive care are particularly susceptible, as their immune system is 

compromised and infection risk is higher; a study on the Extended Prevalence of 

Infection in Intensive Care (EPIC II) stated that incidence in the intensive care unit 

(ICU) may reach as high as 51 %. 7 Prolonged hospital stays and erroneous treatment 

with broad-spectrum antibiotics also heighten HCAI risk. 5 

HCAIs extend hospitalisation, which is the most significant contributor to the 

considerable economic burden they cause. 8-10 Use of additional hospital resources and 

equipment create an imbalance within the healthcare system, which sees funds going 

towards treating potentially preventable conditions. 4 Coello et al. demonstrated that, 
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for patients with surgical wound infections, hospitalisation length was increased by 

circa 8.2 days. 11 During hospital stays, patients are at risk of developing HCAIs due 

to factors such as proximity to hospital staff and infected patients, as well as lack of 

hygiene and deficient waste disposal techniques. Lengthy hospital stays may result in 

disability and increased antimicrobial resistance (AMR), leading to a higher death rate. 

HCAIs are a leading cause of mortality. 12 Figure 1.1 highlights the burden of some of 

the most prevalent HCAIs. 5, 13-22 
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Figure 1.1: Morbidity and mortality regarding the most prevalent nosocomial infections 
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Nosocomial pathogens comprise bacteria, viruses, protozoans and fungal parasites, 

though bacteria are most prevalent, constituting approximately 90 % of infections. 5, 22 

Common agents contributing to HCAIs include enterococci, Streptococcus spp., S. 

aureus, Klebsiella pneumonia (K. pneumonia), Escherichia coli (E. coli) and 

Pseudomonas aeruginosa (P. aeruginosa). 23 P. aeruginosa, S. aureus and E. coli have 

a particularly prominent role. 24 Gram-negative bacteria such as Pseudomonas spp. 

thrive in a clinical environment as they tend to be isolated in water. Thus, there is a 

risk that they may colonise a patient’s digestive tract. Multi-resistant Klebsiella and P. 

aeruginosa are prevalent in clinical environments; especially in developing countries 

due to reduced availability of, or funding for, costly second-line antibiotics. 25 

Previously effective drugs are becoming ineffectual as more drug-resistant organisms 

develop. 26 Resistance has increased largely due to prolonged or incorrect use of 

antibiotics, as well as self-medication. 5 Antibiotic use causes selection and exchange 

of genetic resistance elements, which increasingly results in the emergence of 

multidrug resistant strains of bacteria. Microorganisms which are sensitive to the drug 

become suppressed, whilst resistant strains thrive and are likely to spread within a 

hospital setting. There are several strains of staphylococci, enterococci, pneumococci, 

and tuberculosis which have now developed a resistance to many or all once-effective 

antimicrobials. 2 High worldwide incidence rates of HCAIs are caused by bacteria with 

a high resistance, such as methicillin-resistant Staphylococcus aureus (MRSA) or 

multidrug-resistant Gram-negative bacteria. Urli et al. studied 178 patients admitted 

to the ICU for 48 hours or more and found that S. aureus and P. aeruginosa were 

amongst the most frequently isolated pathogens, with 68 % of S. aureus displaying 

methicillin-resistance and 76 % of P. aeruginosa exhibiting antibiotic resistance. 
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These were also the most frequently isolated bacteria in cases of late onset pneumonia, 

(S. aureus, 44 %; P. aeruginosa, 37 %). AMR was higher than predicted in 75 % of 

isolated strains. 27  

This review aims to compare a number of electrochemical sensors for the detection of 

P. aeruginosa, by exploiting the redox activity associated with one of its virulence 

factors, pyocyanin (PyoC). A comprehensive overview of different sensor types is 

provided, along with their benefits and limitations regarding point-of-care PyoC 

detection. The potential for new research within this field is also explored. 

1.2. Pseudomonas aeruginosa 
 

 
P. aeruginosa is an opportunistic pathogen which frequently causes severe nosocomial 

infection, resulting in high mortality rates. 28-36 It is the fourth most common bacteria 

responsible for hospital acquired infections in Europe. 37 From 2016 – 2017, such 

infections cost the NHS in the region of £2.1 billion. 38 The most prevalent bacterial 

strains are highlighted in Table 1.1. 
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Table 1.1: Ten most frequently isolated bacteria (of 604 studied) in long-term care facilities (LTCFs). 37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The gram-negative bacterium tends to find success amongst patients whose immune 

systems are compromised 39 and is considered the most perturbing bacteria in cystic 

fibrosis (CF) lung infections, as well as blood stream and chronic surgical/burn wound 

infections. Amongst CF patients, 80 % will suffer a P. aeruginosa infection at some 

point in their lives. 40 These infections tend to be highly inflammatory as they progress, 

leading to death in over 90 % of infected CF patients. 41 Immune compromised patients 

are at high risk of developing sepsis, ventilator associated pneumonia (VAP), urinary 

tract infection (UTI) and surgical site infection (SSI), to which P. aeruginosa is a key 

contributor. 42 In these cases, mortality rates may reach as high as 76 %, depending on 

which pathogens are prevalent. 40 The presence of P. aeruginosa is known to 

Bacteria Frequency of isolation (%) 

Escherichia coli 34.4 

Staphylococcus aureus 10.2 

Proteus mirabilis 8.1 

Pseudomonas aeruginosa 6.8 

Klebsiella pneumoniae 6.7 

Clostridium difficile 5.0 

Enterococcus faecalis 3.1 

Providencia species 2.5 

Morganella species 1.5 

Acinetobacter baumannii 1.3 
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contribute to the delay of healing in chronic wounds. Wolcott et al. and Hogsberg et 

al. stated that for patients receiving split thickness skin grafts to treat chronic leg 

ulcers, P. aeruginosa presence acted as a predictor of skin graft outcome. 43, 44 

Increasingly, P. aeruginosa has displayed inherited and acquired resistances to many 

antibiotics. 28, 31-34 Efforts have been made by the Centres for Disease Control and 

Prevention (CDC) and the Infectious Diseases Society of America (IDSA) to stem the 

spread of drug-resistant pathogens via diagnosis and monitoring, with an aim to 

minimise the spread of antibiotic resistant strains. 45 Early P. aeruginosa detection is 

vital for successful treatment, whilst the bacteria can still be treated successfully with 

antibiotics, though this has proven difficult due to a lack of sensitive detection methods 

at this stage. 46, 47 

As previously stated, P. aeruginosa is a gram-negative bacterium, whose outer 

membrane contains Protein F (OprF), which behaves as a porin, reducing permeability 

and endowing the microbe with a high antibiotic resistance. 48 This is in contrast with 

gram-positive bacteria, which are multi-layered and more susceptible to antibiotics. 

To facilitate movement and display chemotaxis, P. aeruginosa utilises a single 

flagellum, which also attaches to host tissues and promotes invasion during the early 

stages of infection. 49 Type IV pili, 50 polar filaments comprised of homopolymers 

from pilin, 51 endow P. aeruginosa with the ability to bind to mucosal surfaces and 

epithelial cells. Figure 1.2 (a) shows a scanning electron microscope (SEM) image of 

P. aeruginosa, whilst Figure 1.2 (b) depicts a computer-generated image of P. 

aeruginosa, based on SEM imaging. 
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Figure 1.2: SEM image of P. aeruginosa 52 (b) 3D computer-generated image of P. aeruginosa 
bacteria 53 P. aeruginosa is characterised as a rod-shaped, monoflagellated bacterium of 1 - 5 µm in 

length and 0.5 - 1.0 µm in width. 54 

 

1.2.1. P. aeruginosa biofilms 
 

Biofilms have been defined as a mucilaginous accumulation of bacteria, suspended in 

an extracellular polymeric substance (EPS) matrix. 55-57 Often, biofilms will 

irreversibly attach to a surface, with particular success at a solid-liquid interface. 55 

Their tenacity within a clinical environment derives from the use of implantable 

medical devices, which are associated with 60 – 70 % of HCAIs. 58 Antibiotic 

treatment of biofilm infections can reverse symptoms which are caused by the 

expulsion of planktonic cells but cannot kill the biofilm itself. 59 Therefore, symptoms 

are capable of recurring, rendering surgical intervention necessary. 60 

Biofilms may be readily produced by P. aeruginosa, greatly contributing to its 

pathogenicity. 61 Whilst other bacteria establish biofilms through cell division, 57 P. 

aeruginosa form microcolonies, using type IV pili to facilitate congregation. 62-64 The 

immune response of the host is subdued, furthering the progression of infection and 
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limiting antibiotic efficacy. 60 PyoC is also known to be linked to biofilm formation. 

65, 66 

1.2.2. Pyocyanin 
 

PyoC is the redox-active virulence factor produced by P. aeruginosa, which also acts 

as a quorum sensing (QS) molecule for the pathogen. QS describes the process by 

which bacteria control gene expression, via cell-to-cell communication, in response to 

fluctuations in cell-population density. 67, 68 Chemical signalling molecules, known as 

autoinducers, are produced and released by QS bacteria, and accumulate as a function 

of cell density. 67 The bacteria can then monitor the number of autoinducers being 

produced, and alter gene expression accordingly. 68 QS enables individual bacteria to 

carry out a range of functions, such as virulence and biofilm formation. 69 

Several studies have confirmed the exclusive secretion of PyoC by P. aeruginosa, 

which uniquely carries the protein-encoding genes required for its synthesis. 70-74 

 

 

Figure 1.3: (a) 3D and (b) 2D representations of pyocyanin. 
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PyoC has the molecular formula C13H10N2O and may exist in one of three states: 

oxidised, monovalently reduced or divalently reduced. 75 The redox activity of PyoC 

endows it with the ability to act as an electron shuttle, disrupting the redox homeostasis 

of host cells by relieving them of electrons which are then donated to oxygen (O2), 

causing generation of reactive oxygen species (ROS) such as superoxide (O2-) and 

hydrogen peroxide (H2O2). This results in cell damage and death. 76 Whilst PyoC has 

oxidative effects on other organisms such as E.coli, P. aeruginosa itself appears 

immune to this, due to limited redox-cycling. 77 

QS, which occurs during wound colonisation, allows the bacteria to intuitively   control 

gene expression, thus controlling virulence. Bacterial virulence is increased, and host 

physiology is damaged, contributing to an increased risk of infection. It has been 

reported that QS results in PyoC being synthesised by 96 – 98 % of P. aeruginosa 

strains. 78, 79 All P. aeruginosa isolates studied by Sismaet et al. produced measurable 

concentrations of PyoC, with increasing severity of symptoms and cases of 

comorbidity as PyoC concentrations rose. 34 Reimer et al. stated that P. aeruginosa 

pulmonary infections may produce sputum samples containing up to 130 µM of PyoC, 

whilst this value can be in the mM range for ear infection secretions. 80 PyoC shows 

promise as a diagnostic biomarker for P. aeruginosa infection, enabling rapid 

identification of nosocomial infections involving the pathogen. 71-73, 81 

Biosynthesis and redox activity 
 

PyoC is known to be extremely pathogenic, causing inflammatory physiological 

effects to host tissue which leads to infection amplification and comorbidity. 34, 82 

Sharp et al. highlighted the progression of infection as follows: 65, 78, 83, 84 
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Figure 1.4: Progression of P. aeruginosa infection. 

 

Ciliary dysfunction impairs mucociliary clearance, a vital line of defence for the lungs, 

85 and causes chronic nose, ear, sinus and chest problems. 86-88 Low concentrations of 

PyoC induce cellular senescence, with apoptosis occurring at higher concentrations. 

Inhibition of cell growth and replication impedes tissue repair and advances morbidity 

and mortality. 84 Antioxidant depletion results in the formation of free radicals, which, 

in turn, leads to oxidative stress. 89 Furthermore, the immune response of the host is 

attenuated and the switch from acute to chronic infection is promoted. 90 
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Oxidative Stress 
 

Oxidative stress is defined as an imbalance between free radical production and 

antioxidant defences. 89 The term ‘free radical’ references any chemical species with 

a single unpaired electron in its outer valence shell. 91 An imbalance infers increased 

chemical activity, which may lead to tissue injury. 89 The instability of free radicals 

leads to their high reactivity. They tend to react with nonradicals, as they are much 

more abundant within the human body. Possible targets include all biological 

macromolecules, proteins, lipids, nucleic acids, and carbohydrates. 91 

When a radical reacts with a nonradical, a free radical chain reaction is initiated. New 

radicals are formed, which may go on to react with other macromolecules. Prominent 

examples of this are protein damage and lipid peroxidation. The hydroxyl radical 

(OH·) is understood as the most potent oxidant and displays an extremely short half-

life. It can attack most biological molecules and initiate the propagation of free radical 

chain reactions. Oxygen may accept an electron to form O2-, which in itself is not 

particularly reactive. Its oxidative potential is weak; it is much more successful at 

reducing iron complexes (e.g., cytochrome C). However, it can dismutase to form 

H2O2, 84 a means by which PyoC has induced oxidative stress in both epithelial 92 and 

endothelial cells. 93  

Mohamed et al. studied the effects of oxidative stress on P. aeruginosa in mice. The 

susceptibility of P. aeruginosa to various antibiotics was altered upon exposure to 

H2O2, with minimum inhibitory concentrations (MICs) either increasing or decreasing. 

QS genes were found to be expressed at a significantly lower level in H2O2-stressed 
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cells. Overall, exposure to oxidative stress reduced P. aeruginosa pathogenicity in the 

host. 94 Previous studies had reported an increase in P. aeruginosa host virulence in 

response to oxidative stress; 65, 95 however, this was likely due to experimental 

differences. 94 It is also important to consider that bacterial defences may be increased 

by low levels of oxidative stress, whilst increasing levels can markedly damage 

bacterial cells, due to excessive ROS production, according to the hierarchical 

oxidative stress model. 96  

PyoC has been shown to contribute to the unusual tenacity of P. aeruginosa infections. 

65 PyoC-associated ROS have been linked to cellular phenomena which enhance P. 

aeruginosa’s capacity for survival. 97 P. aeruginosa pathology is also increased by 

weakening of host defences, via depression of mucociliary transport 98, 99 and the 

initiation of bronchoconstriction if nebulized into the airways. 100 

Considerable antioxidant defence mechanisms are in place which act to protect the 

body from free radical attack. Gutteridge described an antioxidant as “any substance 

that, when present at low concentrations, compared with those of the oxidizable 

substrate, considerably delays or inhibits oxidation of the substrate.” Catalase, 

dismutase and peroxidase enzymes are key cellular antioxidant defences. 101 

Furthermore, the ability of mitochondrial cytochrome oxidase to act as a catalyst in the 

electron transport chain (ETC) without the release of ROS greatly decreases potential 

for intracellular production of free radicals. 102  

PyoC biosynthesis 
 

PyoC is biosynthesized from phenazine-1-carboxylate, as described in Scheme 1.1. 5-

methyl-phenazine-1-carboxylate is an unstable intermediate, whose reactive nature 
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facilitates the two-step conversion of phenazine-1-carboxylate to PyoC. This process 

is regulated by PhzM and PhzS , which are protein-encoding genes. 103, 104 

 

Scheme 1.1: Pyocyanin biosynthesis pathway. Adapted from Fulcher, 2010. 103 

 

The toxicity of PyoC can be largely attributed to its redox activity, which causes 

depletion of cellular antioxidants such as NADH and glutathione. 105 It also modifies 

cytosolic concentration of calcium, causing disruption of ion transport regulation, 
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ciliary beating, and mucus secretion by airway epithelial cells. 106 The mechanisms by 

which PyoC initiates pathogenesis are variable. It may inhibit nitric oxide synthase 107-

109 or form a complex to interact with endothelium-derived relaxing factor or nitric 

oxide (NO). NO is vital for blood flow and blood pressure control, as well as immune 

function. 110 PyoC also inhibits epidermal cell growth 111 and lymphocyte proliferation, 

112 has antibiotic properties against other microorganisms, 113 and influences the 

acquisition of iron by pseudomonads. 114  

P. aeruginosa-derived phenazines may also prompt alveolar macrophages to produce 

interleukin-8 (IL-8) and leukotriene B4. These are known as neutrophil chemotaxins; 

they populate the airways with neutrophils, inciting an inflammatory response and 

neutrophil-mediated tissue damage. 115, 116 Phenazines are thought to boast such a 

broad range of biological activity due to their ability to undergo redox cycling in the 

presence of molecular oxygen and reducing agents. This causes a build-up of toxic O2- 

and H2O2 and ultimately leads to oxidative cell injury or death. 117-119 PyoC can also 

act synergistically with pyochelin, a siderophore, and with transferrin cleaved by P. 

aeruginosa or neutrophil-secreted proteases in infected lungs. This catalyses the 

formation of OH·, a highly cytotoxic agent which causes damage to pulmonary 

endothelial cells. 117, 119 

 

1.3. Detection methods 

1.3.1. Introduction 

Given the swift progression of P. aeruginosa infections, rapid detection in situ is vital 

for efficacy of treatment. Current bacterial identification methods usually take 24 

hours or more; whilst newer molecular and biochemical identification methods 
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improve upon this delay, they require a sufficient number of cells for investigation, 

thus requiring an incubation period of several hours. 120 Some clinics may be able to 

utilise polymerase chain reaction (PCR) identification, which can give quantitative 

results and takes less time (1 hour +). This technique requires extensive preparation of 

samples, as well as expensive reagents, which contribute to its limited clinical 

availability. 121 Processing also takes several hours, deeming this technique inadequate 

regarding a point-of-care clinical setting. 61 Absorbance and spectroscopic methods 

provide robust results; however, their operation is complicated. PyoC must be 

extracted from samples using chloroform and then purified, which requires trained 

technicians and the use of hazardous solvents. The need for extensive sample 

preparation also contributes to longer detection times. 121 Liquid chromatography-

mass spectrometry (LC-MS) can produce quantitatively reliable results; however, 

expansive instrumentation is required, as is supernatant extraction from the growth 

medium. 47 Microbiological colony identification is also common, though it has low 

sensitivity and requires the use of costly equipment and reagents. Additionally, the 

process is laborious, increasing time and labour costs. 122 Automated instrumentation 

techniques call for plate culture preparation to obtain a bacterial colony. This incurs a 

lead time of a minimum 18 – 24 hours. 123, 124 Currently, there is a clear need for the 

development of a simple, sensitive PyoC detection method. Results must be achieved 

rapidly and in a cost-effective manner, without any need for pretreatment or sample 

incubation. 
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Electrochemical methods may help to bridge this gap (See Table 1.2). Increasingly, 

the electroactive nature of PyoC has been exploited to enable electrochemical 

detection methods which do not require sensor functionalisation. 121 Various studies 

have utilised PyoC as a P. aeruginosa biomarker due to its redox activity. 34, 61, 78, 81, 

104, 121, 125-130 Its excellent electrochemical activity, due to its substituted phenazine 

structure, makes the toxin especially applicable for detection using cyclic voltammetry 

(CV). 131 The electrochemical signals produced may also be amplified using redox 

activation (altering environmental parameters such as pH, causing the analyte to be 

dominant in its redox active form), or redox cycling, which would enable ultrasensitive 

detection of diagnostic biomarkers. 132 Figure 1.5 provides an overview of the current 

infection detection pathway, which can be compared to that which may be achieved 

with electrochemical sensing (Figure 1.6). 
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Table 1.2: Summary of electrochemical methods for the detection of P. aeruginosa 

Detection 
Method(s) 

Electrode Material 
Target 

Analyte(s) 
Detection Range Limit of Detection Ref 

SWV Carbon PyoC 0.6 - 41.3 µM N/A 34 

SWV Carbon PyoC N/A N/A 61 

CV, SWV 
Agar hydrogel & Au/Ag nanoalloy-

modified carbon 
PyoC 0.12 - 25 µM 0.04 µM 104 

SWV Carbon PyoC, PyoV 
0.01 - 0.1 µM, 5 - 

50 µM 
2.12 µA/µM, 1.09 nA/μM 126 

EC-SERS, CV, 
SWV 

Au PyoC 100 µM, 500 µM N/A 127 

CV Au PyoC 2 - 100 µM 2 µM 81 

CV, DPV, EIS Au NP-modified graphite PyoV 0.5 - 100 µM 66.90 µM 140 

CV, DPV, EIS Au NP-modified graphite PyoV 1 – 100 µML-1 333.33 nML-1 141 

CV Carbon 2-AA 0 - 60 mM 7.6 mM 142 

CV, SWV CS/AuNP-, T-Macro-modified carbon PyoC 
1 - 100 µM, 0.75 - 

25 µM 
1.6 µM, 0.75 µM 130 

Amperometry Au P. aeruginosa N/A N/A 153 

Impedance 
measurements 

Au P. aeruginosa 102 - 105 CFU/mL N/A 154 

CV Au PAP 0 - 50 µM 10 pM 143 
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SWV Carbon 
PyoC, 5-MCA, 

OHPHZ 
0 - 200 µM N/A 144 

SWV, CV Transparent carbon 
PyoC, 5-MCA, 

OHPHZ 
1- 250 µM N/A 145 

CV Polyaniline/AuNPs decorated ITO PyoC 1.9 - 238 µM 500 nM 
128, 
129 

CV AuNP-modified chromium/ITO P. aeruginosa 10 - 105 CFU/mL 10 CFU/mL 161 

CV AuNPs/rGO PyoC 1 - 100 µM 
0.27 μM (PBS), 1.34 μM (saliva), 

2.3 μM (urine) 
162 

CV, DPV Super P/AuNP-modified Cu-ZrMOF P. aeruginosa 10-106 CFU mL-1 2 CFU mL-1 164 

CV, SWV Ti/Au-modified nanograss PyoC 0 - 25 µM 172 nM 125 

CV, LSV CCLP/Au CP-modified GC 
HQ, H2O2, IgG 

HRP 
101 - 107 CFU/mL 9 × 102 CFU/mL 166 

CV, SWV PA/CNT PyoC 0.10 - 100 µML-1 0.10 µML-1 167 

SWV Streptavidin-HRP-modified Au 16S rRNA 0.3 - 600 pg/μL 0.012 pg/μL 191 

SWV Au PyoC, PCA 
0 - 10 µM, 0 - 300 

µM 
2.6 µM 192 

SWV Pt PyoC 0 - 200 µM 0.6 µM 193 

SECM Pt PyoC N/A N/A 194 

EIS Au-modified Si PA01 N/A N/A 198 

EIS Stainless steel PA01 N/A N/A 199 
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SWV PA01-modified PG RA-13 N/A N/A 200 

CV, EIS NH2/AgNP-modified GC P. aeruginosa 102 - 107 CFU/mL N/A 205 

CV, amperometry Nanozyme/AuNP-modified carbon P. aeruginosa 
60.0 - 6.0 × 107 

CFU/mL 
60.0 CFU/mL 207 

CV, EIS PA/Apt/CNCNF-modified GC P. aeruginosa 101 - 107 CFU/mL 1 CFU/mL 208 
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Figure 1.5: An overview of the current HCAI diagnostic pathway. 
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Figure 1.6: A proposed, expedited diagnostic pathway facilitated by electrochemical detection. 

