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Abstract 

Bacterial attachment and subsequent biofilm formation on endotracheal tube 

(ETT) surfaces can cause the secondary pulmonary infection, Ventilator-

Associated Pneumonia (VAP) in intubated patients. The severity of VAP is often 

exacerbated by the occurrence of antimicrobial resistance amongst pathogens, 

with mortality rates as high as 50%. These infections place significant strain and 

economic burden on healthcare services. Attempts to modify ETT surfaces to 

resist bacterial adhesion have so far lacked effectiveness and are expensive. In 

the first part of this thesis, a novel poly acrylate:methacrylate co-polymer is 

tested as a bacteria resistant coating for ETTs. It is found that the polymer 

coating, with a binary silane adhesion promoter, reduces bacterial attachment 

by up to 96% and 100% on device tubes and cuffs respectively, in RPMI-1640 

medium. In Artificial Sputum Medium there is a 100% reduction in attachment 

across all coated samples, offering an inexpensive anti-attachment coating for 

ETTs. Differences in bacterial attachment between uncoated tubes and cuffs is 

found to be caused by phthalate plasticisers on cuffs, which is thought to have 

a bactericidal effect, reducing biofilm formation on cuffs. No correlation is 

observed between surface roughness and bacterial attachment. 

There is currently no method to monitor bacterial attachment to ETTs in real 

time. This requires removal of the device for laboratory examination, causing 

tracheal wall damage and potentially facilitating VAP progression. In the 

second part of this thesis, the novel use of Long Period Grating optical fibre 

sensors (LPG OFS) to monitor biofilm formation in real time is examined. A 

linear increase in wavelength shift over time of immersion in bacteria culture 

media is observed for both uncoated and polymer coated (plus a silane primer) 

sensors, for both attenuation bands, indicating increased cell adsorption to 

sensor surfaces. R2 values are no lower than 0.86, for all plots. The rate of 

change of wavelength shift is 21- and 15-fold lower for attenuation peaks 1 and 

2 of the coated sensor respectively, indicating reduced adsorption of bacteria, 

further highlighting the effectiveness of the polymer. The spectral profiles are 
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the same when the sensors are incorporated into the lumens of ETTs, 

suggesting that attachment to LPG OFS surfaces, within the confines of the 

evanescent field, is responsible for the wavelength shift. An exponential 

function is fitted over the inverse biomass versus wavelength shift (of biofilms 

on ETT sections). This function can be used to quantify biomass using the 

wavelength shift alone. Incorporating the LPG OFS instrumentation into ETTs 

may allow for real time, in situ and label-free biofilm monitoring on device 

surfaces, with high repeatability and sensitivity.  

With the emergence of antimicrobial resistance as a major global health issue, 

emphasis lies on rapid, non-invasive and label-free identification of pathogenic 

bacteria species to reduce the overuse of broad spectrum antibiotics. 

Identification of unknown bacteria species, in single and co-cultures, would be 

a powerful resource in both healthcare and research settings. In the final part 

of this thesis, materials that differentially bind three bacteria species 

(Pseudomonas aeruginosa, Staphylococcus aureus and Uropathogenic 

Escherichia coli) are combined with LPG OFS for label-free species 

identification. Principle component analysis is used to identify three materials 

that differentially bind the three pathogenic species. Three LPG OFS, each 

coated in one of these materials, are exposed to single cultures of the three 

species for 24 hours. The wavelength shifts of attenuation bands are linear, 

with differing rates of change for each coated LPG OFS in each species, due to 

the differential attachment of bacteria to the materials. The differential 

wavelength shifts can be used to identify the three species from the spectral 

responses in 12 hours. Two of these coated LPG OFS can also be used to identify 

P. aeruginosa (PA) and Uropathogenic E. coli (UPEC) from a mixed bacteria co-

culture, using the ratios of wavelength shift gradients of the two coated sensors 

over 24 hours. These sensors also quantify the amount of each species in a 

mixed biofilm, which is found to be 88:12 for PA:UPEC. These coated LPG OFS 

can be used for fast, non-invasive bacteria species identification, with potential 

applications in infection diagnostics and research into microbe populations. 
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“Impossible is just a big word thrown around by small men 

who find it easier to live in the world they’ve been given 

than to explore the power they have to change it. 

Impossible is not a fact, it’s an opinion. 

Impossible is not a declaration, it’s a dare. 

Impossible is potential. Impossible is temporary. 

Impossible is nothing.” 
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1. Introduction 

Ventilator-Associated Pneumonia (VAP) is the most common nosocomial 

infection associated with endotracheal tube (ETT) use [1]. It has a mortality rate 

of up to 50% [2], often due to antimicrobial resistance developing amongst the 

causative microorganisms. As a result, the resource and economic burden on 

healthcare services is immense. VAP is thought to arise from biofilm formation 

on ETT surfaces during use [3]. Unfortunately, current clinical best practice 

measures are inadequate for reducing biofilm formation on breathing tubes. 

The emergence of antimicrobial resistance requires research into prevention 

of bacterial attachment and biofilm formation on ETTs and other medical 

devices, in turn preventing secondary infections. Hence, this thesis begins with 

the investigation of a novel polymer (discovered during a high throughput 

microarray screening study) as a bacteria resistant coating for ETTs. Its effect is 

investigated on both device tubes and cuffs. 

There is currently no method to measure biofilm formation on ETTs in situ and 

in real time. If bacterial contamination of a device is suspected, it is removed 

for microbiological examination. This is a time consuming process and can be 

damaging to the patient. Therefore, this thesis presents work looking into Long 

Period Grating optical fibre sensors (LPG OFS) as a novel tool for monitoring 

bacterial attachment and biofilm formation in real time. Optical fibres are 

primarily used for telecommunication purposes; modifying them to sense 

refractive index change of the surrounding medium allows them to sensitively 

detect analytes [4]. A biofilm forming on the surface of an optical fibre sensor 

provides its own refractive index source, which is measurable by using LPG OFS. 

Sensors are also incorporated into ETTs to investigate the possibility of in situ, 

real time and label-free monitoring of device biofouling, which allows the 

interception of ETT-centred infection. 

The overuse of broad spectrum antibiotics has led to the rapid rise of 

antimicrobial resistant infections, causing significant morbidity and mortality in 

both the community and in hospital [5]. Accurate identification of pathogenic 
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bacteria species is key, as it enables tailored antibiotic regimens to be 

administered, reducing broad spectrum antibiotic use. To conclude this thesis, 

LPG OFS coupled with polymers that differentially bind different bacteria 

species are trialled for identification of those bacteria species. Using these 

polymers can modify sensors to give differential spectral responses based on 

the differential attachment of bacteria species, with the aim of identifying 

unknown cultures of pathogenic bacteria. The ability to identify individual 

species from a mixed bacteria co-culture is an exciting proposition, for both 

healthcare and research purposes, and may lead to the invention of an 

inexpensive and rapid diagnostic device. 
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1.1. Endotracheal tubes (ETTs) 

1.1.1. Structure and function of endotracheal tubes 

ETTs are medical devices used to mechanically ventilate patients who are 

unable to breathe unaided, such as those in cardiorespiratory arrest or those 

with severe head and neck trauma [6]. They are commonplace in intensive care 

units (ICUs) and on the scenes of medical emergencies, with approximately 

136,000 patients mechanically ventilated in the UK in 2012 [7]. 

ETTs have two distinct functional parts; the tube (or main body) and the cuff. 

The tube allows air flow from the ventilator pump into the patient’s lungs. The 

cuff is an inflatable sack, which provides a seal that prevents aspiration of 

gastric contents and reduced air leakage during positive pressure ventilation 

[8]. The cuff is filled with air from a syringe via a pilot tube, which at its end 

contains a pilot balloon with a one-way valve. The device is passed down the 

trachea, before the cuff is inflated (Figure 1.1). Once in place, the ETT is 

connected to the mechanical ventilator. At the end of the device inserted into 

the trachea, there is another orifice on the side of the tube, called the Murphy 

eye. This exists as an emergency orifice, allowing ventilation in case of a 

blockage occurring in the main exit [9]. 
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(a)                                                                    (b) 

 

 

 

Figure 1.1. (a) An adult endotracheal tube, with the main functional parts highlighted. 
(b) The position of the Murphy eye in comparison to the main orifice. (c) An 
endotracheal tube in use, showing the inflated cuff in the trachea. 

 

ETTs come in several sizes, with paediatric and veterinary devices available. The 

length of time that a patient is intubated for varies depending on the severity 

of their injury or the nature of the emergency. Patients can be ventilated from 

as little as a few hours to over ten days [10,11]. 
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1.1.2. Endotracheal tube materials and manufacture 

ETTs are largely made of polyvinyl chloride (PVC) [12,13]. This is due to its 

durability, thermoresponsive flexibility and chemical inertness. It has also been 

shown to not pose any toxicological threat to intubated patients. Both the tube 

and cuff are manufactured from PVC. The main body is most commonly 

fabricated using the hot melt extrusion process [14], whereby the material is 

subjected to high temperature and pressure in order to melt it, then forced 

through an orifice in a continuous process and cleaved once the desired length 

of tubing is achieved [15].  

Manufacturing of the cuff is done separately, using a method known as cold 

parison blow moulding (Patent US 4130617 A, Method of making endotracheal 

tube cuffs, Dean R. Wallace, Published Dec 19 1978). The tube is placed in a 

vented hollow mould and one end stretched along the longitudinal axis whilst 

under high pressure. Heating that end of the tube softens it and allows it to 

expand into a cuff. In order for the cuff to maintain its elasticity, a plasticiser is 

added. The most common plasticiser used in ETTs is di-(2-ethylhexyl) phthalate 

(DEHP) [16,17]. The final product is vacuum wrapped to prevent contamination 

in transit. 
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1.2. Biofilm formation and bacterial colonisation of 

endotracheal tubes 

Bacterial attachment and biofilm formation on ETT surfaces can cause 

Ventilator-Associated Pneumonia (VAP) [1,3], which is classed as a secondary, 

nosocomial pulmonary infection [3]. The interaction of bacterial cells with ETT 

surfaces is complex and cell-surface interactions are yet to be fully understood. 

Resisting attachment and subsequent biofilm formation to ETT surfaces is 

critical in reducing VAP risk. 

 

1.2.1. Overview of biofilms 

Biofilm formation is a survival tactic employed by microorganisms in response 

to adverse conditions. A biofilm can be described as an aggregation of 

microorganisms adhered to a surface, encased in a glycocalyx, also known as 

the Extracellular Polymeric Substances (EPS) layer [18,19]. This ‘slimy’ layer 

serves to protect the adhered microorganisms from environmental stressors 

and antimicrobials. Bacteria within biofilms are up to one thousand times more 

resistant to antimicrobials and the host’s immune system than planktonic cells 

alone [20,21].   

Within a bacterial biofilm, the EPS layer contains polysaccharides (such as 

alginate), proteins (such as albumin), DNA and other components [22]. These 

components allow the biofilm to remain hydrated, while simultaneously 

restricting access of external stressors. The exact content of the EPS layer varies 

from species to species; for example, biofilms of Pseudomonas aeruginosa 

contain at least three polysaccharides (alginate, Pel and Psl) in their EPS [23], 

whereas Staphylococcus aureus EPS layers contain teichoic acids and 

polysaccharide intercellular antigen (PIA), amongst other components [24]. 

Biofilms can form on numerous surfaces, where they can pose major problems 

in industry and healthcare. Such surfaces include living tissues, medical devices, 

foodstuffs and aquatic systems [19,25]. 
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Biofilms are a significant healthcare problem, as they are known to facilitate 

bacterial infection [26]. Up to 80% of all infections are attributed to biofilms 

present in the body [27]. Examples of biofilm-related infections are otitis 

media, endocarditis and urinary tract infections (UTIs) [26]. Indwelling device-

associated infections are caused by bacterial colonisation and biofilm 

formation on medical device surfaces [28,29]. For example, bacterial 

colonisation of central venous catheters and endotracheal tubes can lead to 

severe blood infections and VAP respectively, [1,30,31]. Device-associated 

infections can be difficult to treat, since bacteria within a biofilm population 

can develop antimicrobial resistance [32,33]. As a result, prevention of biofilm 

formation, particularly on medical devices, has been rigorously investigated to 

reduce infection incidence. In designing biofilm preventative techniques, the 

process of cell attachment and the biofilm life cycle must first be appreciated. 

 

1.2.2. Biofilm life cycle 

The general life cycle of bacterial biofilms is thought to be a five step process 

[34] (Figure 1.2); (i) reversible attachment, (ii) irreversible attachment, (iii) early 

maturation, (iv) late maturation and (v) dispersion. The first step involves 

bacteria reversibly adhering to a surface via weak electrostatic interactions, 

such as van der Waals forces, hydrogen bonding, or hydrophobic interactions 

[35,36]. These weak interactions are then converted to stronger, irreversible 

forces so that the cells are immobilised on the surface. To do so, bacteria use 

membrane bound structures, such as pili, which at their termini contain 

adhesion molecules, allowing for irreversible attachment [37]. Pili are hair-like 

extensions of varying dimensions (typically shorter than 5 µm and under 7 nm 

in diameter [38,39]). They are made of proteins of varying peptide chain length 

and amino acids. Different pili types have been identified and bacteria can 

selectively express certain types (amongst others), such as Type I pili on E. coli 

and Type IV pili on P. aeruginosa [39]. Pili can be specific to certain surfaces or 

host cell membrane proteins, due to their differing peptide makeup. For 
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example, the P pilus expressed by Uropathogenic E. coli (UPEC) allows 

attachment to GbO3, a protein found on human uroepithelial cells [39,40]. 

Once adhered, bacteria within the microcolony begin to excrete EPS, forming 

an EPS-encased microcolony, during the early maturation phase. If conditions 

continue to favour biofilm formation, i.e. the presence of antimicrobials or 

extremes of temperature/pH, further cell growth and EPS excretion occurs, 

resulting in a mature biofilm, termed late maturation. Further growth can lead 

to cells dispersing from the biofilm to the surrounding areas. Dispersion can 

occur by bacteria actively exiting the biofilm, or by shear stresses (caused by 

flow) acting on the biofilm exterior [19,41]. Cells released from the biofilm can 

go on to colonise other surfaces, repeating the biofilm life cycle, in turn 

spreading contamination and infection. The time taken to complete this life 

cycle depends on the microorganisms involved, the conditions and the surface, 

and can range from a few hours to several days [42]. 

 

 

 

 

 

 

 

Figure 1.2. The biofilm life cycle, indicating the five stages of the cycle. (i) reversible 
attachment, (ii) irreversible attachment, (iii) early maturation, (iv) late maturation, (v) 
dispersion. 
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1.2.3. Development of antimicrobial resistance within biofilms 

During maturation and growth, biofilms can facilitate the development of 

antimicrobial resistance within the bacteria population [33]. Cells in a biofilm 

have been shown to upregulate certain genes responsible for antibiotic 

resistance [43], caused by exposure to low doses of antimicrobials inducing a 

‘survival’ or ’SOS’ response in cells [44]. The high density of bacterial cells 

within a biofilm allows any genetic adaptation to be spread throughout the 

population [45]. Plasmids (extrachromosomal genetic material) are used as 

gene vectors, allowing antibiotic resistance genes to be passed on to other cells 

[46]. Plasmids are exchanged between gram-negative cells via sex (F) pili [47]. 

Pseudomonas aeruginosa has been shown to spread resistance via this 

method, using cell-to-cell signalling to spread a range of virulence factors and 

resistance genes, such as the LasR-lasB system [48]. Utilising this system can 

rapidly result in an antimicrobial resistant population. Infections caused by 

resistant bacteria are notoriously difficult to treat, such as those associated 

with cystic fibrosis sufferers [49,50]. 

 

1.2.4. Bacterial colonisation of endotracheal tubes 

Bacteria can adhere to PVC and form biofilms [51]. Hence, bacterial 

colonisation on ETT surfaces is routinely observed in healthcare and laboratory 

settings [52]. One study reported at least 50 mg (dry weight) of biofilm present 

on 30 out of 40 ETTs used to intubate intensive care patients for between 2 

hours and 10 days [53]. 

Bacteria that colonise ETTs are thought to originate from both the ventilator 

apparatus and connecting tubes [53] and/or the intubated patient’s own 

microflora, particularly from gastro-oesophageal secretions [54]. Bacteria 

come into contact with ETT surfaces during use via microaspiration, resulting 

in the pooling of secretions on the device [55]. These secretions, in the form of 

small droplets, act as bacteria cell ‘reservoirs’, allowing bacteria to attach to 
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device surfaces and form biofilms. This process can occur on both tubes and 

cuffs [53,55], the latter of which can contain small folds in its wall, even when 

fully inflated [12], further enabling pooling of bacteria-containing fluids. Cells 

which disperse from biofilms on ETTs can fall into the lower airway, resulting in 

nosocomial pulmonary infections, such as VAP [56]. 
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1.3. Ventilator-Associated Pneumonia (VAP) 

1.3.1. Causes, risk factors and symptoms of VAP 

VAP refers to the secondary pulmonary infection affecting patients who 

undergo tracheal intubation. VAP is caused by bacterial contamination and 

biofilm formation on ETTs [1,3]. Dispersion of microorganisms from biofilms 

leads to the spread of infection in the lower airways [56,57]. VAP is the second 

most common nosocomial infection in ICUs and the most common in 

mechanically ventilated patients [58].  

VAP occurs 48 hours or more after intubation [59,60], with the risk being 

greatest within the first five days [2]. The length of intubation is a defining risk 

factor for VAP, with a 3% per day risk for the first 5-7 days, a 2% per day risk up 

to 10-14 days, which drops off to 1% per day thereafter [2,61]. 

Patient-related risk factors are numerous, with pre-existing pulmonary illness, 

coma and organ failure posing the highest risk. Antacid use [62] and enteral 

nutrition [63] are also known risk factors. Table 1.1 summarises the risk factors 

for VAP. 
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Risk factor class, type OR (95% CI) 

Nonmodifiable risk factors 
Patient-related risk factors 

COPD 
 
Organ System Failure Index of > 2 
Age of > 60 years 
Coma 
ARDS 
Head trauma 
Male sex 

Intervention-related risk factor 
Neurosurgery 
Thoracic surgery 
ICP monitor 
Transportation out of ICU 
Reintubation 
 

Modifiable risk factors 
Intervention-related risk factor 

Use of H2-antagonist 
 
Use of antacids 
Use of sucralfate 
24h circuit changes, compared with 48h circuit 
changes 
Use of antibiotics 
 
 
Supine position 
Receipt of enteral nutrition 
Failed subglottic aspiration 
Intracuff pressure < 20 cm H2O 
Tracheostomy 
Aerosol treatment 

 
 
1.9 (1.4 - 2.6) 
18.3 (3.8 - 89.8) 
10.2 (4.5 - 23) 
5.1 (1.9 - 14.1) 
40.3 (3.3 - 423.1) 
9.7 (1.6 - 59.2) 
5.2 (0.9 - 30.3) 
2 (1.5 - 2.7) 
 
10 (1.6 - 64.9)a 
2.16 
4.2 (1.7 - 10.5) 
3.8 (2.8 - 5.5) 
5.94 (1.27 - 22.71) 
 
 
 
2.5 (1.2 - 5) 
2.33 
20 
3.44 
 
2.3 (1.2 – 4.7) 
3.1 (1.4 – 6.9) 
2.3 
0.1 (0.01 – 0.7) 
2.9 (1.3 – 6.6) 
31.2 (3.3 – 294.8) 
5.3 (1.2 – 22.6) 
4.2 (1.1 – 15.9) 
3.1 (2.2 – 4.5) 
1.9 (1.4 – 2.5) 

 

Table 1.1. Risk factors for VAP. OR = odds ratio, CI = confidence interval, ARDS = acute 
respiratory distress syndrome, COPD = chronic obstructive pulmonary disease, ICP = 
intracranial pressure, ICU = intensive care unit. aOnly associated with increased risk for 
VAP caused by Acinetobacter baumanii [60]. 

 

Symptoms of VAP are typical of the pneumonias, with extremes of body 

temperature (<36°C or >39°C), purulent bronchial secretions, 

leucocytosis/leukopenia, extreme fatigue, muscle pain and breathing 

difficulties commonly observed [2].  
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1.3.2. Prevalence and mortality of VAP 

VAP affects 8-20% of ICU patients [64] and up to 27% of mechanically ventilated 

patients [1,2,64]. Between 50% [2] and 86% [1] of all hospital-acquired 

pneumonias are attributed to tracheal intubation. In the United States, 250,000 

to 300,000 cases of VAP occur every year [1], which equates to incidence rates 

of 5 to 10 cases per 1000 hospital admissions. In England, Wales and Northern 

Ireland, 69,606 patients were mechanically ventilated in 2012 [65]. Applying 

the statistics to this figure gives 18,794 cases of VAP, which is 83 cases of VAP 

for every critical care unit. 

Nosocomial infections have notoriously high mortality rates, due to the 

multiple patient risk factors, immunocompromised patients and 

microorganisms developing antibiotic resistance. The mortality rate associated 

with VAP varies depending on bacteria species and the patient’s overall health 

[66] and has been recorded from 0-50% [67-69]. A 50% mortality rate equates 

to over 9500 deaths in England, Wales and Northern Ireland and over 40,000 

deaths in the United States every year. 

 

1.3.3. Microbiology of VAP 

Numerous VAP-causing bacteria species have been identified. The frequency of 

VAP credited to each species is determined by geographic location, the nature 

of patients’ microflora, hygiene protocols in critical care units and antibiotic use 

[70,71]. Multiple studies of bronchial secretions of VAP-infected patients (all 

age ranges), in critical care for at least 24 hours, across Europe and North 

America yields the following summary of VAP-causing species and their 

frequency (in parentheses) [3,64,72]: 

• Pseudomonas aeruginosa (24.4%) 

• Staphylococcus aureus (20.4%) 

• Enterobacteriaceae (including Klebisella spp., E. coli, Proteus spp., 

Enterobacter spp., Serratia spp., Citrobacter spp.) (14.1%) 
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• Streptococcus spp. (12.1%) 

• Haemophilus spp. (9.8%) 

• Acinetobacter spp. (7.9%) 

• Neisseria spp. (2.6%) 

• Stenotrophomonas maltophilia (1.7%) 

• Coagulase-negative Staphylococcus (1.4%) 

One or more species can be present in a single VAP-infected patient. 

Identification of microorganisms is achieved via Gram staining, optical 

microscopy and metabolomics of cultures [2]. Pathogen identification is highly 

important in composing an effective treatment plan for the patient, since it 

allows antibiotics to be chosen that the bacteria are sensitive to, rather than 

broad spectrum agents, which may be ineffective and promote resistance 

among the pathogens [33,43,44]. 

 

1.3.4. Diagnosis of VAP 

The symptoms of VAP are non-specific and often present as secondary to other 

illnesses [73], making clinical diagnosis of VAP difficult. Chest radiographs, 

combined with analysis of bronchial secretions are usually used to determine 

VAP status [73], although chest radiology is also limited by its non-specificity 

[74,75]. There is no gold standard for VAP diagnosis and the standard utilised 

is governed by local or national health service regulations.  

In the United States, the Centers for Disease Control (CDC) developed the 

National Nosocomial Infection Surveillance (NNIS) system as a tool of 

diagnosing hospital-acquired infections in the 1970s. It involved analysis of 

bronchoalveolar fluid cultures (combined with chest radiographs). It displayed 

a sensitivity of 84% and a specificity of 69% [76]. Following that, Pugin et al. 

proposed the Clinical Pulmonary Infection Score (CPIS) [77], which uses six 

variables (fever, leucocytosis, tracheal aspirates, oxygenation, radiographic 

infiltrates and semi-quantitative cultures of tracheal aspirates with Gram 
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staining) in unison to diagnose VAP. This allowed a 93% sensitivity and 100% 

specificity to be achieved and so gives health services the closest technique to 

a gold standard. However, Pugin’s methods take time to complete in clinical 

settings, often prompting health services to ‘pick and choose’ the most 

appropriate parameters to measure in a limited time frame. VAP diagnosis 

continues to be problematic and is sometimes missed altogether, due to the 

unspecific clinical indicators and multiple patient-related risk factors. 

 

1.3.5. Treatment of VAP 

VAP treatment combines antibiotic therapy with treatment of the 

accompanying symptoms [78]. Antibiotic therapy is different for early-onset 

(<4 days) and late-onset VAP (>4 days) [64]. Early-onset VAP can be treated 

with limited spectrum antibiotics, such as cephalosporin or fluoroquinolones 

[79], whereas late-onset VAP requires additional treatment with broad 

spectrum antibiotics, such as carbapenems, beta-lactams and aminoglycosides 

[79,80]. This is due to late-onset VAP posing a greater risk of antimicrobial 

resistance. Combination therapy is encouraged in all VAP cases, so to eliminate 

single-drug resistant bacteria without facilitating the development of multi-

drug resistance [81]. Delays in initiation of antibiotic treatment can increase 

the mortality risk of VAP [64]. Antibiotic choice is also determined by bacteria 

species; Acinetobacter spp. respond best to carbapenems, whereas 

Staphylococcus spp. respond to beta lactams and fluoroquinolones [82,83]. 

VAP treatment is typically indicated for 8 days, although longer treatment 

periods may be required should multi-drug resistance arise [84]. 