 

Thus, the study of electrochemical biosensors is increasing in popularity. These 

sensors are cheap to produce, simple to operate and can be extremely sensitive. Their 

portability and speed of operation renders them applicable for incorporation into point-

of-care devices. This enables real-time diagnosis and monitoring without the need for 

pretreatment. 39 
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1.3.2. Screen-printed electrodes 
 

Screen-printed electrodes (SPEs) are an attractive and increasingly prevalent option 

for low-cost, disposable biosensors. Their manufacture involves the layered deposition 

of ink onto a solid substrate, through a screen shaped to the required geometry. Often, 

SPEs will feature a three-electrode configuration (working (WE), reference (RE) and 

counter (CE) electrodes) which lends itself to electrochemical analysis. Inks may be 

commercial or self-produced and can include a wide selection of materials, including 

catalysts. 133, 134 The expansion of nanomaterials in recent years has allowed the 

electrochemical properties of SPEs to consistently advance. 135 

Though limited to flat substrates, there are many advantages to the screen-printing 

process. Designs are flexible; electrode area, thickness and composition are easy to 

control and adjust. Good reproducibility allows for statistically valid experimental 

results. 134, 136 Given their bulk manufacture, SPEs can be produced cheaply and at 

high rates. Their simple operation negates the need for pretreatment or highly skilled 

personnel and allows for real-time, point-of-care testing. 135 These capabilities lend 

themselves well to the detection of P. aeruginosa, commonly through recognition of 

PyoC. 34, 61, 81, 104, 126, 127 

Carbon SPEs 
 

Various studies have utilised carbon WEs and CEs in conjunction with silver (Ag) REs 

to detect PyoC using square wave voltammetry (SWV). 34, 61, 104, 126 SWV techniques 

boast rapidity, 126 although Cernat et al. (2019) also utilized CV for electrode 

characterization. 104 Sismaet et al. have successfully detected PyoC from clinical 

isolates taken from CF patients and HCAI patients, as well as fluid and biofilm samples 
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from wound patients. 34, 61 Their methods have potential for point-of-care 

Pseudomonas screening, with their PyoC probe displaying 71 % sensitivity and 57 % 

specificity when compared with 16S rRNA sequencing. Further work is required, 

however, to comprehend the clinical implications of false positive and false negative 

tests. 61 PyoC was detected by Cernat et al. in real samples with spiked analyte, using 

modified SPEs with an agar hydrogel and Au/Ag nanoalloy. They obtained a linear 

range of 0.12 – 25 µM, with a limit of detection (LOD) of 0.04 µM (signal-to-noise 

ratio (SNR) = 3). PyoC detection in whole blood was possible within 5 – 10 minutes 

from sample collection. 104 

Screen printing also allows for innovation regarding print surfaces. Ciui et al. screen-

printed electrodes onto gloves to allow for simple operation and speed, with a detection 

time of approximately 4 minutes.  
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Figure 1.7: (A) Screen-printed sensing glove (left, scale bar: 3 cm) and electrode configuration (right, 
scale bar: 1 cm). (B) On-glove swiping approach for obtaining P. aeruginosa residues from surfaces. 

(C) PyoV and PyoC detection from the middle and index finger sensing platforms respectively. 
Reprinted with permissions from American Chemical Society 126 

 

Electrodes were highly sensitive (2.12 µA/µM), with an R2 value of 0.935, and were 

stable over 14 days, with a relative standard deviation (RSD) value of 4.14 % (n=5). 

Translating this innovative technology into a clinical setting will involve the 

integration of handheld, wireless instrumentation. 126 

Gold SPEs 
 

Commercial screen-printed gold (Au) electrode chips (Au WE, Au RE, Ag CE) have 

been used to detect PyoC using CV. These studies reported adequate biomarker 

detection, with relatively high sensitivity. 81, 127 However, it is important to note that 

the use of Au can be limited by amalgam formation, which alters the structure at the 

electrode surface. 137 The necessary cleaning procedures can also be time consuming 
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and involve hazardous chemicals, rendering them unsuitable for a clinical 

environment. 138  

One significant advantage of Au-based electrodes is the ability to combine 

electrochemical techniques with that of surface enhanced Raman spectroscopy 

(SERS), which can be performed on metallic surfaces such as Au and Ag. Do et al. 

confirmed that PyoC detection was possible during early stages of infection and that 

EC-SERS could be applied to the detection of other P. aeruginosa bacterial 

biomarkers. 127 Alatraktchi et al. obtained an R2 value of 0.991 for PyoC quantification 

on Au electrodes, with its detection in human saliva displaying a standard deviation of 

2.5 % ± 1 % (n=5) from the PyoC concentration added to samples. A detection window 

between 0.58 V and 0.82 V was identified as being free from the interference of other 

redox-active compounds. A LOD of 2 µM was achieved outwith any interfering 

compounds. 81 

Graphite SPEs 
 

Graphite-based SPEs have also been utilised for the detection of pyoverdine (PyoV) 

and 2-aminoacetophenone (2-AA), a chemical compound produced by multiple strains 

of P. aeruginosa, 139 using CV and differential pulse voltammetry (DPV). 140-142 These 

materials offer an advantage in terms of cost and potential range over other metallic 

surfaces such as Au or Ag. Gandouzi et al. succeeded in detecting PyoV using surface-

modified graphite SPEs. 140, 141 Detection was achieved with linearity for a 

concentration range of 1 – 100 µML-1 (correlation coefficient, R = 0.995, RSD = 4.916 

%). The LOD was found to be 333.33 nML-1. 141 Recovery tests were also performed 

for PyoV detection in real samples (tap water, human serum, saliva). Recoveries for 



28 
 

25 µM/L PyoV ranged from 98.41 % to 100.55 % for tap water; 98.83 % to 101.88 % 

for human serum and 96.5 % to 102.12 % for saliva, all of which lie within the 

acceptable tolerance range, suggesting reliable methodology. RSD values ranged from 

1.9 % to 4.1 %. 140, 141 Metters et al. discussed the merits of graphite SPEs for point-

of-care electrochemical detection as well as their economic benefits. They were able 

to use carbon-based SPEs to detect 2-AA, with a detection limit of 7.6 mM. This study 

provided proof of concept that 2-AA can be detected with electrochemical techniques. 

142 

The utilization of SPEs for electrochemical sensing is a valuable area of research. Their 

capacity for cheap mass production, simple operation, and the fact that pretreatment 

steps are not required, render them a viable technology for further development. 135 

The adaptability of SPEs currently allows for the detection of many analytes and will 

be the key to expanding their applications in future. For example, the incorporation of 

biomaterials with SPEs can greatly increase sensitivity and selectivity and is an area 

of research which is constantly expanding. The incorporation of unique materials will 

contribute significantly to the field, and broaden possible applications. 133 The 

electrochemical properties of SPEs are continually improving, due to advances in 

nanomaterials; this is likewise an ongoing area of growth. 135 Also notable is the 

potential for SPEs to be incorporated into portable and miniaturized devices; given the 

enduring need for electronics miniaturization, it can be assumed that new applications 

will develop in this field. 133, 134 
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1.3.3. Arrays 
 

The development of electrode arrays has increased in popularity in recent years. 130, 

143-147 These are sensors which contain at least two WEs 148 and they are utilised across 

a range of fields, including environmental, food and clinical analysis. Biosensors are 

one of the primary sensor types used in arrays, although they may also contain multiple 

sensor types. 149 In the case of electrochemical sensor arrays (ESAs), multiple sensors 

allow for simultaneous detection of more than one species. 150 The analytic capabilities 

of electrode arrays are considered competitive with quantitative chromatographic 

techniques. Stefan et al. have summarised the primary electrochemical sensors used in 

sensor array construction. 149 The main aspects of array development are design, 

calibration, and convolution. 151 Design informs quality; especially regarding in-vivo 

clinical analysis. 152 In this sense, geometry and potentiostatic control are significant 

design factors. As the construction of ESAs has developed, it has become possible to 

glean chemical fingerprints for complex matrices. 149 The use of arrays is often 

preferred to chromatographic techniques, as there is no need for onerous sampling 

processes or high-quality materials. Their use increases rapidity of flow analysis 149 

and generally, they offer valuable spatial and rapid temporal resolution. 148 ESAs are 

known to provide superior precision, particularly regarding clinical analysis. 149 

However, high standards must be met to ensure satisfactory calibration, and it is 

necessary to record many measurements on known samples prior to employment in 

point-of-care systems. 151 

In a clinical setting, ESAs show promise as highly sensitive alternatives to PCR 

detection assays. 153 Sheybani et al. achieved bacterial detection levels of five orders 
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of magnitude lower than similar sensors, with an array which monitored local pH and 

bacterial cell attachment within wounds. This Au-based dual sensor array eliminated 

the need for biorecognition elements, external solutions, pre- and post- sample 

processing, and visual assessment of the wound. Arrays were stable over time and gave 

accurate, real-time results for initial testing within wound infection models. 154 The 

effectiveness of ESAs has also been illustrated in human clinical fluid samples. Liao 

et al. achieved species-specific detection of bacterial pathogens in uropathogens 

isolates and clinical urine specimens. The array consisted of sixteen sensors containing 

Au WE, CE and RE, with each WE containing a capture probe specific to a urinary 

pathogen, including a P. aeruginosa probe.  

Capture probes acted to fix the target to the sensor, whilst detector probes allowed for 

target recognition on the sensor surface. Over 90 % of clinical microbiology library 

uropathogens were recognised by these probes. Results were acquired within 45 

minutes from sample collection, without the need for labelling or target amplification. 

Notably, this was the first study to describe bacterial pathogen detection in human fluid 

samples using an ESA. Given the potential for miniaturisation, electrochemical 

sensors may prove to be more cost effective and user friendly than current clinical 

sensors. 153 

Baldrich et al. were able to detect N-(3-oxo)-dodecanoyl-L-homoserine lactone (oxo-

C12-HSL), an acyl homoserine lactone (AHL) produced by P. aeruginosa, in artificial 

saliva as well as spiked cultures and P. aeruginosa supernatants, using Au 

microelectrode arrays. AHLs were detected indirectly, via beta-galactosidase (β-gal) 

activity, which is AHL-induced. CV scans resulted in detection limits as low as 2 pM, 

in 20 µL sample volumes. Measurements took seconds following a 2-hour assay. 143 
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Transparent carbon ultramicroelectrode arrays (T-CUAs) have been utilised in various 

studies to detect P. aeruginosa-derived phenazine metabolites. 144, 145, 147 These arrays 

have excellent conductivity; they are inert and highly biocompatible and boast rapid 

response times, amplified current responses, high SNR and low LODs. 130, 145-147, 155 T-

CUAs have been used by Simoska et al. to monitor PYO, 5-methylphenazine-1-

carboxylic acid (5-MCA), and 1-hydroxyphenazine (OHPHZ). 144, 145 Elliott et al. 

successfully utilised T-CUAs to electrochemically detect PyoC, with LODs as low as 

1.0 ± 0.3 µM for 1.54 T-CUA with an LDR of 1-100 µM.   

The merits of sensor arrays are many and can largely be attributed to their versatility. 

Utilising two or more electrodes makes it possible to detect multiple targets 

simultaneously, since each electrode is individually addressable. 148 Individual sensors 

can be modified, for example with nanoparticles (NPs) or biorecognition elements, to 

optimise their functionality. 130 Spatio-temporal analysis of analytes is also possible, 

as multiple sensors can be used for ‘mapping’. 148 A broad range of electrochemical 

sensors may be utilised; particularly common are amperometric sensors, gas sensors, 

ion-selective and membrane electrodes. 149 

However, conscientious array design is vital to performance. Careful consideration of 

the target medium is necessary for addressing which matrix should be used. Polymer-

based matrices are favoured over carbon-based, though they have relatively low 

construction reproducibility. 149 Where ultramicroelectrodes are utilised, often arrays 

will be designed to function in parallel to enhance SNR, since their ability to produce 

extremely low currents – in the picoamp (pA) range – may lead to noise limitations. 

146, 156-159 Despite this, their use enables higher current densities and low limits of 

detection. 146 
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1.3.4. Surface modification 
 

Electrochemical sensors may be surface modified, often using NPs, to improve 

specificity and selectivity. 141 Gold NPs (AuNPs) are often utilised for surface 

modification and contribute to high sensitivity and signal amplification. 128, 140, 141, 160, 

161 Elkhawaga et al. utilised ultrasensitive polyaniline (PANI)/Au NPs/indium tin 

oxide (ITO) modified sensors for rapid detection of PyoC in clinical isolates. A linear 

range was obtained from 238 µM to 1.9 µM, with a LOD of 500 nM. PyoC detection 

by SWV showed 100 % agreement with the molecular method regarding sensitivity 

and specificity, against other methods such as SPE and automated methods. High 

selectivity was also achieved for traces of PyoC in the presence of interferences such 

as vitamin C, uric acid, and glucose. Khalifa et al. utilised the same sensors for 

successful PyoC detection in corneal ulcer samples. 128, 129 Reduced graphene oxide 

(rGO) SPEs were modified with AuNPs by Rashid et al. for the detection of PyoC via 

DPV. Under ideal conditions, a favourable linear range was achieved, with LODs of 

0.27 µM, 1.34 µM and 2.3 µM for PyoC detection in PBS, human saliva and urine, 

respectively. 162 Zhang et al. used Super P/AuNPs treated Au electrodes to quantify P. 

aeruginosa. The use of metal-organic framework (MoF) allowed for signal 

amplification, with the added advantage of a large surface area, as well as the ability 

to control its structure and aperture. 163 A zirconium series metal-organic framework 

(ZrMOF) was also utilised, which gave the advantage of being able to immobilise 

metal ions and biological ligands.  
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Scheme 1.2: Electrochemical detection of P. aeruginosa via Super P/AuNPs treated Au electrodes. 
Reprinted with permission from Elsevier 2019 164 

 

Results could be obtained in 120 minutes, with a linearity range of 10-106 CFU/mL 

and LOD of 2 CFU/mL (SNR=3). Sensors also displayed good reproducibility and 

specificity, highlighting the potential advantages of MOFs for electrode surface 

modification. 164 

The conjugation of an electrochemical active molecule (EAM) and a specific antibody 

on redox-active AuNPs (raAuNPs) was utilised by Lee et al. This resulted in the 

enhancement of signals received by individual bacterium by six orders of magnitude 

at optimum conditions, since each AuNP contains thousands of EAMs. The self-

assembled layer of EAMs had good electrode coverage, which prevented direct 

solution contact; thus, electrode fouling was minimised. 161 Background noise from 

interferences can also be reduced. 165 The resulting biosensor had high sensitivity, with 

a dynamic range of 10 – 105 CFU/mL and a detection limit of 10 CFU/mL. It showed 
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considerable potential as an electrochemical biosensor for pathogenic bacterial cell 

detection in blood plasma. 161 

Chitosan gold NPs (CS/AuNP) and planar transparent macroelectrodes (T-Macro) 

were used by Elliott et al. to modify the surface of T-CUAs. Treatment with CS/AuNP 

elicited a LOD of 1.6 ± 0.2 µM and LDR of 1 – 100 µM; T-Macro modification gave 

a LOD of 0.75 ± 0.09 µM and LDR of 0.75 – 25 µM. It was concluded that these 

parameters were sufficient for PyoC detection in a range of in vitro and in vivo cellular 

environments. 130 High sensitivity was achieved by Gandouzi et al., who deposited 

graphene-AuNPs composite film onto graphite-based SPEs for utilisation in PyoV 

detection. Electrodes exhibited a linear range of 1 – 100 µM/L and a LOD of 0.33 

µM/L and were stable long-term with good reproducibility. DPV scans produced a 

signal which was six times higher after surface modification. 141 AuNPs decorated 

graphene/graphite-modified SPEs were then used to detect PyoV with high sensitivity 

in tap water, human serum, and saliva. The sensor had linearity from 0.5 to 100 µM 

and a LOD of 66.90 nM (SNR = 3) when tested in PyoV solutions. In PyoV spiked 

saliva, serum and tap water, recoveries were 96.75 %, 98.83 % and 100.55 % 

respectively, thus validifying practical applications for the sensor. 140 

Successful wound monitoring was documented by Sheybani et al., who used 

electrochemical sensor arrays to observe P. aeruginosa growth. Arrays were based on 

sensors with Au WE, Ag RE and Pt CE, and stability was improved with the addition 

of biocompatible polymeric coatings (chitosan and Nafion) which act to promote the 

attachment of bacterial cells and prevent non-specific cell and protein fouling. These 

advantages could allow for the long-term operation of in situ sensor arrays in areas of 

low resources. 154 
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Cernat et al. developed a thermosensitive polymer-based electrochemical sensor, 

modified with a Au/Ag nanoalloy, for the detection of PyoC. The sensor displayed a 

linear range of 0.12 – 25 µM and LOD of 0.04 µM (SNR = 3). Sensors were effective 

in spiked real samples and required no pretreatment, except a dilution step. PyoC 

detection with high recovery in whole blood was possible within 5 – 10 minutes of 

sample collection. 104 

Nanograss topography was etched onto the surface of electrodes in a study by 

Alatraktchi et al., with 200 nm Au deposited on top. Compared to a standard Au 

electrode, the addition of nanograss increased the surface area by 3.9 times. This 

enables enhanced electron transfer which leads to a low LOD. A higher current is also 

permitted for the same WE footprint, which allows for an improved SNR and higher 

sensitivity. PyoC was detected in spiked hypertonic saline samples, with an R2 value 

of 0.9901 and a LOD of 172 nM. When tested on airway samples from CF patients, 

the sensor identified P. aeruginosa within 60 seconds, with no need for sample 

pretreatment. 125 Krithiga et al. also modified the surface of glassy carbon (GC) 

electrodes to increase their surface area. Calcium cross-linked pectin-gold 

nanoparticles (CCLP-AuNPs) were deposited onto GC electrodes, with anti Ps drop-

casted on top. A further layer of Au tagged anti rabbit horseradish peroxidase (IgG-

HRP) was then added. The CCLP-AuNPs acted to increase the electrode’s surface 

area, further immobilising the antibody, and thus improving response. The 

immunosensor was used to detect P. aeruginosa in water, and displayed good 

sensitivity, with a detection limit of 9×102 CFU/mL, and high reproducibility. 