Despite rapid initiation of antibiotic treatment and combination therapy, VAP-

causing organisms still develop extensive antibiotic resistance [85], especially 

in late-onset VAP. It has been shown that Pseudomonas aeruginosa expresses 

antibiotic efflux pups and beta-lactamases; Staphylococcus aureus are often 

credited with the production of penicillin-binding protein (PBP), resulting in the 

evolution of methicillin resistance (MRSA). 50% of S. aureus present in VAP are 



16 
 

of the MRSA class. [3,72]. Antibiotic resistance further complicates VAP 

treatment and results in extended hospital stays, longer treatment times and 

increased mortality [86]. 

 

1.3.6. Economic impact of VAP 

VAP places an immense economic burden on health services and the wider 

community. In the United States, VAP leads to increased mean ICU stay (11.5 

days) and longer stays in hospital (13.1 days) [87]. The extra cost to treat VAP 

is almost US$40,000 per episode [87,88]. In the United Kingdom, VAP increases 

ICU stay by 28% and costs £6,000-£22,000 to treat per infection [89]. These 

costs arise from specialist care procedures, such as patient monitoring, 

antibiotic treatment and analytical tools. Additionally, working days are lost 

due to extended hospital stays, impacting the wider economic community. 

Due to its economic and social impact, VAP prevention is at the forefront of 

critical care improvement discussions. Reducing incidences of VAP would 

relieve strain of healthcare services and reduce antibiotic use, treatment costs 

and mortality rates. 
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1.4. Clinical and experimental methods for reducing the 

incidence of VAP 

1.4.1. Current clinical best practice for VAP prevention 

Effectively reducing cases of VAP allows for reduced hospital stays for 

intubated patients, lesser antibiotic use and better overall patient health [3]. 

Hence, significant efforts are made in clinical settings for VAP prevention, as 

well as deterrence of other device-centred infections. However, there is 

currently no gold standard in clinical best practice to prevent VAP. Should a 

biofilm be suspected of forming on ETT surfaces, removal of the device is the 

only fully efficient method of preventing VAP [90]. However, there is evidence 

that removal of ETTs actually facilitates pulmonary infections [91]. This could 

be due to the inflated cuff preventing aspirated microorganisms falling into the 

lungs; deflation of the cuff removes this physical barrier, allowing VAP-causing 

bacteria to access the lower airways [92].  

Since the length of intubation is an important risk factor for VAP, strategies to 

reduce the time of mechanical ventilation may decrease VAP risk [93]. Such 

strategies involve accelerated weaning off mechanical ventilation and by using 

non-invasive ventilation, known as non-invasive positive pressure ventilation 

(NIPPV), via a face mask [60]. Supine patient positioning can promote 

microaspiration and consequently, VAP development [60]; Torres et al. 

discovered greater cumulative numbers of endotracheal counts in completely 

supine (0°) patients compared to those in a semirecumbent (45°) position [94]. 

This was corroborated by Drakulovic et al., who demonstrated a three-fold 

reduction in the incidence of VAP in semirecumbent patients compared to 

supine patients [95]. Therefore, raising the head of the intubated patient may 

reduce microaspiration and bacterial colonisation of ETTs. 

The use of antacids and proton pump inhibitors can facilitate microaspiration, 

by increasing intragastric volume and decreasing intragastric acidity 

respectively [60]. Avoiding these medications may aid in the prevention of VAP. 
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In patients requiring gastro-oesophageal reflux relief, sucralfate has been 

postulated as an alternative, although double-blind, randomised controlled 

trials have failed to confirm these preventative effects [96,97]. 

Upper respiratory tract colonisation is thought to be a prerequisite for VAP 

[60]. Modulation of oropharyngeal colonisation can halt the development of 

VAP. This is achieved by antibiotics or chlorhexidine therapy [98-101]. 

Combined results of three studies of topical oropharyngeal antibiotics showed 

a relative risk reduction for VAP of 0.73 (95% confidence interval 0.50 – 0.96). 

ICUs tend to administer these medications as prophylaxis for many oral 

infections regardless, so VAP reduction is a welcome secondary benefit. 

Other clinical preventative methods include correct hygiene procedures, such 

as proper hand washing and sterilisation protocols. Prophylactic probiotics and 

mechanical removal of biofilms (e.g. mucus shaver) are also implemented to 

reduce the incidence of VAP [78,80,102,103]. Choice of clinical VAP 

preventative methods is often made by individual ICUs, institutions or 

healthcare trusts, depending on the most common risk factors observed. 

 

1.4.2. Endotracheal tube modifications for VAP prevention 

Aside from clinical best practice measures in healthcare settings, modifying 

ETTs to resist bacterial adhesion and subsequent biofilm formation offers 

another method of preventing VAP in intubated patients [104]. Two modified 

ETTs have made it to market and are used in critical care settings for the 

prevention of VAP; the polyurethane-cuffed ETT and the silver hydrogel coated 

ETT. The former uses polyurethane cuffs, as opposed to the conventional PVC 

cuff. The latter is coated with a silver cation-impregnated hydrogel.  

The polyurethane-cuffed ETT aims to reduce microaspiration pooling/fluid 

leakage on device cuffs [12]. It has been shown that PVC ETT cuffs can still 

contain folds and channels, even when fully inflated. Using ultrathin 

polyurethane cuffs reduces the prevalence of these folds, minimising 
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microaspiration pools. Poelaert et al. conducted a single-blind, randomised 

study on 134 surgical patients, half of which were intubated with polyurethane-

cuffed ETTs and the other half intubated with standard PVC-cuffed ETTs [105]. 

It was found that the test group displayed lower incidence of early 

postoperative pneumonia and required fewer antibiotic prescriptions than the 

control group (23% v 42%, p < 0.03). However, mortality was not different 

between the groups, nor was length of ICU stay. Suhas et al. found a significant 

reduction in ICU stay with polyurethane-cuffed ETT use (median 6 days v 8 

days), but no statistically significant reduction in the incidence of VAP [106]. 

Another study, comparing VAP rates in an ICU before and after the introduction 

of polyurethane-cuffed ETTs, found a significant reduction in VAP rates when 

using polyurethane cuffs (2.8 v 5.3 per 1000 ventilator days) [107].  

The silver hydrogel coated ETT utilises the antibacterial property of silver 

cations [108,109], which are impregnated within the hydrogel coating. The 

silver cations are thought to prevent device colonisation, due to their broad 

spectrum antimicrobial properties [108-110], which have been widely 

reported, although the exact antimicrobial mechanism has not been fully 

established. Kollef et al. conducted a randomised, single-blind controlled study 

across 54 ICUs across North America, comparing silver hydrogel coated ETTs to 

conventional PVC ones. Rates of microbiologically confirmed VAP were 

reduced (4.8%; 95% confidence interval 3.4%-6.6%) in the silver hydrogel 

coated ETT intubated group compared to the PVC control group (7.5%; 95% 

confidence interval, 5.7%-9.7%) [111]. However, there was no statistically 

significant reductions in intubation duration, ICU stay or mortality with silver 

hydrogel coated ETT use. Li et al. reviewed two randomised controlled trials, 

comparing silver hydrogel coated and conventional ETTs in a total of 1630 

participants. The relative risk (RR) of developing VAP was compared. It was 

found that the silver hydrogel coated ETT reduced the incidence of VAP (RR = 

0.64; 95% confidence interval 0.43 to 0.96) [112]. There was no reduction in 

mortality. 
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It is difficult to establish whether these modified devices positively impact VAP 

rates in ICUs, since the resulting data is often inconclusive, or show no 

statistical significance between test and control groups. Although patients in 

test groups may display lower incidences of VAP, mortality and ICU stay often 

do not improve. These studies conclude that the evidence is limited and further 

rigorous examinations are required to determine the true effect of the 

modifications on VAP incidence. Furthermore, the silver hydrogel coated ETT is 

significantly more expensive than its PVC counterpart, prompting 

investigations into cheaper alternatives. 

 

1.4.3. Surface modifications to resist biofilm formation 

Resisting initial bacterial attachment to ETTs (and other medical devices) 

prevents biofilm formation and the rise of secondary infections [104]. Since the 

current surface-modified ETTs have problems, such as inconclusive trial data 

and high cost, research has been prompted into effective and inexpensive 

alternatives. Multiple laboratory investigations have been conducted into 

combatting bacterial adhesion by modifying surfaces, such as incorporating 

antibiotics into coatings, zwitterionic coatings and polyacrylate/methacrylate 

coatings etc., all of which provide potential routes for ETT modification. 

1.4.3.1. Antibiotic coatings 

Incorporating antibiotics into a device coating aims to localise the drug to the 

site of a potential infection. Bacteria that come into contact with the surface 

are killed [113], preventing attachment and biofilm formation. Saini et al. [113] 

impregnated silicone urinary catheters with azithromycin and ciprofloxacin, by 

immersing the catheter into antibacterial solutions (in solvent), then drying off 

the solvent. In vitro studies showed effective bactericidal activity against 

Pseudomonas aeruginosa for 30 days, whereby all cells that adhered within the 

first 24 hours were killed (concentration 3% w/v ciprofloxacin and 6% w/v 

azithromycin).  
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Shapur et al. [114] applied a sustained release varnish containing chlorhexidine 

to silicone urinary catheters and incubated with P. aeruginosa for 96 hours. The 

1% chlorhexidine coating reduced biofilm growth by 94% (p < 0.0001) 

compared to the varnish coated catheter only. Fisher et al. [115], used the 

impregnation method previously described to impregnate three antibiotics 

into silicone urinary catheters (rifampicin, sparfloxacin and triclosan). Exposure 

to multiple bacteria species (P. mirabilis, S. aureus and E. coli) in vitro, under 

flow conditions, showed antibiofouling for up to 12 weeks (> 99.9% reduction).  

There are several drawbacks with antibiotic coatings for medical devices; it is 

difficult to maintain sustained release of the drug throughout the duration of 

device use [116], with patients often receiving an initial bolus dose upon 

insertion of the device, and lower drug release later [117], rendering the 

coating ineffective in the later stages of device use. Also, should bacteria be 

killed by the drug, the possibility exists of cell debris collecting on device 

surfaces, forming a pacification layer [118]. This restricts drug release from 

coatings, negatively impacting the effectiveness of the antibiotic coating. 

Furthermore, there are a lack on in vivo and clinical data. Localising antibiotics 

to a particular area (e.g. urethra, trachea) may also lead to local side effects. 

Additionally, multi-drug resistance may hinder the advancement of this 

approach.  

Loading surfaces with antimicrobials is not limited to antibiotics; other 

antimicrobial agents can be incorporated into device coatings, such as silver 

cations [111,112] and ammonium salts [119]. The latter has been shown to 

reduce Gram-negative biofilm formation by 50%, in vitro. However, as with 

antibiotic coatings, pacification, local side effects and the lack of clinical 

evidence have stalled the development of these surface modifications. 

1.4.3.2. Poly-sulfobetaine (zwitterionic polymer) 

Poly-sulfobetaine (PolySB) is a zwitterionic polymer that has been investigated 

for its antibiofouling effects [120]. It was shown to be effective against both 

Gram-positive and Gram-negative bacteria, with reduced attachment and 
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biofilm formation after 24 hours, compared with a negative control, in vitro. 

Since the polymer has both positive and negative charges, it is thought to 

interact with water molecules near its surface, via electrostatic interactions, 

creating a highly hydrophilic layer [121]. This makes it difficult for bacteria to 

access the surface, since they have to displace the superhydrophilic surface 

first.  

Smith et al. [122] modified the surfaces of venous catheters with PolySB, using 

the redox polymerisation method, and showed reductions of up to 97% in 

biofilm formation of a broad spectrum of pathogenic bacteria species, 

compared to unmodified catheters, both in vitro and in vivo, after 24 hours. 

However, PolySB-modified surfaces have yet to be proven effective in clinical 

studies. Furthermore, the shortage of proof on safety currently limits its use. 

1.4.3.3. Slippery liquid-infused porous surfaces (SLIPS) 

The SLIPS approach utilises omniphobic liquid surfaces to prevent adhesion of 

bacteria. The method was inspired by the Nepenthes pitcher plant, which uses 

SLIPS on its leaves to prevent fungal, bacterial and insect attachment/growth 

[123]. The liquid on the surface creates a low friction layer, causing cells, insects 

etc. to slide off the surface. The liquid layer provides an omniphobic slippery 

barrier to attachment.  

Leslie et al. [124], covalently bound a flexible molecular perfluorocarbon layer 

to PVC medical-grade tubing, followed by an approved liquid perfluorocarbon 

layer, forming a perfluorocarbon-based SLIPS on the tubing. In vitro exposure 

to P. aeruginosa showed an eight-fold reduction in bacterial adhesion for up to 

6.5 weeks, compared to untreated PVC. There was no increase in attachment 

on SLIPS-modified PVC between 1.5 and 6.5 weeks. Although these modified 

devices are simple to manufacture (compared to antimicrobial coatings) and 

are already approved for use in medical devices, there currently is not enough 

clinical evidence supporting the antibiofouling effects of SLIPS. 
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1.4.3.4. Poly (ethylene glycol) (PEG) and Poly (ethylene oxide) (PEO) 

Poly (ethylene glycol) and poly (ethylene oxide) are widely used for healthcare 

applications, due to their low toxicity and good water solubility [125]. They 

have also demonstrated good antibiofouling properties. Harris et al. [126] 

reported an 89%-93% reduction in S. aureus attachment to PEG treated 

titanium surfaces, compared to untreated surfaces. PEG was grafted onto 

titanium surfaces via poly (L-lysine), which electrostatically interacts with the 

negative titanium dioxide surface.  

Kingshott et al. [127] showed that PEG, covalently immobilised onto poly 

(ethylene terephthalate) (PET) surfaces, reduced P. aeruginosa attachment by 

between 2 and 4 orders of magnitude for up to 5 hours, in vitro, compared to 

untreated PET surfaces. The grafting density of PEG chains was proportional to 

the degree of biofouling reduction, suggesting that a steric blocking effect may 

be the mechanism behind the anti-biofouling activity of PEG. 

PEG can also be used to immobilise antibiotics to a surface. Du et al. [128] 

tested the antimicrobial effect of PEGylated tobramycin on P. aeruginosa. The 

PEGylated antimicrobial exhibited a 3.2-fold reduction in biofilm formation 

compared to tobramycin alone. Roosjen et al. [129], investigated the 

antibiofouling properties of PEO, which was covalently conjugated to a 

polyurethane substrate. Adhesion of S. epidermidis, S. aureus, S. salivaris and 

E. coli were reduced by at least 94%; adhesion of P. aeruginosa was reduced by 

80%.  

These coatings are known as polymer brush coatings, defined as polymer 

chains attached to a surface and stretching out into the surrounding medium 

[129], similar to teeth on a brush. Brush coating polymers are highly water 

soluble and mobile [130]. Their exact mechanism of bacteria repulsion is not 

fully understood but hypotheses include steric hindrance effects, hydrophilicity 

and electrostatic repulsion [131,132].  
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The major drawback of polymer brush coatings is degradation. PEO is known 

to oxidise [133]; reactions with oxidising agents, such as oxygen and hydrogen 

peroxide, generates hydroperoxides, which decompose via carbon-oxygen 

bond scission. Metal ions and UV light can also degrade PEO, by accelerating 

the decomposition of hydroperoxides [133]. Degradation of polymer brush 

coatings reduces their antibiofouling properties [133]. As with the methods 

mentioned in previous sections, there is a lack of clinical evidence for polymer 

brush coatings. Additionally, blood and salivary proteins have been shown to 

adhere to PEO coatings in vivo [131], reducing their antibiofouling ability. 

1.4.3.5. Micropatterned, nano-patterned and rough surfaces 

Applying antimicrobial/zwitterionic/polymer brush coatings to surfaces for 

antibiofouling purposes has issues with long term stability. Therefore, surface 

topographical modifications are increasingly studied for antibiofouling. Ivanova 

et al. [134] reviewed nanostructured bactericidal surfaces, whereby silicon-

based surfaces were physically modified (using reactive ion etching) to create 

nano-structures, which resembled ‘spikes’ of 500 nm in height. These surfaces 

killed P. aeruginosa (Gram-negative) and S. aureus (Gram-positive) upon cell 

contact, with estimated average killing rates of 450,000 cells min-1 cm-2. It was 

hypothesised that the ‘spikes’ punctured bacterial cell walls, causing cell lysis 

[134]. This approach is yet to be clinically trialled and requires further research. 

The link between surface roughness and bacterial attachment has often been 

debated. Reddy et al. [135] demonstrated a 47% reduction in coverage of 

Uropathogenic E. coli on micropatterned silicone surfaces when compared to 

smooth surfaces. However, investigation of a nano-patterned titanium surface 

by Diaz et al. [136] showed an increase in Pseudomonas fluorescens and 

Streptococci spp. versus a smooth titanium surface. This difference could be 

due to the magnitude of the topography (micro versus nano-patterned 

surfaces). However, there is limited evidence to state outright whether 

bacteria prefer rough or smooth surfaces. 
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1.4.3.6. High throughput microarray screening to identify bacteria 

resistant polymers 

The antibiofouling polymer coating trialled in this study was discovered using a 

high throughput microarray screen. Microarrays are a high throughput method 

of analysing multiple materials simultaneously. The technique was originally 

developed for genomics research, allowing gene expression to be analysed for 

an entire genome at once [137]. This was achieved by depositing tens of 

thousands of DNA sequences onto a glass slide, known as a ‘chip’. Sequences 

were deposited in ordered rows and columns, allowing them to be easily 

located. The chip was then subjected to test conditions (e.g. complimentary 

mRNA assay) and DNA sequences analysed simultaneously [137]. 

Vaishampayan et al. [138] used the microarray process to investigate the 

bacterial diversity of the Phoenix spacecraft assembly clean room, by analysing 

complimentary 16S rRNA gene interaction with known DNA sequences printed 

onto microarray chips. This allowed the particular bacteria strains present in 

the clean room to be identified.  

Anderson et al. [139] first developed polymer microarrays in 2004, in which 

DNA was replaced with a range of monomers. Deposition onto the chip was 

done using a contact printer. The printer held several pins in a robotic arm. 

Monomer solutions (mixed with a photoinitiator) were prepared in multi-well 

source plates; the printer was then set to dip the pins into the monomer 

solutions and deposit tiny droplets (400 µm) onto the chip. Hundreds of 

different monomers were printed in this manner. Once all monomers were 

deposited, the chip was exposed to UV light, which activated the photoinitiator 

and photopolymerised the monomers. The chip was then used for relevant 

experiments. Khan et al. [140] used polymer microarrays to screen 135 binary 

polymer blends for biocompatibility to human skeletal stem cells. Chips were 

exposed to stem cells and microscopic techniques (scanning electron and 

fluorescence) used to analyse which materials supported stem cell growth best. 

Several polymer blends were found that could be used as biocompatible 

scaffolds for stem cells. 
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The polyacrylate used in this thesis was identified using the high throughput 

polymer microarray screening technique. Hook et al. [141] investigated 

bacterial adhesion to hundreds of poly acrylates/methacrylates. Monomers 

were printed and photopolymerised onto poly (hydroxyethyl methacrylate) 

coated glass slides, before the chips were incubated with P. aeruginosa, S. 

aureus and E. coli. Several ‘hit’ materials were discovered, which were then 

scaled up for coating silicone catheter sections (Figure 1.3).  

In vitro investigations included incubating coated catheter sections in cultures 

of the three bacteria species for 72 hours and analysing the fluorescence from 

surface-adhered cells, via confocal microscopy. One polymer had good 

antibiofouling activity against all three species, particularly P. aeruginosa, 

which had a 28-fold reduction in surface coverage compared to the uncoated 

catheter. This polymer was ethylene glycol dicyclopentenyl ether acrylate 

(EGDPEA). In vivo studies involved implanting EGDPEA-coated silicone catheter 

sections subcutaneously into mice. The animals were inoculated with S. aureus 

and the bioluminescence of bacteria measured daily for 4 days. There was a 

ten-fold reduction in bioluminescence on day 1, which persisted for the entire 

4 days.  

The exact mechanism by which EGDPEA resists bacterial attachment has not 

been fully established. Sanni et al. [142] linked a value combining cLogP and the 

number of rotatable bonds (nRotB) of poly(meth)acrylate hydrocarbon 

pendant groups to reduced P. aeruginosa attachment. EGDPEA appears to 

satisfy this value. Other possible mechanisms include steric blocking [143] and 

the introduction of opposing electrostatic forces [144], which interfere with 

stage (i) of the biofilm life cycle (Figure 1.2). Due to the efficacy of EGDPEA in 

vitro and in vivo, it forms the basis for the work conducted in this thesis. To 

improve the ductility of EGDPEA coatings, it was co-polymerised with di 

(ethylene glycol) methyl ether methacrylate (DEGMA) [145] in Hook et al.’s 

study, which will also be implemented in this report (Figure 1.3). 
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Figure 1.3. Hook et al.’s combinatorial methods for high throughput screening of 
polymer microarrays [141]. (a) Monomer selection is made from a library of 
compounds. (b–f) Outline of the strategy utilised for identifying hit material 
composition. (b) Fluorescence scanning image of the first-generation microarray after 
incubation with P. aeruginosa for 72 h. Three replicate arrays were present on each 
glass slide. Scale bar, 10 mm. (c) Intensity map of the bacterial data from the first-
generation array. (d) The feedback loop used to select monomer compositions for a 
second-generation array. The biological performance of each monomer, the 
identification of hit material compositions that have synergistic effects and the results 
from the PLS regression of ToF-SIMS spectra and bacterial data were used to inform 
the composition of the second-generation array. (e) Schematic representation of the 
hit material composition scaled up. (f) An SEM image of the cross-section of a silicone 
catheter coated with a hit polymer (thickness, 20–25 μm). Scale bar, 100 μm. (g) 
Confocal images of SYTO17-stained biofilm for the three pathogens studied (P. 
aeruginosa (PA), S. aureus (SA), UPEC) from coated and uncoated silicone catheters. 
Each image is 160 × 160 μm. (h) Microcomputed tomography scan of a coated catheter 
implanted subcutaneously into a murine model. The catheter has been coloured green 
in this image. (i) A schematic representation of a catheter coated with the hit 
composition. (j) Chemical structure of EGDPEA. (k) Chemical structure of DEGMA.  
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1.5. Optical fibre sensors for the real time detection of bacterial 

attachment 

Resisting bacterial adhesion to ETTs (and other indwelling medical devices) is 

an effective method of reducing the incidence of secondary nosocomial 

infections associated with biofilms [3). If it was also possible to monitor 

bacterial attachment and biofilm formation on device surfaces in real time and 

in situ, it would be possible to intercept device-centred infections. An early 

warning of biofilm formation would allow physicians to treat the patient 

immediately, by removal of the device and/or appropriate antimicrobial 

treatments. This would prevent the development of serious secondary 

infections.  

Currently, in order to examine device contamination, the device is removed 

and sent for microbiological analysis. In the case of ETTs, repeated removal and 

reinsertion can harm the patient; it can facilitate VAP [91], and insertion of a 

new ETT can cause tracheal wall damage and inflammation [146]. Long Period 

Grating optical fibre sensors (LPG OFS) are a novel, simple and inexpensive 

method of monitoring bacterial attachment. By incorporating LPG OFS into 

ETTs, the real time assessment of biofilm formation can be made in situ. 

 

1.5.1. Overview of optical fibres 

Optical fibres have been used for telecommunication purposes since the 1980s. 

Their popularity arose because they allowed fast transfer of information across 

large distances with very little loss of signal [147]. Optical fibres were also 

cheaper, smaller and easier to manufacture than conventional coaxial cables 

[147]. Optical fibres are made of glass (silica) and comprise of two parts; the 

core and the surrounding cladding (Figure 1.4). The core has a higher refractive 

index than the cladding [147]; therefore, light input at one end of an optical 

fibre is totally internally reflected through the core, allowing large information 

transmission bandwidth [147,148].  
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  Input light Output light 

There are two types of optical fibre; single mode and multi-mode (Figure 1.4). 

Single mode optical fibres have smaller core diameters (< 10 µm) and only 

transmit one light mode, resulting in higher bandwidth and lower attenuation 

(loss of transmission). Multi-mode fibres have larger core diameters (> 50 µm), 

allowing several light modes to propagate through the core, resulting in smaller 

bandwidth and larger attenuation [147-149]. Single mode optical fibres are 

therefore used for long distance telecommunication, whereas multi-mode 

optical fibres are used for shorter distance purposes. The diameter of the entire 

fibre (including the cladding) is usually 125 µm. 

 

 

 

 

 

 

 

 

Figure 1.4. (a) Optical fibre principle, showing the core, cladding and total internal 
reflection of input light (red arrows). (b,c) Difference between single and multi-mode 
optical fibres. Single mode optical fibres allow one light mode to propagate through a 
small core diameter, whereas multi-mode optical fibres allow multiple modes to 
propagate through a core of larger diameter. 

 

1.5.2. Optical fibre sensors (OFS) 

Optical fibres are made into sensors by modulating the fibre and/or the 

associated signal transducer in some way [150]. This allows input light to 

undergo changes in its optical properties and be converted into an optical 

signal [151]. The optical properties of input light, and therefore the associated 
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signal, differs depending on the nature of the analyte being sensed. OFS can be 

classified as either extrinsic or intrinsic. In extrinsic OFS, the fibre is used to 

transmit light to and from an external signal transducer, where sensing occurs. 

The optical fibres act as a means of getting light to the sensing element and do 

not require modulation. In an intrinsic OFS, sensing occurs within the fibre 

itself. This requires modulation of the optical fibre, so that physical/chemical 

perturbations alter the optical properties of light propagating through the fibre 

[152].  