However, preparing the electrochemical immunosensor assay and fabricating the 
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electrodes involved many steps, with the need for drying and incubation increasing 

production time. 166 

Inkjet-printed polyacrylamide-coated carbon nanotube (PA/CNT) electrodes were 

developed in a proof-of-concept study by Jarošová et al. to detect PyoC in wound fluid 

simulant. Electrode fabrication involved a multi-step, layered process. The initial 

conductive geometry was printed onto Kapton substrate using Ag. Onto this, a CNT 

electrode layer was printed, followed by a UV-curable dielectric ink which acted as an 

insulating layer. To prevent electrode fouling, the electrodes were then coated with 

polyacrylamide (PA) hydrogel. Electrodes were flexible and disposable and were 

linear over the range 0.10 to 100 μM L–1 (R2 = 0.9992), with a LOD of  

0.10 μM L–1 (S/N = 3). This was a vital study regarding the exploration of printing 

materials and processes for the fabrication of effective electrochemical sensors.167 

The use of immunosensors to monitor water is appealing, since current methods such 

as PCR lack rapidity and can be expensive, as well as requiring complex pretreatment. 

Bekir et al. developed an immunosensor which utilised the immobilisation of purified 

polyclonal anti P. aeruginosa antibodies on a poly(pyrrole-3-carboxylic acid)-

modified SPCE. Immobilised antibodies are increasingly being integrated into 

biosensors for the recognition and capture of specific bacteria, offering unparalleled 

specificity. 168-175 The immunosensor successfully and sensitively detected P. 

aeruginosa in groundwater solution. 176 

Surface modification is an advantageous tool for the improvement of electrochemical 

electrode performance, regarding both specificity and sensitivity. Metal NPs are often 

employed to augment electrochemical reactions, by means of their catalytic activity. 
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Their superior conductivity facilitates improved communication between protein 

redox centres and the electrode surface. Better detection limits can also be achieved 

due to the high surface area of NPs compared with bulk metal surfaces. Improved 

selectivity and detectability is possible, although this may involve the use of complex 

and costly equipment. 161 AuNPs have shown particular merit for surface modification, 

displaying a plethora of assets, including impressive biocompatibility, catalytic 

activity, and electron transfer rate. 141, 177 Gandouzi et al. demonstrated the synergetic 

effect of utilising two nanostructures (Au and graphene), resulting in improved 

electrocatalytic efficiency for the electrochemical oxidation of PyoV, compared to 

bare SPEs. 141 Future work in this area will involve further discovery of viable surface 

modifiers, for optimal target analyte detection. 

1.3.5. Biorecognition elements and aptasensors 
 

Biorecognition elements are utilised to furnish a biosensor with analyte specificity, 

consequently increasing selectivity, sensitivity, and reproducibility. Careful 

consideration of which biorecognition element to use is necessary, since its specificity 

relies on a strong affinity to the target analyte. 178 Naturally occurring elements, such 

as antibodies, enzymes (or, in the case of aptasensors, DNA or RNA aptamers) 179 may 

be used, as well as synthetic elements such as nanostructures. 178 The blood glucose 

biosensor is the current gold standard and has become a vital monitoring tool for those 

with diabetes. 178, 180 Despite its simplicity, it is highly sensitive, selective, 

reproducible, and cost efficient. 178, 181 

Amperometric detection of redox signals can be achieved if detector probes are 

coupled to oxidoreductase reporter enzymes. 182, 183 Applying a fixed potential between 
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the WE and RE, a current is generated by enzyme-catalysed redox activity, which can 

then be measured and analysed. 184-186 Current amplitude is affected by how many 

target-probe-reporter enzyme complexes are affixed to the sensor. Again, 

electrochemical methods have an advantage over techniques such as PCR, as they can 

detect target nucleic acids directly in clinical specimens, since the initial step in the 

process is nucleic hybridisation and not enzyme-based target amplification. 153 

Electrochemical DNA sensor structure comprises a recognition layer, which contains 

oligonucleotide probes, and an electrochemical signal transducer. 153 Often, they are 

formed using ‘sandwich’ hybridisation of target nucleic acids by capture and detector 

probes. 187-190 Liao et al. used capture probes to affix the bacterial 16S rRNA target to 

the surface of the sensor; detection was achieved by hybridisation to both the biotin-

modified capture probe attached to the surface of the sensor, and to a second, 

fluorescein-modified detector probe. 153 Stem-loop structured probes were employed 

by Liu et al. in their fabrication of a DNA biosensor for P. aeruginosa 16S ribosomal 

RNA (rRNA) detection. Probes were modified to include a thiol and a biotin and were 

immobilised onto a Au electrode. In the absence of the target, probes were ‘closed’, 

with the hybridisation of the target allowing them to ‘open’, triggering a reaction at 

the electrode surface between the biotin and streptavidin-horseradish peroxidase 

(HRP). Electrochemical techniques can then be employed for analyte detection. The 

biosensor performed well, boasting stability and selectivity, with a detection limit of 

0.012 pg/µL. However, it must be noted that, in this case, sensor fabrication and 

hybridisation is a relatively lengthy process. 191 

P. aeruginosa is often employed for biofilm monitoring, as its electroactive phenazine 

products can be easily monitored. 192 ESAs have been utilised for the monitoring of P. 
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aeruginosa products 192, 193 and QS mechanisms, 194 and biofilm formation at the 

electrode surface has been monitored using voltammetric 195-197 and impedance 198, 199 

techniques. Robb et al. modified pyrolytic graphite (PG) electrodes with 

P. aeruginosa PA01 to monitor the dispersion of PA01 biofilm. 200 Previously, an 

electrochemical assay was detected to observe antimicrobial peptide (AMP) exposure-

induced alginate disruption and it was found that it was related to anti-biofilm activity. 

201 This was improved upon by similarly immobilizing P. aeruginosa PA01 onto the 

electrode and monitoring the response to anti-biofilm compound RA-13. 200 

 

Scheme 1.3: Overview of the P. aeruginosa electrochemical assay. Formation of the electrode using 
(i) layer by layer cationic (yellow) and anionic (blue) polymers and (ii) P. aeruginosa PA01 (orange) 

that can produce biofilm (aqua) Reprinted with permission from Elsevier 2018  200 

 

P. aeruginosa immobilisation improves simplicity of the assay, since electroactive 

phenazines (such as PyoC) are produced, which are easy to measure with 

electrochemical methods. 192, 193, 201-204 Overall, the assay was shown to be capable of 

distinguishing anti-biofilm compound activity in real time. 200 

Roushani et al. described the first impedimetric aptasensor for ultrasensitive P. 

aeruginosa detection. After modifying the surface of a GC electrode with AuNPs, the 

NH2-aptamer was covalently attached. 205 Covalent bonding is achieved by the 
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aptamer amino group, which ensures attachment. 196 Electrode modification influences 

the intensity of the electrochemical signal and the biological molecule stabilisation. 

Use of AuNPs improved electrochemical signal due to an increase in surface area; 

electron transfer was also significantly accelerated. The aptasensor was tested in blood 

serum samples under optimum conditions, and results were confirmed by PCR.  A 

linear range was achieved with a R2 value of 0.9984 and inter-electrode repeatability 

was acceptable, with an RSD value of 4.75 %. The sensor also had the advantage of 

relatively low cost and high sensitivity when compared to other sensors. Thus, clinical 

diagnosis of P. aeruginosa was deemed possible. 205 Aptamers can also be employed 

as mediators, as demonstrated by Das et al. in their fabrication of an innovative 

nanozyme sensor for P. aeruginosa detection. The term ‘nanozyme’ describes a 

nanomaterial which exhibits characteristics of an enzyme. 206 The peroxidase-like 

nanozyme activity of AuNPs was inhibited by the adsorption of F23, an aptamer 

specific to P. aeruginosa. Given the high affinity of F23 for P. aeruginosa, the aptamer 

parts from the surface of the AuNPs in the presence of the pathogen. This re-enables 

the peroxidase-like activity of the AuNPs, resulting in the oxidation of 3,3′,5,5′-

tetramethylbenzidine (TMB), which can then be electrochemically detected. 

Amperometry techniques saw a detection limit of 60.0 CFU/mL in water. 207 Sarabaegi 

et al. describe the use of hollow carbon nanocapsules-based nitrogen-doped carbon 

nanofibers (CNCNF) to facilitate aptamer immobilisation onto the surface of a GC 

electrode. Desirable electrochemical performance was attributed to the high 

distribution of N-doped nanocapsules in solution, which was achieved via 

electrospinning. The resulting aptasensors were utilised for impedimetric detection of 

P. aeruginosa. A linear range of 101 – 107 CFUmL-1 was achieved under optimal 
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conditions, with a LOD of 1 CFUmL-1. In spiked serum samples, recoveries between 

99.80 % and 106.00 % were achieved, indicating the potential for desirable 

performance in clinical samples.208  

There are various advantages and disadvantages to each type of biorecognition 

element, which must be considered in sensor design. Natural biorecognition elements, 

such as antibodies and enzymes, boast good selectivity and reusability, but suffer when 

it comes to reproducibility. This is likely due to variable success regarding the 

attachment of the biorecognition element during manufacture. 178 New antibody 

discovery is also limited since the process is lengthy and costly. 209, 210 Synthetic 

biorecognition elements have virtually the opposite characteristics. Molecularly 

imprinted polymers (MIPs) are known to have good reproducibility, but lack 

selectivity. Pseudo-natural biorecognition elements also exist; they are a combination 

of natural subunits and synthetic supramolecular structures - for example nucleic acids 

and aptamers. Generally, these elements provide good sensitivity and reproducibility; 

though they are costly and can exhibit non-specific binding. 178 Pseudo-natural 

biorecognition elements have an extensive range of applications, with the exception of 

nucleic acid recognition elements, whose only optimal target are nucleic acids. 211-214 

Biosensors are a constantly growing area of  research. 178, 181-183, 186, 210-218 To enable 

their optimisation, it is essential that biorecognition elements are well understood; 

Morales et al. discussed the need for a comprehensive guide to biorecognition element 

selection and characterisation. Future work in this field will involve improving 

biosensor reusability and reproducibility as well as expanding the range of 

biorecognition elements available to researchers. 178 



42 
 

1.4 Conclusion and Research Aims 
 

P. aeruginosa is a prevalent cause of nosocomial infection, causing substantial 

morbidity and mortality and displaying antibiotic resistance. 28-36 Current detection 

methods require extensive preparation and/or highly trained personnel and are unable 

to detect the pathogen in a timely manner. 47, 61, 121-124 A range of studies have spoken 

to utilising the electrochemically active virulence factors secreted by P. aeruginosa to 

detect it as early as possible, allowing for more effective treatment. Research in this 

area has proven the efficacy of electrochemical detection, as well as its desirable 

sensitivity. It is fast becoming clear that this is a viable option for rapid diagnostics 

since these methods can be executed in seconds and eliminate the need for 

pretreatment. Future research in this area will involve optimising detection methods 

and creating portable testing equipment that could be utilised in a clinical environment. 

Sensitive point-of-care testing would provide a significant advancement towards a 

reduction in morbidity and mortality, by allowing treatment before the pathogen is able 

to advance and develop resistance. 

This project aims to develop a 3D printed electrochemical sensor for the detection of 

P. aeruginosa. Ideally, this device will be suitable for point-of-care infection 

diagnostics, and capable of rapid and sensitive analyte detection. The initial focus will 

be upon the design of a printed sensing platform, using multi-walled carbon nanotubes 

(MWCNTs) as the conductive element within the 3D printing resin. Further iterations 

of this design will be explored, with a focus cheap and facile manufacture. Finally, the 

effectiveness of a carbon black (CB) PEGDA material for electrochemical detection 

will be explored, using CB-modified GC electrodes. 
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Chapter 2  Theoretical Background 

2.1. Additive Manufacturing 

Additive manufacturing (AM) was utilised throughout this project for electrode 

prototyping and manufacture. AM generally involves the sequential deposition of 

materials to form complex 3D geometries. 1, 2 Designs are built from computer aided 

design (CAD) models and can be produced rapidly, with little human intervention. The 

medical industry is the third-largest AM market, next to automotive and consumer 

electronics, claiming 16 % of the industry’s overall revenue as of 2017. 2 Medical 

products can be manufactured on demand, enabling remote fabrication of essential 

tools. 2, 3 Applications include surgical, pharmaceutical, dentistry and medical devices. 

2, 4-9 In 2015, the AM market was worth approximately $5 billion, and was expected to 

almost triple in size by 2020. Its development could increase its value to circa $350 

billion by 2035. 10, 11 AM is becoming more accessible as the industry continues to 

grow, with prices decreasing in line with the expiration of patents. 2  

The main advantages of AM are its efficiency and cost effectiveness. Designs can be 

produced quickly from a CAD file, facilitating faster prototype iterations, and 

eliminating the need for skilled machinists or programmers. This reduces any potential 

for misinterpretation of a design and also introduces the possibility of facile 

customisation. 1, 11 Parts can be built cheaply, which permits trial and error in the 

design process, and allows form, fit and function tests to be performed early. 1  

Compared to conventional manufacturing methods, AM displays material efficiency, 

in that its additive nature ensures few waste products are produced. Often, leftover 

materials can be reused. In contrast, subtractive manufacturing calls for sizeable 

volumes of material to be removed to achieve the desired geometry. The fact that 

designs can be fully built within AM devices eradicates the need for auxiliary 
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resources or factory setup. 1, 11 This leads to improved supply chain dynamics. 1 Spare 

parts can also be manufactured on demand. 12 Parts can be manufactured without 

tooling constraints; thus, complex geometries can be printed and functionality need 

not be sacrificed. 1 

Despite its many assets, AM still has limitations which affect how it performs 

compared to conventional manufacturing methods. Generally, liquid polymers, or 

resin/plaster powders are used. This leads to size limitations, since larger parts will 

suffer from low strength and will take too long to build. Surface quality can also be 

poor, depending on which technique is used. Further, the upfront cost of AM 

equipment can be sizeable, with the potential need for expensive consumables over 

time. Future developments in the field of AM will include more efficient technologies 

which will contribute to reducing build time. Laser optics and machine controls will 

advance, permitting better build accuracy and surface finish. Research will also result 

in a wider range of materials being available for printing. 1 

2.1.1 Technologies 
 

The International Organization for Standardization ISO/ASTM52900-15 13 identifies 

the seven categories of AM as: 

 Binder jetting 

 Directed energy deposition 

 Powder bed fusion 

 Sheet lamination  

 Material jetting 

 Material extrusion 
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 Vat polymerisation 

These technologies may also be referred to as 3D printing. A brief summary of their 

principles shall be discussed, with vat polymerisation explored in greater depth, being 

pertinent to this project.  

Binder Jetting 
 
Binder jetting begins with the spreading of the selected powder medium over the build 

platform using a roller. A layer of binder is deposited on top, per the object design; 

this combines the powder to form a solid layer in the correct geometry. The build 

platform is then lowered, allowing for the next layer to be printed. 14, 15 Often, a curing 

process is then necessary to improve the strength of the part. 15, 16 

 

Figure 2.1: Binder Jetting schematic diagram. Adapted from Mohammed et al. 16 
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This technique facilitates the use of many different materials and does not cause any 

warping or shrinkage. Since two separate materials are utilised in the binder and 

powder, different combinations can be explored. Furthermore, any leftover powder 

may be reused for future builds, thus reducing waste. However, post-processing is 

required, adding to manufacture time, and parts can suffer in terms of strength. 14 

Directed Energy Deposition 
 

Directed energy deposition (DED) involves the use of a focused thermal energy source 

(for example, an electron beam) to melt and deposit materials (typically powder or 

wire) 17, 18 onto the build platform. 14, 17, 18 The nozzle is mounted onto a robotic arm, 

which has up to five mobile axes. 17, 18 Materials may be wire-based or powder-based 

and are typically metals, although the technique can also be used for ceramics and 

polymers. 14 DED is commonly utilised in the repair of industrial parts, for example 

turbine blades. 18 Most DED printers are large industrial machines, which require a 

closed, regulated environment. 17 Electron beam-based processes require a vacuum to 

ensure that there is no interaction with air molecules. If reactive metals are utilised, 

laser-based machines must utilise an inert chamber. Shielding gas may also be 

employed to prevent contamination of the metal material. 18 
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Figure 2.2: Directed Energy Deposition schematic diagram. Adapted from 3DExperience. 17 

 

DED boasts rapid building capabilities and the production of strong, dense parts. Sizes 

of builds are less limited than for other techniques, and it is possible to produce custom 

alloy parts. Despite this, it is an expensive AM solution, and lower resolution results 

in the need for secondary part processing, as surface quality may be poor. 14 

 

Powder Bed Fusion 
 

Powder bed fusion (PBF) includes four energy source categories: thermally fused, 

electron beam fused, laser fused and fused with agent and energy. The energy source 

is used to fuse together the required powder (either plastic or metal) via melting or 

sintering. 2, 14, 19, 20 A roller is used to deposit a fine layer of powder – typically 0.1 mm 

thick - evenly across the build platform before fusing. 19 The platform is then lowered 

down, and the design is built up layer-by-layer. 
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Figure 2.3: Powder Bed Fusion schematic diagram. Adapted from Loughborough University. 19 

 

This technique includes selective laser sintering (SLS), direct metal laser sintering 

(DMLS), selective laser melting (SLM) and electron beam melting (EBM). 21 SLS, 

DMLS, and SLM involve the use of a laser which is directed using mirrors, whilst 

EBM utilises an electron beam which is directed using electromagnetic coils. This 

renders the technique more costly since vacuum conditions are required. 2 The 

sintering process produces parts with rough surface characteristics and a porous 

internal structure. Melting provides further consolidation, generating parts with 

enhanced mechanical properties and high density. 2, 22 

PBF is a relatively low-cost method, which enables the use of a variety of materials. 

14, 23 It is also possible to use more than one material within a build. However, it is a 

somewhat slow method, with lengthy print times and the need for post-processing. 
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Structural properties may be weak and surface quality may vary. There is also a risk 

of thermal distortion, particularly for polymers. 14 

Sheet Lamination 
 

Sheet lamination involves the sequential stacking and lamination of thin material 

sheets. 11, 14 Materials can be paper or composite-based. 24 These sheets may be 

laminated via bonding, ultrasonic welding, or brazing. Each layer is placed atop the 

previous, and, depending on the technique, may or may not be bonded to it. There are 

seven different sheet lamination processes: 

 Laminated Object Manufacturing (LOM) 

 Plastic Sheet Lamination (PSL) 

 Selective Deposition Lamination (SDL) 

 Ultrasonic Additive Manufacturing (UAM) 

 Composite Based Additive Manufacturing (CBAM) 

 Selective Lamination Composite Object Manufacturing (SLCOM) 

 Computer Aided Manufacturing of Laminated Engineering Materials (CAM-

LEM) 
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Figure 2.4: Sheet lamination schematic diagram. Adapted from Sireesha et al. 11 

 

Sheet lamination offers a relatively cheap, simple, and rapid AM solution, and enables 

the layering of multiple materials. It is best suited for rapid prototyping since it has the 

lowest resolution of all AM technologies. Post-processing is often required, which can 

be challenging and tedious. Furthermore, material options are limited and hollow parts 

may be difficult to produce. 14 

Material Extrusion 
 

Material extrusion is the most accessible AM technology for the general consumer. It 

utilises a continuous filament which is heated and extruded through a nozzle onto the 

build platform. Materials may be thermoplastic or composite and are built up in layers. 

Fused deposition modelling (FDM) is a common extrusion technique, whereby 

filaments are extruded through a heated nozzle. 2, 23 Direct Ink Writing (DIW) utilises 
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pneumatic or mechanical means to extrude materials, and is commonly used for 

bioprinting. 2 

 

Figure 2.5: Material extrusion schematic diagram. Adapted from 3DExperience. 25 

 

There are many advantages to material extrusion, not least its ease of use and cost 

effectiveness. A wide variety of materials may be employed, and printing tolerances 

are desirable. However, builds are weak and have low resolution along the z-axis. 14, 

23 As part area and resolution increases, so too does print time. Safety considerations 

are also required due to the use of toxic materials. 14 
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Material Jetting 
 

Material jetting is a similar process to inkjet printing, involving the line-wise 

deposition of materials, through hundreds of small nozzles, onto a build platform. 14, 

26 Generally, wax-like materials are used, which then cool and solidify, such that 

another layer may be deposited on top. 14 This technique requires support structures, 

which can be easily removed post-print, without damaging the build. 27 

 

Figure 2.6: Material jetting schematic diagram. Adapted from 3DExperience. 26 

                                                                                                                                  

This technique offers superior detail, accuracy and surface quality. 14, 26 However, the 

process is slow and material selection is limited. Builds are also fragile due to the wax-

like nature of the materials. 14 



64 
 

Vat Polymerisation 
 

Vat polymerisation is the process by which a vat of resin is photopolymerised layer-

by-layer, using light of a certain wavelength. 2, 14 This technique is comparatively rapid 

versus other AM technologies and provides favourable accuracy and surface finish. It 

is an expensive technique, limited to photocurable resins which may continue to be 

affected by UV light post-print. Post-processing times can be lengthy. 14 Vat 

polymerisation techniques may utilise a ‘top-down’ approach, where the build 

platform is suspended upside-down above the vat, with the energy source underneath, 

or a ‘bottom-up’ approach, where the energy source is situated above the vat, and the 

build platform is progressively lowered into the resin. 28 The three main processes are 

stereolithography (SLA), digital light processing (DLP), and continuous digital light 

processing (CDLP). 14 SLA involves the use of a laser to cure each layer of 

photopolymerisable resin. 2, 23  

DLP is a rapid process, which sees a light projector underneath the resin vat curing 

each layer at a time. Subsequently, the printing platform is shifted, allowing fresh resin 

to be cured on top. 2, 29 CDLP has the same principal, but with the continuous motion 

of the build block in the z-direction, to further reduce print time. 2, 30  

The vat has a transparent membrane base through which either UV or white-light light 

is projected. 31 This membrane acts as a substrate against which each layer of resin can 

cure. This process is further illustrated in Figure 2.7. Depending on the complexity of 

the system, some machines include heated vats, allowing for a more controlled 

environment. A roller or wiper may also sweep across the vat between each layer, to 

keep the resin well mixed. 29 
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Figure 2.7: Schematic diagram of digital light processing. Adapted from Formlabs. 29 

 

DLP produces high-resolution builds, with features as small as 1 µm, 29, 32 in an 

efficient and cost effective manner. Further, the fact that there need only be enough 

resin to keep the vat membrane covered makes materials easier to swap, maintain and 

clean. However, the peel forces which occur as the print is lifted from the vat may 

cause damage and limit the use of flexible materials. Significant support structures 

may also be required. 29 

2.1.2. Photopolymerisation 
 

The mechanism by which stereolithography (SLA) technologies cure resin layers is 

known as photopolymerisation. This process involves the linking together of monomer 

units to form chains, known as polymers. Free radical polymerisation is a key process 

regarding SLA, and its four stages – free radical formation, initiation, propagation, and 

termination – are described in Figure 2.8. 33  
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A photoinitiator is added to the resin, which serves as a catalyst for the initiation of the 

reaction. The further the reaction is able to advance, the longer the polymer chain will 

be. This increases the molecular weight of the chain, which is an asset. Once the 

polymer chains have grown sufficiently to be in close proximity with one another, 

cross-linking is free to occur, which strengthens the material. 32 Termination may occur 

via recombination, where two chain ends combine with each other, forming a chain 

with double the molecular weight; 34 disproportionation, where a hydrogen atom is 

abstracted from one chain end to another; 35 or the occlusion of the free radical by a 

polymer. 32, 36 
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Figure 2.8: Schematic diagram of the free radical polymerisation process. Adapted from Rosen. 32 
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2.1.3. Materials 

PEGDA 

Poly(ethylene glycol) diacrylate (PEGDA) is a biocompatible, 37 cross-linkable 

polymer which is formed by end capping polyethylene glycol (PEG) with acrylate 

groups. 38, 39 Cross-linked PEGDA boasts exceptional stiffness; 40, 41 PEGDA has been 

used as an additive in hydrogels to encourage cross-linking and slow biodegradation. 

42 It can be readily photopolymerised; thus, it may be utilised in some 3D printing 

processes. 37, 38 Varying the composition of PEGDA materials, as well as adjusting 

photopolymerisation parameters, enables adjustment of the material’s chemical and 

mechanical properties. 43 

Carbon-based materials 

Carbon-based materials are a diverse material class, including micro- to nano-sized 

particles with varying complexities. They may be insulating or conductive, and their 

surface properties range from flat to porous. 44 Structures also vary in hardness and 

reactivity, and range in cost. Well established carbon materials include graphite, glassy 

carbon and carbon black; more recently, the category has evolved to include 

microfabricated carbon, including nanotubes, conductive diamond and carbon 

composites. 45  

In the field of bioelectrochemistry, carbon materials are one of the most favoured  for 

the construction and modification of electrodes, 45, 46 since they display a high sorption 

ability, and their surfaces are electrochemically inert. Compared to metal electrodes, 

carbon-based electrodes enable stronger electrocatalytic reactions, due to carbon’s 

surface oxides and predisposition to adsorb molecules from solution.  45 
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Glassy Carbon 

Glassy carbon (GC) is an isotropic carbon allotrope 47-49 which consists primarily of 

non-graphitising, 50, 51 sp2-bonded carbons. 52, 53 It is formed by the controlled pyrolysis 

of organic polymers and displays glassy, ceramic and graphitic properties. 54 Its many 

benefits include gas and liquid impermeability; 48, 53, 54 excellent thermal and chemical 

stability; 55 and biocompatibility. 47, 53 GC is a popular choice for electrode 

manufacture, due to its physical properties and chemical inertness. 48, 56 It is employed 

widely in the field of electrochemistry 54 and benefits from a wide electrochemical 

stability window. 53 

GC Structure 

GC has a turbostratic-like structure, 57 which exists somewhere between an amorphous 

carbon phase and a crystalline graphite phase 58 and produces an isotropic material. 54 

It consists of randomly oriented ribbon molecules which link together graphite-like 

hexagonal layers. 51, 54, 57, 59 Both trigonal and tetrahedral carbon atoms exist in GC, 

with tetrahedral carbons forming the bulk of the linkages between graphitic layers. 51 

Its low density (1.3 – 1.5 gcm-3) 49, 57 is attributed to its porous microstructure 60 and 

the presence of tetrahedral cross-links between layers. 57 
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Figure 2.9: Schematic diagram of glassy carbon structure, as proposed by Jenkins et al. 59 

 

Carbon Nanotubes 

CNTs are rapidly gaining interest in the field of analytical chemistry, since their 

structure lends itself so well to high conductivity and a large surface area for 

electrochemical assessment. 61-64 Their nanometre dimensions and highly symmetrical 

structure endow them with exceptional electronic properties. 65, 66 The nature of the 

chemical bonds between carbon atoms and the geometric arrangement of these bonds 

contribute to the mechanical properties of CNTs. Their structure exclusively contains 

σ bonding (formed by end-to-end orbital overlap), considered to be the strongest 

chemical bond in nature; thus, their mechanical properties are expected to be 

remarkable. 66 Generally, they are characterised via methods such as spectroscopy, 

microscopy, and diffraction. 67 
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CNT Structure 

CNTs can be defined as cylindrical fullerenes consisting of enrolled graphitic sheets, 

though it may be more accurate to state that their structure lies between that of 

fullerenes and graphite. 67, 68 Like graphite, their atoms are arranged in hexagonal 

structures. Their diameters are in the nanometre range, with lengths of micrometres; 

since they have a length to diameter ratio of over 1000, they can be considered as being 

virtually two-dimensional. Whilst some CNTs are open ended, others are closed with 

full fullerene caps. 67 The two main categories of CNTs are single-walled CNTs 

(SWCNTs) and multi-walled CNTs (MWCNTs). 

Single-walled CNTs 

The formation of SWCNTs can be considered as a single graphene layer being rolled 

into a seamless cylinder. They usually measure approximately ten atoms around the 

circumference and tubes are around one atom thick. 69 SWCNTs contain two distinct 

regions: the sidewall and end cap of the tube, which each exhibit different physical 

and chemical properties. Compared to MWCNTs, they have separate electric 

properties, and may behave as a metal or semiconductor based on their structure.  

Multi-walled CNTs 

MWCNTs are formed by multiple graphene layers being rolled in on themselves to 

form a cylinder. They can be considered as a group of concentric SWCNTs with varied 

diameters. 67 Their length and diameter is different to that of SWCNTs; the outer 

diameter of an MWCNT can reach up to 15 nm, where SWCNTs typically have a 

diameter in the 1 – 2 nm range. SWCNTs are often curved rather than straight. 69 

Currently, MWCNTs are not as well-defined as SWCNTs due to their complex 

structure; however, they are known to be more thermally and chemically stable. 70 
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Fabrication of CNT-based sensors 

Much is still to be understood regarding the physical and chemical properties of CNTs. 

71 Their use is wide; their physicochemical properties lend themselves well to fields 

such as microelectronics, 72, 73 medicinal therapy, 74 electrochemical biosensors 61, 75-78 

and chemical sensors. 78-81 The potential of CNTs to be built as nanowire networks 

make them an ideal choice for sensing applications, especially when combined with 

recognition elements. Their high surface area permits a wide dynamic range and 

resistance to fouling. Biological analytes have been amperometrically detected by 

CNT films functionalised with enzymes. 71  

Another notable use of CNTs is in the fabrication of electronic tongues and noses. 

Multichannel arrays can be utilised for the simultaneous detection of multiple analytes, 

a similar process to olfaction and taste. 82 Sensor arrays based on CNTs have been used 

to detect volatile organic compounds 83, 84 and differentiate malignant cells from non-

malignant cells. 85  

Carbon black 

The use of carbon black (CB) in sensor and biosensor applications has gained traction 

in recent years, and it is now widely recognised for its chemical, mechanical, and 

physical properties. 44, 75, 86-91 Its low cost 44, 92 renders it widely accessible, and its high 

surface area 46, 87, 92 is a useful attribute. CB shows promise regarding its use in 3D 

printing technologies. Its dispersibility in solvents 93-98 coupled with its exceptional 

electrical conductivity 44, 92 could allow for the successful printing of conductive layers 

within a design.  

The structure of CB lends itself well to electrochemical applications, and its use in 

electrochemistry is increasing. 44 It boasts fast electron transfer kinetics 44, 98 and has 
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excellent electrocatalytic properties. 96 Vicentini et al. successfully demonstrated that 

modified electrodes based on CB displayed enhanced electrochemical characteristics, 

including improved kinetic electron transfer and analytical sensitivity. 98, 99 Compared 

to other ubiquitous carbon materials, these characteristics proved to be comparable or 

in some cases better, particularly compared to CNTs. 45, 93, 98, 99 

CB Structure 

CB is an amorphous, 97 quasi-graphitic material. 88 It is comprised of colloidal carbon 

particles 45 which have diameters in the nm range. 44 45, 92 These particles are produced 

via the incomplete combustion of carbon, 45, 97 and they fuse together to form 

aggregates. 97 CB’s surface characteristics include an abundance of defect sites 99 and 

oxygenated species. 88 

 

Figure 2.10: Carbon black structure and surface characteristics 100 

 



74 
 

Fabrication of CB-based sensors 

CB has been exploited across a wide range of sensor fabrication and modification. It 

has been used to create CB-based paste electrodes; 101-105 to modify GC electrodes; 44, 

98, 106 to modify SPEs; 97, 102, 107-113 and in the 3D printing of an electrochemical sensing 

platform. 114 CB-modified electrodes have exhibited enhanced analytical sensitivity 

and an increased electron transfer rate. 98, 99 These benefits can be attributed to the 

ability of CB to modify conductivity and enzyme loading areas, resulting in heightened 

signals and high sensitivity. 92 Thus, CB is an attractive choice for biosensor design 

since it can be combined with enzymes to improve sensitivity. 93, 115-118 Utilising CB 

for the purposes of electroanalysis is a relatively new field of research, with a great 

deal of potential. 44 Various compounds have been detected by acetylene black 

modified sensors using voltammetric methods. 119-121  

2.2 Electrochemistry 

2.2.1. Electron transfer reactions 

Electron transfer describes the movement of an electron from a donor (a substance 

containing high energy electrons) to an acceptor (a substance containing low energy 

unfilled orbitals). The overall reaction comprises two half reactions: oxidation and 

reduction. Oxidation describes the loss of electrons and is achieved by the acceptor; 

reduction describes the gain of electrons and is achieved by the donor. 122 

A typical redox reaction can be expressed as shown in Equation 2.1: 

𝑅𝑒𝑑1 + 𝑂𝑥2 ↔ 𝑂𝑥1 + 𝑅𝑒𝑑2  (2.1) 

where Red1 is the reducing agent and Ox1 is its oxidised form, following the transfer 

of electrons; and Ox2 is the oxidising agent, whilst Red2 is its reduced form. Thus, 
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Red1 is the reduced form of species 1, whilst Ox2 is the oxidised form of species 2. 

This is a spontaneous reversible reaction, so it can be assumed that the donor orbitals 

have a higher energy than the acceptor orbitals. 122  

In dynamic experiments, the sample is often present in its completely oxidised or 

reduced form, whilst in static experiments, both forms are usually present. In reality, 

simple redox reactions may be perturbed by finite electron transfer rates, adsorption 

onto the electrode surface, or homogenous chemical kinetics. If one or more 

electroactive species exist in equilibrium, electrochemical methods may be used to 

perturb the equilibrium and solution chemistry may be studied. 123 

Electron transfer kinetics  
 

The flow of current in an electrochemical cell is controlled by: 

1. Electron transfer rate between the electrode and the solution species 

2. The exchange of material at the electrode interface 

Electron transfer kinetics are used to present a quantitative model of how electrode 

voltage influences electron transfer rates. The transfer of a single electron between two 

species (O) and (R) may be written: 

𝑂(𝑠) + 𝑒ି(𝑚) ↔ 𝑅(𝑠) (2.2) 

The current flowing in the reductive (ic) and oxidative (ia) steps can be predicted as 

follows: 
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𝑖௖ = −𝐹𝐴𝑘௥௘ௗ[𝑂]ை (2.3) 

𝑖௔ = 𝐹𝐴𝑘௢௫[𝑅]ை (2.4) 

Both currents are related to the area of the electrode (A), the electron transfer rate 

constant (kred/kox) and Faraday’s constant (F). The ic relates to the reactant surface 

concentration ([O]o) and is negative, whilst for ia, the surface concentration is of 

species R. The currents have different signs to account for the current flowing in 

opposite directions. 124 

2.2.2. Fermi-level  
 

Electrode reactions are driven by the application of a voltage, which in turn supplies 

electrical energy. The result is that the ‘energy’ of the individual electrons within a 

metal electrode may be altered. Atoms are closely packed within a metal, with strong 

overlap between them, which endows the metal with a continuum of energy levels. 

Available electrons fill the states from the bottom upward. 124 

The Fermi-level (EF) describes the energy at which the ‘top’ layer of electrons sit. It is 

not a fixed value and may be altered by applying a voltage to the electrode. The 

pertinent orbital energies of a molecule (O) in solution are the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). If 

the EF of the metal has a lower value than the LUMO, it is thermodynamically 

unfavourable for an electron to transfer from the electrode to the molecule. If it has a 

higher value than the LUMO, then this process becomes favourable. Whether the 

process occurs depends on the kinetics of the electron transfer reaction. 124 
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Figure 2.11: Applied voltages and their related Fermi-levels Adapted from Fisher, A.C. 124 

 

2.2.3. Electrolysis  
 

Charge transfer between a species in solution and the electrode is termed electrolysis 

and involves passing a current through a substance (often a liquid) to incur a chemical 

reaction. This usually results in compound deposition onto the electrode surface. The 

electrolyte contains ions which are both positive and negative and can move freely 

towards the oppositely charged electrode. This results in a flow of electricity. 125 

The reaction involves three main steps: 

1. The reactant moves towards the electrode surface  

2. Electron transfer occurs between the electrode and the nearby reactant, via 

quantum mechanical tunnelling 

3. Once formed, the product moves off into the solution and is replaced with fresh 

reactant 124 
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Redox reactions at the surface of the electrodes allow electricity to continue to flow; 

the cathode gains electrons whilst the anode loses them. 125 There are many factors 

which may affect electron transfer reactions, including the voltage applied to the 

electrode, species reactivity, the nature of the electrode surface and the interfacial 

region structure. 124 

2.2.4. The Electrical Double Layer 
 

The interface between the electrode and electrolyte causes disruption to the solution, 

as the interactions between the two will vary greatly to those in the solution. If 

electrodes are potentiostatically controlled, there will also be influence from the 

electrode’s charge. The resultant interactions between the ions in the solution and the 

electrode surface are considerable and create a region known as the electrical double 

layer. Two main models exist to explain its effects: the Helmholtz model and the Stern 

model. 124 

 

Helmholtz Model  
 

The Helmholtz model assumes that electron transfer reactions do not occur at the 

surface of the electrode and that the solution is purely electrolyte. Interactions between 

ions in the solution and at the electrode surface are assumed to be electrostatic since 

an abundance or deficiency of electrons at the electrode surface causes the electrode 

to hold a charge density. A neutral interface is achieved if the electrode charge is 

matched by redistribution of ions near the surface of the electrode. 
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Figure 2.12: Helmholtz model of the electrical double layer. Adapted from Fisher, A.C. 124 

 

Ions attracted to the electrode surface are postulated to form a layer at the electrode 

surface which balances the electrode charge. The distance of approach is surmised to 

be restricted to the radius of the ion, plus a single surrounding sphere of solvation. 

Ultimately, two layers of charge are formed (known as the electrical double layer) 

along with a local potential drop, termed the outer Helmholtz plane (OHP). The result 

is that of the potential drop which occurs between the two plates of a capacitor; thus, 

capacitive elements are employed to model the response of an electrochemical system 

to electrolyte redistribution. 124 
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Stern Model  
 

The Helmholtz model gives a preliminary description of the behaviour of the electrical 

double layer but does not consider vital factors, such as solution diffusion or mixing, 

electrode surface adsorption and interactions between the electrode and solvent dipole 

moments. The Stern model accounts for some of these limitations. It is assumed that 

ions are able to move within the solution, which means that electrostatic interactions 

and Brownian motion are at odds with each other. There still exists a region local to 

the electron surface which contains an excess of one type of ion, but the potential drop 

now extends over a region known as the diffuse layer. Over time, these early models 

have been improved upon, with numerical modelling now utilised to explore 

redistribution effects as a result of varied electrode potential. 124 
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Figure 2.13: Stern model of the electrical double layer. Adapted from Fisher, A.C. 124 

 

2.2.5. Mass Transport  
 
We can predict from the electron transfer model that as voltage increases, reaction rate 

and thus current will increase exponentially. Therefore, in theory, it should be possible 

to pass unlimited quantities of current. In reality, this is not the case, as Equation 2.3 

demonstrates. 

For a fixed electrode area, the reaction can be controlled by the rate constant (kred) and 

the surface concentration of the reactant ([O]O). A large rate constant causes reactant 

near the interface to be converted into products rapidly; therefore, current is controlled 
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by how much fresh reactant is able to reach the interface from the bulk solution. Mass 

transport describes the various ways in which material can move within a solution. 

There are three forms which can influence electrolysis: diffusion, convection, and 

migration.  

Diffusion 
 

Diffusion occurs in every solution and is the result of localised uneven reagent 

concentrations. Entropic forces are prevalent and act to smooth out uneven 

concentration distributions. When a barrier between two different reagents is removed, 

they are able to mix. On a microscopic scale, this is essentially random, however, on 

a large-scale model, statistics can be used to predict how far material will move over 

time. This is often termed the random walk model.  

Diffusion is considerable within electrolysis experiments, as conversion can only 

occur at the electrode surface. This creates a concentration gradient, whereby a lower 

concentration of reactant exists near the electrode, compared to the bulk solution. The 

opposite is true for product concentration. 