Depending on the type of transducer or the nature of fibre modulation, the 

optical property that is measured can be selected; OFS can be classified as 

intensity, phase, frequency, polarisation or wavelength sensors [151]. 

Intensity-based sensors measure signal loss (or change in intensity), whereas 

wavelength-dependent OFS measure changes in wavelength of attenuations 

[151]. A certain type of OFS is often chosen for a given application, since they 

usually possess advantageous properties for that given application. For 

example, intensity-based sensors are used to measure physical pressure, since 

physical strain and bending of the fibre cause absolute intensity changes [153]. 

Wavelength-dependent sensors are used for chemical and temperature 

sensing [154], since they do not measure absolute intensity, but rather relative 

transmission loss at certain wavelengths [154]. Wavelength-dependent sensors 

can also be multiplexed, allowing for sensing of multiple analytes 

simultaneously [154]. Intensity-based OFS are cheaper to manufacturer but are 

more prone to signal interference and noise. Wavelength-dependent OFS are 

more robust and have multiplexing opportunities, but can cost more to 

manufacture. Examples of intensity and wavelength sensors are the microbend 

sensor and Fibre-Bragg gratings (FBGs) respectively [153,155]. 

OFS are versatile devices and can be used for a wide range of applications, such 

as measuring physical properties (strain, temperature etc.), chemical/pollutant 

concentrations and concrete ‘health’ in buildings [151]. One such study 

reported the use of an FBG for temperature sensing, with an operational range 

of 2-400 K and a temperature resolution better than 10 mK [156]. The FBG was 
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mounted onto a polytetrafluoroethylene (PTFE) coupon, which was immersed 

into a temperature-controlled cryo-chamber, which was gradually heated up 

to 400 K. A third-order polynomial was found when plotting FBG intensity peak 

position (at certain wavelengths) against temperature, which could be used to 

determine temperature to the nearest 10 mK, using the FBG signal. Another 

study used tapered OFS to detect hazardous and noxious pollutants in seawater 

[157], by immersing them in samples and measuring signal change. It was found 

that pollutants with a refractive index range of 1.329-1.501 could be sensed, 

with a limit of detection of 0.002 refractive index units (RIUs). 

OFS hold several advantages over other types of sensor; they are inexpensive, 

easy to implement, can be extremely sensitive and have multiplexing 

opportunities. However, light propagating through OFS can be interfered with 

by unwanted external factors, such as mechanical stress. Another drawback is 

that reference readings often need to be made to eliminate false readings from 

relative optical measurements [158]. 

 

1.5.3. Long Period Grating optical fibre sensors (LPG OFS)  

LPG OFS are a type of single mode, intrinsic, wavelength-dependent OFS 

commonly used for a range of physico-chemical sensing applications. LPG OFS 

are made by periodically modulating the refractive index of the core of an 

optical fibre (to form a grating), allowing the core mode to couple with co-

propagating cladding modes [159]. This results in the appearance of 

attenuation bands (losses of transmission) centred at discrete wavelengths, 

with each attenuation band corresponding to coupling to a different cladding 

mode [160,161] (Figure 1.5). The grating is usually written into the core of the 

optical fibre using UV laser inscription [162] and have grating periods (distance 

between grating structures) of between 100 µm and 1 mm [159]. The 

wavelength(s) at which light couples from the core mode to the cladding modes 

is governed by equation 1 [163,164]: 
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 λi = (ηcore – ηcladding(i)) Λ  (1) 

Where λi is the wavelength at which light is coupled to the cladding mode (i = 

1, 2, 3….), ηcore is the refractive index of the core, ηcladding(i) is the effective index 

of the ith cladding mode and Λ is the grating period. Since the refractive index 

of the core is fixed, the wavelength(s) of light coupling to the cladding modes 

is dependent upon the effective refractive index of the cladding [163]. The 

refractive index of the cladding changes depending on the refractive index of 

the media it’s placed in. Therefore, media with different refractive indexes will 

alter the ηcladding(i) parameter, in turn shifting the wavelength of core-cladding 

mode coupling. This shift can be measured, allowing the LPG to be used as a 

sensor. Figure 1.5 summarises LPG OFS spectral response. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. (a) LPG OFS schematic, indicating the UV-inscribed grating and the input 
and output optical spectra. (b) Transmission spectrum for an LPG of length 30 mm and 
grating period 109 µm in air; two attenuation bands (losses of transmission) are visible, 
labelled ‘1’ and ‘2’, indicating the wavelengths at which core-cladding mode coupling 
occurs. 
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The phase matching condition (or coupling condition, given by equation 1), 

contains a turning point, known as the phase matching turning point (PMTP) 

[165]. Coupling occurring near or at the PMTP gives rise to attenuations with 

highest sensitivity [166], resulting in a broad attenuation band in the optical 

spectrum. As the effective refractive index of the cladding increases (or ηcore – 

ηcladding(i) decreases), this attenuation band splits into two, due to coupling to 

the same cladding mode occurring at two different wavelengths [159,165,166], 

known as dual resonance. Further increases in cladding refractive index cause 

these two bands to shift apart from each other, in opposite directions in the 

output spectrum. The grating within LPG OFS is often inscribed near or on the 

PMTP, to give the sensor the highest possible sensitivity.  

The advantages of LPG OFS over other grating types (such as Fibre-Bragg 

gratings) are low insertion loss and low-level back reflection, which result in 

maximum signal output with minimal signal loss [167]. LPG OFS surfaces can be 

modified to selectively sense an analyte of interest. Marques et al. [163] used 

LPG OFS modified with silica:gold nanoparticles and biotin to sense 

streptavidin, with a sensitivity of 6.88 nm / (nm/mm2) and a limit of detection 

of 19 pg/mm2. Hromadka et al. [168] modified LPG OFS surfaces with ZIF-8 

(zeolitic imidazolate frameworks) in order to sense methanol, ethanol, 2-

propanol and acetone vapours. Sensitivity was highest to methanol, with 1790 

ppm detected. The sensitivity of LPG OFS (and detection limit) depends on how 

close to the PMTP coupling occurs, the thickness of any deposited layer and the 

porosity of such layer [169]. Due to the sensitivity, relative ease of fabrication 

(compared to other sensor types) and versatility of LPG OFS, this thesis 

investigated their potential use for monitoring biofilm formation in real time. 

 

1.5.4. LPG OFS for real time monitoring of bacterial attachment and biofilm 

formation 

LPG OFS can be used for the detection of bacterial attachment. Bacteria and 

their biofilms have their own refractive indexes, so adsorption of bacteria to 
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LPG OFS surfaces induces a change in ηcladding(i), resulting in a shift in coupling 

wavelength. Smietana et al. [170] immobilised E. coli selective bacteriophages 

onto LPG surfaces and exposed the sensor to an E. coli culture. A wavelength 

shift of 1.3 nm was observed when bacteria were bound by the bacteriophages. 

Similarly, Tripathi et al. [171] covalently immobilised T4 bacteriophages onto 

LPG OFS and measured wavelength shift in E. coli culture medium. A 

wavelength shift of 2.1 nm was recorded, with a limit of detection of 103 

CFU/mL. However, both these studies required the use of expensive biological 

agents to promote bacterial adhesion. 

This thesis investigated LPG OFS as a novel, non-invasive, label-fee method for 

the real time detection of bacterial attachment and biofilm formation. Rather 

than promoting adhesion, biofilms were allowed to form on sensor surfaces 

naturally and the wavelength shift of attenuation bands monitored. Response 

was compared between unmodified and EGDPEA:DEGMA coated sensors. 

Should the coating effectively resist biofouling, lesser attachment would occur 

on the coated LPG OFS surface, resulting in a smaller change in cladding 

refractive index, and therefore smaller wavelength shifts (Figure 1.6).  
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Figure 1.6. LPG OFS for the detection of bacterial attachment. The EGDPEA:DEGMA 
coating reduces bacterial adhesion, causing smaller wavelength shifts of attenuation 
bands in the output optical spectrum. 

 

The protocol schemed in Figure 1.6 was also used as an alternative method for 

assessing the anti-attachment ability of EGDPEA:DEGMA.  

For monitoring biofilm formation on ETT surfaces, sensors were incorporated 

into ETTs in the hope of developing an instrumented device capable of in situ 

measurements, providing physicians with instant feedback on bacterial 

colonisation of ETTs. LPG OFS can also be used in industries where biofouling is 

problematic, such as the food and marine industries [172,173]. 
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1.6. Materials with bacteria selective binding properties for 

species identification 

The ability to sense bacterial attachment and biofilm growth would provide 

healthcare professionals with a tool for predicting and intercepting device-

centred infection. However, LPG OFS are not selective for bacteria species, 

hence cannot identify individual pathogens.  

Current bacteria species identification (for diagnostic purposes) involves taking 

a sample from the patient, culturing the microorganism in a laboratory and 

using various staining and microscopic techniques, such as Gram staining [174]. 

This process is slow and can take several days [175], during which an infection 

can worsen. Furthermore, if an infection is suspected, patients may be treated 

with broad spectrum antibiotics while waiting for laboratory results [176]. 

These broad spectrum agents have been shown to facilitate antimicrobial 

resistance [5,177]. The non-specificity of these antibiotics means that they 

target cellular components that all (or most) pathogens possess [5,177]. 

However, some bacteria species can develop methods to protect these cellular 

targets [5,177], hence rendering the antimicrobial ineffective. 

Antimicrobial resistance has been identified as a serious threat to global public 

health by the World Health Organisation. Without effective antibiotic 

therapies, simple infections can become fatal. Also, the success of major 

surgery and cancer chemotherapy would be compromised [178]. Should the 

spread of antimicrobial resistance continue, there will be 10 million deaths 

caused by resistant infections, costing the global economy £66 trillion by 2050 

[179]. 

In order to curb the spread of antimicrobial resistance, the use of broad 

spectrum antibiotics needs to be reduced. Instead, species-specific antibiotics 

should be administered. These drugs target species-specific cellular 

components, which are sensitive to these agents. Using these medications, 

especially in combination, lessens the risk of pathogens developing resistance 
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to them [178,180]. The choice of specific antimicrobial depends on the bacteria 

species causing the infection.  

Therefore, identification of pathogenic bacteria species is imperative and 

requires faster methods, to prevent the use of broad spectrum antimicrobials. 

Rapid species identification would allow for specific antimicrobials to be 

administered early, preventing the development of resistance and allowing for 

faster patient recovery, in turn reducing strain on healthcare services. 

In this thesis, materials that differentially bind different bacteria species were 

identified and combined with LPG OFS to create a non-invasive, inexpensive, 

label-free tool for species identification. Since the sensors have potential to be 

used in situ, it may be possible to rapidly identify bacteria species at the 

bedside, allowing specific antibiotics to be administered sooner and restricting 

unnecessary overuse of broad spectrum antibiotics. A device capable of 

identification of bacteria species would also provide industry and research with 

a powerful tool for multiple applications. 

 

1.6.1. Materials with bacteria selective binding properties 

Bacteria selective binding refers to the ability of a material to differentially bind 

different bacteria species. Hence, on a given material, one species may attach 

more than others. The ratio of attachment between species on a selective 

material allows for species identification, providing the attachment profiles of 

species to the materials are known. The differential attachment rates may also 

allow these materials to be used for identifying species from multi-species 

bacteria mixtures [181]. 

Species selective identification has long been investigated. These studies use 

species-specific membrane-bound proteins, such as lectins [182], to identify 

bacteria species. During bacterial attachment, these membrane-bound 

proteins are used for irreversible attachment to specific cell targets (stage (ii) 

of the biofilm life cycle (Figure 1.2)). Functionalising a surface with the 



38 
 

complimentary target for these proteins allows for species-selective 

attachment. Richards et al. [182] investigated lectin-glycan interactions to 

identify lectin-selective sugars. Glycans were conjugated with labelled gold 

nanoparticles, exposed to bacterial lectins and absorbance measured between 

450-700 nm. Discriminant analysis was used to separate the lectins based on 

their attachment to the glycans (degree of absorbance). It was found that the 

lectins could be identified based on their selective interaction with the glycans. 

Since some lectins are bacteria specific [182,183], the glycans can be thought 

of as species selective moieties. 

Research into species selective polymers is a more recent approach. Magennis 

et al. [184] exploited bacterial redox systems to generate selective polymers in 

situ, via a copper-mediated radical polymerisation process. Bacteria were 

incubated with monomers and a copper catalyst. The bacteria-specific redox 

systems induced polymerisation of certain monomers, via reduction of the 

copper catalyst, termed bacteria-instructed synthesis. The resulting polymers 

could selectively bind the species that induced their reaction, since they were 

selective to the associated membrane redox machinery. The polymers were 

then separated from the cells and tagged with a fluorophore. Incubating the 

tagged polymers with unlabelled bacteria allowed selective binding to the 

species that synthesised them, allowing identification of the species from the 

fluorescence intensity.  

Pernagallo et al. [185] used the microarray screening process to identify 

synthetic polymers that selectively bound the foodborne pathogens Salmonella 

enterica and E. coli. The authors concluded that selective binding was caused 

by differential interaction between chemical groups of the polymers and 

membrane-bound structures, such as pili. However, they were unable to 

establish a correlation between chemical group structure and attachment of 

each species. The authors stated that the selective polymers could have 

applications in identifying food contaminates and pathogenic bacteria in 

clinical settings. 
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Hook et al. [141,186] used the high throughput microarray process to screen 

hundreds of polymers for their resistance to the attachment of three 

pathogenic bacteria; P. aeruginosa, S, aureus and Uropathogenic E. coli. Since 

these species were tagged with fluorophores, a large dataset of fluorescence 

intensity was gathered, with high fluorescence representing greater bacterial 

attachment to a particular polymer spot on the microarray ‘chip’. These data 

were analysed to find materials that possessed selectivity (or the greatest 

differential attachment) for these three species. 

 

1.6.2. LPG OFS for species identification 

OFS have previously been utilised for selective species identification; biological 

agents are often combined with OFS for this application. The works by 

Smietana et al. [170] and Tripathi et al. [171] are examples of E. coli selective 

OFS systems, using bacteriophages conjugated to LPG OFS for E. coli selective 

binding. Inzana [187] developed a nanoparticle-OFS system, consisting of an 

optical fibre with self-assembled nanoparticle film coatings bound to 

monoclonal antibodies and DNA specific to MRSA, Brucella abortus or 

Histophilus somni. Exposure to these bacteria allowed a change in output light 

transmission to be detected within an hour, for the selective species only, with 

a limit of detection for MRSA as low as 100 cells. Although these approaches 

are highly sensitive, selective and label-free, the expense to modify OFS with 

bacteriophages and antibodies can be extremely high. Furthermore, the 

stability of these systems can be compromised by the environment. It may also 

be difficult to incorporate these sensors into indwelling medical devices, since 

putting antibodies, phages and pathogenic DNA into patients can compromise 

their health. 

If polymers could be found that differentially bind P. aeruginosa, S. aureus and 

Uropathogenic E. coli, it may be possible to combine them with LPG OFS for 

label-free bacteria species identification. Three identical LPG OFS could be 

coated in each of three selective polymers and exposed to each bacteria 
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species in culture media. Should the polymer coating differentially bind the 

species, the wavelength shifts of attenuation bands for each coated sensor will 

be different for different species. The principle is highlighted in Figure 1.6, 

where the uncoated sensor is replaced with a sensor coated in a selective 

material. This will allow quick identification of bacteria species using only 

optical spectra (wavelength shift), minimising time and resources in healthcare 

settings. Furthermore, the poly acrylates/methacrylates studied by Hook et al. 

[141,186] can be inexpensively mass produced, offering cheaper OFS 

modifications than current options. 

Therefore, fluorescence data generated by Hook et al. [186], were analysed to 

find three materials with selectivity (or the largest variation in differential 

attachment) between the three aforementioned bacteria species. These 

materials were upscaled and used to coat three LPG OFS, which were 

subsequently exposed to single and co-cultures of the bacteria. The wavelength 

shifts were plotted and compared to note if species identification was possible 

based on the differential wavelength shifts from each sensor. Overall, LPG OFS 

combined with selective polymers may lead to an adaptable, self-contained, 

sensitive, label-free bacteria species identification tool with multiple 

applications in healthcare and research. 
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1.7. Aims 

The aims of this thesis are: 

1. Investigate the effect of EGDPEA:DEGMA polymer coatings on bacterial 

attachment and biofilm formation on endotracheal tube surfaces. 

2. Compare surface properties of device tubes versus cuffs, and uncoated 

versus polymer coated substrates. 

3. Explore Long Period Grating optical fibre sensors as a method of 

detecting bacterial attachment and biofilm formation in real time. 

Incorporate Long Period Grating optical fibre sensors into endotracheal 

tubes for the monitoring of attachment to devices. 

4. Analyse fluorescence data from high throughput polymer microarrays 

to identify materials that selectively or differentially bind Pseudomonas 

aeruginosa, Staphylococcus aureus and Uropathogenic Escherichia coli. 

5. Functionalise Long Period Grating optical fibre sensors with selective 

binding materials to design a tool for bacteria species identification. 

Observe spectral response of each sensor in single and co-cultures of 

each bacteria species. 
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2. Materials and methods 

2.1. Materials 

All monomers used in this project were obtained from Sigma Aldrich UK. All 

solvents were acquired from Fisher Scientific UK. Monomers and solvents were 

used as supplied. 2,2’-Azobis(2-methylpropionitrile) (AIBN, 98%) was obtained 

from Sigma Aldrich UK and purified by recrystallization with methanol. 

Bis[(difluoroboryl)diphenylglyoximato] cobalt(II) (PhCobF) was obtained from 

DuPont and used as received. 2,2’-dimethoxy-2-phenylacetophenone (DMPA, 

99%) was bought from Sigma Aldrich UK and used as received. The binary silane 

primer (MED1-161) was supplied by NuSil Technology LLC UK. 

The endotracheal tubes (ETTs) used in this project were Hi-Contour oral/nasal 

cuffed endotracheal tubes, supplied by MallinckrodtTM (under the CovidienTM 

corporate umbrella). All tubes were adult sized, with an inner diameter of 8 

mm, outer diameter of 10.9 mm and maximum cuff diameter of 30 mm. 

The bacterial strains used were taken from Dr Jean Dubern and Dr Ewan 

Murray’s lab collection (Centre for Biomolecular Sciences, University of 

Nottingham). RPMI-1640 medium (R0883) was obtained from Sigma Aldrich 

UK. Artificial Sputum Medium (ASM) was made up from Dr Freya Harrison’s 

stock solutions (Centre for Biomolecular Sciences, University of Nottingham). 

LPGs were fabricated in photosensitive boron-germanium co-doped optical 

fibres (Fibercore PS750), using custom made amplitude masks made of 

1Cr18Ni9Ti steel alloy. LPGs were inscribed into a 3 cm length of the optical 

fibre using a frequency-quadrupled Nd:YAG laser, emitting at a wavelength of 

266 nm (Continuum minilite I). Insensitive optical fibres were acquired from 

Thorlabs Ltd. (460HP, fibre ID: 10-C0157-20-4H-08). LPG OFS and insensitive 

optical fibres had core dimeters of 5 µm and fibre diameters of 125 µm, with 

the LPG OFS grating period of 109 µm. The HL-2000 halogen light source, HR-

4000 optical spectrometer, SubMiniature version A (SMA) connectors and the 

SpectraSuite software were obtained from Ocean Optics UK. 
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2.2. Polymerisation techniques 

2.2.1. Catalytic chain transfer (CCT) using a cobalt catalyst 

EGDPEA:DEGMA and the three selective binding polymers were synthesised 

using a CCT technique. This was a free radical polymerisation, the speed of 

which was controlled by a cobalt catalyst [188]. Free radical polymerisations, 

without cobalt catalysts, are non-selective, meaning that chain transfer to 

monomers are random, leading to termination of polymer chains at varying 

lengths [189,190]. This results in polymers with increased polydispersities. By 

incorporating a cobalt catalyst into the reaction, the molecular weight of 

polymers can be controlled. Polymers synthesised by CCT have lower 

polydispersities [191]. 

In a CCT polymerisation, initiation requires a radical generation species. In this 

thesis, 2,2’-Azobis(2-methylpropionitrile) (AIBN) was used as the radical 

initiator. The first step in the reaction is generation of the 2-cyano-prop-2-yl 

radical by heating AIBN (Figure 2.1). 

 

 

 

 

Figure 2.1. Heat generated AIBN decomposition, resulting in Nitrogen gas and two 2-
cyano-prop-2-yl radicals. 

 

Once the radical is generated, it reacts with the acrylate/methacrylate 

terminus to generate monomer radicals via terminal carbon-carbon double 

bond breakage. The monomer radicals then undergo propagation, leading to a 

growing polymer chain (Figure 2.2). 
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Figure 2.2. (i) Generation of a radical on an acrylate monomer terminus by the 
activated radical species (Rad), via terminal carbon-carbon double bond breakage. (ii) 
Propagation of the monomer radical, by addition of further acrylate monomers. 

 

In a CCT reaction, the growing polymer chain encounters the cobalt catalyst 

(PhCobF), in the form of a Co(II) species, forming a ‘dead’, or unsaturated, 

transfer chain and a cobalt(III) hydride (Co(III)-H) [192]. The cobalt hydride can 

then go on to react with other unreacted monomers, producing a monomeric 

radical, which can then propagate to form another polymer chain (Figure 2.3).  

 

(i) P• + Co(II)                         P + Co(III)-H 

(ii) Co(III)-H + M                    M• + Co(II) 

 

Figure 2.3. CCT reaction using a cobalt(II) catalyst. (i) The growing polymer chain (P•) 
reacts with the cobalt(II) species, forming a ‘dead’ transfer chain (P) and a cobalt(III) 
hydride. (ii) The cobalt(III) hydride reacts with unreacted monomer (M), forming a 
monomeric radical (M•) and recycles the cobalt(II) catalyst. 

 

(i) 

(ii) 
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The ‘dead’ transfer chain can be thought of as terminated, although it is still 

possible for it to react with the cobalt hydride and continue propagating. 

However, since the monomers are more abundant than polymer chains, the 

cobalt hydride is more likely to react with monomers [192], hence the cobalt 

catalyst prevents the uncontrolled propagation of polymer chains, reducing the 

polydispersity. The general scheme of a CCT reaction is summarised in Figure 

2.4.  

 

 

 

 

  

 

 

 

Figure 2.4. Summary of CCT polymerisation using a cobalt catalyst. The growing 
polymer chain (P•) reacts with the cobalt(II) catalyst, forming a polymer-cobalt(III) 
intermediate (P-Co(III)), which then undergoes hydrogen abstraction, resulting in a 
‘dead’ transfer chain (P) and the cobalt(III) hydride. The cobalt(III) hydride re-initiates 
an unreacted monomer (M), forming a monomer-cobalt(III) intermediate (M-Co(III)). 
The monomer then propagates, via reaction with other monomers, recycling the 
cobalt(II) catalyst for further chain transfer. 

 

CCT reactions allow control of polymer chain length and minimises 

polydispersity [193-197]. This comes at the cost of reaction speed; CCT 

reactions are slow, due to the cobalt radical species favourably ‘activating’ 

unreacted monomer. Nonetheless, control of molecular weights of 

EGDPEA:DEGMA and the selective binding polymers is invaluable, as it reduces 

batch to batch variation in molecular weight, polydispersity and therefore 
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mechanical properties. The CCT polymerisation of EGDPEA and DEGMA is 

summarised in Figure 2.5. 

 

 

 

 

 

 

Figure 2.5. Cobalt mediated CCT polymerisation of EGDPEA and DEGMA. 

 

2.2.2. UV photopolymerisation using DMPA 

To test the selective binding properties of hit materials identified from polymer 

microarray fluorescence data, monomer spots were photopolymerised onto 

silanised glass slides. The photopolymerisation process undergoes the 

initiation-propagation-termination scheme as in free radical polymerisation 

[190]. The initiator used was 2,2’-dimethoxy-2-phenylacetophenone (DMPA), 

which can absorb ultraviolet or visible wavelengths and undergo 

fragmentation, leading to the formation of two radicals [198,199] (Figure 2.6). 

Both fragments can transfer their radical onto the monomers to initiate 

polymerisation (Figure 2.6). Propagation then occurs via acrylate terminal 

double bond scission, adding monomers onto the growing polymer chain 

(Figure 2.6). Termination occurs when two radicals (chain-chain or chain-

initiator) combine, forming a final polymer chain (Figure 2.6). For this project, 

UV light was used to activate DMPA; the main advantage of UV 
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photopolymerisation is the speed of the reaction, with high polymerisation 

rates occurring in seconds or minutes [200].  

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. (i) Initiation of DMPA by UV light. DMPA fragments into benzoyl and acetal 
radicals. (ii) Propagation steps in acrylate photopolymerisation; radical species (Rad) 
reacts with a monomer, creating a monomer radical. Further monomers are then 
added onto the growing polymer chain via the radical terminus. (iii) Termination of 
free radical polymerisation; radical species forms a bond (‘cap’) with polymer chain 
terminus. 

UV 
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2.3. Use of a binary silane adhesion promoter 

A binary silane adhesion promoter (or primer) was used to improve the 

adhesion of EGDPEA:DEGMA and the species-selective polymers to PVC and 

glass substrates. The primer contained two silanes, tetra-n-propyl silicate and 

tetra (2-methoxyethoxy) silane (Figure 2.7).  