Fick proposed two laws to mathematically quantify the rate of movement of a material 

by diffusion: 
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𝐽ை = −𝐷ை ቀ
డ஼೚

డ௫
ቁ (2.5) 

 

Where JO is termed diffusional flux. It is related to the concentration gradient and 

diffusion coefficient (DO). A negative sign is required as the material is moving down 

a concentration gradient. 

Fick’s second law describes how material concentration varies as a function of time: 

 

డ஼೚

డ௧
= 𝐷ை ቀ

డమ஼೚

డ௫మ ቁ (2.6) 

 

Diffusion is considered to be normal to the electrode surface in the x direction. 

Diffusion rate is influenced by the concentration gradient: the sharper the 

concentration increase, the greater the diffusion rate. Diffusion is commonly the most 

notable transport process for electrolysis reactions. Fick’s second law can be used to 

predict species concentration digression as a function of time within an 

electrochemical cell. These expressions are often solved using computational models. 

Convection 

Convection occurs when force is applied to a solution. There are two forms: natural 

and forced convection. Natural convection is ubiquitous and occurs due to common 

thermal or density differences. It acts to indiscriminately mix the solution. Natural 

convection may have an impact on electrochemical experiments where the run time 

exceeds 20 seconds.  

Forced convection is deliberately introduced convection. Its effects are several orders 

of magnitude higher than those of natural convection. Thus, it acts to expel any 
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random motion, contingent upon being introduced in a well-defined, quantitative 

manner. Forced convection may be applied to an experiment to increase the rate of 

mass transfer. 

For laminar flow conditions, one dimensional convection is predicted by: 

 

డ஼೚

డ௧
= −𝑣௫ ቀ

డ஼೚

డ௫
ቁ, (2.7) 

 

where vx is the solution velocity. 124 

Migration 

Migration is an electrostatic effect which occurs due to voltage being applied across 

electrodes. A charged interface is created; nearby charged species will be 

electrostatically attracted to or repelled from it. The resultant migratory flux may be 

mathematically described in one dimension: 

 

డ஼೚

డ௧
= −𝑢𝐶௢ ቀ

డ∅

డ௫
ቁ (2.8) 

 

In practice, it is difficult to calculate migration effects accurately, as experimental 

solutions are affected by ion solvation and diffuse layer interactions.  

In terms of creating a quantitative model of current at the electrode surface, it is 

impossible to account for the effects of 3-dimensional diffusion, convection, and 

migration. However, it is possible to surpass the need to by creating a well-controlled 

electrochemical experiment. 124 
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2.2.6. Voltammetry 

Instrumentation 

 
The electrochemical cell contains a working electrode (WE), where the redox reaction 

takes place. Its potential is compared against that of a reference electrode (RE) which 

maintains a stable equilibrium potential. During a cyclic voltammetry (CV) scan, an 

excitation signal is applied across the WE and RE. 123, 126 Generally, a 2-electrode 

system may be used in cases of low current flow and high conductivity within the 

solvent-electrolyte system, since the applied voltage is the same as the real potential 

at the WE. 127 

However, a 3-electrode system is commonly utilised in cases where these conditions 

do not apply or for the interpretation of redox processes and/or sensor developments. 

The presence of a counter electrode (CE) ensures that the RE will not be subjected to 

large currents, which may alter its potential. The purpose of the CE is to supply enough 

current to sustain electrolysis at the WE. 123 
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Figure 2.14: A typical three-electrode electrochemical cell. Adapted from Elgrishi et al.  128 
 

Both CV and differential pulse voltammetry (DPV) utilise a three-electrode 

arrangement, comprising a WE, CE and RE. 129 The WE is that at which the 

electrochemical event is occurring. When a potential is applied to the WE, the circuit 

through which the resulting current flows is closed by the CE. The RE provides a point 

of reference against which to compare potentials from the other electrodes. 128 An 

applied potential gives rise to a shift in current, indicative of a chemical reaction.  

Cyclic voltammetry 

Principles 

CV facilitates the investigation of redox processes by quiescent molecular species, 

studying the resulting chemical reactions initiated by a potentiostat-applied potential. 
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A linear potential scan is applied across the WE and RE and sweeps from one potential 

to the other and back in a triangular waveform, as shown in Figure 2.15.  

 

Figure 2.15: CV triangular input potential. Adapted from Fu et al. 130 

 

The forward scan causes a concentration of the product to be produced near the WE, 

before being oxidised during the reverse scan back to the original material. The 

resulting current is measured as the potential is ramped between each voltage. 

Therefore, a species may be generated during the forward scan and its fate probed with 

the reverse scan and any subsequent cycles. 123 Often multiple scans will be very 

similar, although any changes are valuable for providing insights into reaction 

mechanisms. 126 

Certain factors may affect the CV scan, leading to a deviation from expected results. 

A common concern is ohmic drop, which is characterised as a drop in potential 
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between the WE and RE. 131 This may arise due to resistance in the electrolyte or at 

interfaces, such as that caused by surface films. 132 

Ohmic drop (ΔEohmic) is defined as the product of the current (i) and the ohmic 

resistance (Ru): 

∆𝐸௢௛௠௜ = 𝑖𝑅௨ (2.9) 

The resultant effects can impact electrolysis; however, they may be alleviated using a 

3-electrode cell. This setup decreases ohmic loss through the solution, thus minimising 

voltage errors, by allowing the RE to be close to the WE. 133 Ohmic drop may also be 

minimised by introducing a supporting electrolyte and reducing the size of the WE 

(thus decreasing double layer capacitance). 131 

Diffusion is the sole means by which mass transport of electroactive species may 

occur. Thus, a supporting electrolyte of 0.1 M must be added to the solution to prevent 

migration currents from affecting the measurement. The rate of diffusion of ions across 

the ion bridge is variable, which causes separation of the RE from the solution. The 

net difference in the movement of cations and anions leads to a charge separation and, 

in turn, an electrochemical potential difference. The use of supporting electrolyte ions 

with similar diffusion coefficients can minimise this. 128, 133 

During cyclic voltammetry, the charged surface of the WE forms a capacitor with the 

ions which accumulate adjacent to it. The capacity of this system is defined according 

to Equation 2.10: 
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𝐶 =
ொ

ா
  (2.10) 

Where Q is the charge stored by the capacitor and E is the potential across it. The result 

is a current, known as capacitive current (ic), which can cause inaccuracies within the 

electrochemical experiment. The current of interest is the Faraday current, which arises 

due to the electrochemical reaction, whereas ic is a purely physical effect. This current 

acts to charge/discharge the capacitor and decays exponentially over time: 

𝑖 =
ா಴

ோ
𝑒ି

೟

ೃ಴ = 𝑖଴𝑒ି
೟

ೃ಴  (2.11) 

Where EC is the charging potential, i0 is initial current, R is circuit resistance and C is 

the capacity of the capacitor. The Faraday current decays with t-1/2 for a free diffusing 

species in solution; thus, capacitive current decays at a much higher rate, as 

illustrated in Figure 2.16: 

 

Figure 2.16: Capacitive vs. Faraday current over time. Adapted from PalmSens. 134  
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Given that the electrode potential is continuously shifting during a CV scan, ic is 

constantly present. In this case, the capacity can be calculated according to Equation 

2.12: 

𝐶 = 𝜀଴𝜀௥
஺

ௗ
 (2.12) 

This equation is based on a plate capacitor model, where ε0 is the electric field constant, 

εr is the relative permeability of the inter-plate solution, d is the distance between the 

plates and A is their surface area. Of these variables, only A may be altered, as d and 

εr are solution dependent. Surface area A of the electrode may be reduced by polishing, 

thus reducing ic.  

However, the fact that digital potentiostats are incapable of providing a truly linear 

sweep also works in favour of reducing ic. Since only discrete values can be applied, 

the potential is incrementally increased and the capacitive current is best described 

according to Equation 2.11. 134 

 Applications 
 

CV is used extensively within the area of electrochemistry to study the redox couple 

behaviour of electroactive species. This behaviour may be studied over a wide 

potential range within a relatively short time frame. 123 Applications of CV are far-

reaching, largely due to its simplicity and cost effectiveness coupled with rapidity and 

sensitivity. CV lends itself to studying the electrochemical  properties and behaviour 

of species of interest, as it can provide information on the relationship between 

structure, potential, and characteristic activities. 135 Further, CV may be used  to study 

simple redox processes, characterise multi-electron transfer processes and provide 

insights into kinetics of electrode reactions, including coupled chemical reactions and 
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homo- and heterogenous electron transfer steps. 127 Of particular relevance to this body 

of work, CV has been used to characterise biosensors, since their performance relies 

on redox activity and capacitance. 136 

Interpretation of cyclic voltammograms 
 

Reversible system 
 

If a reaction can occur with enough speed for an equilibrium to be maintained at the 

electrode surface between the concentrations of the oxidised and reduced forms, the 

equilibrium potential is determined by the Nernst equation: 

 

𝐸 = 𝐸଴` −
ோ்

௡ி
𝑙𝑛 ቀ

[ோ]

[ை]
ቁ

௫ୀ଴
 (2.13) 

Where E is the applied potential, E0`
 is the formal reduction potential of the redox 

couple against the electrode in volts, n is the number of electrons, [R] and [O] are the 

surface concentrations in mol cm-3 of the reduced and oxidised species respectively, F 

is Faraday’s constant, R is the gas constant and T is the temperature in Kelvins. This 

equation is also used to calculate cell potential during the reaction, or when conditions 

are out with standard state.  

For an electrochemically reversible couple, the formal peak potential equates to the 

average of peak potentials Epa and Epc: 
123, 127 

𝐸଴, =
ா೛ೌାா೛೎

ଶ
  (2.14) 

The separation between peak potentials can be used to determine the number of 

electrons (n) in the reaction: 123, 133 
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∆𝐸௣ = 𝐸௣௔ − 𝐸௣௖ ≅
଴.଴ହଽ

௡
  (2.15) 

For an electrochemically reversible one-electron redox couple, this value is expected 

to be 59 mV. Increased peak separation suggests irreversibility and may be caused by 

ohmic drop. 128 

For a reversible system, the Randles-Sevcik equation (Equation 2.16) defines the peak 

current (at 25°C):  

𝑖௣ = (2.69 × 10ହ)𝑛
ଷ

ଶൗ  𝐴𝐷
ଵ

ଶൗ 𝐶𝑣
ଵ

ଶൗ    (2.16) 

Where n describes the number of electrons, A is the electrode area in cm2, D is the 

diffusion coefficient, C is the bulk concentration in mol cm-3 and v is the scan rate in 

V s-1. 123, 127, 129, 137, 138 This equation can also suggest if an analyte is diffusing freely 

in a solution, or to calculate diffusion coefficients. 128 

The ratio of ipa to ipc should be unity for a simple reversible couple: 

௜೛ೌ

௜೛೎
= 1  (2.17) 

Experimentally, a reversible system would be implied when the ratio value is close to 

unity. The peak ratio is susceptible to effects from redox coupled chemical reactions 

and irreversibility. 123 These effects result in a deviation from unity, which may be 

indicative of slow electron transfer kinetics. 139 

Non-reversible system 
 

In the case of non-reversible (irreversible or quasi-reversible) systems, Nernstian 

behaviour is not followed, so Equations 2.13 – 2.17 do not apply. If the exchange of 

electrons between the WE and the redox species is slow, the system is deemed 
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electrochemically irreversible. In the cyclic voltammogram, only one peak is observed 

in the forward scan as demonstrated in Figure 2.17. Compared to the potential scan 

rate or slow chemical reaction at the electrode surface, electron transfer processes are 

slow. In this case, the rate of the charge transfer processes is much slower than the rate 

of the mass transfer process. 123, 126, 140 

 

Figure 2.17: Cyclic voltammograms for reversible (black line), quasi-reversible (green line) and 
irreversible (red line) processes. Adapted from Wijeratne. 141 

 

 

Reactions may also be quasi-reversible; in that they may straddle the line between 

reversible and irreversible. In this case, the rates of mass transfer and charge transfer 

are competing and have similar values. The cyclic voltammogram is closer in 

appearance to that produced by a reversible system, as two peaks are observed. A 

larger peak separation indicates a slow redox reaction. 123, 126, 140 
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Differential pulse voltammetry 

Principles 

The principles of DPV are similar to CV, although in this case the potential is applied 

by means of a series of pulses. DPV involves increasing the potential in only one 

direction, by means of a linear sweep.  

 

Figure 2.18: (a) staircase wave input potential (b) DPV voltammogram output. Adapted from Molina 
et al. 142 

 

The current is sampled before the pulse is applied and at the end of the pulse, enabling 

the elimination of capacitive current. Every pulse produces a discrete measuring point, 

ΔIn,dp:  

∆𝐼௡,ௗ௣ = 𝐼௡ଶ − 𝐼௡ଵ (2.18) 

Where n is the number of the respective pulse. The DPV output voltammogram 

represents each ΔIn,dp data point as a function of V. 143 

Applications 
 

DPV is the most widely applied voltammetric technique. 144, 145 This is largely due to 

its sensitivity. 143 DPV is more sensitive than CV for lower analyte concentrations, 
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eliciting a response for concentrations as low as 0.05 µM. 146 Its effectiveness as an 

analytical tool enables in-depth study of chemical reactions, including their 

mechanisms, kinetics and thermodynamics. DPV may also be used for quantitative 

analysis. 147  

2.3 Conclusion 
 

The development of an electrochemical sensor for sensitive and facile P. aeruginosa 

detection would provide a significant breakthrough regarding the treatment of 

nosocomial infections. Carbon-based materials are particularly appropriate for this 

application, due to the presence of surface oxides, and ability to adsorb molecules from 

solution. Though a relatively new area of research, the utilisation of additive 

manufacturing techniques could prove to be advantageous in terms of manufacturing 

time and cost. Electrochemical techniques boast rapidity and sensitivity and are widely 

utilised for the detection of redox active analytes. The ultimate goal of this and future 

work is to print a three-electrode system whose design works to reduce possible 

limitations such as capacitive current. Disposable electrochemical sensors could be 

printed in high volumes and combined with techniques such as voltammetry to detect 

P. aeruginosa infections at an early stage. The aim of this project is to work towards 

the design and manufacture of a carbon-based, 3D printed electrochemical sensor for 

the detection of P. aeruginosa. 
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Chapter 3  Experimental Methods  

 

3.1 Materials and reagents 
 

Ferrocene [Fe(C5H5)2] (98%, Sigma Aldrich) solutions were prepared using lithium 

perchlorate 0.1 M LiClO4 (Sigma Aldrich) and acetonitrile (ACN) (VWR 

International). PyoC (Sigma Aldrich) solutions were prepared using 0.1 M phosphate-

buffered saline (PBS) (Thermo-Scientific). All aqueous solutions were prepared using 

milli-Q water (18 mΩ cm). 

All electrodes and test samples were manufactured using a commercially available 3D 

printer (Asiga Pico plus 27). CAD models were created with Autodesk Inventor and 

sliced using Asiga Composer. The resolution is stated to be 27 µm in the X-Y plane, 

with a minimum build layer thickness of 1 µm.  

3D printing resins contain both a base monomer material and a photoinitiator. 

Absorbers may also be added to control light penetration into the material. In this case, 

the monomer utilised was poly(ethylene glycol) diacrylate (PEGDA, MW 250) 

(Merck) and phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (Irgacure 819) 

(Merck) was the photoinitiator. Sudan 1 (S1) (Merck) was used as an absorber in 

concentrations of 0.4% and 0.35% (w/w) for structural layers, and 0.1% (w/w) for 

conductive layers. Irgacure was added in concentrations of 1% w/w. Preparations were 

mixed using an RCT basic mixer (Pfizer) for 30 minutes before use and stored away 

from light sources to protect the resin. 

Conductive resins were prepared using MWCNTs (Nanocyl) with an average diameter 

of 9.5 nm and average length of 1.5 mm and carbon black Super-P (CB) (Fisher 

Scientific). MWCNTs were added in concentrations of 0.5% and 1% (w/w). MWCNT 
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resins were mixed by Benjamin Tiller. Prints were cleaned, during manufacture and 

post-processing, with isopropyl alcohol (Sigma Aldrich). 

Calibration square resins constituted 0.5 % (w/w) CB in PEGDA. S1 and Irgacure 819 

were added in concentrations of 0.1 % and 0.3 % respectively. For surface 

modification resins, CB was added in concentrations of 0.5 % and 1 % (w/w), then 

diluted to make further solutions of 0.2 %, 0.4 %, 0.6 % and 0.8 % CB. Solutions were 

mixed using a Thinky ARE-250 conditioning planetary mixer on program 2 (Mixing: 

5 mins/1900 rpm, defoaming: 4 mins/1500 rpm).  

Wires were attached to electrode chips using Araldite Instant 90 second adhesive (RS 

Components) and Ag paint (Agar Scientific). All materials were used as received. 

Ferrocene [Fe(C5H5)2] (98 %, Sigma Aldrich) solutions were prepared using lithium 

perchlorate 0.1 M LiClO4 (Sigma Aldrich) and acetonitrile (ACN) (VWR 

International). Gentamicin (GN) sulfate (Thermo-Scientific) solutions were prepared 

using 0.1 M phosphate-buffered saline (PBS) (Thermo-Scientific). All aqueous 

solutions were prepared using deionised water. 

3.2 Sample Preparation 
 

10 mM [Fe(C5H5)2] stock solutions in 0.1 M LiClO4 in ACN were used for the 

assessment of electrochemical activity. PyoC solutions ranging from 20 to 500 µM 

were prepared in 0.1 M PBS. For biological samples, human pooled serum (Merck) 

was spiked with 25 µM and 50 µM PyoC. Electrochemical interrogation for Chapter 

5 was performed using 5 mM [Fe(C5H5)2]. 100 µg/mL gentamicin (GN) solution was 

prepared in 0.1 M PBS.  
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5 mM [Fe(C5H5)2] in 0.1 M LiClO4 in ACN was utilised in the initial electrochemical 

assessment of both the GC and CB-modified GC electrodes in Chapter 6. GN solutions 

ranging from 10 µg/mL to 200 µg/mL were prepared in 0.1 M PBS. For biological 

samples, human pooled serum (Merck) was spiked with 50 µg/mL and 100 µg/mL 

GN. 

3.3 CNT Electrode Preparation 
 

MWCNT electrodes were 3D printed using an ASIGA Pico2 HD 27 UV 3D printer 

(ASIGA). Their design consisted of an initial layer of 0.4 % weight/weight Sudan 1 

(S1) (Sigma Aldrich) PEGDA (Sigma Aldrich). The WE and CE components were 

printed using a solution of 0.1 % S1 1 % (w/w) MWCNT-PEGDA. Tiller et al. 1 have 

elsewhere described the preparation of this solution. A further insulating layer of 0.4 

% (w/w) S1 PEGDA was then printed over the MWCNT electrodes, leaving the 

working and counter electrodes exposed for contact with the solution. Silver paint 

(Agar Scientific) formed a conductive connection between electrodes and wires. 

Electrode areas were determined using ImageJ software.  

3.4 CB-modified GC Electrode Preparation 
 

Ten GC electrodes were polished for four minutes each in 1 µm, 0.3 µm and 0.05 µm 

MicroPolish Alumina (Buehler) respectively. Electrodes were modified with 4 µL of 

CB solution, ranging from 0.2 % to 1 % (2 electrodes per concentration).  
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Figure 3.1: (a) Unmodified GC electrode array and (b) GC electrodes modified with varying CB 

concentrations. 

  

CB-modified GC electrodes were cured under an IUV250 Hand Lamp (Intertronics) 

for 50 minutes. Electrodes modified with 0.2 % CB were cured for a further 20 

minutes. The intensity of the UV light was measured to be 7.31 mW/cm2, using an 

Analytik Jena 97-0015-02(UVX) Digital Ultraviolet Intensity Radiometer. Samples 

sat at a height of approximately 17.3 cm in the z-direction.  

3.5 Instrumentation 
 

Electrochemical interrogation was performed using a PalmSens EmStat Blue 

potentiostat (PalmSens Version EM Stat 3, PalmSens, Houten, Netherlands) using a 

standard three electrode electrochemical set-up. Commercial macroelectrodes 

included an Ag/AgCl reference electrode (RE), a 3 mm diameter GC WE and a 

platinum (Pt) CE. All electrodes were purchased from CH Instruments (UK). CV was 

monitored over the potential range 0  E  0.7 V vs Ag/AgCl at a scan rate of 100 

mVs-1. DPV parameters were optimised according to which values for step potential, 

pulse potential and pulse duration gave the highest reduction peak. The resultant 
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parameters specified pulse amplitude 100 mV, 50 ms pulse width and 0.05 Vs-1 scan 

rate. A schematic of the 3D printed electrode setup is shown in Figure 3.2. 

 

Figure 3.2: Schematic of experimental setup featuring  

3D printed MWCNT WE and CE and Ag/AgCl RE in PyoC solution. 

 

3.6 3D Printing 
 

The absorption of the printing material and the intensity of the light source must be 

taken into account when considering an appropriate exposure time. 2 Consider a 

photopolymerisable resin, such as that illustrated in Figure 3.3, whose surface is 

defined as 𝑧 = 0. The material has absorption coefficient 𝛼, which is measured in µm-

1, and an optical irradiance at its surface of 𝐼଴, in W/cm2.  
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Figure 3.3: Beer's law schematic diagram. Adapted from Gong et al. 2 

 

The characteristic penetration depth of the material is defined as: 

ℎ௔ = 1/𝛼  (3.1) 

Beer’s law gives the irradiance at depth z: 

𝐼(𝑧) = 𝐼଴𝑒ିఈ௭  (3.2) 

The corresponding dose at depth z is defined as: 

𝐷(𝑧, 𝑡) = 𝑡𝐼(𝑧)  (3.3) 

where t is the exposure time in seconds. 2 

The critical dose (𝐷௖) is defined as that at which polymerisation has progressed 

adequately, such that the material can be considered a solid. Print thickness (𝐷௧) can 

be expressed in terms of dose energy: 
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𝐷௧ =
ଵ

ఈ
(𝑙𝑛𝐷଴ − 𝑙𝑛𝐷௖)  (3.4) 

Values for 𝐷஼  and 𝛼 can be estimated for printing composites by measuring the cured 

height (𝑧௣) of a single layer of the resin at increasing exposure times and fitting the 

results to Equation 3.4. 1 

To allow for a combination of structural and conductive layers, prints were paused at 

the appropriate stage to allow resins to be switched. Before the new resin vat was 

placed, the partial print was cleaned using isopropyl alcohol. The surface of the print 

was then allowed to dry for 10 to 20 minutes. If the surface was not completely dry, 

the subsequent layers would not properly adhere to the former. The initial MWCNT 

electrode sensor had an exposure time of 8 seconds, and the recessed design had an 

exposure time of 7 seconds. It was important that both structural and conductive resins 

were able to cure within the given exposure time, as parameters cannot be altered 

during printing. Since carbon materials are highly pigmented, relatively long exposure 

times were employed so that the UV light was able to penetrate. The concentration of 

S1 in the structural resin was then matched to allow for complete curing within the 

required exposure time. S1 concentration for the initial design was 0.4 % (w/w); for 

the recessed design, which utilised a lower MWCNT concentration, the S1 

concentration was 0.35 % (w/w). All designs had a slice thickness of 10 µm. Once the 

build was finished, it was removed from the build platform and rinsed using isopropyl 

alcohol. Any residual resin from the burn-in layer was carefully removed with 

tweezers. Prints were then allowed to air dry thoroughly before use. 
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3.7 Materials Study 
 

Calibration squares 
 

Initial investigation of CB as a conductive additive for photopolymerisable resins 

involved printing calibration squares at increasing exposure times and comparing their 

thickness, to explore whether the material conformed to Beer’s Law. Squares 

measured 2×2 cm and were printed in a single layer. Print parameters specified a layer 

thickness of 0.01 mm. The build platform was removed from the printer, allowing 

squares to be photopolymerised onto the build tray membrane. Two squares each were 

cured using exponentially increasing exposure times (4 seconds, 8 seconds, 16 

seconds, and 32 seconds). Following curing, squares were removed from the 

membrane and rinsed in isopropyl alcohol. Their thickness was measured using a 

micrometer screw gauge (Moore & Wright). 

 

Figure 3.4: Calibration squares printed over (a) 8 seconds (b) 32 seconds 
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CB-modified GC electrodes 

To inform the final electrode design, a study was created to determine which 

concentration of CB would be optimal, i.e., which had the best trade-off between 

electrochemical function and cost. Ten CB-modified GC electrodes (see Section 5.3.2) 

were electrochemically assessed in Fe(C5H5)2 and GN and their responses compared. 
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Chapter 4  Characterising the response of novel 3D printed electroche mical se nsors to the virulence fa ctor pyocyanin  

 

4.1 Overview 

Electrochemical based sensors have become increasingly popular within biomedical 

applications. Their low cost, high portability, and flexibility in regard to manufacturing makes 

them ideal candidates for point of care sensors. The virulence factor pyocyanin is a useful 

diagnostic biomarker for the detection of the Pseudomonas aeruginosa (P. aeruginosa) 

bacterium, and its phenolic functionality makes it an ideal candidate for electrochemical 

detection. Multi-walled carbon nanotubes (MWCNT) offer superb conductivity and boast high 

electroactive surface area, as well as being low cost. Thus, they are considered a desirable 

material for the manufacture of electrochemical sensors. In-house 3D printed MWCNT 

sensing platforms for the detection of clinically relevant concentrations of pyocyanin were 

investigated. Comparison was drawn against a traditional glassy carbon electrode, with 

MWCNT electrodes achieving detection limits down to 1 µM, as well as interelectrode 

reproducibility of 19 % and a linear response across the entire therapeutic range. These results 

demonstrate the feasibility of manufacturing MWCNT sensors for point-of-care devices, with 

analytical performance largely comparable to more costly conventional electrode systems.  

4.2 Introduction 

Early detection of infection within clinical settings is an imperative step towards reducing 

infection-related complications and mortality.1 The virulence factor pyocyanin (PyoC) is 

produced by the gram-negative bacterium Pseudomonas aeruginosa (P. aeruginosa); its 

presence is common in patients with compromised immune systems. Given its resistance to 

many common antibiotics, infections involving this bacterium cause major morbidity and 

mortality. Rapid detection in-situ is therefore vital for early treatment and prevention of further 

contamination. 2 
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Bacterial culture remains the gold standard for clinical detection of P. aeruginosa. It involves 

observing the bacterium’s characteristics under certain conditions, such as gram-negative or 

gram-positive status, or monitoring the activities of molecules such as PyoC. 3 Various 

selective media are used for this purpose; Lowbury et al. 4 developed a medium containing 

cetrimide, which proved to be highly selective and became a common selective media for P. 

aeruginosa. This medium was later improved upon by Brown et al. 4, 5 Szita et al. 6 developed 

a culture medium based on P. aeruginosa’s unique ability to produce ammonia during the 

breaking down of acetamide. Though widely used in hospital settings, these cultures are liable 

to become cross-contaminated, lack sensitivity and are time-consuming. 3 Automated systems, 

such as Vitek 2 (BioMérieux, France), 7 Phoenix 100 (BD Biosciences, USA) 8 and MicroScan 

WalkAway (Dade Behrig, Inc., USA) 9 can return results more rapidly. However, these 

systems tend to have a lower rate of accuracy regarding P. aeruginosa identification. 3 

Electrochemical techniques such as cyclic voltammetry (CV) and differential pulse 

voltammetry (DPV) allow for efficient detection of micro-organisms via detection of toxins 

such as PyoC. 10-13 For point-of-care electrochemical detection, use of commercial electrodes 

can add significantly to manufacturing costs. Cheaper alternatives are being investigated to 

overcome this financial issue whilst maintaining the standard of electrochemical activity 

required for electrochemical analysis.  

Novel 3D printing techniques enable cheap, rapid prototyping of electrodes. Designs are 

printed from a 3D CAD design, layer-by-layer. Printing can be paused at any time, rendering 

printing materials interchangeable. Thus, conductive layers can be printed within insulated 

polymer layers, creating functional electrodes. Multi-walled carbon nanotubes (MWCNTs) 

were utilised for electrode construction due to their superior conductivity. They boast a high 

surface area and an ability to form interconnecting networks, allowing electrons to be 

efficiently transported through them. 14 MWCNTs were successfully incorporated into 

poly(ethylene glycol) diacrylate (PEGDA) for use in 3D printing, resulting in a MWCNT 
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electrode which incorporates a working (WE) and counter (CE) electrode. Its economical 

design is favourable for use in point-of-care settings, with an overall aim to detect infections 

at high sensitivity. 

Here, we describe the comparison between the effectiveness of the MWCNT electrodes 

compared to conventional glassy carbon (GC) electrodes for PyoC detection, an important 

initial step towards assessing their suitability for infection detection.  

 

4.3. Results and Discussion 

4.3.1. Electrochemical Characterisation 

The electrochemical behaviour of the MWCNT electrodes was investigated using a 

standard redox compound, [Fe(C5H5)2], and compared to a standard GC electrode, as 

shown in Figure 4.1. 
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Figure 4.1: Typical cyclic voltammogram of 10 mM [Fe(C5H5)2] in 0.1 M LiClO4 in ACN for(a) a GC 
and (b) 3D printed MWCNT electrode over the potential range 0  E vs Ag/AgCl .0.7 V at scan rate 

of 0.1 V s-1.  
 

 

The GC electrode displayed typical redox behaviour for the Fe redox couple, showing 

a redox peak at ~0.38 V vs Ag/AgCl. 16 The peak separation is 80 mV, close to the 
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ideal value of 59 mV for a reversible one-electron reaction. 17 The overall shape of this 

curve can be explained with reference to the Nernst equation (Equation 4.1), which 

describes the equilibrium between ferrocenium (Fc+) and Fe(C₅H₅)₂: 

𝐸 =  𝐸଴, + 2.3026
ோ்

ி
𝑙𝑜𝑔ଵ଴

[ி௖శ]

[ி௘(஼ఱுఱ)మ]
, (4.1) 

where E = cell potential, E0 = standard species potential, R = universal gas constant, T 

= temperature, F = Faraday’s constant. 18  

In contrast, the typical MWCNT electrode response exhibits very different behaviour. 

19 Here, a notable decrease in  the magnitude of the current response was observed, 

likely linked to the smaller surface area of the MWCNT WE. Though the size of the 

MWCNT WE can vary to a degree between prints, image analysis shows an area of 

approximately 10 µm2 compared with the GC area of ~ 7 mm2. Although there is no 

visible oxidation peak, a reduction peak can be observed at ~0.17 V vs. Ag/AgCl. This 

indicates that electron transfer to and from the electrode surface is hindered; hence 

oxidation is more energetically demanding, i.e., a higher voltage is required. The 

increase in peak-to-peak separation also implies that electron kinetics are being 

hampered, indicating that a quasi-reversible mechanism is being witnessed.  

A similarly poor CV was obtained by Wei et al., 19 for a screen-printed carbon 

electrode (SPCE) in ferricyanide (Fe(CN)0
3-/4-). They observed an irreversible 

response with a large peak separation of 480 mV, indicating a slow electron transfer 

process. This poorer electrochemical behaviour may be linked to the mineral binders 

or insulating polymers contained within printing inks for improved substrate adhesion. 

Electrochemically active carbon particles may therefore be sheltered, resulting in an 
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increased resistance toward electron transfer. This in turn slows kinetics of the 

heterogeneous reaction required for the redox processes and may lead to quasi-

reversible or irreversible redox processes at the electrode surface. SPCEs exhibited a 

response comparable to a polished GC electrode following one hour of pre-treatment 

in sodium hydroxide (NaOH). It was postulated that organic binders at the electrode 

surface were removed during this step, effectively increasing the electroactive area 

(Aea). Indeed, the Aea of the SPCE rose to seventeen-fold its apparent geometric area 

following pre-treatment, indicating a sharp increase in the number of active carbon 

particles exposed at the electron surface. 19 The use of polymers in the 3D printing 

process may affect MWCNT conductivity, and presence of organic binders could limit 

the Aea of the electrodes. 

Mahshid et al. 20 compared the performance of titanium dioxide (TiO2) electrodes to 

those modified with platinum (Pt) and palladium (Pd). It was stated that Pd 

nanoparticles improved conductivity and electron transfer, due to their uniform 

deposition on the electrode surface. In this case, the opposite may be true for the 

MWCNT electrodes, as the MWCNTs form erratic and non-uniform networks. 

Compared to the CV response of the Pd-modified electrode, the Pd-Pt-modified 

electrode showed the oxidation peak shift to more negative potential, thus decreasing 

peak separation. This is explained as being due to the electrodes’ high conductivity 

and catalytic activity. The design and uniformity of the GC electrode may therefore 

lend itself to higher conductivity than the MWCNT electrodes, resulting in a decreased 

and more defined peak separation in the case of the GC electrode. 20 
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Despite the poor CV response of the MWCNT electrodes in Fe(C5H5)2, it was deemed 

pertinent to explore their response to PyoC using DPV. Their design is extremely 

cheap and has potential for large-scale automation. Additionally, their disposable 

nature is beneficial within a clinical environment since it limits the possibility of cross-

contamination. Therefore, if they can detect PyoC at similar concentrations to the 

current gold standard, their effectiveness must be considered.  

4.3.2. PyoC Detection 

PyoC is the redox-active virulence factor produced by P. aeruginosa, which also acts 

as a quorum-sensing molecule for the pathogen. 2, 21-25 Prior works have shown that 

PyoC undergoes both reversible phenazine redox reactions circa -0.18 V and -0.25 V 

vs SCE as well as a non-reversible phenolic oxidation at ~0.85 V following the reaction 

shown in Scheme 4.1. 26  

 

 

Scheme 4.4: Scheme of pyocyanin (PyoC) redox reaction. Adapted from Sharp et al. 26 

 

Given the fact that the phenolic oxidation of PyoC can result in polymerisation which 

in turn leads to an increase in peak height and current with increasing scan rates, the 

potential range investigated within this study was focused around the phenazine 
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transformation observed at ~ -0.21 V and -0.09 V for the GC and MWCNT electrodes 

respectively, as shown in Figure 4.2. 

 

 

Figure 4.2: DPV responses for controls in 0.1 M PBS (red) and response from 100 µM PyoC in       
0.1 M PBS (black) for (a) GC electrode and (b) MWCNT electrode recorded at scan rate of 0.1 Vs-1. 
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The reduction potential observed at the MWCNT electrode is ~100 mV more positive 

than that observed at the GC electrode. This shift toward a more positive potential may 

be indicative of the reaction proceeding more easily at this potential for MWCNT 

electrodes, however this potential is in agreement with previous studies utilising 

carbon fibres. 26 The reduced positive potential required to induce reduction of PyoC 

at the MWCNT will reduce the demand on any equipment required in future clinical 

applications, which is an advantage regarding translation from laboratory to clinical 

settings. Both electrodes exhibit clear and identifiable responses in the presence of 

PyoC, which are clearly distinguishable from the baseline, indicating that the MWCNT 

electrodes are equally capable of detecting the virulence factor.  

4.3.3. Analytical performance 

Figure 4.3 displays the DPV response of both the GC and MWCNT electrodes to 

increasing concentrations of PyoC, over the concentration range 0 ≤ [PyoC] ≤ 100 µM, 

in addition to the dependence of the peak intensity upon PyoC concentration. This 

concentration range is in agreement with clinical ranges and several prior studies 26-28 

- it includes concentrations present within clinical samples and the determined 

micromolar range for PyoC concentrations from in vitro cellular environments. 29-31 

Lung inflammation is documented to occur at PyoC concentrations of 10-100 µM, 26, 

27, 32-34 whilst cellular PyoC occurs at higher concentrations, as documented by 

Simoska et al. 29 who reported a large linear dynamic range (LDR) of 1-250 µM. 29  
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Figure 4.3: Typical DPV responses for (a) GC electrode and (b) MWCNT electrode obtained for 0 to 
100 µM PyoC in 0.1 M PBS at a scan rate of 0.1 V s-1. Insets show the corresponding linear 

relationship of this response with [PyoC]. Error bars represent triplicate responses. 
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Maximum peak intensity was recorded at a potential of approximately -0.09 V for the 

MWCNT electrode, compared to -0.21 V for the GC electrode. This is the expected 

potential vs. a 1 M KCl Ag/AgCl reference for samples containing PyoC. 35 Several 

other studies have also reported peaks at this potential, using transparent carbon 

ultramicroelectrode arrays, 29 unmodified carbon electrodes 27 and catechol-chitosan 

modified Ag electrodes. 36 PyoC detection in biological human samples may result in 

slight potential shifts, due to reactive, complexing, or chelating compounds in addition 

to matrix complexity. 27, 37, 38 

For both electrode materials, the maximum current was observed to vary linearly over 

the concentration range with a coefficient of 0.991 and 0.995 for the MWCNT and GC 

electrodes respectively (Figure 4.3).  Detection limits for each electrode material were 

calculated as 3 times the standard deviation of the intercept over the slope of the 

calibration line. 39 This revealed a LOD of 0.5 µM for the GC electrode and 2.5 µM 

for the MWCNT electrode. Figure 4.4 displays the DPV response of the GC and 

MWCNT electrodes to 5 µM and 1 µM PyoC against a blank response, indicating that 

the MWCNT electrode can achieve detection down to 1 µM still distinguishable from 

the blank.  
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Figure 4.4: DPV responses for (a) GC electrodes for 0.1 M PBS (blue). 1 µM (green) and 5 µM (red) 
PyoC and (b) MWCNT electrode for 0.1 M PBS (yellow), 1 µM (purple) and 5 µM (orange) PyoC at a 

scan rate of 0.1 V s-1. 
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Studies using better established electrode materials have on occasion achieved LOD 

which are orders of magnitude smaller than what was observed. Sharp et al. 26 recorded 

detection limits as low as 0.03 μM whilst Kim et al. 36 achieved a LOD of 0.05 μM. 

However, the use of MWCNTs is fairly novel, and their effectiveness in 3D printing 

applications is not yet fully understood. Further investigation is required to optimise 

the process. Electrode sensitivity depends upon high conductivity, which can only 

occur if MWCNTs can form fully interconnecting networks within the PEGDA 

solution. Homogenous MWCNT dispersion may be achieved by a number of methods 

such as solution casting or in situ polymerisation, as well as ultrasonication. 40-43 

Surfactant use can also promote this effect. 41, 43 However, it was beyond the scope of 

this study to explore such methods – the primary focus was considered to be ease of 

manufacture and potential scaleup. Another factor limiting electrode sensitivity is the 

inability to polish the MWCNT PEGDA surface, which may result in the deposition 

of material which could block the electroactive area. Despite this, the detection limits 

achieved can be considered sufficient for detecting PyoC from infected patient 

samples. Concentrations from the sputa of infected patients have been reported in the 

range of 1-130 µM, with a median value of 8.1 μM, 30, 31, 44 whilst concentrations in 

ear secretions from patients with P. aeruginosa-induced ear infections have been 

reported in the millimolar range. 27, 31, 45 Given the 1 µM detection limit displayed by 

the MWCNT electrode, it was confirmed that the sensing system could be applicable 

to real clinical applications. 

The reproducibility of the manufactured electrodes was interrogated, with a confirmed 

relative deviation of 18.5 % across six electrodes. 
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 Table 4.1:Relative standard deviation across six different MWCNT electrodes in 100 µM PyoC. 

 

 

 Table 4.2: Relative standard deviation across six different GC electrodes in 100 µM PyoC. 
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Figure 4.5: (a) six different GC electrodes and (b) six independent MWCNT electrodes at 100 µM 
PyoC in 0.1 M PBS at a scan rate of 0.1 V s-1. 

 

Compared to a commercial GC electrode, interelectrode repeatability was poor, as 

evidenced by the ~ 5-fold increase in the relative standard deviation (RSD) of the 
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MWCNT compared with the GC. Again, this is likely due to a combination of failure 

of the MWCNTs to form interconnecting networks within the insulating PEGDA 

environment and the use of relatively rudimentary wire connections. The resistivity 

values for the MWCNT 3D electrodes, shown in Table 4.3, also support this theory. 

Imaging of these electrodes would provide more detailed information on the 

interconnecting profiles of the MWCNTs within the PEGDA environment.   

Table 4.3: Resistivity values for six CNT electrodes. 

    *Resistivity for a thin sheet was calculated based on the equation ρ=(πt/ln2)(V/l) 46 

Long-term repeatability results proved to be more acceptable, with an RSD of 3.27 % 

(See  Table 4.4), although given that the electrodes were designed to be disposable, 

this is less of a priority.  