(a)                                                                           (b)  

 

 

Figure 2.7. Chemical structures of (a) tetra-n-propyl silicate and (b) tetra (2-
methoxyethoxy) silane. 

 

These compounds have substrate and polymer reactive functionalities, 

allowing improved adhesion between materials [201]. In solution, the 

alkoxysilanes are hydrolysed to form reactive silanols [202]. The formulation 

contained a condensation catalyst, which condenses the silanols together 

[202]. The condensed silanols then hydrogen bond with the substrate, and 

upon drying, form covalent bonds with the substrate (Figure 2.8). The surface 

can be thought of as ‘reactive’ after this step [202]. 

In the case of PVC, the silanols are unlikely to covalently bind to the substrate. 

It is more likely electrostatic interactions, such as hydrogen bonding, that are 

taking place. Nevertheless, the silanols still introduce a reactive layer on PVC 

substrates, allowing improved polymer-substrate adhesion. 
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(i) Hydrolysis: 

Si(OR)4                                       Si(OH)4 

 

(ii) Condensation: 

Si(OH)4 

 

(iii) 

 

 

 

 

 

Figure 2.8. (i) Hydrolysis of silanes, forming reactive silanols. (ii) Condensation of three 
silanols to form a silanol trimer. (iii) Hydrogen bonding of silanols with substrate, 
which form stable covalent bonds after the elimination of water. 

 

The polymer was then deposited onto the reactive substrate. The silanes can 

interact with the polymer via hydrogen bonding, hydrophobic interactions or 

covalent bonding [201,203]. In each case, the silane-polymer interaction is 

more resistant to stress than the substrate-polymer interaction, hence the 

silanes can be thought of as adhesion promoters, improving polymer 

deposition onto substrates [202]. This serves the purpose of preventing 

polymer film delamination, which would render an antibiofouling coating 

ineffective. The binary silane primer used in this thesis was MED1-161 (NuSil 

Technology LLC). 
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2.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-

SIMS) 

ToF-SIMS is a surface sensitive technique used to analyse the chemistry of a 

material’s surface, in vacuo. This is achieved by bombarding the surface with a 

focused, pulsed primary particle beam (Figure 2.9) of high energy (0.1 – 40 keV) 

[204], for a very short time. The ions commonly used in the primary beam are 

liquid metal ion sources (Ga+, Bin+; n = 1-7, CS+), gas ion sources (Ar+, O+) or large 

clusters (C60
+, Ar2000

+) [205]. Bi3+ was the primary ion beam used in this thesis, 

since it offered better secondary ion yield than gallium sources [204]. The 

primary beam can be rastered over the sample surface, allowing the chemical 

profile of whole surfaces to be examined. The primary ions impact the surface, 

dislodging secondary particles from it (single atoms, molecules or ion 

fragments) at a depth of 1 – 2 nm [205,206]. The ejected secondary particles 

may be positively or negatively charged ions or unionised species, the latter of 

which is ejected more abundantly.  

 

 

 

 

 

 

Figure 2.9. Primary ion bombardment of a surface in ToF-SIMS, ejecting secondary 
species. Most ejected particles are unionised or neutral. Charged secondary species 
pass into mass spectrometer for analysis. 

 

Only the ionised secondary particles pass into the mass spectrometer for 

analysis. ToF-SIMS is a destructive process; molecular layers at the material’s 

surface are physically removed. The primary ion dose is kept below 1013 
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ions/cm2 to minimise this [205]. Also, ToF-SIMS needs to be carried out in a 

high vacuum. 

During bombardment, the ionisation of secondary species is strongly 

influenced by the chemical state of the material. Hence, the intensity of 

detected secondary ions, and the ion yield, is influenced by the surrounding 

matrix material, known as the matrix effect [207]. This complicates quantitative 

analysis in static ToF-SIMS and the technique is seen as semi-quantitative. ToF-

SIMS can be operated in positive or negative modes, permitting mass spectra 

of both positive and negative secondary ions to be formed from a single 

sample. 

Once ejected, secondary ions are accelerated over a voltage to impart the same 

kinetic energy to all ions, provided they have the same charge. This is important 

for the time-of-flight detection method employed by ToF-SIMS, which 

separates secondary ions based on the time taken to reach the detector. Since 

kinetic energy is the same, the time of flight of secondary ions depends on their 

velocity, which differs between ions of different mass. Ions with high velocity 

have low mass and short times of flight and vice versa. The time taken for an 

ion to reach the detector can be calculated using equation 2: 

t − t0 = L (
m

2EK
)

1

2
                                                      (2)                    

 

Where t and t0 are the arrival and start times of the ion’s journey respectively, 

L is the flight path length, m is the mass of the ion and Ek is the ion’s kinetic 

energy. The different times of flight allow the generation of a mass spectrum, 

which encompasses all ionised species across the full mass range. A scheme of 

the ToF-SIMS general operation is shown in Figure 2.10. 
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Figure 2.10. Scheme of ToF-SIMS instrumentation and general process of obtaining 
SIMS data. Image adapted from [208] (open access). 

 

An electron flood gun is required when analysing insulating materials, such as 

polymers. Using a positively charged primary ion beam can result in the build-

up of a net positive charge at the sample surface, which can deflect the primary 

ion beam (especially when low energy primary ions are used) away from the 

region of interest. Also, the emission of ions from the surface can be hindered. 

Surface potential variations affect the energy distribution of emitted secondary 

ions, which affects their transmission and detection by the mass spectrometer 

[208]. The electron gun floods the sample surface with low energy electrons to 

neutralise the surface potential, minimising this undesired collection of positive 

charge [208].  

There is also a reflectron, or ion mirror (represented by the parallel lines in 

Figure 2.10), between the transport optics and the detector. It serves the 

function of preventing secondary ions of identical mass and velocity reaching 

the detector at different times [209]. Although considerable efforts (in 

instrument design) are made to maintain the same kinetic energies of 

secondary ions, there may still be slight variations. The reflectron extends the 

distance that higher energy ions have to travel to reach the detector. 

Therefore, ions of equal mass and velocity but slightly different kinetic energies 
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will reach the detector at the same time. They are perceived to have the same 

time of flight. This reduces false readings, caused by secondary ions of the same 

mass and charge giving additional peaks in the mass spectrum. These 

modifications allow the assembly of mass spectra across the full mass range 

using low primary ion doses [204,205,207]. 

ToF-SIMS offers a range of data types for analysis. Aside from mass spectra, the 

detected secondary ion intensities can be used to build a chemical/ion map of 

the rastered surface. This allows visual representation of the intensity of a 

desired ion across the sample; the distribution of atomic/molecular species of 

interest can be assessed. ToF-SIMS can also be used for depth profiling, where 

secondary ions from different depths of a sample are analysed. This is achieved 

by bombarding a point of the sample with a primary ablating beam, followed 

by a primary analysis beam [210]. The ablating beam ‘sheds’ particles from the 

surface. The analysis beam generates secondary ions at the depth created by 

the ablating beam, allowing mass spectra to be gathered for each ‘layer’ of the 

sample surface (depth profile). Furthermore, 3D ion maps can be obtained, 

providing useful visual data about molecular distribution in the x, y and z 

directions. 

The advantages of ToF-SIMS are the multiple types of data that can be 

generated (mass spectra, ion map, 3D profiles) across a large mass range, 

surveying of all secondary ions simultaneously and high sensitivity to ejected 

secondary ions [204-206]. The acquired data is also chemically rich. ToF-SIMS 

analysis can be thought of as retrospective; all ion data (mass and point(s) of 

origin) is recorded, allowing the user to go back and generate spectra/maps of 

ions not previously investigated. The disadvantages are the destructive nature 

of the primary ion beam, the lack of quantitative data and the potential of 

unwanted charge collection on sample surfaces (although the electron flood 

gun generally abates this) [208]. 

In this thesis, ToF-SIMS was used to compare the chemical profiles of ETT tubes 

and cuffs, as well as uncoated and polymer coated surfaces. Ion maps (and ion 
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intensity data) were generated to compare spatial distribution of desired 

molecules between samples, in an attempt to relate chemical profiles of 

surfaces to bacterial attachment. The instrument used was a ToF-SIMS IV (ION 

TOF GmbH) and data was processed in the SurfaceLab 6 software. 
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2.5. 3D optical profiling 

3D optical profiling is an optical microscopic technique used to analyse the 

topography of surfaces. Also known as interference microscopy, this system is 

commonly used to measure height variations at a sample’s surface, allowing 

roughness measurements to be made. This is achieved by using the wave 

properties of light (constructive and destructive interference) to compare the 

optical path difference between the sample surface and a reference surface 

[211], which is a flat mirror. Within the instrument lies a beam splitter, which 

reflects half the light from the sample and the other half from the reference 

mirror (Figure 2.11). The distance from the beam splitter to the reference 

mirror is the same as the distance from the beam splitter to the focal plane(s) 

of the sample. When the split light from both sources is recombined, 

constructive and destructive interference occurs, depending on whether the 

split beams are in phase or out of phase. As the reference mirror is perfectly 

flat, the differences in optical paths between the split beams is due to height 

variances at the sample surface. Hence, the ‘degree’ of destructive interference 

is representative of height differences between the sample and the reference 

mirror. The combined beam reaches a digital camera, which portrays 

constructive interference as lighter areas and destructive interference as 

darker areas in the interference image (interferogram, Figure 2.11).  

 

 

  

 

 

 

Figure 2.11. Workings of an optical profilometer. The beam splitter splits the light 
beam between the reference mirror and sample (red arrows), which recombine and 
constrictively/destructively interfere (blue and orange arrows), resulting in an 
interferogram. This can then be constructed into a 3D image of the surface. Image 
adapted from [212]. 
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In the interference image, each transition, from light to dark, represents a 

height difference in the sample of half the wavelength (of input light – usually 

pre-selected). The interferogram can be used to generate a 3D image of the 

surface. Prior to image acquisition, the user selects the upper and lower z 

values (axial focal range of the sample surface), and the number of z-stacks 

within this axial range. An interferogram is generated for the entire z range and 

used to construct a 3D image. Therefore, it is possible to visualise and quantify 

height differences at the focal plane(s) of the sample surface and calculate 

mean surface roughness. Roughness is defined as the height difference at a 

given x,y point. The mean roughness is the height variation across the entire 

image. The 3D image can also be used to produce a 2D composite image, should 

the user require it. The resolution of the interference microscope depends on 

the objective used; the x,y resolution can get down to 60 nm, with a z resolution 

of 10 nm [213], although sub-nanometer resolution has been reported 

[211,214]. The optical profiler can also be used as a simple optical microscope, 

which has a spatial resolution in the sub-micron range [213]. 

The key advantages of optical profiling are that it is non-contact, so the sample 

is not damaged. Also, 3D measurements and images can be obtained, the 

resolution is high and data acquisition is not affected by the environmental 

conditions, hence samples do not require pre-treatment. Imaging can also be 

done quickly. However, samples with extremely high or low reflectivity can be 

challenging to image, as are samples with topographical variations in the tens 

or hundreds of microns [211,213,214]. 

In this thesis, a Zeta-20 optical profiler (Zeta Instruments) and associated 

Zeta3D software were used to image ETT tube and cuff surfaces, to obtain both 

3D and 2D images. The mean roughness of all samples was calculated, allowing 

roughness comparison between device tubes and cuffs; and between uncoated 

and polymer coated surfaces. ToF-SIMS and optical profile data were used to 

relate chemical and physical surface properties respectively to bacterial 

adhesion. 
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2.6. Confocal laser scanning microscopy (CLSM) 

In this thesis, CLSM, or simply ‘confocal microscopy’, was used to image 

fluorescent biofilms grown on sample surfaces. Fluorescence refers to the 

phenomenon undergone by some molecules, which absorb a certain 

wavelength of light and enter an ‘excited’ state. In returning to the ‘unexcited’ 

or ‘ground’ state, they emit light of lower energy (longer wavelength, Figure 

2.12). In CLSM, only light emitted from the fluorescent object is detected, thus 

can be differentiated from its surroundings, allowing an image to be created 

from the emitted fluorescence [215].  

 

 

 

 

 

 

 

 

Figure 2.12. The principle of fluorescence. Light of high energy (e.g. blue) is absorbed, 
causing the molecule to enter an excited state. Some energy is lost internally (within 
the excited states), represented by the red arrow. On returning to the ground state, 
light of lower energy (e.g. green) is emitted. 

 

In a confocal laser scanning microscope, the excitation light source is a laser, 

which is focused onto a dichromatic mirror. The dichromatic mirror reflects the 

laser light onto the focal plane(s) of the sample via the objective. Fluorophores 

within the sample then undergo fluorescence (Figure 2.12), emitting lower 

energy light, which passes through the dichromatic mirror, with a band-pass 

filter, onto the detector (often a photomultiplier detector) [216]. In a confocal 
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microscope, a screen with a small pinhole aperture is located between the 

objective lens and the detector. This pinhole only allows emitted light from the 

focal point of the objective to pass through to the detector (Figure 2.13 [217]). 

This removes out-of-focus rays and the subsequent haze often seen in 

widefield microscope images, which employ much wider detector apertures 

(allowing emitted light from all planes to reach the detector). Widefield 

microscopy therefore requires bright illumination sources, to differentiate 

between focal and non-focal emitted rays, whereas CLSM only requires a 

focused laser. The pinhole is conjugate to the focal point of the lens, hence the 

term ‘confocal’ microscopy. 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. CLSM principle. Laser light is focused onto the sample, which emits light 
of lower energy (fluorescence). Emitted light from the focal plane(s) pass through the 
detector pinhole aperture onto the photomultiplier detector, whilst out-of-focus light 
rays do not pass through the detector pinhole. Image adapted from [217]. 

 

Due to the focused excitation light source, only small areas of the sample can 

be imaged at once. However, it is possible to image across the x,y plane of the 

sample by programming the sample stage to move, allowing the laser to scan 

the sample in a raster pattern. This allows collection of 2D images at multiple 

areas of the sample. The x,y (spatial) resolution of confocal microscopes is 
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dependent on the numerical aperture (NA) of the lens used and the detector 

pinhole size and can be as high as 0.2 µm [215,218].  

CLSM can also be used for 3D imaging of samples. Since the focal plane covers 

an axial range (in the z direction), it is possible to obtain multiple 2D z-stack 

images within this axial range. The laser ‘illuminates’ the range of z-stacks (or 

slices), each of which fluoresces, is imaged and then combined to generate a 

3D fluorescence image. The field of depth (z focal range) is dependent on the 

numerical aperture and the magnification [219]. The axial resolution (slice 

thickness), as with the spatial resolution, depends on numerical aperture and 

pinhole size. Axial resolution is not as high as spatial resolution, but 0.5 µm is 

achievable [218-220]. 

The key advantages of confocal microscopy (over widefield techniques) are the 

ability to control depth of field, elimination of background fluorescence from 

outside the focal plane and the ability to collect optical sections from thick 

samples [217,220]. A major advantage of fluorescence microscopy in general is 

the ability to image multiple biological components in the same environment. 

This is achieved by labelling each component with a different fluorophore and 

setting the laser to produce different excitation wavelengths. The main 

limitation of CLSM is speed; a focused laser beam only excites a small spatial 

area, so performing a raster scan or z-stack can take several minutes. 

The ability to control the depth of z slices, image in 3D and the higher resolution 

(compared to widefield microscopy) means that CLSM is widely used for 

imaging biological samples. Biofilms are commonly imaged using CLSM, since 

biofilms and/or individual whole cells can be examined in 2D and 3D, with high 

resolution.  

In order to obtain a CLSM image, the sample needs to be tagged with a 

fluorescent moiety. In the case of bacteria, they can either by dyed or 

transformed with a plasmid coding for a fluorescent protein. In this project, 

three pathogenic bacteria were investigated. Each were tagged with a different 
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fluorophore. Details of the plasmids, fluorophores, excitation and emission 

wavelengths are summarised in Table 2.1. 

Bacteria strain Plasmid details Fluorophore/
dye 

Excitation 
wavelength 

Emission 
wavelength 

P. aeruginosa 
(PA01-N) 
 
 
 
 
S. aureus 
(SH1000) 
 
 
Uropathogenic 
E. coli 
(UPEC-GFP) 

Nottingham 
strain with 
pME6032lacl:: 
mCherry plasmid 
[221] 
 
Wild type with 
PBS10 mKat 
plasmid 
 
Clinical isolate 
with 536 GFP 
plasmid 

mCherry 
 
 
 
 
 
SYTO64 
 
 
 
Green 
Fluorescent 
Protein (GFP) 

587 nm 
 
 
 
 
 
599 nm 
 
 
 
395 nm 
(major) and 
475 (minor) 
 

610 nm 
 
 
 
 
 
619 nm 
 
 
 
509 nm 
 
 

 

Table 2.1. Details of plasmids, fluorophores/dyes, excitation wavelengths and 
emission wavelengths for the bacterial strains used in this thesis [222-224]. 
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2.7. Quantification of biomass and mean biofilm thickness using 

COMSTAT 

CLSM allows excellent visual representation of biofilms and provides 

qualitative information on bacterial colonisation of a surface, but the ability to 

quantify biofilm parameters would prove invaluable in analysing biofilm 

formation on ETT surfaces over time. In this project, biofilms were quantified 

from their CLSM images using the ImageJ plugin, COMSTAT. 

COMSTAT works by analysing each image pixel (for 2D images) or pixels in each 

z-stack (for 3D images), and assigning them an ‘ON’ (one) or ‘OFF’ (zero) status. 

‘ON’ pixels are those which have high enough fluorescence to represent 

biofilm, whereas ‘OFF’ pixels do not fluoresce enough to be counted as biofilm. 

In order to decide the ‘ON’ or ‘OFF’ status, a user defined threshold value was 

assigned to the whole image. To determine this value, the threshold was 

initially set low, then gradually increased until the user was confident that only 

fluorescence arising from biofilm remained. This allowed removal of single 

pixels of low brightness, usually on the periphery of the image. Once set, the 

same threshold value was used for all proceeding images. Though highly 

subjective, applying the same method to all acquired images meant that false 

positive or negative selections were the same for all images. COMSTAT then 

allocated an ‘ON’ status to pixels that had values equal to or above the 

threshold and an ‘OFF’ status to pixels that had values below the threshold. The 

‘ON’ pixels were then used to quantify the selected biofilm parameters.  

COMSTAT was used in an attempt to quantify ten different parameters of 

Pseudomonas spp. biofilms by Heydorn et al. [225]. The authors concluded that 

COMSTAT could be used to quantify these ten biofilm parameters and 

successfully compare differences in biofilm formation between the 

Pseudomonas spp. In this thesis, two specific biofilm features were quantified 

from CLSM images [225]. Since z-stack images were generated, these 

parameters best permitted the volume of biofilms to be assessed in 3D. 
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(1) Biomass - defined as the number of ‘ON’ pixels in all images of a stack 

multiplied by the voxel size [(pixel size)x * (pixel size)y * (pixel size)z] 

and divided by the substratum area of the image stack. The resulting 

value was biomass volume divided by substratum area (µm3/µm2). Can 

also be referred to as bio-volume.  

 

(2) Average biofilm thickness - this function located the highest point (µm) 

above each (x,y) pixel in the lowest z-stack containing biomass. Hence, 

thickness is defined as the maximum thickness over a given location, 

ignoring pores and voids inside the biofilm. The thicknesses above each 

pixel were averaged to calculate mean biofilm thickness (µm). 

COMSTAT was used to quantify biofilms of two different bacteria species in a 

co-culture. This was achieved by setting thresholds for each mode of 

fluorescence (different channels in the confocal microscope) and quantifying 

each channel in COMSTAT. This was done simultaneously, by setting up 

COMSTAT to quantify each channel, using their respective thresholds. The 

version of COMSTAT used was COMSTAT v. 2.1, downloaded from comstat.dk. 
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2.8. Long Period Grating optical fibre sensors (LPG OFS) for the 

real time detection of bacterial attachment 

2.8.1. LPG OFS experimental set up 

LPG OFS were used to detect bacterial attachment and monitor biofilm 

formation in real time. LPGs are created by inscribing periodic modulations of 

refractive index into the core of silica optical fibres, causing the core mode of 

input light to couple into certain cladding modes [159]. This coupling results in 

the formation of attenuation bands in the output optical spectrum, with each 

band representing coupling to a different cladding mode at a certain 

wavelength [160,161]. Changing the refractive index of the surrounding 

medium results in a change in the optical properties of the cladding, causing a 

shift in the wavelength(s) coupling into cladding modes (equation 1). The shift 

in coupling wavelength could be measured in the associated software, hence 

the LPG OFS was used as a sensor. 

The general set up of the sensor apparatus is shown in Figure 2.14. Light from 

the HL-2000 halogen light source was directed through the LPG OFS, which 

passed through the grating to the HR-4000 optical spectrometer. The 

spectrometer works by splitting light into its spectral components and 

measuring the signal as a function of wavelength [226]. The light enters the 

spectrometer through the LPG OFS, where it is focused onto a diffraction 

grating by a concave mirror. This diffraction grating disperses the spectral 

components (different wavelengths) of light at different angles. This is then 

focused by a second concave mirror onto a charge-coupled device (CCD) 

detector, which is able to convert photons to an electronic signal (Figure 2.14). 

The electric charge generated is proportional to the intensity of each 

wavelength of light illuminating the CCD pixels. The software plots the signal as 

a function of wavelength over a given range, since the light is linearly dispersed 

across the wavelength range by the diffraction grating [226,227]. Therefore the 

optical spectrum is a plot of wavelength (x) versus intensity (y) (Figure 2.14). 

The wavelength(s) of light coupling from core to cladding modes have lower 
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intensity, resulting in lower charge at the detector and attenuations at those 

wavelength(s) in the optical spectrum. 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. (a) Set up of LPG OFS apparatus for spectra collection. (b) Principle of 
optical spectrometers; the first mirror focuses light onto the grating, which separates 
light into its spectral components. A second mirror then focuses each wavelength onto 
the detector. (c) An example of an optical spectrum displayed in the SpectraSuite 
software; x = wavelength (nm) and y = intensity (counts). LPG grating period = 109 µm, 
in water. Two attenuation bands are present, labelled ‘1’ and ‘2’. 
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The sensitive region of the OFS was a 3 cm length of fibre, where the protective 

jacket was removed and a grating inscribed into the core using a UV laser. This 

section was placed in the desired environment for sensing. In this project, the 

LPG was placed into a specially designed polytetrafluoroethylene (PTFE) well (7 

x 1.9 x 1 cm, with a 4 cm long channel for the sensitive region of the OFS) for 

monitoring of biofilm formation; the bacteria culture medium was added into 

the channel and transmission spectra were collected to monitor changes in 

refractive index near to the sensor, caused by biofilm progression. In a separate 

experiment, to monitor biofilm growth on ETT surfaces, the sensitive region 

was fixed into the lumen of an ETT and onto a section of cuff. For the selective 

binding experiments, three LPG OFS (each coated with a different polymer) 

were fixed into the bottom of a petri dish, allowing for simultaneous spectra 

collection in a bacteria culture medium. 

 

2.8.2. Processing optical spectra and wavelength shift calculations 

The SpectraSuite software displays optical spectra as a wavelength versus 

intensity plot (Figure 2.14). This plot allows the intensity of output light to be 

established at wavelengths across the optical spectrum. However, it is difficult 

to measure transmission loss from this plot, since the intensity differs at 

different wavelengths. It was also difficult to accurately determine the 

wavelength(s) of attenuation bands.  

Therefore, the output spectra were processed, to show wavelength versus 

transmission percentage. This allowed the transmission loss to be quantified, 

allowing attenuation (core-cladding mode coupling) efficiency to be observed. 

In the processed spectra, areas where core-cladding mode coupling did not 

occur (therefore there was no attenuation band) were displayed at 100% 

transmission. Attenuation band(s) were represented by ‘peaks’ (losses of 

transmission, or transmission troughs) at each coupling wavelength. The 

processed spectra also allowed the wavelengths of attenuations, and 

subsequently the wavelength shift, to be ascertained. 
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Processing of optical spectra was performed in OriginPro 8.6 (OriginLab®). 

Firstly, a baseline was created along the entire spectrum. The baseline was 

overlaid onto the spectrum, except the attenuations were omitted. The 

spectrum was then divided by the baseline, resulting in the aforementioned 

wavelength versus transmission plot. Within OriginPro, the “peak finder” 

function was used to find the x values (wavelengths), at which the minimum y 

values (transmission) of the attenuation bands were located. This was done on 

all collected spectra and wavelength shift calculated using equation 3. 

 Δλ = λt/c – λ0  (3) 

Where Δλ is the wavelength shift, λt/c is the wavelength of the attenuation band 

at time t or concentration c and λ0 is the wavelength of the attenuation band 

at time/concentration 0. Wavelength shift was then plotted as a function of 

time (of bacterial culture media immersion) or concentration (of calibrating 

solutions). 

Figure 2.15 demonstrates a pre- and post-processed optical spectra. The full 

process of spectra processing is presented in Appendix A.  
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Figure 2.15. (a) Optical spectra before processing; attenuation bands (peaks) are 
labelled ‘1’ and ‘2’. (b) Same spectra after processing. Note the change in the y-axis 
from intensity to transmission. The baseline is at 100% transmission and the same 
attenuations (1 and 2) are represented as transmission losses. 
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3. Development of an endotracheal tube coating resistant 

to bacterial biofilm formation 

3.1. Introduction 

Biofilm formation on ETT surfaces can result in the development of VAP in 

intubated patients [1], which can be fatal in up to 50% of cases [2]. Due to the 

rise of antimicrobial resistance, these infections are increasingly difficult to 

treat [49,50]; hence, emphasis lies on infection prevention. Modifying ETT 

surfaces to resist bacterial attachment may reduce biofilm formation and 

prevent VAP, reducing the need for antibiotic therapy and lowering mortality 

among ventilated patients. 

Silver hydrogel coatings and polyurethane cuffs are such ETT surface 

modifications that are currently available [12,111]. Although both have been 

shown to reduce VAP rates (by 36% and 45% respectively), the clinical evidence 

is thus far limited [105,111].  Furthermore, these modified devices have not 

been shown to reduce intubation time, ICU stay or mortality 

[106,107,111,112]. The silver hydrogel coated ETT is also significantly more 

expensive than the equivalent PVC device. Antibiotic-impregnated devices 

[113], poly (ethylene glycol) (PEG) coatings [127] and zwitterionic coatings 

[122] have also been researched. However, these approaches are hampered by 

the lack of clinical evidence, interaction with mucus/proteins and potential 

safety concerns. 

This chapter explored the efficacy of a novel polymer, ethylene glycol 

dicyclopentenyl ether acrylate (EGDPEA) as a bacteria-resistant coating for 

ETTs. EGDPEA belongs to a group of anti-biofilm polymers, characterised as 

having rigid hydrophobic side groups [186]. It was discovered by Hook et al. 

using a high throughput polymer microarray screening process [141]. It was 

shown to reduce bacterial adhesion to silicone catheters, both in vitro (by 

96.7%) and in vivo (99.5% reduction in bacteria bioluminescence). It has also 

passed industry safety and toxicity tests and has been licensed to coat urinary 
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catheters for human use. The ductility of EGDPEA coatings was improved by co-

polymerising it with di (ethylene glycol) methyl ether methacrylate (DEGMA) 

[186], in a 75:25 molar ratio.  

The effect of a binary silane primer on the coating’s adhesion and bacteria-

resistant properties was also investigated. The primer consisted of two silanes, 

tetra-n-propyl silicate and tetra (2-methoxyethoxy) silane and has been used 

to improve the adhesion of polymers to a range of substrates, such as silica, 

plastics and ceramics [201]. Silane primers have previously been shown to 

improve the adhesion of EGDPEA:DEGMA to polydimethylsiloxane (PDMS) 

substrates [228]. Applying the primer to ETT surfaces before EGDPEA:DEGMA 

coating may improve the adhesion of the polymer, which could enhance the 

bacteria-resistant properties of the surface. In this study, polymer adhesion, 

coating thickness and anti-attachment activity with and without primer 

treatment was examined.  

RPMI-1640 was the minimal medium used for biofilm assays. It contained the 

minimal necessities for cell growth and therefore accelerated biofilm formation 

[229]. Bacterial attachment in Artificial Sputum Medium (ASM) was also 

investigated. ASM contained all the amino acids and several salts and was 

intended to imitate human bronchial and lung secretions. It has been used in 

biofilm assays to model lung infections, such as in cystic fibrosis investigations 

[230], since sputum from live volunteers can have variations in sugar and 

protein content [231]. Bacterial attachment in ASM with and without glucose 

was investigated, on uncoated and coated ETT surfaces. 
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3.2. Aims 

The aims of this experimental chapter were: 

1. Synthesise EGDPEA:DEGMA and ascertain polydispersity and monomer 

conversion. 

2. Coat ETT main bodies and cuffs in EGDPEA:DEGMA and investigate the 

attachment of Pseudomonas aeruginosa to uncoated and coated 

substrates, in RPMI-1640 and ASM. 

3. Explore the usefulness of a binary silane primer as an adhesion 

promoter for EDGPEA:DEGMA coatings. 

4. Compare surface chemical and physical profiles of device tubes and 

cuffs, and uncoated and coated surfaces, using ToF-SIMS and optical 

profiling respectively. 
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3.3. Experimental 

3.3.1. Synthesis of EGDPEA:DEGMA 

240 mg AIBN, 100 mg PhCobF, 75.2 mL EGDPEA, 20.8 mL DEGMA and 200 mL 

toluene were combined and degassed with argon for 30 minutes, before 

heating at 80°C for 24 hours with stirring. Argon gas was flushed into the 

headspace of the reaction vessel throughout, to prevent early termination by 

oxygen. The polymer was then precipitated twice, by adding dropwise to cold 

hexane. Excess hexane was decanted and the remainder removed by vacuum 

drying the polymer at 0.11 Torr for 4 hours.  

An aliquot of the final polymer product was analysed by gel permeation 

chromatography (GPC), using a PL-GPC 50 plus instrument (Agilent-Varian Inc., 

USA). The column used was a Polymer Labs PLgel guard column (50 x 7.5 mm, 

8 µm), followed by a pair of PLgel Mixed-D columns (300 x 7.5 mm, 8 µm). 

Polystyrene (PS) was the standard used, with chloroform as the eluent. GPC 

allowed the polydispersity and molecular weight of the polymer to be assessed. 

1H nuclear magnetic resonance (NMR) spectroscopy was also performed on 

EGDPEA and DEGMA monomers, the polymer crude mix and the purified 

polymer, in deuterated chloroform, using a Bruker AV400 spectrometer, 

operating at a frequency of 400.3 MHz. The 1H NMR spectra allowed monomer 

conversion and feed ratio to be established. 

 

3.3.2. Dip coating 

1 cm2 sections of ETT tube and cuff were cut, cleaned by immersing in acetone 

and left to dry. A 30% w/v polymer solution was made by dissolving 7.5 g 

polymer in 25 mL dichloromethane (DCM). ETT sections were dipped into the 

polymer solution using a Holmarc HO-TH-01 dip coating unit (India); the 

mechanical arm of the unit was set to withdraw samples from the polymer 

solution at 1 mm/s. Coated samples were dried under ambient conditions for 

24 hours, then under vacuum (0.11 Torr) for a further 24 hours. When using 
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the binary silane primer (MED1-161), samples were dip coated into the primer 

and withdrawn at 2 mm/s. They were left to dry under ambient conditions for 

30 minutes before being dipped into the polymer solution. Four different ETT 

modifications were investigated; uncoated (U), polymer coated (C), primed and 

coated (PC) and primed only (P).  

To calculate coating thickness, samples were weighed before and after coating 

(Mettler-Toledo AB265-S/FACT weighing balance, Switzerland). Since the 

density of EGDPEA:DEGMA was measured to be 1.61 g/mL (by weighing 1 mL 

of the polymer) and the x,y dimensions of the ETT sections were 1cm2, the 

volume of the coating, and subsequently the coating thickness, was calculated 

using equation 4.  

 t = m/(2ρ) (4) 

Where t is the coating thickness (in cm), m is the average weight gain per 

sample (in g) and ρ is the measured polymer density (in g/cm3 or g/mL). 

 

3.3.3. Revolution-to-delamination (RTD) assay 

The RTD assay was used to assess the stability (or resistance to stress) of the 

interface between EGDPEA:DEGMA and PVC ETTs. The RTD of the polymer 

coating alone was compared to the binary silane primer plus the polymer 

coating, to assess the utility of the primer. The RTD test subjects samples to a 

rolling compression, which puts interfacial stresses upon the interfaces [228]. 

The output revolution-to-delamination (RTD) value can be compared to 

interfacial stability. For ETT tubes, an entire circular cross section was used for 

the test. Samples were dip coated in polymer, or in primer followed by polymer 

(section 3.3.2). Coated and dried samples were placed between two glass slides 

and a 1 kg weight placed on top. The bottom slide was fixed and the top slide 

was moved back and forth, causing the sample to roll between the two slides. 

For device tubes, the sample was rolled until a full revolution was completed, 
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then the direction of rolling was reversed. This process was continued until 

polymer delamination was observed or 1000 rotations was completed. 

 

3.3.4. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 

Samples were loaded into the vacuum chamber of the ToF-SIMS IV (ION TOF 

GmbH) instrument. A primary Bi3+ ion beam, at 25 keV and 0.3 pA, was 

randomly rastered over a 500 µm x 500 µm area patch of the sample surface. 

The raster size was 256 x 256 pixels, with 1 shot/pixel acquired. 20 scans were 

performed on each sample. The primary ion dose was kept below 1 x 1012 

ions/cm2, maintaining static SIMS conditions. A charge compensation device 

was employed, so to reduce the build-up of positive charge (originating from 

the primary ion beam) at the sample surface [208]. Both positive and negative 

ions were collected for analysis. Secondary ion masses were determined by the 

high resolution ToF analyser. 

Secondary ion data were analysed in the SurfaceLab 6 software (ION TOF 

GmbH). Ion intensities were normalised to the total ion count and ion intensity 

‘maps’ (chemical images) generated, allowing visualisation of the intensity of 

ions associated with the acrylate from EGDPEA (C3H3O2
-, m/z = 71.01) [232], 

the methacrylate from DEGMA (C4H5O2
-, m/z = 85.03) [233], silanes from the 

primer (SiO4
4-, m/z = 22.99) [234] and the phthalate originating from the 

diethylhexyl phthalate (DEHP) plasticiser (C8H4O4
2-, m/z = 82.01) [235]. On the 

whole ion chemical images, three 70.3 µm2 regions of interest (ROIs) were 

randomly selected and a mass spectrum collected for each ROI. These mass 

spectra were used to calculate the average ion intensity for the desired 

secondary ions, after calibration using the C- ion (m/z = 12.01). 
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3.3.5. 3D optical profiling 

Samples were placed onto the stage of the instrument (Zeta-20 Optical 

Profiler). The upper and lower z limits of the surface were set by finding the 

axial focal range (i.e. the z range within which the sample was in focus). 400 

steps (z slices) were profiled within the axial range of each sample. The spatial 

field of view was set at 1169 µm x 876 µm, using a 20x objective (NA = 0.45). 

3D images and the associated 2D reconstructions were obtained, with the 

latter used to quantify mean square roughness. This was achieved by selecting 

three random 250 µm2 areas of the 2D image. The Zeta3D software quantified 

surface roughness by recording height differences within the axial range (inside 

a 250 µm2 area), based on the light and dark contrasts in the interferogram 

[211]. These height differences were used to calculate an average height 

difference between the sample and the reference mirror (Figure 2.11). The 

resulting datum was the mean square roughness of one 250 µm2 area. This was 

done on all three selected squares, to ascertain the average roughness across 

the random areas of the sample surface. Optical profiles were acquired and 

mean square roughness quantified for U, C, PC and P tubes and cuffs.  

 

3.3.6. Biofilm assays 

The Pseudomonas aeruginosa strain (PA01-N) was streaked onto a pre-

prepared LB (Luria-Bertani) agar plate and left to grow at 37°C for 24 hours, 

after which a single colony was taken using a sterile plastic loop and added to 

a 50 mL centrifuge tube (Falcon) containing 5 mL RPMI-1640 medium. This 

centrifuge tube was incubated at 37°C overnight, with shaking (200 rpm). The 

optical density at 600 nm (OD600) was measured for the overnight culture and 

diluted with more RPMI-1640 to achieve a final OD600 of 0.05. ETT samples (U, 

C, PC and P) were placed into single well chamber slides (Nunc® Lab-Tek® II, 

Sigma Aldrich UK) and the bacteria culture medium added. The lids were placed 

onto chamber slides and samples incubated at 37°C, with 60 rpm shaking, for 

24 hours. Samples then underwent three 10 minute wash cycles; twice with 
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phosphate-buffered saline (PBS, pH = 7.4) and once with deionised water, to 

remove any unattached cells.  

Two types of Artificial Sputum Medium (ASM) were investigated; ASM 

containing glucose (ASM G) and without glucose (ASM N). The method of 

producing ASM was adapted from Palmer et al. [236] and is presented in 

Appendix B. The biofilm assay in both ASM types followed the same directive 

as in RPMI-1640, except the RPMI-1640 was substituted with the desired ASM 

for the overnight and diluted cultures. The wash cycles were also done twice 

with PBS (pH = 7.4) and once with water, as with RPMI-1640. 

The fate of any biofilms beyond 24 hours was also investigated, with biofilms 

allowed to grow until the 72 hour time point, in all three media, on all modified 

surfaces. CLSM images were acquired at 48 and 72 hours (after three wash 

cycles) and biomass/mean thickness quantified using COMSTAT. 

 

3.3.7. CLSM of biofilms grown on ETT tubes and cuffs 

Biofilms were imaged using a Zeiss LSM 700 confocal microscope (Carl Zeiss, 

Germany). Washed samples were placed under a 10x objective (NA = 0.3) and 

the wavelength of the Ar/Kr laser set at 555 nm, to excite mCherry (excitation 

= 587 nm and emission = 610 nm) [222]. The power of the laser was set at 1.5 

mW and the detector gain was kept between 800 and 900. Z-stack images were 

taken for each sample; the upper and lower slices were set by cycling through 

the axial range, in both directions, until no fluorescence was observed (or the 

image was out of focus). The slice at which no fluorescence was seen was set 

as the upper/lower stack. An average of 40 z slices were taken for each image, 

with an average step height of 6.10 µm. The detector pinhole was optimised to 

1 AU, which gave a pinhole size of 34.1 µm. Images were acquired and 

processed in the ZEN 2009 software. 2D and 3D images were taken, for display 

and biomass/thickness quantification respectively.  
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3.3.8. Quantification of biomass and mean biofilm thickness using COMSTAT 

All CLSM images were imported into the ImageJ plugin, COMSTAT, for 

quantification of biomass and mean biofilm thickness. A user-defined threshold 

was established for the first image in the queue, by setting the threshold to its 

minimum and increasing it until only fluorescence associated with biomass was 

observed (i.e. bright pixels clustered together). The threshold value was kept 

the same for the remaining images in the queue. This ensured that any 

background fluorescence or low brightness pixels associated with noise were 

minimised and any background contributions were the same for all images. The 

threshold was inputted into the COMSTAT menu and biomass and average 

thickness selected for quantification. The resulting data was copied into 

Microsoft Excel 2013 for analysis and presentation. 
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3.4. Results 

3.4.1. GPC and 1H NMR analysis of EGDPEA:DEGMA 

GPC was used to quantify the molecular weight and the polydispersity index of 

the EGDPEA:DEGMA polymer. Proton nuclear magnetic resonance (1H NMR) 

spectroscopy was used to calculate the conversion of monomers to polymer, 

as well as the feed monomer ratio. Table 3.1 summarises the data from both 

techniques, as well as the yield by weight (measured using a Mettler-Toledo 

AB265-S/FACT weighing balance, Switzerland). 1H NMR spectra are presented 

in Appendix C. 

Yield by weight 58% 

Molecular weight (g/mol ± % 0.95 CI) 1.841 x 104 (± 6.2335%) 

Polydispersity index (± % 0.95 CI) 1.637 (± 8.815%) 

EGDPEA conversion 

DEGMA conversion 

Feed monomer ratio 

57% 

>99% 

1.3:1 

 
Table 3.1. Yield by weight, molecular weight (from GPC), polydispersity index (from 
GPC), monomer conversion (from 1H NMR) and feed monomer ratio (from 1H NMR) 
for synthesised EGDPEA:DEGMA. CI = confidence interval. 

 

3.4.2. Coating thickness on ETT tubes and cuffs 

After dip coating and drying ETT sections, a visible ‘sheen’ was seen on C 

substrates (Figure 3.1) and a translucent silane layer was seen on the P 

samples. The weight difference per ETT sample before and after polymer 

coating was calculated, and the density of the polymer was measured, by 

weighing 1 mL of EGDPEA:DEGMA. The weight gained and density were used 

to calculate polymer coating volume, which was subsequently used to estimate 

coating thickness, since the x,y dimensions of the ETT samples were known (1 

cm2). Equation 4 was used to calculate coating thickness. 
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Figure 3.1. 1 cm2 sections of ETT tubes and cuffs, with the four surface modifications. 
U = uncoated, C = EGDPEA:DEGMA coating, P = silane primer only, P+C = silane primer 
plus EGDPEA:DEGMA coating. A visible sheen is seen on polymer coated substrates 
and a translucent white layer seen on the primed only samples. 

 

The sheen was visible on both C and PC samples, such that they were visually 

indistinguishable from each other. The polymer coating thicknesses were 

calculated using the density of EGDPEA:DEGMA, which was measured to be 

1.61 g/mL. 

Since the sensitivity of the weighing scales was insufficient to accurately 

determine weight gain per sample, ten tube sections and ten cuff sections were 

weighed together and the average weight gain per tube/cuff calculated. The 

volume of the coating and therefore the average coating thickness was 

established using equation 4 (n = 3; 3 repeats of 10 samples, total 30 samples). 

The average weight gain and calculated coating thicknesses are shown in Table 

3.2, for C and PC tubes and cuffs. 

 

 

 

Tube 

Tube 

Tube 

Tube 

Cuff 

Cuff 

Cuff 

Cuff 
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ETT 
section 

Surface 
modification 

Average weight gain 
(mg) (± SD, n = 10) 

Average coating 
thickness (nm)       

(± SD, n = 3) 

 
Tube 

 
Coated 

 

 
0.180 ± 0.010 

 
559 ± 32 

 
 
 
 
 

Primed and coated 0.202 ± 0.007 627 ± 22 

Cuff Coated 
 

0.157 ± 0.008 487 ± 25 

 Primed and coated 0.177 ± 0.009 549 ± 29 

 

Table 3.2. Average weight gain and coating thickness of EGDPEA:DEGMA coatings on 
ETT sections. Polymer coated (C) and silane primed plus polymer coated (PC) samples 
are displayed. Weight gain per sample was the average of ten samples weighed 
together. The coating thickness was the average of three repeats of ten samples (total 
30 individual samples). 

 

The coating thickness varied between 480 and 630 nm for all samples. The 

thickest coating of 627 ± 22 nm was on PC tubes, which was higher than without 

the primer. This was also the case on cuffs. Furthermore, the coating thickness 

on ETT tubes was higher than on cuffs, for C and for PC surfaces. Samples which 

were primed only did not gain any weight, although a silane layer was seen on 

sample surfaces. 

 

3.4.3. Revolution-to-delamination (RTD) assay 

The RTD test was performed to establish the resistance to stress of the 

polymer-PVC (or polymer-primer) interface. Delamination was confirmed 

when any polymer residue was observed on the bottom glass slide, which was 

examined after each revolution. There was a significant increase (no error bar 

overlap) in RTD on PC ETT tubes than on C ETT tubes (mean 505 versus 11), 

highlighting the adhesion promoting effects of the binary silane primer (Figure 

3.2). 
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Figure 3.2. RTD observed for ETT cross sections dip coated in EGDPEA:DEGMA polymer 
only, and silane primer with the EGDPEA:DEGMA coating. Error bars are ± SD, n = 3. 

 

3.4.4. ToF-SIMS of ETT sections 

The surface chemistry of the four different surfaces were assessed by ToF-

SIMS. Ion intensity maps were generated for four secondary ions of interest; 

the acrylate anion (C3H3O2
-), the methacrylate anion (C4H5O2

-), the silicate 

anion (SiO4
4-) and the phthalate anion (C8H4O4

2-). Chemical images were 

generated for both tubes and cuffs and comparisons made between the four 

surface modifications, where relevant. The normalised ion intensity for each 

ion was also plotted. Figure 3.3 shows the ion intensities for the secondary ions 

quoted above. The negative mass spectra and chemical images are presented 

in Appendix D.  
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Figure 3.3. Ion intensities of four secondary ions ejected from ETT surfaces measured 
by ToF-SIMS; the acrylate anion (C3H3O2

-), the methacrylate anion (C4H5O2-), the 
silicate anion (SiO4

4-) and the phthalate anion (C8H4O4
2-). Ion intensities are expressed 

as counts x 103. Error bars are ± SD, n = 3 ROIs.  

 

For the acrylate, methacrylate and silicate anions, there was no difference 

between tubes and cuffs. However, there was a 21- and 36- fold increase in 

phthalate ion intensity on U and P cuffs respectively, compared to tubes, which 

was a significant increase (no error bar overlap). This indicates a higher 

phthalate content on those surfaces. There were no phthalate ions detected 

on C or PC substrates. For the acrylate and methacrylate anion intensities, C 

and PC substrates were higher than U and P substrates and there was no 

difference between either pair. The P substrates were higher than the other 

three surfaces when comparing silicate ion intensity, with no difference 

between the other three surface modifications (error bar overlap).  
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3.4.5. 3D optical profiles and roughness quantification 

Surface optical profiles were obtained for all ETT samples, with all four surface 

modifications. They were imaged under a 20x objective (NA = 0.45) and z-stack 

(3D) and 2D reconstructions were obtained. The 2D reconstructions were used 

to quantify mean square roughness (in µm) across three randomly selected 250 

µm2 areas. Figure 3.4 shows the 2D images acquired from optical profiling and 

the quantified mean square roughness of ETT samples. 

 

 

 

 

  

 

 

 

 

 

 

  

 

 

 

 

Figure 3.4. Optical profiles of ETT sections and quantified mean square roughness. (a) 
2D reconstruction of tube surfaces. (b) 2D reconstruction of cuff surfaces. U, C, PC and 
P substrates are shown. 2D image dimensions are 1169 µm x 876 µm and are 
applicable to all images. (c) Quantified mean square roughness of ETT tubes and cuffs, 
with the four surface modifications. Error bars are ± SD, n = 3.  
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For each of the four surface modifications, the roughness of tube surfaces was 

between 0.3 and 0.7 µm and were significantly lower than their cuff 

counterparts (no error bar overlap). On both tubes and cuffs, the application 

of the EGDPEA:DEGMA coating reduced the mean surface roughness compared 

to the U substrates. This was also the case on PC tubes and cuffs, compared to 

the U versions. Furthermore, PC surfaces had lower surface roughness than C 

surfaces, for both tubes and cuffs. However, the surface roughness between 

tubes and cuffs were more comparable on PC substrates than the other three 

surface modifications. There was no difference in surface roughness between 

U and P substrates.  

 

3.4.6. CLSM images of P. aeruginosa biofilms on ETT sections and 

quantification of biomass and mean biofilm thickness 

U, C, PC and P tube and cuff sections were incubated in a P. aeruginosa (PA01-

N) culture in RPMI-1640, ASM G and ASM N for 24 hours. After the three wash 

cycles, they were imaged under a Zeiss LSM 700 confocal microscope, with z-

stack and 2D images acquired. The z-stack images were used for biomass and 

biofilm thickness quantification in COMSTAT.  

3.4.6.1. Biofilm assay in RPMI-1640 

Figure 3.5 shows the 2D images of P. aeruginosa biofilms, labelled with 

mCherry, on tubes and cuffs, with the four surface modifications, in RPMI-

1640. The corresponding biomass and average thickness data from COMSTAT 

are also presented. 
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Figure 3.5. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with mCherry, 
grown on (a) ETT tubes and (b) cuffs in RPMI-1640, for 24 hours, with the four surface 
modifications (U, C, PC and P). The red areas indicate biofilm. Scale bars are 500 µm x 
500 µm. (c) Quantified biomass of images (a) and (b), using a COMSTAT threshold of 
60. Error bars are ± SD, N = 3. (d) Quantified mean biofilm thickness of images (a) and 
(b), using a COMSTAT threshold of 60. Error bars are ± SD, N = 3.  

 

On U, PC and P substrates, biomass and thickness on device tubes were 

significantly higher than on cuffs (no error bar overlap for both parameters). 

There was no difference in biofilm parameters between tubes and cuffs for C 

substrates. The EGDPEA:DEGMA coating, with and without the primer, 
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significantly reduced attachment to both tubes and cuffs, compared to the U 

ETTs (no error bar overlap for both parameters, on all substrates). The PC tubes 

had lower biofilm thickness compared to C tubes, but there was no difference 

in biomass. Furthermore, biomass and thickness were significantly reduced on 

PC cuffs (no error bar overlap) than on C cuffs. There was no biofilm present on 

the PC cuff after 24 hours. Biomass and thickness on P samples were no 

different to the corresponding U samples. 

The mean percentage reduction in biomass and mean thickness on C and PC 

tubes and cuffs are summarised in Table 3.3. 

 

 Tube Cuff 

 B T B T 

Coated 92% 88% 76% 74% 

Primed and coated 95% 96% 100% 100% 

 

Table 3.3. Mean percentage reduction in biomass (B) and mean thickness (T) on C and 
PC ETT tubes and cuffs, relative to U substrates, for P. aeruginosa (PA01-N) biofilms 
grown in RPMI-1640. 

 

3.4.6.2. Biofilm assay in ASM 

The same biofilm assay was performed in ASM G and ASM N. The same method 

was applied as with RPMI-1640, with CLSM images obtained for tubes and 

cuffs, with the same four surface modifications. Figures 3.6 and 3.7 show the 

CLSM images and the corresponding biomass/thickness data obtained from 

COMSTAT for P. aeruginosa (PA01-N) biofilms grown on ETT sections in ASM G 

and ASM N respectively. 
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Figure 3.6. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with mCherry, 
grown on (a) ETT tubes and (b) cuffs in ASM G, for 24 hours, with the four surface 
modifications (U, C, PC and P). The red areas indicate biofilm. Scale bars are 500 µm x 
500 µm. (c) Quantified biomass of images (a) and (b), using a COMSTAT threshold of 
60. Error bars are ± SD, N = 3. (d) Quantified mean biofilm thickness of images (a) and 
(b), using a COMSTAT threshold of 60. Error bars are ± SD, N = 3. 