 Table 4.4: Relative standard deviation across six MWCNT electrodes tested in triplicate over 6 days 
in 100 µM PyoC. 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

ip1 

(µA) 
0.22 0.20 0.22 0.18 0.19 0.19 

ip2 
(µA) 

0.26 0.23 0.24 0.25 0.27 0.25 

ip3 
(µA) 

0.28 0.25 0.25 0.27 0.27 0.27 

ῑp 
(µA) 

0.25 0.23 0.24 0.24 0.24 0.24 

SD 0.02 0.02 0.04 0.04 0.04 0.03 

     RSD (%) 3.27 
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Although interelectrode reproducibility was relatively high, further optimisation of the 

manufacturing process would ultimately improve this. Large scale manufacture could 

act towards reducing any inconsistency introduced through the current, small batch 

production of the sensing platform. 

4.3.4. Biological Samples 

Having established the feasibility of the inhouse manufactured electrodes for the 

detection of PyoC within ideal matrices, it was deemed prudent to assess their 

feasibility to operate within complex biological matrices. Detection of PyoC in spiked 

serum samples was carried out by Kelly Brown. PyoC was spiked into human pooled 

serum and analysed directly, with no sample purification performed. Initially, blank 

serum was analysed. This is an important step, as it is well documented that the large 

number of co-species contained within such biological matrices can impede 

electrochemical analysis. However, as demonstrated in Figure 4.6, blank serum 

produces an almost negligible signal within this negative potential region. Also 

advantageous is the fact that known interferents commonly found within clinical 

settings, such as caffeine, naturally occurring amino acids, and therapeutic drugs such 

as paracetamol do not undergo their typical redox processes within this region.  



131 
 

 

Figure 4.6: Average responses of 50 µM (purple) PyoC and 25 µM (green) PyoC within 
human pooled serum upon MWCNT electrodes at a scan rate of 0.1 V s-1. The blank response 

is shown in red. 

 

Figure 4.6 displays a slight positive shift in potential as [PyoC] is reduced from 50 µM 

to 20 µM. This may be due to issues with the CE, which was manufactured using the 

same materials and techniques as the WE, and thus may encounter similar problems 

such as current limitations. It is also possible that higher concentrations resulted in a 

breakdown of PyoC, which could be the cause of the additional shoulder observed on 

the purple waveform. Interactions with electroactive components of serum could also 

contribute to this. 

To estimate the potential accuracy of the MWCNT sensor for the quantification of 

PyoC, % recoveries were estimated using the calibration curve constructed within 

Figure 4.3. This resulted in an average recovery across three measurements of 95 % 

for the 50 µM sample and 92 % for 25 µM. These demonstrate acceptable recoveries, 

within the typical analytical standard of 90 – 110 %, providing further proof that 
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successful translation of MWCNT sensing platforms to clinical settings may be 

possible in future. 

4.4. Conclusion 

3D printing is favourable as a fabrication technique due to its consistency, low cost, 

and potential for mass production. The 3D printed MWCNT sensing system, 

comprising WE and CE, is economical to produce compared to conventional 

electrodes. It is estimated that, given the low volume of materials required for electrode 

manufacture, as well as the absence of waste products regarding SLA techniques, these 

electrodes would cost ten pence or less each to manufacture. This can be compared to 

a typical GC electrode from Merck, which costs £187. However, it should be noted 

that this estimate does not account for the costs of running the lab, or for paying lab 

personnel. The disposable nature of the sensors is also favourable, considering their 

intended use within the clinical environment, where the possibility of cross-

contamination must be minimised. The need for polishing to reactivate the 

electroactive area is also eliminated. Given that polishing is extremely time 

consuming, and ultimately adds to sensor cost in terms of consumables, this is 

advantageous, especially regarding the possible use of the sensing platform within a 

clinical environment. This study demonstrates a viable proof of concept regarding the 

use of MWCNT sensing systems for the reliable detection of the virulence factor PyoC. 

Detection was achieved down to clinically relevant levels, with a detection limit of 1 

µM observed for the MWCNT sensors. Although this is double the detection limit of 

the traditional GC electrodes, the surface area of the manufactured electrodes was 

significantly reduced, and at this scale of production, the MWCNTs were not always 

able to form interconnecting networks within the PEGDA. Though the current process 
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does not demonstrate the optimum sensor design, it can achieve acceptable recoveries 

for PyoC within human pooled serum without the need for extraction or sample 

purification. The ability to detect down to clinically relevant concentrations indicates 

that further optimisation of the manufacturing process will produce a more sensitive 

and reproducible sensor at a significantly lower cost than is the current standard. 
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5.1. Overview 

This chapter details the additive manufacture of an electrochemical electrodes for the 

detection of the electroactive compound PyoC. Each stage of the design process will 

be discussed, with a focus on which elements were deemed most important for the 

development of an effective electrochemical sensor. Electrode platforms were 

successfully 3D printed using a combination of conductive and structural printing 

resins. This method of manufacture is rapid, cheap and has the potential to be scaled 

up. Having already assessed the effectiveness of MWCNT electrodes in Chapter 4, the 

feasibility of utilising carbon black (CB) as a conductive additive to PEGDA was 

explored by modifying GC electrodes with CB/PEGDA resins and assessing their 

response to Fe(C5H5)2 and gentamicin (GN). 

5.2 Introduction 

The importance of developing a sensing device for the sensitive, facile detection of 

PyoC has been discussed at length in Chapter 1. Utilising additive manufacturing for 

mass production of electrochemical sensors would provide a rapid and low-cost 

solution, thus potentially filling a gap in the market. The myriad benefits of additive 

manufacturing are covered in Chapter 2. Here, the first steps towards the development 

of an electrochemical sensor via additive manufacturing are explored. To our 

knowledge, this is the first example of utilising DLP to manufacture an 

electrochemical sensor. 
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5.3 Results and Discussion 

5.3.1. 3D Printing 

Initial design 

The initial design comprised two MWCNT elements, namely the WE (Ø = 0.2 mm ) 

and CE (Ø = 5 mm). An initial 0.4 % S1 PEGDA platform was printed, onto which 

the electrodes and their conductive tracks were printed using 1 % MWCNT solution. 

These tracks were then insulated with a further layer of 0.4 % S1 PEGDA, with the 

exception of a small section at the end of the chip. This allowed for two wires to be 

glued on top of the insulating layer. Their ends were stripped and connected to the 

MWCNT tracks using Ag paint. 

 

 

Figure 5.1: (a) 3D CAD  and (b) fabricated model of MWCNT electrode chip 

 

Chapter 4 discusses in detail the function of these electrode chips, and their 

effectiveness regarding PyoC detection. Notable advantages of this design include 

simplicity of manufacture, scalability, and disposability. However, a commercial RE 

was required to complete the electrochemical cell, so the sensing platform was not 

completely self-contained. Successfully submerging both the electrode chip and the 
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RE in solution could be difficult and time-consuming. Another important 

consideration was that conductive layers did not print consistently. Figure 5.2 

demonstrates the discrepancies between the MWCNT density of two electrode chips. 

 

 

Figure 5.2: Discrepancies between MWCNT dispersion in two electrode chips. On the left-hand side, 

a lack of opacity can be observed, indicative of poor MWCNT network formation. 

 

A combination of tenuous MWCNT alignment and basic wire connections gave rise 

to inconsistent sensor performance. In terms of long-term performance, the Ag paint 

lost conductivity over time, which prohibited electrode function. Evidently, finding a 

more suitable material for electrode fabrication is vital for design optimisation. 

Recessed design 

A revised sensor structure was studied in part and included a small recess into which 

it was intended that a very small volume of solution could be deposited. Conductivity 

tests performed by Tiller et al. 2 concluded that there was little benefit to increasing 
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the MWCNT-PEGDA composite beyond 0.5 % w/w, so this was the concentration 

utilised in this design. These electrode chips were successfully printed but did not 

function well due to issues with the Ag paint used to connect the wires. Though the 

recess was not utilised, as electrodes were simply submerged in solution as before, this 

aspect of the design was taken forward as a way of reducing required sample size. 

 

Figure 5.3: (a) 3D CAD design and (b) fabricated model of a MWCNT electrode chip with a recess 

for sample deposition. The initial design was modified to include small walls around the electrodes, 

enabling the containment of small volumes of liquid.  

 

Staircase design 

A further iteration, termed the ‘staircase design’, was also considered, which would 

have enabled electrodes to be printed using different conductive solutions. This would 

involve printing each electrode onto the insulating layer of the previous electrode. A 

pseudoreference could also be included by adding a conductive track, onto which Ag 

paint could be added. Printing electrodes in separate layers would allow resins to be 
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switched, so different combinations could be explored. A CAD mock-up of this design 

is included in Figure 5.4.  

 

 

Figure 5.4: CAD mock-up of (a) staircase electrode assembly (b) electrode configuration 

 

Compared to previous designs, electrode configuration is improved in this case, since 

the CE is now circumferential to the WE, rather than being placed next to it. This 

ensures a more uniform electric field, thus facilitating even electron transfer across the 

electrode. This set up forms the basis of many commercially available screen-printed 

electrodes (SPEs) and has been utilised across many studies which have produced 

successful electrochemical sensors. 3-11 

However, printing this electrode platform would have proved complicated, since 

insulating and conductive layers would have overlapped in places, despite careful 

design. It was also noted that wire attachment would be especially difficult, since the 

WE and RE conductive tracks sit above each other. It was not possible to investigate 

this design further due to time constraints, and the notion to print the electrodes 

separately using different resins may have proved impossible. Further exploration into 

how to utilise a range of materials may be a valuable prospect for future work. 
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As evidenced by the results presented in Chapter 4, electrodes printed using MWCNTs 

display poor reliability and interelectrode repeatability. Achieving homogenous 

MWCNT dispersion and alignment of MWCNTs may act to improve this, but this was 

deemed to be beyond the scope of this study. CB was selected as an alternative 

conductive material, being easily incorporated into resins for printing, as well as 

displaying excellent electrocatalytic properties. The advantages of CB are described 

in detail in Chapter 2. 

Final design 

The final version of the design included an updated electrode configuration and 

ensured facile manufacture, since all electrodes would be printed with the same resin 

and on the same layer. As demonstrated in Figure 5.5, electrodes are arranged similarly 

to commercial SPEs, with both the CE and RE surrounding the WE. 

 

Figure 5.5: CAD drawing of the final electrode design 

 

The WE is designed to be small (Ø = 0.2 mm) in order to reduce capacitive current. A 

circumferential CE ensures that ACE > AWE, which is essential for preventing current 

limitations. The inclusion of a conductive track allows for a pseudoreference to be 

added; in future, this electrode could also be partly circumferential, though this would 
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require screen-printing techniques to be employed post-manufacture. Tracks are well 

separated to allow for simpler wire attachment, and the inclusion of the 

pseudoreference renders the sensing platform fully functional, eliminating the need for 

costly commercial REs. Aside from wire attachment, the only post-processing step 

would be to add a small volume of Ag paint onto the conductive track. As previously 

discussed, the addition of a small recess would also enable low volumes of solution to 

be studied outwith a glass cell. 

Design limitations 

There are many factors to consider in terms of developing the design to be part of a 

point-of-care diagnostic system. First, repeatable manufacturing must be considered. 

Currently, there are limitations regarding homogeneity of printing resins, as discussed 

in Chapter 4, as well as issues with producing reliable wire connections. However, the 

simplicity of the electrode design renders it scalable, and it should be considered that 

large scale manufacturing would overcome many of the issues faced during small-

scale, in-house fabrication. 

Although the potentiostat currently utilised in conjunction with the printed electrodes 

is capable of operating via wireless Bluetooth connection, a desktop computer is still 

required for analysis of results. For the sensors to be rendered truly point-of-care, 

results must be analysed on site. Butterworth et al. have developed an integrated 

potentiostat and sensor platform, SimpleStat, which can indicate a positive or negative 

result for very simple measurements via a light-emitting diode (LED). This platform 

has been used to successfully detect the OXA-1 gene. 12 Although still in development, 

rapid, cost-effective sensing technology such as SimpleStat will prove to be pertinent 
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in terms of developing the sensing platform into a hand-held, point-of-care diagnostic 

system.  

Another consideration is that of sample size and deposition. Currently, electrodes are 

submerged in a glass cell, requiring large analyte volumes. Though the possible 

addition of a small recess has been discussed, the introduction of microfluidics could 

be the key to further reducing sample volume, as well as lessening the risk of sample 

cross-contamination. This would also introduce the possibility of electrode 

miniaturisation. 13 Decreasing the WE area poses many benefits, including increasing 

mass transfer. 14-16 Miniaturisation also poses the benefit of closely assembled 

electrodes – assemblies with less than 100 nm spacing can increase sensitivity several-

fold, since molecular transport time between electrodes is reduced. This limits 

capacitive current and is beneficial for reversible redox reactions, since the WE is close 

to the CE. 17-19 As such, these techniques could prove to be highly beneficial in the 

development of the electrodes. However, further research is required in this area to 

overcome issues with stability and reliability. 13 

5.3.2. Materials Study 

Calibration squares 

Figure 5.6 illustrates how increasing exposure time affected the thickness of a 0.5 % 

CB/PEGDA resin. Despite the graph having an overall upward trend, sample thickness 

was virtually the same between the 8 second and 16 second exposure times, with a 

small decrease of 1 µm. This is an unusual result; however, the overall variance in 

sample thickness is relatively low. These results can be compared to those obtained by 

Tiller et al. 2 for various resins and resin composites. S1/PEGDA resins showed the 

sharpest rise with increasing exposure times, with the slope of the graph reducing as 
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S1 concentrations increased. The resin composite which behaved most like the 

CB/PEGDA resin was S1/PEGDA containing 66 % barium titanate (BaTiO3) 

nanopowder. In this case, the increase in sample thickness was much less between 

exposure times. It can be concluded that the opaquer a resin is, the less influence 

exposure time has on its thickness. Given that CB has such valuable optical properties, 

it may more readily absorb UV light than other conductive additives or absorbers. 

 

Figure 5.6: Measured membrane thickness for 0.5 % CB/PEGDA resin with increasing exposure time. 
Includes error bars for n = 2. 

 

Thus, printing more complicated structures using CB resin may require altering other 

parameters such as UV intensity to control print thickness, rather than relying on 
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exposure time. The structural resins printed in conjunction would then need to be 

matched, such that they could be successfully cured within the required parameters. 

CB-modified GC electrodes 

Initial characterisation of the CB-modified GC electrodes involved exploring the 

magnitude of their response to Fe(C5H5)2. This gives an indication as to how the CB 

resin will function in a 3D printed electrochemical sensor. Figure 5.7 (a) displays the 

CV response of five GC electrodes, modified with 0.2 – 1 % CB resin. Testing CB 

percentages above 1 % was considered unnecessary; the high pigmentation of CB 

would render the print material too opaque for successful photopolymerisation past 

this point. The oxidation peaks for each %CB are presented in Figure 5.7 (b).  

As predicted, electrodes modified with low %CB (0.2 %, 0.4 % and 0.6 %) displayed 

extremely low redox peaks. It is likely that the small volumes of CB added to the 

PEGDA solution were not enough to render it sufficiently conductive. PEGDA is an 

insulating polymer; understanding how to add the correct conductive additive in the 

correct ratio is a vital step forward regarding 3D printed electrochemical sensors. This 

will constitute a key area of future research. A sharp increase in ip is observed at 0.8 % 

CB, with similar oxidation peaks for 0.8 % and 1 % CB resins. Considering that CB 

percentages over 1 % would be unfavourable regarding the printing process, it was 

concluded that either 0.8 % or 1 % CB would be suitable for further investigation.  

Electrode performance was further investigated through the use of DPV for gentamicin 

(GN) detection. GN is an antibiotic which is commonly used for the treatment of P. 

aeruginosa infections. 20-23 Its nature and electrochemical detection are described in 

more detail in Chapter 5. DPV responses to GN did not vary greatly, as evidenced in 

Figure 5.8.  
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Figure 5.7: (a) Cyclic voltammograms of 5 mM [Fe(C5H5)2] in 0.1 M LiClO4 in ACN for CB-modified 

GC electrodes over the potential range 0 ≤ E vs Ag/AgCl ≤.0.7 V at scan rate of 0.1 V s-1.  (b) 

Oxidation peaks vs. %CB. 
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Figure 5.8: DPV responses vs. Ag wire for CB-modified GC electrodes in 100 µg/mL GN 

In this case, 0.2 % and 0.6 % CB resins behaved as expected, displaying the lowest 

peaks. Again, 0.8 % and 1 % CB resins displayed similar responses to each other. The 

0.4 % CB resin gave a higher peak than was expected; however, since the responses 

did not vary much from each other, this was not considered to be an abnormal result. 

Although little could be gleaned from the DPV results, the GC electrode modified with 

0.8 % CB gave the highest peak. This in addition to its performance in Fe(C5H5)2 led 

to the 0.8 % CB/PEGDA resin being selected for further investigation. 

It is important to acknowledge certain limitations of this study, which may be 

addressed in future research. For example, a limited number of electrodes were 

available for analysis, with the presented data collated from just one electrode of each 
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%CB. This was largely due to issues with the Thinky ARE-250 conditioning planetary 

mixer. Sufficient mixing of CB resins is vital for conductivity; without it, modified 

sensors were unable to function, as the modification layer acted to insulate the surface 

of the GC electrode. Ideally, at least six electrodes of each %CB would be studied, and 

their responses averaged. In future, more thorough investigation may lead to the 

selection of a different optimal %CB resin; however, due to time constraints, the resin 

which performed best within the scope of this study was selected for further analysis.   

5.4 Conclusion 

The development of an effective electrochemical sensing platform relies on careful 

design and consideration of manufacturing methods. Here, the first steps of this 

process are described. The evolution of electrode assembly designs involved the 

addition of a recess to allow for the deposition of a small volume of solution, which 

could eliminate the need for a glass cell, an important step towards point-of-care 

diagnostics. A circumferential CE was also proposed, which would improve electron 

transfer. However, as discussed, miniaturisation and the introduction of microfluidics 

could hold the key to further improving sensor design.  

DLP was successfully utilised for printing electrodes, with printing materials switched 

during pauses in the build process. This enabled conductive layers to be printed on top 

of structural layers and proved to be a rapid and low-cost method of manufacture. 

However, mass manufacture of these electrodes would further reduce production time 

and cost, as well as help to overcome the limitations of in-house, small batch printing.  

Following the assessment of electrodes printed with MWCNTs in Chapter 4, initial 

steps were taken towards the exploration of CB as an alternative printing material. The 
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response of the CB-modified GC electrodes to Fe(C5H5)2, as well as their ability to 

detect GN, suggest that CB-based resins could be successfully utilised in future 3D 

printed electrochemical sensors. However, it is important that these resins are 

investigated more thoroughly before such manufacture is considered. 
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6.1 Overview 

The facile manufacture of 3D printed electrochemical sensors has been previously 

described. Sensor development depends in part on the assessment of novel conductive 

printing resins. Carbon black has excellent conductive properties and fast electron 

transfer kinetics and was successfully incorporated into a photopolymerisable resin for 

the modification of glassy carbon electrodes. Gentamicin was selected for 

electrochemical investigation, being a common antibiotic for the treatment of P. 

aeruginosa infections. CB-modified GC electrodes for the detection of clinically 

relevant concentrations of gentamicin were investigated and compared to the response 

of a commercially available glassy carbon electrode. Electrodes achieved detection of 

gentamicin across the therapeutic range. Despite this, the results presented herein are 

preliminary, with further investigation into the electrochemical performance of CB-

based resin required. 

6.2 Introduction 

Gentamicin (GN) is an aminoglycoside antibiotic which is commonly used for the 

treatment of P. aeruginosa-derived HCAIs. 1-4 Though effective in inhibiting bacterial 

growth, 5 GN can also cause serious side effects if administered outwith a tight safety 

margin, such as hearing loss and nephrotoxicity. 6 Its rapid detection is valuable for 

monitoring its local release from beads or spacers, and quantification of its systemic 

concentration is useful for patient monitoring. 7, 8 

Typically, GN is detected via microbiological assays, 5, 9-11 or immunoassays 5, 6, 9, 12-

15 such as enzyme linked immunosorbent assay (ELISA). 6 Despite their simplicity and 

cost-effectiveness, microbiological assays require significant incubation and can suffer 

limited reproducibility. 9 Immunoassays provide higher accuracy and better 
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specificity, and sample pretreatment is less complicated. 5, 9 Both microbiological 

assays and immunoassays risk antibiotic interference. 9 High-performance liquid 

chromatography (HPLC) can also be used for sensitive GN detection. However, 

additional steps such as post-column derivatisation and fluorescence detection may be 

required. 6, 16 

The electrochemical detection of GN is an area of research that is yet to be explored 

in depth. Ghinami et al. have described the use of an electrochemical detector set up 

with an amperometric waveform for GN detection. The purpose of the study was to 

develop a simple detection method which complied with the European Pharmacopoeia 

(EP) analytical method, which involved integrated pulsed amperometric detection 

(IPAD). 17 However, voltammetric detection of GN is not widely reported. Techniques 

such as differential pulse voltammetry (DPV) allow for rapid analyte detection and 

may be advantageous as a facile technique for GN detection.  