 

In ASM G (Figure 3.6), unlike in RPMI-1640, there was no difference in biomass 

or thickness between tubes and cuffs (error bar overlap), although the mean 

values were lower on device cuffs for U and P surfaces. Also, there was no 
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difference in biofilm formation between U and P surfaces. In ASM G, no cell 

attachment and biofilm formation was observed on C and PC tubes and cuffs. 

Biomass and mean thickness was significantly reduced on these surfaces, 

compared to the U substrates (no error bar overlap); but there were no 

differences between these two modifications. 

The mean percentage reduction in biomass and mean thickness on C and PC 

tubes and cuffs are summarised in Table 3.4. 

 

 Tube Cuff 

 B T B T 

Coated 100% 100% 100% 100% 

Primed and coated 100% 100% 100% 100% 

 

Table 3.4. Mean percentage reduction in biomass (B) and mean thickness (T) on C and 
PC ETT tubes and cuffs, relative to U substrates, for P. aeruginosa (PA01-N) biofilms 
grown in ASM G. 
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Figure 3.7. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with mCherry, 
grown on (a) ETT tubes and (b) cuffs in ASM N, for 24 hours, with the four surface 
modifications (U, C, PC and P). The red areas indicate biofilm. Scale bars are 500 µm x 
500 µm. (c) Quantified biomass of images (a) and (b), using a COMSTAT threshold of 
60. Error bars are ± SD, N = 3. (d) Quantified mean biofilm thickness of images (a) and 
(b), using a COMSTAT threshold of 60. Error bars are ± SD, N = 3. 

 

In ASM N (Figure 3.7), as with ASM G, there was no difference between tubes 

and cuffs for U, PC and P substrates. However, there was observable bacteria 
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As with the previous two media, biofilm formation on U and P substrates were 

the same. EGDPEA:DEGMA coatings, with and without the primer, reduced 

biomass and mean thickness on tubes and cuffs, compared to U substrates. 

There was no observed biofilm on C cuffs, nor on PC surfaces (tubes and cuffs). 

Hence, on device tubes, the PC surface resisted bacterial attachment 

significantly more than on the C tube (no error bar overlap for biomass and 

mean thickness). 

The mean percentage reduction in biomass and mean thickness on C and PC 

tubes and cuffs are summarised in Table 3.5. 

 

 Tube Cuff 

 B T B T 

Coated 79% 83% 100% 100% 

Primed and coated 100% 100% 100% 100% 

 

Table 3.5. Mean percentage reduction in biomass (B) and mean thickness (T) on C and 
PC ETT tubes and cuffs, relative to U substrates, for P. aeruginosa (PA01-N) biofilms 
grown in ASM N. 

 

Overall, the smallest reduction in biomass/mean thickness was on C cuffs in 

RPMI-1640 (Table 3.3). In RPMI-1640, the primer plus coating prevented any 

attachment to device cuffs, and showed a 95% and 96% reduction in biomass 

and thickness on device tubes respectively. No difference in bacterial coverage 

was observed on coated samples, with and without the primer, in ASM G (Table 

3.4), whereby all surfaces completely inhibited bacterial attachment and 

biofilm formation. This was also the case in ASM N (Table 3.5), except for the C 

tube, which showed biomass and mean thickness reductions of 70% and 83% 

respectively. 
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3.4.6.3. Comparison of cell culture media 

Three different culture media were used for biofilm assays. RPMI-1640 was the 

minimal medium used to accelerate biofilm formation, whereas the two types 

of ASM were used to imitate bronchial/lung secretions, hence mimicking the 

environment in which ETTs would be exposed to during mechanical ventilation. 

Figure 3.8 compares biomass/mean thickness on both tubes and cuffs, with the 

four different surface modifications, between these three media, adapting the 

data presented in Figures 3.5, 3.6 and 3.7. 

Figure 3.8. Comparison of biomass and mean biofilm thickness between RPMI-1640, 
ASM G and ASM N. Data for tubes and cuffs are shown, for all four surface 
modifications. All images had COMSTAT threshold values of 60 prior to biomass and 
mean thickness quantification. Error bars are ± SD, N = 3. 
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On U substrates, biofilms grown in RPMI-1640 had higher biomasses and 

thicknesses than in ASM G and ASM N. For example, on U tubes, the biomasses 

were 29.02, 1.74 and 4.38 µm3/µm2, in RPMI-1640, ASM G and ASM N 

respectively. The corresponding mean thicknesses in these media, on U tubes, 

were 49.61, 3.20 and 7.68 µm respectively. ASM N promoted biofilm formation 

more than ASM G. These differences were also observed on C tubes. No biofilm 

was observed in either ASM type on PC surfaces. No biofilm was observed on 

PC cuffs for any of the three media. Therefore, on U, C and P substrates, the 

rank of the media, in terms of promoting biofilm formation, was ASM G < ASM 

N < RPMI-1640. 

3.4.6.4. Extended biofilm culture 

CLSM images and quantification of biomass/mean thickness were performed 

on P. aeruginosa biofilms at 48 and 72 hours, to examine biofilm development 

beyond the initial 24 hour experiment. This was done on device tubes and cuffs, 

with the four surface modifications, in RPMI-1640, ASM G and ASM N. The 

biomass/mean thickness data in RPMI-1640 are presented in Figure 3.9. The 

corresponding CLSM images are shown in Appendix E. 
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Figure 3.9. P. aeruginosa biomass and mean biofilm thickness plots at 24, 48 and 72 
hours, in RPMI-1640, for tubes and cuffs with the four surface modifications. Image 
thresholds were set to 57 prior to biomass/mean thickness quantification. Error bars 
are ± SD, N = 3.  

 

In RPMI-1640, on U and P substrates, the biomass/mean thickness of biofilms 

at 48 hours was below one-third of the 24 hour value. On C and PC substrates, 

there was no biofilm observed at 48 hours. There was no biofilm observed on 

any substrate at 72 hours. In both types of ASM, no biofilm was seen on any 

substrate at 48 or 72 hours. 
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3.5. Discussion 

3.5.1. Synthesis of EGDPEA:DEGMA 

GPC analysis (Table 3.1) indicated that the polydispersity index of 

EGDPEA:DEGMA polymer was 1.637. Previous EGDPEA:DEGMA synthesis, 

without the cobalt catalyst, yielded a polydispersity index of 3.493, highlighting 

the ability of the cobalt species to reduce the ‘distribution’ of molecular 

weights throughout the polymer chain population [195]. The molecular weight 

was 1.841 x 104 g/mol, which correlates with previous syntheses of 

EGDPEA:DEGMA [186]. 

1H NMR spectroscopy showed an EGDPEA conversion of 57%, which was 

estimated by comparing the integral of peaks associated with acrylates (~6 ppm 

shift) between spectra for EGDPEA monomer and for the EGDPEA:DEGMA 

crude mix. Since there were no peaks associated with the methacrylate of 

DEGMA observed in the spectra for the crude mix, it can be concluded that all 

the DEGMA was polymerised. The 1H NMR spectra of the final polymer product 

showed a feed EGDPEA:DEGMA ratio of 1.3:1, estimated by comparing the 

integrals of peaks associated with the terminal methyl group of DEGMA (~3.4 

ppm) and the alkene peak from the ring structure of EGDPEA (~5.6 ppm). A 

feed ratio of 3:1 was expected when using the reported polymerisation 

protocol [186]. 

It therefore appears that EGDPEA underreacted, or didn’t fully polymerise, 

possibly due to the presence of residual oxygen in the reaction mixture and/or 

exhaustion of the AIBN radical initiator. Monomers exist in a normal 

distribution of energy [237]. EGDPEA is more reactive than DEGMA, due to the 

formation of the unstable secondary acrylate radical, compared to the more 

stable tertiary methacrylate radical [238]. Upon initiation, EGDPEA monomers 

of high energy would have formed radicals first. However, any oxygen present 

in the reaction mixture would have terminated the high energy EGDPEA. The 

medium energy EGDPEA were then available for propagation with DEGMA, the 

latter of which was less abundant, causing all available DEGMA to polymerise. 
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The lower energy EGDPEA would also have not reacted, since it was likely that 

the AIBN initiator had been exhausted by that time. It appears that only 57% of 

the EGDPEA reacted, resulting in the conversion and feed ratio observed. 

The polymerisation protocol therefore requires further optimisation, to 

minimise oxygen presence and allow more initiated EGDPEA to undergo 

propagation. Nevertheless, EGDPEA:DEGMA polymer was present and could be 

used for sample coating and assessment of biofilm formation. 

 

3.5.2. Dip coating and coating thickness 

Using the Holmarc dip coating unit allowed full control of dipping parameters. 

Samples were completely immobilised during the dipping process, reducing the 

risk of delamination during coating. Two factors influence the coating 

thickness; the concentration of the polymer solution [239] and the speed of 

withdrawal from polymer solution [240]. Higher polymer solution 

concentrations and faster withdrawal speed result in thicker coatings, and vice 

versa. The increased viscosity of a higher polymer concentration solution 

results in slower drainage of the polymer solution associated with the ETT into 

the polymer solution reservoir [240], resulting in greater deposition of polymer 

onto the surface. Faster withdrawal speeds reduce the drainage time, hence 

also decrease the amount of polymer solution that can drain off the ETT after 

dipping, producing thicker deposits [241]. 

In this study, polymer solutions greater than 30% w/v in dichloromethane could 

not be achieved. When using concentrations of 5-25% w/v, the coatings on ETT 

substrates appeared to be ‘patchy’, with small areas of the surface left 

uncoated. Withdrawal speeds quicker than 1 mm/s resulted in polymer 

‘clumps’ being deposited onto substrates. Hence, a 30% w/v polymer 

concentration, with a 1 mm/s withdrawal speed was chosen, as it allowed a 

thin coating to be applied to the entire substrate surface. Producing a complete 
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and thin coating is also beneficial when coating optical fibre sensors, allowing 

refractive index sensing without loss of signal, as demonstrated in chapter 4. 

The results in Table 3.2 indicate that coatings on device tubes were thicker than 

on cuffs. The DEHP plasticiser used in the manufacture of cuffs may introduce 

a hydrated or waxy layer on cuff surfaces [242]. It has been shown that polymer 

film thickness on hydrated surfaces is thinner than on dry surfaces [243]. The 

interaction of the polymer (or DCM) with tube and cuff surfaces requires 

further investigation; it may be useful to compare the 

hydrophilicity/hydrophobicity of substrate surfaces using water contact angle 

(WCA) measurements. Differences in WCA would give a better understanding 

of the interactions between polymer/solvent with tubes and cuffs, in turn 

allowing a clearer explanation of the coating thickness differences in Table 3.2. 

When the binary silane primer was used alone, there was no measurable 

weight gain, although a translucent silane layer was seen on sample surfaces. 

This corroborates the primer manufacturer’s literature, which states that a 

slow withdrawal speed (2 mm/s) deposits an even molecular silane layer on 

surfaces. Using the primer before dipping in polymer resulted in a thicker 

polymer coating than on coated substrates alone (Table 3.2). This 

demonstrated the adhesion promoting effect of the primer, the mechanism of 

which is described in Figure 2.8. Reactive silanols interacted with both the PVC 

substrate and the polymer, with stronger silanol-polymer interactions than 

PVC-polymer interactions [202].  

WCA measurements could also be made on unprimed and primed surfaces, to 

examine the hydrophilicity/hydrophobicity differences between the two. This 

would allow the nature of the primer-polymer interaction to be established (i.e. 

hydrophobic interactions). If the hydrophobicity of primed surfaces was higher 

than unprimed surfaces, it could be thought that stronger hydrophobic 

interactions were occurring between the primer and the polymer, resulting in 

greater deposition. Furthermore, the hydrophilicity/hydrophobicity of surfaces 
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could be linked with DCM drainage; slower DCM drainage results in greater 

polymer deposition and thicker coatings. 

 

3.5.3. Revolution-to-delamination (RTD) assay 

A significant increase in RTD was observed when the primer was used before 

polymer coating (Figure 3.2). There was a 45-fold increase in RTD, suggesting 

that the primer increased the resistance (to stress) of the interface between 

the surface and the polymer by 45 times. The primer increased the reactivity 

of the ETT surfaces, by introducing reactive silanols at substrate surfaces [202], 

which are thought to interact via stronger covalent bonds with the polymer 

than via weaker hydrogen bonds to PVC tubes alone [202]. Therefore, greater 

stresses were required to remove the polymer from the ETT tubes. Tyler et al. 

[228] noted that primed surfaces had significantly higher RTD than unprimed 

surfaces, due to the ingress of water between the polymer and unprimed 

silicone substrate, forming a hydrated layer on the substrate. In this study, the 

primer possibly reduced this ingress of water, resisting its hydrating effects. 

No delamination was seen on either C or PC ETTs in cell culture media during 

biofilm assays, indicating sufficient resistance to stress of the interface 

between ETT surfaces and EGDPEA:DEGMA, with and without the primer. 

 

3.5.4. Biofilm assays 

3.5.4.1. Effect of the four surface modifications on bacterial attachment 

In all three media investigated, EGDPEA:DEGMA coatings significantly reduced 

bacterial attachment and biofilm formation on ETT sections, evidenced by the 

reduced biomass/mean thickness of biofilms on these surfaces (Figures 3.5-3.7, 

Tables 3.3-3.5). This highlights the anti-attachment properties of the polymer, 

as previously demonstrated [141]. Depending on the growth media, the 

substrate (tube or cuff) or the use of the binary silane primer, the biomass 
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reduction was 76-100% and mean thickness reduction was 74-100%. When the 

primer was used, the smallest reduction in either parameter was 95%. Hook et 

al. noted a 96.7% reduction in bacterial coverage to EGDPEA:DEGMA coated 

silicone substrates in vitro, offering some correlation between the studies. The 

PC ETT in this study outperformed the currently available polyurethane-cuffed 

and silver hydrogel-coated ETT, hence offers an inexpensive alternative for VAP 

prevention. 

It is known that the polymer does not have a bactericidal effect, only a repellent 

one [141,186]. The exact mechanism of attachment prevention is yet to be 

established, although it is thought that the polymer opposes the initial weak 

reversible interactions between bacteria cell membranes and the surface, such 

as van der Waals forces and hydrogen bonding [144,145]. The polymer may 

also resist attachment via a steric effect, with polymer chains preventing 

bacteria accessing the surface to induce attachment. Additionally, it has been 

found that a value combining cLogP and the number of rotatable bonds (nRotB) 

of poly(meth)acrylate hydrocarbon pendant groups correlates to reduced 

bacterial attachment [142], suggesting that the combined properties of 

molecular rigidity and hydrophobicity disrupt bacterial attachment and biofilm 

formation at the surface. 

In some circumstances, PC surfaces outperformed C surfaces, in terms of 

attachment prevention. In RPMI-1640, this was observed on device tubes 

(when measuring biofilm thickness) and cuffs. In ASM N, it was seen on device 

tubes. This improved performance could be attributed to the improved 

adhesion/stability between the polymer and primed surfaces. Stronger 

adhesion forces are less likely to be disrupted by water in the media [202,243]. 

Although no delamination was seen in culture media, coating-PVC interfaces 

could have still been disturbed during the incubation. Furthermore, the 

coatings were subjected to physical stresses during the assay; samples were 

shaken at 60 rpm, which could have further damaged the coating-PVC 

interface, resulting is pores forming in the coating, allowing access of bacteria 

to the surface. Due to the improved RTD and bacteria resistance (on some 



98 
 

substrates), using the primer before applying the polymer will be the main 

modification focused on in the proceeding chapters.  

The primer and coating reduced bacterial attachment by 100% on cuffs in 

RPMI-1640 and on tubes in ASM N. A 100% reduction in biomass/mean 

thickness was also seen on both C and PC surfaces in ASM G. This offers exciting 

opportunities for the development of a next generation ETT, which can be 

coated with primer and the coating for effective prevention of bacterial 

attachment in situ. Both the polymer and the primer are safe for human use, 

with the coating method CE mark approved, which has subsequently led to a 

licensed EGDPEA:DEGMA coated urinary catheter being manufactured. 

Prevention of initial reversible attachment should prevent the biofilm 

undergoing the full life cycle shown in Figure 1.2, in turn reducing VAP risk in 

intubated patients.  

Biomass/mean thicknesses on P surfaces were not different from U surfaces. 

The differences between P and PC surfaces can therefore be attributed to the 

EGDPEA:DEGMA coating, with the primer acting as an adhesion promoter only. 

3.5.4.2. Differences between cell culture media 

ASM was used to mimic the tracheal environment and to assess biofilm 

formation on ETTs in contact with sputum. In general, biofilms formed more 

readily in RPMI-1640 than in either type of ASM. This was most likely due to 

ASM containing more nutrients to facilitate cell survival [244], hence bacteria 

were less likely to enter ‘survival mode’ and initiate surface attachment [245]. 

In contrast, RPMI-1640 is a minimal medium, with limited nutrients, which 

stressed bacteria, causing them to form biofilms more readily.  

Biomass/mean thickness in ASM G were lower than in ASM N, in general (Figure 

3.8). The glucose present in ASM G acts as a carbon source for P. aeruginosa. 

Bacteria exposed to glucose, up to a certain concentration, grow and multiply 

at a higher rate than in the absence of glucose [246]. Therefore, bacteria are 

less inclined to form biofilms when the conditions are favourable. Bacteria 
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causing lung infections have been observed to multiply and spread at a higher 

rate in the presence of glucose [247]. In ASM N, there isn’t the extra carbon 

source but there are still amino acids, salts and iron, all of which promotes cell 

growth, resulting in greater biofilm formation than in ASM G, but less than in 

the minimal medium. 

Lung sputum glucose content varies between subjects. Van Sambeek et al. 

[248] found a mean sputum glucose concentration of 4.75 mM in cystic fibrosis 

patients. Brennan et al. [247] noted increased airway glucose concentration in 

healthy volunteers with blood glucose levels of ≥ 8 mmol L-1. There may 

therefore be a link between the fed/fasted state of the subject and airway 

glucose concentration. This justifies the use of ASM with and without glucose; 

to cover a range of patients’ airway glucose content. The glucose concentration 

in ASM G was 3 mM.  

3.5.4.3. Biofilm fate after 24 hours 

Figure 3.9 indicates that P. aeruginosa biofilms reached their maximum 

biomass/thickness at 24 hours, then began to lose their structure. The time 

taken for P. aeruginosa to form fully mature biofilms is highly dependent on 

the growth conditions and has been reported to be between 2 hours and 7 days 

[249]. It is thought that P. aeruginosa produces enzymes that break down the 

EPS layer. One such enzyme is alginate lyase, which degrades alginate, causing 

the biofilm to lose its structural integrity [250]. This process allows cells to 

escape the biofilm to colonise other surfaces. However, if the media cannot 

support cell growth, cells may die [250], resulting in no further attachment to 

surfaces.  

In RPMI-1640, on U and P surfaces, the biomass/mean thickness fell to below 

one-third from 24 to 48 hours, signifying the biofilm degradation process 

occurring rapidly in that 24 hour period. In both ASM types, as well as on C and 

PC surfaces in RPMI-1640, there was no biofilm detected on ETT surfaces at 48 

hours; since biofilms weren’t as thick in ASM compared to RPMI-1640, there 

was less biomass to be degraded. ASM supports cell survival more than RPMI-
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1640; cell death after degradation may have been slower. Nevertheless, there 

was no recorded biofilm at 72 hours.  

This study allowed the general biofilm life cycle timeline in each media to be 

established over 72 hours. Although VAP is diagnosed after 48 hours of 

intubation, it is not known when in the first 48 hours of intubation the initial 

attachment of pathogens to ETTs occur. EGDPEA:DEGMA does resist bacterial 

attachment, by preventing initial attachment, offering effective VAP 

prevention. 

3.5.4.4. Biomass and mean biofilm thickness 

Biomass and mean thickness were quantified in order to better understand the 

structural nature of P. aeruginosa biofilms. Although these parameters are 

independent of each other, they were decreased by similar rates on C and PC 

substrates, compared to U substrates (Tables 3.3-3.5). The key difference 

between the two measurements is that biomass (µm3/µm2) is a measurement 

of biovolume per µm2, whereas mean thickness (µm) measured the average 

biofilm thickness over the entire imaged substratum. Nevertheless, both 

measurements allowed biofilm structure to be compared on different 

substrates and either can be used to assess bacterial colonisation. In 

proceeding chapters, biomass is the main biofilm parameter quantified. 

 

3.5.5. Ion intensities and chemical maps obtained from ToF-SIMS 

ToF-SIMS is generally regarded as non-quantitative, due to known matrix 

effects [207]. However, comparing relative ion intensities allowed a semi-

quantitative approach to surface chemical analysis. Generating ion maps for 

secondary ions of interest (Appendix D) allowed the visualisation of relative ion 

intensities. For the acrylate and methacrylate anions, greater ion intensities 

were seen on C and PC surfaces, indicating the presence of the polymer. Since 

ToF-SIMS analyses secondary ions generated from the top 1-2 nm of the 

surface [205,206], the ion intensities were no different between C and PC 
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surfaces on both tubes and cuffs, as the coating thickness exceeded 400nm. 

ToF-SIMS also detected the presence of the silane primer, through 

measurement of the silicate ion, which was significantly higher on P surfaces 

compared to the other three surface modifications (no error bar overlap, 3 

ROIs). The silicate ion was not detected after polymer coating. 

ToF-SIMS also enabled the assessment of differences between tubes and cuffs. 

The most significant secondary ion analysed in this regard was the phthalate 

ion, which originated from the diethylhexyl phthalate (DEHP) plasticiser used 

in ETT cuffs [16,251]. The phthalate ion intensity was significantly higher on U 

and P cuffs than on tubes (no error bar overlap, 3 ROIs). This may explain the 

difference in bacterial attachment between U/P ETT components, where 

biomass and mean thickness on tubes were at least 3.5x higher than on cuffs. 

DEHP has been shown to exhibit bactericidal and/or cytotoxic activity [252-

254]. The DEHP could therefore have prevented attachment and biofilm 

formation on device cuffs. This effect was more pronounced in RPMI-1640 

medium, which stressed the cells, forcing them to adhere and form biofilms 

more rapidly, readily contacting phthalate-containing cuffs. Phthalates were 

not detected on C and PC substrates, due to the coverage of the coating, thus 

would have contributed less to the bacterial response on these samples. The 

phthalate ion was however, detected on P surfaces, indicating a nanometer-

order silane layer, beyond which the primary ion beam could still generate 

secondary ions. Overall, ToF-SIMS allowed polymer, silane and phthalate 

presence to be detected.  

 

3.5.6. 3D optical profiles and roughness quantification 

The link between surface roughness and bacterial adhesion is poorly 

understood. Micro- and nano-patterned surfaces have been linked to 

decreased and increased bacterial adhesion respectively [135,136]. The 

measured mean square roughness of ETT substrates (Figure 3.4) appears to 

have contradicting observations; cuffs had higher mean square roughness than 
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tubes, for all surface modifications and had lower bacterial attachment (Figures 

3.5-3.7). However, C and PC surfaces had lower surface roughness than U 

surfaces, yet biomass/mean thickness was reduced. 

Cuffs contain small folds and plasticiser particles in their walls, possibly causing 

the increased surface roughness observed. When the polymer coating was 

applied, there was a reduction in surface roughness. It is thought that the 

polymer fills voids in surfaces and ‘blankets’ the topography, effectively 

evening out the surface [255]. This effect may be enhanced when using the 

primer, as polymer adhesion was improved. On P surfaces, roughness was no 

different to uncoated substrates, suggesting that the silane layer did not 

contribute to the reduction in surface roughness. 

Of the chemical (ToF-SIMS) and physical (optical profiling) analyses of ETT 

surfaces, the secondary ion maps and relative ion intensities from ToF-SIMS 

appear to offer the best explanation for the differing bacterial adhesion on 

tubes and cuffs, and on U, C and PC substrates. ToF-SIMS allowed the presence 

of polymer to be confirmed, as well as the phthalate plasticiser, which seems 

to have the greatest effect of bacterial attachment to cuffs. Bacterial adhesion, 

in general, is influenced by the combined chemical and physical profile of a 

surface. However, no correlation was made between surface roughness and 

bacterial attachment, hence the chemistry of the surface possibly overwhelms 

the influence of roughness in attachment. 
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3.6. Conclusions 

In this study, a novel poly acrylate:methacrylate (EGDPEA:DEGMA) was 

synthesised and used to coat PVC ETTs. The coating’s effect on bacterial 

attachment to ETTs was then investigated. EGDPEA:DEGMA was successfully 

synthesised using a cobalt mediated CCT method. It had a polydispersity of 

1.637 and a molecular weight of 1.841 x 104. Since only a 57% EGDPEA 

conversion and a 1.3:1 feed monomer ratio was observed, the polymerisation 

protocol may require further optimisation.  

Sections of tube and cuff were dip coated in polymer, resulting in mean coating 

thicknesses of 559 nm 487 nm respectively. The MED1-161 binary silane primer 

increased the polymer coating thicknesses to 627 nm and 549 nm respectively, 

due to the improved adhesion between the polymer and substrate.  