Carbon black (CB) has potential as a conductive additive for use in 

photopolymerisable resins, which can be utilised in 3D printing. It displays excellent 

conductivity, and its low cost renders it an accessible choice for rapid prototyping. 18, 

19 CB was incorporated into poly(ethylene glycol) diacrylate (PEGDA) and used to 

modify the surface of commercial GC electrodes.  

This study explores the effectiveness of CB-modified GC electrodes compared to an 

unmodified GC electrode in detecting GN. This was considered a valuable first step in 

assessing the suitability of the CB/PEGDA resin for use in 3D printed electrochemical 

sensing platforms. 
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6.3 Results and Discussion 

6.3.1. Electrochemical characterisation 

The first step towards investigating the performance of the CB-modified GC electrodes 

was to test them in Fe(C5H5)2, a standard redox compound, as shown in Figure 6.1. 

 

 

Figure 6.1: Cyclic voltammogram of 5 mM [Fe(C5H5)2] in 0.1 M LiClO4 in ACN for a GC (black) 

and CB-modified GC (blue) electrode over the potential range 0 ≤ E vs Ag wire ≤.0.7 V at a scan rate 

of 0.1 V s-1. 

 

In this case, the unmodified GC electrode adheres to the Nernst equation (Equation 

4.1), exhibiting reversible behaviour as expected, though the peak separation is 

approximately 100 mV, which is slightly higher than that achieved in Chapter 3. This 

may be due to the utilisation of a pseudoreference (Ag wire) electrode, which is not 

ideally nonpolarisable. 20  
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Peak separation was larger for the CB-modified GC electrode, with a sizeable decrease 

in ip. This is postulated to be due to the inhibitory effects of the PEGDA-based resin, 

which may act to slow electron transfer kinetics. 21 The cyclic voltammogram appears 

to suggest a quasi-reversible response, similar to that which would be displayed by an 

insufficiently polished GC electrode. 22 This supports the hypothesis that the electrode 

modification is hindering the electrochemical activity of the GC electrode.  

It should also be noted that any future printing with this resin would involve much 

smaller electrode areas, which would further reduce the ip. Future work would 

therefore involve increasing electrode sensitivity as much as possible. Since the CB-

modified GC electrode performed adequately in Fe(C5H5)2, it was deemed acceptable 

to assess its response to clinically relevant concentrations of GN. 

6.3.2. GN detection 

As DPV has not been widely studied as a method of detecting GN, it was first 

necessary to establish a potential range on which to focus. As displayed in Figure 6.2, 

reduction potentials were observed at approximately -0.1 V and -0.075 V for the GC 

and CB-modified GC electrodes respectively. Due to time constraints, it was not 

possible to optimise all parameters; however, clear reduction peaks were observed 

across all scans. 
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Figure 6.2: DPV responses for controls in 0.1 M PBS (red) and response from 100 µg/mL GN  in    

0.1 M PBS (black) for (a) GC electrode and (b) CB-modified GC electrode recorded at a                        

scan rate of 0.1 Vs-1. 
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These potentials are similar, with a virtually negligible positive shift observed in the 

case of the CB-modified GC electrode. An important consideration is that PyoC 

phenazine transformations are likely to occur within this potential window. 23 Thus, 

the possibility of interference is introduced, should electrode development involve 

simultaneous detection of multiple analytes. It may be necessary in this case to monitor 

another aminoglycoside antibiotic, such as streptomycin (STR), which has displayed 

oxidation peaks at circa 0.54 V vs. Ag wire. 24 Despite this, both electrode responses 

to GN are identifiable compared to the baseline, which indicates that both are capable 

of detecting the drug. Though there may be future issues with interference, it was still 

deemed to be valuable to research GN detection across a clinically relevant range.  

6.3.3. Analytical Performance 

The DPV response of the GC and CB-modified GC electrodes to increasing 

concentrations of GN is displayed in Figure 6.3, with insets showing peak intensity 

against [GN]. Electrodes were tested over the concentration range 0 ≤ [GN] ≤ 200 

µg/mL, in accordance with European Pharmacopoeia (EP) and U.S. Pharmacopeia 

(USP) methods. 25 
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Figure 6.3: DPV responses for (a) GC electrode and (b) CB-modified GC electrode obtained for 0 to 

200 µg/mL GN in 0.1 M PBS at a scan rate of 0.1 V s-1 insets show the corresponding linear 

relationship of this response with [GN]. 
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Notable here are the slopes of the linear regression graphs, which have a relatively low 

m value where 𝑦 = 𝑚𝑥 + 𝑐. For this type of analysis, a much higher value would be 

expected (See Figure 3.4(a)). These lesser slopes are postulated to be due to GN being 

less redox active at this pH. Dokuzparmak et al. 26 studied the detection of 

amphetamine type stimulants (ATS) via an electrochemiluminescence (ECL) strategy. 

It was noted that the overall efficiency of the reaction, as well as the ECL intensity, 

was strongly affected by the pH of the sample, 27-29 which affects the dominant form 

of the molecule. It is possible that the GN sample exhibits suboptimal electrochemical 

activity due to its pH level. It would be beneficial to study this theory in more depth 

with a comprehensive pH study, although this was beyond the scope of the current 

work.  

The linear regression curves displayed in the inset of each graph display the line of 

best fit as determined by data analysis software (Origin). However, it is important to 

note that the response of the electrodes to GN are not truly linear. The trend displayed 

in Figure 6.3 (a) suggests an upward curve, whilst in Figure 6.3 (b), the presence of 

two linear curves is suggested. Further work is required to determine if these trends 

are accurate and consider their implications. Though linearity was not achieved, the 

results suggest that the CB/PEGDA resin has potential as a printing material for future 

electrochemical sensors.                                                                                                                                                   
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6.3.4. Repeatability 

Intraelectrode repeatability 

Electrodes were examined for their ability to produce consistent readings over multiple 

scans. One GC and one CB-modified GC electrode were tested six times in 150 µg/mL 

GN, resulting in RSD values of 0.802 % and 14.56 % respectively.  

 

Table 6.1: Relative standard deviation for a GC electrode across six scans in 150 µg/mL GN. 

 Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 Scan 6 

ip (µA) 13.610 13.586 13.613 13.642 13.620 13.903 

ῑp (µA) 13.587      

SD 0.109      

RSD (%) 0.802      

 

 

Table 6.2: Relative standard deviation for a CB-modified GC electrode across six scans                     

in 150 µg/mL GN. 

 Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 Scan 6 

ip (µA) 1.500 1.385 1.310 1.208 1.106 0.949 

ῑp (µA) 1.243      

SD 0.181      

RSD (%) 14.56      
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This marks an ~18-fold increase in RSD between the GC electrode and the CB-

modified GC electrode. It is clear that the modification layer adversely affects 

repeatability, and that the CB-modified electrode response is inconsistent across 

multiple scans.  

 

 

 

Figure 6.4: The response of (a) a GC electrode and (b) a CB-modified GC electrode across              

six scans in 150 µg/mL. 



164 
 

GC electrodes owe their excellent function and repeatability in part to their uniformity 

and high conductivity.  As with the MWCNT electrodes discussed in Chapter 3, the 

CB-modified electrodes are likely subject to poor homogeneity and sheltering of 

electrochemically active carbon particles by PEGDA. The conductive path may differ 

between scans, and since the electrodes cannot be polished, there is no simple way to 

ensure a consistent response. Improving upon this will be a vital area of future work, 

possibly involving adaption of the conductive resin. Pretreatment steps could also help 

to overcome the issue, although the ideal goal is to produce a sensing platform using 

facile manufacturing, without any need for pretreatment. 

 

Long-term repeatability 

Electrodes were also tested over six days to assess their long-term stability. As 

displayed in Table 6.3, the RSD value for one CB-modified GC electrode was high 

with a value of 38.26 %. In comparison, the RSD value for the GC electrode was 5.85 

%.  

Table 6.3: Relative standard deviation for  one CB-modified GC electrode tested in triplicate over 6 

days in 150 µg/mL GN. 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

ip1 (µA) 0.782 1.418 1.122 0.567 1.333 0.513 

ip2 (µA) 0.948 1.461 1.217 0.505 1.414 0.539 

ip3 (µA) 1.078 1.606 1.406 0.540 1.725 0.581 

ῑp (µA) 0.936 1.495 1.248 0.537 1.490 0.544 

SD 0.121 0.080 0.118 0.025 0.169 0.028 

     RSD (%) 38.26 

 



165 
 

The RSD value achieved for the modified electrode highlights a key issue - although 

printed electrodes would ideally be disposable, poor long-term repeatability calls into 

question the shelf-life of the product. Given that results will be used to inform 

healthcare, it is vital that electrodes are stable over time and that readings are consistent 

and reliable. The issue of ensuring homogeneity of conductive printing resins is central 

to this project and will prove to be one of the biggest obstacles regarding future work. 

Mass manufacturing may help to improve repeatability, but the feasibility of printing 

electrodes using stereolithographic techniques will need to be assessed in much greater 

detail.  

6.3.5. Biological Samples 

Given that the CB-modified electrodes were able to detect GN in ideal matrices, their 

response to biological matrices was also deemed important to assess. GN was spiked 

into human pooled serum and analysed directly, without any sample purification. 

Blank serum was initially analysed, with the response used as a baseline against which 

spiked serum scans would be compared. Serum was then spiked with 50 µg/mL and 

100 µg/mL GN for analysis. However, no notable difference was observed between 

the baseline response and the spiked serum responses for either electrode, as illustrated 

in Figure 6.5. 
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Figure 6.5: Average responses of 50 µg/mL (purple) GN and 100 µg/mL (green) GN within human 
pooled serum for a (a) GC electrode and (b) CB-modified GC electrode at a scan rate of 0.1 V s-1.  

The blank response is shown in pink. 
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This indicates that neither electrode was able to successfully detect GN within a 

biological environment. The limited redox activity of GN in combination with the 

complexity of the serum matrix is the most likely reason for this. Sample purification 

could help to overcome this issue, as could adjusting the pH of the GN. Due to time 

limitations, detection in biological samples could not be further investigated; however, 

this will be an important area of future work. It is vital that manufactured electrodes 

can detect target analytes in clinical samples, to ensure their success in patient 

monitoring and diagnosis. 

It is important to acknowledge the various limitations of this study. Issues with the 

THINKY mixer often rendered CB/PEGDA resins completely insulating, so it was not 

possible to produce six electrodes which were able to give a response. Thus, all results 

discussed in this chapter are based on one electrode only, and it was not possible to 

study interelectrode repeatability. Clearly this is an inadequate assessment of the 

feasibility of CB-based resins for the manufacture of electrochemical sensors. This 

study will need to be repeated in future with at least six functioning electrodes, to 

produce statistically relevant results. Another issue is the limited redox activity of GN. 

As discussed, it may be beneficial to adapt the pH of the drug, or to assess the response 

of CB-modified GC electrodes to another antibiotic such as STR.      

6.4 Conclusion 
 

Assessing the electrochemical performance of CB-based resin is an important step 

towards the development of a 3D printed electrochemical sensor. A 

photopolymerisable resin was developed which incorporated CB and was simple and 

economical to produce. The response of the CB-modified electrode to Fe(C5H5)2 was 
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adequate, and it was able to achieve a response over a clinically relevant GN 

concentration range. However, long term and intraelectrode repeatability studies 

highlighted issues with the reliability of the modified electrode, with RSD values of 

14.56 % and 38.26 % respectively. The resin likely suffers from many of the same 

drawbacks as the MWCNT printing resin discussed in Chapter 3; working towards 

improving these issues will be vital for improving both the repeatability and the 

sensitivity of the final product.  

This study establishes the methodology for producing CB-modified electrodes and 

outlines the voltammetric procedures that are required for their characterisation. Its 

limitations have been discussed and it is clear that future work would involve repeating 

this study with a statistically relevant number of electrodes or assessing the 

performance of fully printed electrodes which utilise a CB-based conductive resin. It 

may also be advantageous to determine the analytical performance of the electrodes 

using a more redox active drug, which would enable a more complete investigation.  
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Chapter 7 Co nclusions and future work 

 

Conclusions 

P. aeruginosa is a prevalent and opportunistic pathogen which often causes 

nosocomial infection. Such infections can be particularly aggressive, resulting in 

significant morbidity and mortality. Electrochemical detection of P. aeruginosa is a 

rapidly growing area of research. Simple instrumentation and minimal sample volumes 

may be used to produce results with high sensitivity. Of particular note are studies 

which explore novel sensor design, materials selection, and print surfaces, all of which 

may be exploited within a clinical environment. Sensors may also be used in tandem 

with portable, handheld potentiostats, thus facilitating point-of-care bacterial 

detection. As the area continues to grow and new fabrication techniques come to light, 

proposed sensor designs will become even more facile and cost effective, rendering 

them more accessible and applicable to clinical use.  

PyoC is deemed to be an attractive P. aeruginosa biomarker, since it is exclusively 

secreted by the bacterium, and significantly contributes to its pathogenesis via its redox 

activity. Though extremely disruptive to the host, this activity allows for the 

electrochemical detection of PyoC, via various voltammetric methods including CV 

and DPV. For these reasons, PyoC was selected for use throughout this study, to test 

the specificity and sensitivity of our 3D printed sensing platforms. Also, of interest 

was the aminoglycoside antibiotic gentamicin (GN), commonly utilised for the 

treatment of P. aeruginosa infections. Its facile electrochemical detection within a 

clinical setting would be highly beneficial for patient monitoring and safety. 
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Our initial study characterised novel electrode chips comprising WE and CE, whose 

conductive layers were fabricated using a 0.1 % S1 1 % (w/w) MWCNT-PEGDA 

resin. These electrodes displayed a linear response across a clinically relevant range of 

0 ≤ [PyoC] ≤ 100 µM, with a LOD of 1 µM. Inter-electrode repeatability results were 

poor, displaying a relative deviation of 18. 5% across six electrodes. PyoC detection 

was also proved to be possible within spiked serum samples, with acceptable 

percentage recoveries of 92-95 %. The main limitation of this study was a lack of 

understanding regarding how MWCNTs behave within a polymer matrix, and how 

effectively they can be printed. It was postulated that poor connections between 

MWCNTs led to lower sensor conductivity and thus less sensitive analyte detection. 

Though there are well-established protocols for improving CNT alignment, this was 

deemed to be beyond the scope of our laboratory facilities. Despite issues with 

MWCNT performance, this was a valuable, proof-of-concept study, which introduced 

a novel method of sensor manufacture.  

In order to move forward with new and improved designs, it was important to select 

another conductive material to incorporate into the printing resin. The advantages of 

using carbon materials for sensor manufacture are manifold, and of particular interest 

was carbon black, (CB). Already a material of interest for biosensor applications, due 

to its excellent chemical, mechanical and physical properties, CB was selected for 

further study. Compared to MWCNT, CB is a cheaper option, and can be incorporated 

more readily into resins. Initial CB characterisation involved the surface modification 

of commercial GC electrodes (Ø = 3 mm) with CB-PEGDA resins, at concentrations 

of 0.2 % to 1 % (w/w). Their initial characterisation in ferrocene (Fe(C5H5)2) and GN 
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lead to the selection of the 0.8% CB resin as an optimal material for electrode 

modification.  

This resin was studied in more detail in Chapter 5. Though this study was not without 

limitations, it was confirmed that CB-modified GC electrodes were capable of 

detecting clinically relevant concentrations of GN. Linearity was achieved across this 

range, with intraelectrode and long-term repeatability studies producing RSD values 

of 14.56 % and 38.26 % respectively. It was postulated that the CB resin suffered from 

many of the same issues as the MWCNT resin, with the insulating PEGDA 

environment somewhat hindering electrochemical activity. It is clear that further 

development of conductive resins will be vital for improving electrode performance.  

Many factors must be considered regarding the design of the sensing platform. 

Electrode placement and geometry is vital to performance, with facile sample 

deposition a main goal. User friendliness, size, scalability, and disposability were 

considered whilst developing a model that could be 3D printed with relative ease. 

Aside from exploring CB as a new conductive material, later iterations of the platform 

design included a circumferential counter electrode (CE) to facilitate homogenous 

electron transfer, and a recess into which small sample volumes could be deposited.  

The development of an effective sensor would greatly contribute towards reducing 

instances of antimicrobial resistance (AMR). This particular body of work has 

established the feasibility of utilising additive manufacturing techniques to produce 

the early iterations of such a device. Our initial batch of electrodes, which were printed 

using a PEGDA-MWCNT composite, demonstrated effective PyoC detection across a 

clinically relevant range. In moving away from the use of MWCNTs towards an 
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elementary CB study, it was also proven that CB has potential as a conductive additive 

regarding photopolymerisable resins. Currently, 3D printed conductive elements tend 

to be fabricated using extraction techniques. It follows that any number of conductive 

elements may be explored for this purpose, potentially broadening digital light 

processing (DLP) applications to a great extent. 

Future work 

Beyond this work, there are countless ways in which the device can be developed and 

improved. Sensor design was explored to an extent, but it would be beneficial to spend 

time optimising the size and geometry of each electrode. This would involve printing 

the working electrode (WE) and CE in isolation, for testing with commercial 

electrodes, and selecting which designs result in the highest sensitivity. Another 

important aspect would be introducing a pseudoreference, by adding Ag paint to a 

conductive track. This would render the device wholly self-contained and would 

eliminate the need for costly commercial electrodes. The testing process could be 

further simplified by utilising a recessed design, which would allow for minimal 

sample volumes to be deposited onto the electrodes. In circumventing the need to use 

a glass cell, this would prove to be a significant step towards a truly point-of-care 

device, as would introducing the use of a handheld potentiostat. Devices such as 

SimpleStat could be used in conjunction with our electrode chip to test samples rapidly 

within a clinical environment, an essential step towards early detection of nosocomial 

infection. 

Another valuable area of research would involve expanding our repertoire of 

photopolymerisable printing resins. The simple nature of DLP would enable rapid 

prototyping, and thus testing, of electrodes, to determine which conductive additives 
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elicit the most desirable electrode characteristics. Combinations of different additives 

could also be explored, and their ratios varied, to further optimise the resin. Different 

conductive resins could be layered on top of one another, allowing for facile ‘surface 

modification’ of one resin with another. Investigating how these materials interact with 

each other could benefit future sensor designs.  

Though this study focussed on detecting P. aeruginosa via PyoC, the sensing platform 

could be adapted to enable the detection of a range of pathogens, provided their 

electrochemical detection windows do not overlap. The ability to detect two or more 

prominent nosocomial pathogens at a time would be invaluable in terms of saving time 

and money and limiting the sample volumes required from patients. Sensitive testing 

would enable early infection diagnosis, with early prompt treatment reducing the 

length of hospital stays for patients. Another valuable use for the sensing platform 

would be to monitor the response of a pathogen to treatment, again providing that their 

detection windows are discrete. In this sense, electrode chips could also facilitate large 

scale drug studies. However, it should be noted that widespread use of 3D printed 

sensing platforms would require extensive research into scalability, with 

manufacturing methods being revised for mass production. From here, there are any 

number of further modifications that could be made to the electrodes, to improve their 

performance and/or alter their function. These include surface modification, 

microfluidics, the incorporation of biorecognition elements, or altering the design to 

create an electrode array. The study and development of facile and sensitive 3D printed 

electrode systems for point-of-care diagnostics would not only be invaluable for 

patient welfare but would also inform new additive manufacturing techniques for the 

development of technologies within other industries. This body of work demonstrates 
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the feasibility of utilising additive manufacturing methods to manufacture 

electrochemical sensors for the detection of analytes such as PyoC, as well as exploring 

the effectiveness of novel conductive printing resins and highlighting key areas for 

expansion. 

 