EGDPEA:DEGMA coatings on ETTs reduced biomass and mean biofilm thickness 

of P. aeruginosa biofilms by between 74% and 100%. The binary silane primer 

plus the polymer coating reduced bacterial attachment more than the polymer 

coating alone, particularly in RPMI-1640 medium, indicating greater resistance 

to stress of polymer-substrate interactions when using the primer. A lower 

biomass and mean thickness was observed in ASM compared to RPMI-1640, 

likely due to the higher concentration of a carbon source within this media, 

leading to less nutrient stress and a concomitant reduction in biofilm 

formation. Biofilm biomass and mean thickness increased up to 24 hours but 

then degraded in all growth media, with no biofilm present after 72 hours.  

At least a 3.5-fold increase in biomass and mean thickness was observed on 

uncoated tubes compared to uncoated cuffs. This was likely due to phthalate 

plasticiser presence in cuffs, identified using ToF-SIMS. Surface roughness, 

measured using optical profiling, was higher on cuffs than on tubes. Roughness 

decreased on polymer coated and primed plus coated substrates. However, 

there was no correlation between surface roughness and bacterial adhesion for 

the materials studied. It is likely that the surface chemistry overwhelmed the 

topography and had a greater effect on bacterial attachment. 
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4. Long Period Grating optical fibre sensors for the real 

time monitoring of bacterial attachment and biofilm 

formation 

4.1. Introduction 

Mechanically ventilated patients are closely monitored for signs of VAP and 

other infection [256]. However, the signs often do not become apparent until 

after the infection has developed [256]. The assessment of bacterial 

colonisation of ETTs provides a good indicator of VAP risk. Currently, bacterial 

adhesion to ETTs is assessed by the removal and inspection of the device, which 

can cause tracheal wall damage and facilitate VAP development [91,146]. 

Ideally, physicians would be provided with live feedback on bacterial 

colonisation of ETTs in situ, so they can evaluate the patient’s VAP risk in real 

time and intercept ETT-centred infection.  

In this chapter, Long Period Grating optical fibre sensors (LPG OFS) were, for 

the first time, explored as a method of monitoring bacterial attachment to ETTs 

in real time. LPG OFS have a UV-inscribed grating in the core of the optical fibre, 

which allows the core mode to couple into the cladding modes, resulting in the 

appearance of attenuation bands (losses of transmission) in the optical 

spectrum, centred at discrete wavelengths [160,161]. LPG OFS are refractive 

index sensors; a change in the refractive index at the cladding-medium 

interface results in a change of the optical properties of the cladding, causing 

core-cladding mode coupling to occur at different wavelengths, in turn shifting 

the wavelength of attenuation bands (governed by equation 1) [163,164]. 

Bacterial attachment and subsequent biofilm formation on LPG OFS surfaces 

will change the local refractive index, causing a measurable shift in the 

wavelength of attenuation bands, which has the potential to enable the real 

time monitoring of attachment and biofilm formation. 

In this study, LPG OFS was used as a stand-alone unit for general bacterial 

attachment detection, by immersing it in P. aeruginosa culture in RPMI-1640 
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and observing wavelength shift of attenuation bands over time. LPG OFS were 

also incorporated into ETT tube lumens and onto cuffs for real time monitoring 

of surface adhesion, in RPMI-1640, ASM G and ASM N, the latter two of which 

enabled sensor assessment in conditions mimicking a patient’s airway. This also 

involved measuring attenuation band wavelength shift over time of sensor 

immersion in P. aeruginosa culture, in the three different growth media. This 

would provide physicians with live, in situ feedback of device colonisation. 

LPG OFS were left uncoated or coated in EGDPEA:DEGMA (with a binary silane 

primer) to compare spectral changes with differing degrees of bacterial 

attachment. LPG OFS in this sense could also be used to validate the anti-

attachment properties of EGDPEA:DEGMA. 

The biomass of biofilms grown on ETTs was quantified over time, using confocal 

microscopy and COMSTAT, and the relationship between wavelength shift of 

attenuation bands and biomass explored. The sensitivity of LPG OFS to biomass 

was also studied. Relating wavelength shift to distinct biomass values would 

allow the biomass to be quantified from the spectral response alone, allowing 

the severity of device biofouling and therefore the patient’s VAP risk to be 

immediately identified and preventative action taken. LPG OFS may offer a 

simple, inexpensive and sensitive sensing instrumentation for ETTs. 
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4.2. Aims 

The aims of this experimental chapter were: 

1. Explore the novel use of Long Period Grating optical fibre sensors (LPG 

OFS) for the real time monitoring of P. aeruginosa attachment and 

biofilm formation. 

2. Establish the sensitivity of LPG OFS to biomass. 

3. Incorporate LPG OFS into ETT lumens and onto cuffs for the real time 

monitoring of bacterial attachment to device surfaces. 

4. Note the relationship (if any) between optical spectral response and the 

biomass of biofilms grown on ETTs. 
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4.3. Experimental 

4.3.1. Fabrication of LPG OFS 

LPGs with grating periods of 109 µm and lengths of 30 mm were fabricated in 

boron-germanium co-doped optical fibres (Fibercore PS750), with a cut-off 

wavelength of 670 nm, in a point-by point fashion, via custom made amplitude 

masks made of 1Cr18Ni9Ti steel alloy, allowing for reproducibility of the grating 

across multiple LPGs. The optical fibre was side-illuminated by the output from 

a frequency-quadrupled Nd:YAG laser, emitting at a wavelength of 266 nm 

(Continuum minilite I). 

The transmission spectrum of the optical fibre was recorded by coupling the 

output from a tungsten-halogen lamp (HL-2000) into the fibre and analysing 

the transmitted light using a fibre-coupled CCD spectrometer (HR-4000). The 

grating period was selected such that the LPG operated at or near the phase 

matching turning point (PMTP), which, for coupling to a particular cladding 

mode, ensured optimum sensitivity [166]. 

 

4.3.2. Dip coating of LPG OFS and estimation of coating thickness 

LPG OFS were left uncoated, or dip coated in a binary silane primer (MED1-161, 

withdrawal speed 2 mm/s) followed by a 30% w/v EGDPEA:DEGMA solution in 

DCM (withdrawal speed 1 mm/s). The Holmarc HO-TH-01 dip coating unit was 

used for dip coating, with the robotic arm set to withdraw samples from the 

desired solutions at the speeds quoted. After dipping into the primer, LPG OFS 

were left to dry under ambient conditions for 30 minutes before dip coating in 

the polymer solution. They were then left to dry under ambient conditions for 

24 hours, followed by a further 24 hours under vacuum (0.11 Torr). 

To calculate coating thickness, 3 cm lengths of insensitive optical fibre 

(Thorlabs Ltd., 460HP, fibre ID: 10-C0157-20-4H-08) were dip coated in parallel, 

and the average weight gain per optical fibre measured after polymer coating 
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(weight difference between P optical fibres and PC optical fibres, (Mettler-

Toledo AB265-S/FACT weighing balance, Switzerland)). The dimensions of 

these optical fibre sections were known; the diameter was 125 µm and the 

length was 3 cm, to imitate the sensitive region of LPG OFS. The density of 

EGDPEA:DEGMA was measured to be 1.61 g/mL (by weighing 1 mL of 

EGDPEA:DEGMA), so the coating thickness on optical fibres could be calculated, 

using equation 5. 

 t = m/πdlρ (5) 

Where t is the coating thickness (in cm), m is the average weight gain per 

optical fibre section (in g), d and l are the diameter and length of the optical 

fibre respectively (in cm) and ρ is the measured density of EGDPEA:DEGMA. 

 

4.3.3. Calibration of LPG OFS using sodium chloride solutions 

LPG OFS were calibrated using sodium chloride solutions in water. This was to 

ensure that they were sensitive to refractive index change, to note the 

presence of attenuation bands in the optical spectrum and to confirm that 

there were no spectral differences between U and PC sensors in solutions of 

the same refractive index. 

U and PC LPG OFS were set up as shown in Figure 2.14, with one end connected 

to the halogen light source (HL-2000) and the other connected to the optical 

spectrometer (HR-4000), via SubMiniature version A (SMA) connectors. The 3 

cm sensitive region of the OFS was placed into a specially designed 

polytetrafluoroethylene (PTFE) well (Figure 4.1), which had dimensions of 7 x 

1.9 x 1 cm, with a 4 cm long channel. Sodium chloride solutions, ranging from 

0 to 25% w/v (in 5% w/v increments) were made up by serial dilution from a 

25% w/v stock in water. Each solution was pipetted into the PTFE well 

separately, which held approximately 1.5 mL of liquid, and the transmission 

spectra recorded in the SpectraSuite software. This was done with both U and 

PC LPG OFS.  
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Figure 4.1. The PTFE well used for LPG OFS spectra collection. The 3 cm sensitive region 
of LPG OFS were placed into the 4 cm central channel and fixed either side of the well 
using adhesive tape. 

 

Once all transmission spectra were collected, they were processed in OriginPro 

8.6 (OriginLab®), using the method described in Appendix A. The wavelengths 

of attenuation bands (minimum transmission % - apex of attenuation peaks) 

were found using the “peak finder” function within OriginPro 8.6. The 

wavelength shifts of attenuation bands were calculated using equation 3, 

where λc was the wavelength of the attenuation band at concentration c, and 

λ0 was the wavelength of the attenuation band in water. Wavelength shift was 

then plotted against concentration, allowing observation of LPG OFS spectral 

response in increasing sodium chloride concentration (and increasing 

refractive index), for both U and PC sensors. 

 

4.3.4. LPG OFS in bacterial culture media 

4.3.4.1. Spectral response in P. aeruginosa culture medium 

U and PC LPG OFS were set up as illustrated in Figure 2.14, with the 3 cm 

sensitive region positioned in the PTFE well (Figure 4.1). The well was placed 

into a petri dish of water, to prevent medium evaporation. A culture of P. 

aeruginosa (PA01-N) was prepared as described in section 3.3.6, in RPMI-1640 

medium, with OD600 = 0.05, and 1.5 mL pipetted into the PTFE well. A 0 hour 

transmission spectrum was recorded and the system was left to record 

Central channel 
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transmission spectra every 6 hours for a 24 hour period of immersion in culture 

medium. Transmission spectra were also recorded at 48 and 72 hours. The 

experiment was conducted at 20°C. Spectra were then processed in OriginPro 

8.6 (Appendix A) and the wavelength shift of attenuation bands (calculated 

using equation 3) plotted against time of immersion in bacteria culture 

medium, for both U and PC LPG OFS. 

4.3.4.2. Quantifying biomass of P. aeruginosa biofilms grown on optical 

fibres and relating biomass to wavelength shift 

Lengths of 7.5 cm of insensitive optical fibre (Thorlabs Ltd., 460HP, fibre ID: 10-

C0157-20-4H-08), U and PC, were inserted into a 3-channel flow cell (IBI 

Scientific). 1.5 mL of the same P. aeruginosa (PA01-N) culture medium was 

pipetted into the cell and a glass slide fixed on top. The system was placed into 

a petri dish of water, to prevent medium evaporation. Biofilms were left to 

grow on the optical fibres at 20°C for 72 hours. At 6 hour intervals, from 0 to 

24 hours, and at 48 and 72 hours, the flow cell, containing the optical fibres 

immersed in bacteria culture medium, was imaged using CLSM (LSM 700, Carl 

Zeiss, Germany), using the same protocol described in section 3.3.7. Z-stack 

CLSM images were obtained and processed in ZEN 2009.  

Images were then imported into COMSTAT, which was used to quantify the 

biomass of P. aeruginosa biofilms grown on optical fibres, under the same 

directive presented in section 3.3.8. Biomass was plotted against time, giving 

an indication of biofilm development on U and PC optical fibres over 24 hours.  

The relationship between biomass and wavelength shift was established and 

used to derive a mathematical association between the two sets of data. This 

association could be used to quantify biomass from the wavelength shift alone, 

removing the need for microscopic analysis. 

4.3.4.3. Estimation of sensor sensitivity to biomass 

The U LPG OFS, set up as shown in Figure 2.14, was exposed to the same P. 

aeruginosa (PA01-N) culture medium in the aforementioned PTFE well (Figure 
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4.1). Transmission spectra were recorded every 5 minutes and the earliest time 

point at which a measurable attenuation band wavelength shift occurred was 

noted. Simultaneously, 7.5 cm sections of U insensitive optical fibre were 

immersed in the same P. aeruginosa culture medium in the 3-channel flow cell. 

Both trials were conducted at 20°C. When a measurable wavelength shift was 

observed, Z-stack CLSM images were acquired of biofilms on the optical fibres, 

using the previously described protocol (section 3.3.7). Images were imported 

into COMSTAT and the biomass at that particular time point quantified (section 

3.3.8). This allowed the sensitivity of the system to be reported as a wavelength 

shift per unit biomass. 

 

4.3.5. LPG OFS instrumentation for ETTs 

4.3.5.1. Spectral response from LPG OFS incorporated into ETTs 

Incorporating LPG OFS into an ETT allows the response of the sensors to be 

examined when in contact with the device and permits the in situ simulation of 

an instrumented ETT. LPG OFS were fixed (using autoclave tape) into the lumen 

of a 5 cm length of tube and onto a 3 cm2 section of cuff, which had been 

removed from the main body of the device (Figure 4.2). The combined LPG OFS-

ETT systems were either left uncoated or silane primed and EGDPEA:DEGMA 

coated as described in section 4.3.2. Each system was then immersed in P. 

aeruginosa (PA01-N) culture in RPMI-1640, ASM G and ASM N, with OD600 = 

0.05 (section 3.3.6.), at 20°C, in a petri dish. 0 hour transmission spectra were 

recorded and the system left immersed in bacteria culture media for 24 hours, 

with transmission spectra recorded at 6 hour intervals. Transmission spectra 

were processed and wavelengths of attenuation bands established in OriginPro 

8.6 (Appendix A). Wavelength shift was plotted against time for both tubes and 

cuffs, U and PC and for the three culture media. 
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(a)                                                                       (b) 

 

Figure 4.2. (a) LPG OFS fixed into the lumen of a section of ETT tube. (b) LPG OFS fixed 
onto a section of ETT cuff. 

 

4.3.5.2. Quantifying biomass of P. aeruginosa biofilms grown on ETTs and 

relating biomass to wavelength shift 

1 cm2 sections of U and PC tubes and cuffs were immersed in the same P. 

aeruginosa culture, in RPMI-1640, ASM G and ASM N, at 20°C. The experiment 

was conducted in single well chamber slides (Nunc® Lab-Tek® II, Sigma Aldrich 

UK). At 6 hour intervals, from 0 to 24 hours, 2D and z-stack CLSM images were 

acquired, using the method described in section 3.3.7. Z-stack images were 

imported into COMSTAT for biomass quantification (section 3.3.8). Biomass 

was plotted against time, for U and PC tubes and cuffs, and for the three growth 

media. The relationship between biomass and wavelength shift (from LPG OFS-

ETT systems) was noted. The relationship may allow biomass on ETTs to be 

quantified based on the wavelength shift alone. 
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4.4. Results 

4.4.1. Estimated coating thickness on optical fibres and LPG OFS 

3 cm lengths of optical fibre were dip coated in a binary silane primer, followed 

by a 30% w/v EGDPEA:DEGMA solution in DCM. There was no measurable 

weight gain after priming, although a translucent silane layer was observed on 

optical fibres, an observation previously made on sections of ETT. After 

polymer deposition, an average weight gain of 9.7 µg was calculated per 3 cm 

length of optical fibre (total 100 fibres). The density of EGDPEA:DEGMA was 

measured to be 1.61 g/mL. Since the diameter of the optical fibres was known 

to be 125 µm, the average coating thickness per fibre was calculated to be 511 

nm, using equation 5. 

 

4.4.2. Calibration of LPG OFS using sodium chloride solutions 

U and PC LPG OFS were exposed to sodium chloride solutions in water, of 

concentration 5-25% w/v, in 5% w/v increments. Two attenuation bands were 

observed in the optical spectrum for water for each surface modification 

(Figure 4.3).  

 

 

 

 

 

 

 

Figure 4.3. Processed transmission spectra in water for the uncoated (black) and 
primed and coated (red) LPG OFS, with a grating period of 109 µm. Two attenuation 
bands (peaks) were observed, labelled ‘1’ and ‘2’.  
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The application of the primer and the polymer coating caused both attenuation 

bands to become deeper (greater transmission loss); peak 1 displayed a 10% 

transmission loss and peak 2 displayed a 7% transmission loss. Also, peaks 1 

and 2 shifted to the left and right respectively. Peak 1 shifted down the x axis 

by 11.83 nm and peak 2 shifted up the x axis by 12.25 nm. 

Transmission spectra were collected for each concentration of sodium chloride 

in solution. The wavelengths of attenuation bands were noted and the 

wavelength shift calculated using equation 3. Figure 4.4 shows the plots of 

wavelength shift against sodium chloride concentration, for both the 

attenuation ‘peaks’ and for U and PC LPG OFS.  

Figure 4.4. Wavelength shift (Δλ) plots for attenuation peaks 1 and 2 with increasing 
concentration of sodium chloride in water, for both U and PC LPG OFS. Error bars are 
± SD, N = 3.    

  

The wavelength shift was linear (R2 ≥ 0.99) for both peaks and for both U and 

PC LPG OFS. Wavelength shift increased with increasing sodium chloride 

concentration and increasing refractive index [257]. Peak 1 had a greater rate 

of change of wavelength shift; at 25% w/v of sodium chloride in water, peak 1 

had a shift of -9.8 nm and peak 2 had a shift of 8.6 nm. The peaks shifted in 

opposite directions with increasing sodium chloride concentration. There was 

no difference in the wavelength shift profiles between U and PC LPG OFS. 
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4.4.3. LPG OFS in bacteria culture medium 

4.4.3.1. Spectral response in bacteria culture medium 

The calibration showed that there were two attenuation bands in the 

transmission spectrum, both of which shifted linearly with increasing refractive 

index. Also, there was no difference in wavelength shift between U and PC LPG 

OFS. This meant that any differences in wavelength shift in bacteria culture 

medium would be due to differing bacterial attachment rates. Hence, after 

calibration, LPG OFS were immersed in P. aeruginosa (PA01-N) culture medium, 

in RPMI-1640 and the wavelength shift of attenuation bands measured with 

increased time of immersion. Figure 4.5 are the wavelength shift plots for U 

and PC LPG OFS in P. aeruginosa culture medium for 24 hours. 

Figure 4.5. Wavelength shift change over time for both attenuation peaks of LPG OFS 
immersed in P. aeruginosa culture medium in RPMI-1640, for 24 hours. U and PC 
sensors are shown, with the R2 displayed in labels of corresponding colours. Error bars 
are ± SD, N = 8. 

 

Both attenuation peaks shifted linearly with increased time of immersion in 

bacteria culture medium. At 24 hours, the peak 1 shifts were -10.4 and -0.6 nm, 

for U and PC LPG OFS respectively. The corresponding peak 2 shifts were 7.2 

and 0.7 nm. The rates of change for the U LPG OFS were 21- and 15-fold higher 

than for the PC LPG OFS, for peaks 1 and 2 respectively. At all time points after 
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0 hours, the wavelength shifts corresponding to the U LPG OFS were 

significantly higher (p < 0.05) than the PC wavelength shifts. Attenuation peaks 

shifted in opposite directions over time of immersion.  

LPG OFS were also immersed in RPMI-1640 medium with no bacteria culture 

and the wavelength shift of attenuation bands measured for 24 hours. There 

was no measurable wavelength shift in the medium only, for both U and PC 

LPG OFS. 

4.4.3.2. CLSM images and quantified biomass of P. aeruginosa biofilms 

grown on optical fibres 

7.5 cm lengths of insensitive optical fibre (U and PC) were exposed to the P. 

aeruginosa (PA01-N) culture in RPMI-1640 medium and z-stack CLSM images 

acquired at 6 hour intervals for 24 hours. Images were processed and biomass 

quantified at each time point using COMSTAT. Figure 4.6 are the CLSM images 

and corresponding biomasses for P. aeruginosa biofilms grown on optical 

fibres.  
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Figure 4.6. (a) Z-stack CLSM images of P. aeruginosa biofilms, labelled with mCherry, 
on U optical fibres, at 6 hour intervals for 24 hours. The red masses represent biofilm. 
(b) Z-stack CLSM images of P. aeruginosa biofilms, labelled with mCherry, on PC optical 
fibres, at 6 hour intervals for 24 hours. The red masses represent biofilm. The scale bar 
is 50 µm and is applicable to all images. (c) Quantified biomass for all images in (a) and 
(b), using a COMSTAT threshold of 56. Error bars are ± SD, N = 3. 

 

CLSM images show a progression in biofilm development on the U fibre. 

Bacterial microcolonies were observed at 6 hours and full biofilm structures 

were observed by 18 hours. On the PC fibre, no fully formed biofilm was 

present after 24 hours. Attachment was not completely prevented, as some 

adhered cells and microcolonies were observed from 6 to 24 hours. This was 
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reflected after quantification of biomass; the increase in biomass was greater 

over time on the U fibre than the PC fibre. At all time points after 0 hours, the 

biomass was significantly higher (no error bar overlap) on U fibres than their 

PC counterparts. After 24 hours, the biomass of P. aeruginosa biofilms on U and 

PC optical fibres were 37.65 and 5.38 µm3/µm2 respectively. 

4.4.3.3. Relationship between biomass and wavelength shift 

The relationship between biomass and wavelength shift would allow the 

biomass of a biofilm to be quantified using the wavelength shift alone, 

removing the need for microscopic analysis and separate biomass 

quantification. The evanescent field decay from the cladding surface of optical 

fibres is governed by mathematical formulas derived from Maxwell equations. 

The strength of the evanescent field decays exponentially [258,259] and is 

dependent on the refractive index of the cladding and the surrounding film 

[259]. However, the cladding and biofilm refractive indexes were not known. 

Furthermore, the refractive index of the biofilms would be different depending 

on the rate of cell attachment and the nature of the growth media. Hence, the 

biomass (Figure 4.6) was used as an indicator of refractive index. An 

exponential function was applied to the inverse biomass versus wavelength 

shift. Figure 4.7 shows the plots for peak 1, for U and PC LPG OFS. Data for peak 

2 are presented in Appendix F. 

Figure 4.7. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U and PC optical fibres and the wavelength shift of peak 1 from U and PC 
LPG OFS exposed to P. aeruginosa culture medium in RPMI-1640, for 24 hours. Error 
bars are ± SD of wavelength shift, N = 8. Line equations and R2 are also displayed. 
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The lowest R2 was 0.66 for any of the LPG OFS (peak 2, PC LPG OFS; Appendix 

F). Differing relationships were observed for U and PC LPG OFS, due to the 

differing biomasses of biofilms on U and PC optical fibres (Figure 4.6). 

 

4.4.4. LPG OFS response in bacteria culture medium from 24 to 72 hours 

After spectra collection for 24 hours (Figure 4.5), U and PC LPG OFS were kept 

immersed in P. aeruginosa culture medium, in RPMI-1640, for a further 48 

hours. Transmission spectra were collected at the 48 and 72 hour time points. 

Figure 4.8 shows the wavelength shifts (from the 0 hour peak wavelengths) of 

both attenuation bands, from 24 to 72 hours. 

Figure 4.8. Wavelength shifts of both attenuation peaks in the optical spectrum, from 
24 to 72 hours, for U and PC LPG OFS immersed in P. aeruginosa culture in RPMI-1640 
medium. Error bars are ± SD, N = 5. 

 

All attenuation peaks shifted linearly (R2 ≥ 0.99). For the U sensor, the 

wavelength shift of peak 1 fell from -10.19 nm to -4.85 nm between 24 and 48 

hours. The wavelength shift for peak 2 fell from 7.11 nm to 3.24 nm between 

24 and 48 hours. Both peaks then fell to zero at 72 hours. For the PC sensor, 

the wavelength shift of both peaks fell to zero at 48 hours. There was no further 

shift after this. At 24 and 48 hours, the wavelength shifts for both peaks of the 

U LPG OFS were statistically higher (p < 0.01) than the PC LPG OFS. 
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P. aeruginosa biofilms growing on insensitive optical fibres, in RPMI-1640, were 

imaged at 48 and 72 hours. Z-stack images were acquired and the biomass 

quantified using COMSTAT. Figure 4.9 shows the CLSM images and quantified 

biomass of biofilms at 24, 48 and 72 hours.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. (a) Z-stack CLSM images of P. aeruginosa biofilms, labelled with mCherry, 
on U optical fibres, at 24, 48 and 72 hours. The red masses represent biofilm. (b) Z-
stack CLSM images of P. aeruginosa biofilms, labelled with mCherry, on PC optical 
fibres, at 24, 48 and 72 hours. The red masses represent biofilm. The scale bar is 50 
µm and is applicable to all images. (c) Quantified biomass for images in (a) and (b), 
using a COMSTAT threshold of 56. Error bars are ± SD, N = 3. 

 

(a) Uncoated 

(b) Primed and coated 

24 hours 48 hours 72 hours 

24 hours 48 hours 72 hours 

50 µm 

0

5

10

15

20

25

30

35

40

45

12 24 36 48 60 72 84

B
io

m
as

s 
(µ

m
3 /

µ
m

2 )

Time (hours)

Uncoated

Primed and coated

(c)  



121 
 

CLSM images show a progressive degradation of the biofilm from 24 to 48 and 

72 hours, on PC and U substrates respectively. On the U fibre, the biomass fell 

from 37.65 µm3/µm2 to 10.80 µm3/µm2 between 24 and 48 hours, then to zero 

at 72 hours. On the PC fibre, the biomass fell from 5.38 µm3/µm2 to zero 

between 24 and 48 hours. No biomass was recorded at 72 hours. At 24 and 48 

hours, the biomass on the U fibre was significantly higher (no error bar overlap) 

than on the PC fibre.  

 

4.4.5. Sensitivity of LPG OFS to biomass 

U LPG OFS were exposed to P. aeruginosa (PA01-N) culture in RPMI-1640 

medium and transmission spectra collected every 5 minutes until a wavelength 

shift could be measured. This occurred after 1 hour; the wavelength shifts of 

attenuation peaks 1 and 2 at this time were -0.52 nm and 0.17 nm respectively. 

Simultaneously, P. aeruginosa biofilms were grown on U insensitive optical 

fibres. Z-stack CLSM images were obtained at 1 hour and the biomass 

quantified in COMSTAT, using a user-defined COMSTAT fluorescence threshold 

of 57. The biomass after 1 hour was 0.81 µm3/µm2. Therefore, the maximum 

sensitivity of LPG OFS to biomass can be expressed as the smallest wavelength 

shift per biomass unit, which is 0.21 nm per biomass unit (µm3/µm2). 

 

4.4.6. LPG OFS incorporated into ETTs 

4.4.6.1. Response in RPMI-1640 

To simulate an LPG OFS-instrumented ETT, LPG OFS were fixed into lumens of 

5 cm long sections of tube and onto 3 cm2 sections of cuff (Figure 4.2). The 

combined LPG OFS-ETT systems (U and PC) were immersed in P. aeruginosa 

(PA01-N) culture medium, in RPMI-1640 and the wavelength shifts of 

attenuation bands plotted against time of immersion, over 24 hours. Figure 
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4.10 are the wavelength shift plots for both attenuation peaks and for U and 

PC systems. Wavelength shift profiles for tube and cuff systems are displayed.  

Figure 4.10. Wavelength shift against time for both attenuation peaks of U and PC LPG 
OFS incorporated into ETT tubes and onto cuffs, immersed in P. aeruginosa culture 
medium in RPMI-1640, for 24 hours. R2 are displayed in labels of corresponding 
colours. Error bars are ± SD, N = 3. 

 

In all cases, wavelength shift was linear with increased time of immersion in 

bacteria culture medium. Peaks 1 and 2 shifted in opposite directions. The PC 

LPG OFS-ETT systems displayed significantly lower wavelength shifts (no error 

bar overlap) than the U systems, at all time points after 0 hours. There was also 

no difference in wavelength shift, at any time point after 6 hours, between tube 

and cuff systems, for the equivalent peak and surface modification. There was 
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also no difference between wavelength shifts between LPG OFS incorporated 

into ETTs and LPG OFS in the PTFE well (Figure 4.5), for the equivalent peak and 

surface modification. 

1 cm2 sections of tube and cuff, U and PC, were exposed to P. aeruginosa 

culture medium, in RPMI-1640. 2D and Z-stack CLSM images were acquired and 

biomass quantified from the latter using COMSTAT. The quantified biomass is 

shown in Figure 4.11. The associated 2D CLSM images are displayed in 

Appendix G.  

Figure 4.11. Biomass increase over time of P. aeruginosa biofilms grown on U and PC 
tubes and cuffs, in RPMI-1640 medium. The COMSTAT threshold was 60. Error bars 
are ± SD, N = 3. 

 

On U tubes and cuffs, biomass increased to 37.29 and 10.29 µm3/µm2 

respectively, over 24 hours. On PC tubes, no biomass was measured up to 18 

hours; at 24 hours, a biomass of 1.98 µm3/µm2 was recorded. On PC cuffs, no 

biofilm was observed over 24 hours. At all time points after 0 hours, the U tubes 

and cuffs had biofilms with higher biomasses than the equivalent PC substrates. 

Biofilms on U tubes were higher than on U cuffs, after 0 hours. PC substrates 

had no biofilm present until 24 hours, where the tube biomass was significantly 

higher (no error bar overlap) than cuff biomass. 
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As with the LPG OFS in the PTFE well, the inverse biomass (of P. aeruginosa 

biofilms on tubes and cuffs) was plotted against wavelength shift and an 

exponential function fitted to the data. The peak 1 plots, for U tubes and cuffs 

are shown in Figure 4.12. Peak 2 data is presented in Appendix F. The function 

could only be applied to the U data, since no biomass was detected on the PC 

substrates (apart from on tubes at 24 hours). 

Figure 4.12. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 1 from U LPG OFS-
ETT systems immersed in P. aeruginosa culture medium in RPMI-1640, for 24 hours. 
Error bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 

 

Since the biomass was different on tubes and cuffs in RPMI-1640 (Figure 4.11), 

the relationship between biomass and wavelength shift was different for tube 

and cuff systems. The lowest R2 was 0.89 (peak 2, tube; Appendix F). 

4.4.6.2. Response in ASM G 

The protocol of immersing LPG OFS-ETT systems, U and PC, in a P. aeruginosa 

(PA01-N) culture (section 4.4.6.1), was repeated in ASM G. Figure 4.13 are the 

wavelength shift profiles of both attenuation bands over time of immersion in 

bacteria culture medium, for both tube and cuff systems, for 24 hours. 
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Figure 4.13. Wavelength shift against time for both attenuation peaks of U and PC LPG 
OFS incorporated into ETT tubes and onto cuffs, immersed in P. aeruginosa culture 
medium in ASM G, for 24 hours. R2 are displayed in labels of corresponding colours. 
Error bars are ± SD, N = 3. 

 

Both attenuation peaks shifted linearly over time and shifted in opposite 

directions. There was no wavelength shift observed for PC LPG OFS-ETT 

systems, therefore the PC LPG OFS-ETT systems displayed significantly lower 

wavelength shifts (no error bar overlap) than the U systems, at all time points 

after 0 hours. There was also no difference in wavelength shift, at any time 

point after 6 hours, between tube and cuff systems, for the equivalent peak 

and surface modification.   
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1 cm2 sections of tube and cuff, U and PC, were exposed to P. aeruginosa 

culture medium, in ASM G. 2D and Z-stack CLSM images were acquired and 

biomass quantified from the latter using COMSTAT. The quantified biomass is 

shown in Figure 4.14. The associated 2D CLSM images are displayed in 

Appendix G. 

Figure 4.14. Biomass increase over time of P. aeruginosa biofilms grown on U and PC 
tubes and cuffs, in ASM G. The COMSTAT fluorescence threshold was 60. Error bars 
are ± SD, N = 3. 

 

On U tubes and cuffs, biomass increased to 2.21 and 1.71 µm3/µm2 

respectively, over 24 hours. On PC tubes and cuffs, no biomass was measured 

over 24 hours. At all time points after 0 hours, the U tubes and cuffs had 

biofilms with higher biomasses than the equivalent PC substrates. There was 

no difference between biomass on U tubes and cuffs, at any time point.  

As with the LPG OFS in the PTFE well, the inverse biomass (of P. aeruginosa 

biofilms on tubes and cuffs) was plotted against wavelength shift and an 

exponential function fitted to the data. The peak 1 plots, for U tubes and cuffs 

are shown in Figure 4.15. Peak 2 data is presented in Appendix F. The function 

could only be applied to the U data, since no biomass was detected on the PC 

substrates (Figure 4.14). 
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Figure 4.15. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 1 from U LPG OFS-
ETT systems exposed to P. aeruginosa culture medium in ASM G, for 24 hours. Error 
bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 

 

The differing functions between U tubes and cuff systems were a result of 

differing mean biomass of P. aeruginosa biofilms in ASM G (Figure 4.14). The 

lowest R2 was 0.94 (peak 2, tube and cuff; Appendix F). 

4.4.6.3. Response in ASM N 

The protocol of immersing LPG OFS-ETT systems, U and PC, in a P. aeruginosa 

(PA01-N) culture (section 4.4.6.1), was repeated in ASM N. Figure 4.16 are the 

wavelength shift profiles of both attenuation bands over time of immersion in 

bacteria culture medium, for both tube and cuff systems, for 24 hours. 
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Figure 4.16. Wavelength shift against time for both attenuation peaks of U and PC LPG 
OFS incorporated into ETT tubes and onto cuffs, immersed in P. aeruginosa culture 
medium in ASM N, for 24 hours. R2 are displayed in labels of corresponding colours. 
Error bars are ± SD, N = 3. 

 

Both attenuation peaks shifted linearly over time and shifted in opposite 

directions. The PC LPG OFS-ETT systems displayed significantly lower 

wavelength shifts (no error bar overlap) than the U systems, at all time points 

after 0 hours. On PC tubes and cuffs, there was no wavelength shift observed 

at 6 hours, after which the wavelength shift increased between 12 and 24 

hours. There was also no difference in wavelength shift, at any time point after 

6 hours, between tube and cuff systems, for the equivalent peak and surface 

modification.  
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1 cm2 sections of tube and cuff, U and PC, were exposed to P. aeruginosa 

culture medium, in ASM N. 2D and Z-stack CLSM images were acquired and 

biomass quantified from the latter using COMSTAT. The quantified biomass is 

shown in Figure 4.17. The associated 2D CLSM images are displayed in 

Appendix G.  

Figure 4.17. Biomass increase over time of P. aeruginosa biofilms grown on U and PC 
tubes and cuffs, in ASM N. The COMSTAT fluorescence threshold was 60. Error bars 
are ± SD, N = 3. 

 

On U tubes and cuffs, biomass increased to 5.69 and 5.55 µm3/µm2 

respectively, over 24 hours. On PC tubes and cuffs, no biomass was measured 

over 24 hours. At all time points after 0 hours, the U tubes and cuffs had 

biofilms with higher biomasses (no error bar overlap) then the PC substrates. 

There was no difference between biomass on U tubes and cuffs, at any time 

point.  

As with the LPG OFS in the PTFE well, the inverse biomass (of P. aeruginosa 

biofilms on tubes and cuffs) was plotted against wavelength shift and an 

exponential function fitted to the data. The peak 1 plots, for U tubes and cuffs 

are shown in Figure 4.18. Peak 2 data is presented in Appendix F. The function 

could only be applied to the uncoated data, since no biomass was detected on 

the primed and coated substrates (Figure 4.17). 
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Figure 4.18. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 1 from U LPG OFS-
ETT systems exposed to P. aeruginosa culture medium in ASM N, for 24 hours. Error 
bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 

 

The differing functions between U tubes and cuff systems were a result of 

differing mean biomass of P. aeruginosa biofilms in ASM N (Figure 4.17). The 

lowest R2 was 0.91 (peak 2, cuff; Appendix F). 

4.4.6.4. Comparison of wavelength shift between the three bacteria 

culture media 

Figure 4.19 are the wavelength shifts of peak 1 for U and PC LPG OFS-ETT 

systems in the three culture media used, obtained from Figures 4.10, 4.13 and 

4.16. Data for peak 2 is shown in Appendix H. 

y = 2.34ln(x) + 0.21
R² = 0.99

-5

-4

-3

-2

-1

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Δ

λ
(n

m
)

1/(µm3/µm2)

Peak 1 - Uncoated tube

y = 2.03ln(x) - 0.09
R² = 0.99

-5

-4

-3

-2

-1

0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Δ
λ

(n
m

)

1/(µm3/µm2)

Peak 1 - Uncoated cuff



131 
 

Figure 4.19. Wavelength shift profiles of attenuation peak 1 from U and PC LPG OFS-
ETT systems exposed to P. aeruginosa culture in RPMI-1640, ASM G and ASM N for 24 
hours. R2 are displayed in labels of corresponding colours. Error bars are ± SD, N = 3.  

 

Wavelength shifts were linear in all media, for both tube and cuff systems. For 

U systems, the wavelength shifts in RPMI-1640 were significantly higher (no 

error bar overlap) than the two types of ASM, at time points after 0 hours. ASM 

N had greater wavelength shifts than ASM G (no error bar overlap) at 18 and 

24 hours. For PC systems, there was no difference between RPMI-1640 and 

ASM N, at any time point (apart from 6 hours on the PC cuff). The wavelength 

shifts between ASM G and ASM N differed at 12, 18 and 24 hours (no error bar 

overlap) on device tubes; but only at 18 and 24 hours on device cuffs. 

Wavelength shifts in RPMI-1640 were higher than ASM G (no error bar overlap) 

at time points after 0 hours, apart from at 6 hours on PC tubes. 
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4.5. Discussion 

4.5.1. Coating thickness on optical fibres 

The mean coating thickness on optical fibres, after priming, was 511 nm, which 

was lower than the coating thickness on ETT tubes (627 nm) and cuffs (549 nm). 

The binary silane primer, in principle, forms stable covalent bonds with the 

silica substrate [202] (Figure 2.8), compared to weaker hydrogen bonds with 

PVC substrates. This should therefore have increased the stability and/or 

resistance to stress of the interactions between the polymer and the fibre, 

resulting in greater polymer deposition.  

The lower mean coating thickness on optical fibres, therefore, was more likely 

influenced by the surface roughness and shape of the substrate [260]. 

Smoother silica fibres could have allowed quicker drainage of polymer from the 

substrate into the polymer reservoir, reducing polymer deposition compared 

to rougher ETT substrates [260]. Furthermore, the cylindrical shape of the 

fibres, combined with the lower surface area, may have led to lower polymer 

deposition [261], via reduced retention of polymer on optical fibre surfaces. 

This would have resulted in lower coating thicknesses, compared to ETT tubes 

and cuffs, which were flatter cuboids with larger surface area. However, the 

effect of surface roughness and shape on polymer film thickness is yet to be 

established.  

 

4.5.2. Calibration of LPG OFS using sodium chloride solutions 

The purpose of the calibration was to establish the position of attenuation 

bands, to note the sensor response with increasing refractive index and to 

ensure that there were no differences in wavelength shift between U and PC 

sensors in sodium chloride solutions of the same concentration. Two 

attenuation bands (or peaks) were present in the transmission spectrum in 

water, located at roughly 800 and 900 nm (Figure 4.3). Using the amplitude 

masks for creating the grating (section 4.3.1) meant that these attenuation 
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bands were in the same position for all LPG OFS used (when immersed in the 

same medium). These two peaks arose due to coupling near or at the phase 

matching turning point (PMTP), which typically results in a single broad 

attenuation band [165,166], which splits into two as refractive index increases, 

because of coupling to a single cladding mode at two different wavelengths. 

The presence of two peaks suggests the attenuation band at the PMTP had 

already split, meaning coupling was occurring at the PMTP [166]. LPG OFS with 

this property have the highest sensitivity [166]. 

The application of the primer and polymer coating caused the attenuation 

peaks to lose transmission and to shift in opposite directions from the U 

attenuations. The loss of transmission represented more efficient core-

cladding mode coupling [166], caused by the application of a film of higher 

refractive index (than air) on the LPG OFS cladding surface, which changed the 

effective index of the cladding modes. Peaks shifted in opposite directions due 

to differing cladding mode effective indexes, also caused by the increased 

surrounding refractive index [165,166]. This caused coupling centred at 

different wavelengths to the U LPG OFS (governed by equation 1).  

A linear wavelength shift of both attenuation bands was observed with 

increasing sodium chloride concentration (and higher refractive index, Figure 

4.4). As sodium chloride concentration increased, the effective index of 

cladding modes changed (governed by equation 1), resulting in the central 

wavelengths of attenuation bands shifting in opposite directions [166,167]. The 

shift was linear due to a linear increase in medium refractive index causing a 

step-wise change in cladding index. Peak 1 had a greater wavelength shift than 

peak 2 (Figure 4.4). This was likely caused by the turning point resonant 

wavelength being closer to the peak 1 than the peak 2 wavelength [167]. 

Although the application of the primer and coating lead to a positional change 

of the attenuation bands in water, there was no difference in the wavelength 

shift profiles between U and PC LPG OFS. This suggests that the primer and 

coating did not affect the sensitivity of the LPG OFS, nor did they change core-



134 
 

cladding mode coupling behaviour with increasing refractive index. Coupling 

did occur at different wavelengths but the change in cladding mode effective 

index occurred at the same rate for both LPG OFS surface modifications. 

The LPG OFS was able to sense refractive index changes with a 511 nm polymer 

coating over the cladding. The sensing ‘radius’ around the cladding is 

determined by the size of the evanescent field around the cladding [262]. The 

grating period, mechanical strain and the refractive index of any deposited 

layer can influence the size of the evanescent field [262]. The radius of 

detection from the cladding has been reported to be as little as 50 nm [263] 

and higher than 800 nm [264,265]. The LPG OFS used in this study appears to 

have an evanescent field greater than 511 nm. Since the wavelength shifts in 

sodium chloride solutions were the same for U and PC sensors, spectral 

differences in bacteria culture medium could be attributed to differing 

bacterial attachment on sensor surfaces.  

 

4.5.3. LPG OFS in P. aeruginosa culture medium 

A linear change in wavelength shift of both attenuation bands was observed 

over time of immersion in bacteria culture medium (Figure 4.5). The 

wavelength shift change is evidence of bacterial adhesion to the LPG OFS 

surface; bacterial cells and EPS are their own source of refractive index [266]. 

Biofilm formation linearly changed the local refractive index and thus linearly 

changed the effective index of the corresponding cladding modes. This caused 

core-cladding mode coupling to occur at different wavelengths, shifting away 

from the attenuation bands present at 0 hours. A linear attenuation band 

wavelength shift, in the order of 1.3 nm, was also observed by Smietana et al. 

[170] upon E. coli attachment to phage-functionalised LPG OFS. 

The rate of change of wavelength shift was significantly higher (p < 0.05) on U 

sensors than their PC counterparts. This verified the anti-attachment 

properties of EGDPEA:DEGMA; reduced bacterial adhesion resulted in smaller 
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cladding mode index change and therefore lesser wavelength shifts (Figure 

1.6). This offers exciting opportunities for testing the anti-attachment 

properties of other materials. Since spectral response is indicative of 

attachment, coating sensors in different materials and measuring wavelength 

shift in bacteria culture media may allow comparisons to be made between 

attachment to uncoated surfaces and attachment to surfaces functionalised 

with a test material. 

CLSM images (Figure 4.6) allowed visualisation of P. aeruginosa biofilms on LPG 

OFS surfaces. On U optical fibres, microcolonies formed at 6 hours and quickly 

spread across the entire imaged surface over the next 6 hours, before forming 

biofilms after 18 hours. Referring to the five stage biofilm life cycle (Figure 1.2), 

it appears that stages (i), (ii) and (iii) all occurred within 6 hours. Late 

maturation (stage iv) then occurred over the next 18 hours. It was difficult to 

establish whether dispersion (stage v) was occurring, since biofilms on other 

parts of the optical fibre could have originated from the bulk culture and/or 

dispersed cells from other biofilms. P. aeruginosa biofilm formation has been 

described by Heydorn et al. [225], who stated that P. aeruginosa “colonized the 

entire substratum very rapidly” before forming “flat and uniform biofilm 

structures” (all within the first 24 hours). This process was prevented by the 

polymer coating. Some microcolonies were observed at 18 and 24 hours but a 

fully formed biofilm was not present. This supports the reduced rate of change 

of wavelength shift observed on PC LPG OFS. 

The biomass plot shows a slow progression in biomass up to 6 hours on U 

surfaces, as planktonic cells adhered, formed microcolonies and began 

maturing (Figure 4.6). A rapid growth of the biofilm was then observed up to 

12 hours, possibly caused by the RPMI-1640 minimal medium inducing rapid 

growth of biofilm structures from microcolonies [245]. Biomass then gradually 

increased to 18 hours, before an ‘acceleration’ up to 24 hours. This acceleration 

may be due to cells preparing to exit the biofilm and recolonise other surfaces 

[41]. On PC optical fibres, biomass slightly increased between 0 and 6 hours, 

but no significant increases in biomass occurred over the next 18 hours.  
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After 24 hours, the wavelength shifts for PC LPG OFS were 94% and 90% less 

than the U LPG OFS, for peaks 1 and 2 respectively. However, the biomass 

reduction after 24 hours was 86% on PC optical fibres. Also, despite linear 

changes in wavelength shift, biomass did not increase linearly over time (Figure 

4.6). The extra polymeric substances (EPS) excreted by sessile bacteria may be 

the cause of these differing responses. EPS also provided a source of changing 

refractive index and therefore contributed to the wavelength shift 

[166,167,266]. However, EPS did not contain fluorescent markers, hence was 

not imaged using CLSM and was not quantified in COMSTAT. Both the EPS layer 

and the bacterial cells were sensed by the LPG OFS, and it is likely that the 

combination of cells and EPS increased in refractive index linearly, causing the 

linear wavelength shifts. However, only the cells were imaged and quantified, 

hence the biomass increases was not linear. The primer and coating resisted 

attachment and therefore prevented EPS excretion, so the wavelength shift 

reduction appears to be greater than the biomass reduction after 24 hours on 

PC substrates. It may be useful to measure the refractive index of P. aeruginosa 

over time, which would allow the relationship between biomass, biofilm 

refractive index and wavelength shift to be established. 

The LPG OFS can sense refractive index changes at distances in the order of 

hundreds of nanometres from the cladding [217,218], depending on the size of 

the evanescent field. However, the biofilm growing on the surface of the fibre 

was in the order of tens of micrometres thick. It can be assumed that the LPG 

OFS was not sensing refractive index change of the entire biofilm but rather at 

areas at the cladding-biofilm interface, at a distance limited by the loss of the 

evanescent field. This may also explain the differing wavelength shift and 

biomass trends; biomass increases beyond the evanescent field would not be 

detected by the sensor but would be imaged by the confocal microscope.  

When linking biomass to wavelength shift, the evanescent field decay from 

optical fibre surfaces was explored. The evanescent field decays exponentially 

with distance from the cladding surface [258,259], based on formulas derived 

from Maxwell equations [259]. The exact relationship between field decay and 
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distance from the cladding is dependent upon the refractive indexes of the 

cladding and the surrounding media [259], neither of which were known in this 

study. Furthermore, the refractive index of P. aeruginosa biofilms would be 

different depending on the surface and the growth medium. Differing rates of 

attachment result in differing extents of EPS excretion [267]. It has also been 

shown that the content of EPS may vary between different growth media [268]. 

Hence, the biofilm refractive index is highly variable.  

In determining a general relationship between biomass and wavelength shift, 

the biomass was used as an indicator of refractive index and an exponential 

function was applied to the inverse biomass versus wavelength shift (Figure 

4.7). The formulas derived from the plots in Figure 4.7 allow estimation of 

biomass based on the wavelength shift, which will be applied to LPG OFS-ETT 

systems in the proceeding experiments. The accuracy of the trendlines in Figure 

4.7 is lower than in the experiments where LPG OFS were fixed onto ETT 

sections (Figures 4.12, 4.15 and 4.18). This could be improved by obtaining 

biomass data of P. aeruginosa biofilms at time points between 6 and 12 hours 

(where there was a large gap between data points). This would ensure that the 

exponential function indeed follows the trend as expressed in Figure 4.7, as 

well as improving the trendline accuracy.  

Since biomass was different on U and PC LPG OFS, the exponential function was 

different between surface modifications. Therefore, for a given surface or 

material, a training set of data would first need to be acquired; the wavelength 

shift from LPG OFS and biomass on that material would first need to be 

measured and the exponential function established. The resultant equation 

could subsequently be applied to that material, in P. aeruginosa culture 

medium, allowing biomass to be quantified based on wavelength shift. 

Since an exponential function was applied to the biomass versus wavelength 

shift plot, an asymptote exists, which represents the limit of detection of LPG 

OFS. Hence, beyond a certain biomass, there would be no further change in 

wavelength shift. This corroborates the evanescent field decay theory for 
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optical fibre sensors; beyond a certain level of decay, changes in surrounding 

refractive index can no longer be detected. Also, beyond a certain refractive 

index, no further wavelength shift would occur. This limit of detection (of 

refractive index) could be estimated by measuring the refractive index of 

biofilms over time, until no further change in wavelength shift occurs. 

 

4.5.4. Spectral response from 24 to 72 hours 

On U LPG OFS, the wavelength shifts fell to just below half of the 24 hour values 

between 24 and 48 hours, then fell to zero at 72 hours (Figure 4.8). On the PC 

LPG OFS, the wavelengths of attenuation bands returned to the 0 hour 

wavelengths at 48 hours and wavelength shift remained at zero at 72 hours. 

This is indicative of cell detachment and decreasing biomass on the optical 

fibres. The peak biomass occurred at 24 hours; on U optical fibres, biomass fell 

to below one-third at 48 hours and fell to zero at 72 hours. No biomass was 

recorded at 48 or 72 hours on PC substrates. The minimal RPMI-1640 medium 

did not allow dispersed cells (if any) to survive and recolonise other surfaces 

and so biofilms disintegrated after 24 hours [245]. Disintegrating biofilms on 

LPG OFS surfaces lowered the local refractive index and reversed the changes 

in the cladding mode effective index and so the wavelength shift returned back 

to zero. The LPG OFS could therefore detect both cell attachment and 

detachment. As with biofilm formation in the first 24 hours, the wavelength 

shifts decreased linearly but the biomass did not. This could also be due to the 

EPS disintegration and the effective radius of detection around the cladding of 

the LPG OFS.  

 

4.5.5. Sensitivity of LPG OFS to biomass 

The maximum sensitivity of the LPG OFS used in this study was 0.21 nm per 

biomass unit (µm3/µm2), with a limit of detection of 0.81 µm3/µm2. Smietana 

et al. [170] and Tripathi et al. [171] recorded minimum wavelength shifts of 1.3 
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and 2.1 nm respectively upon bacterial attachment to E. coli phage-

functionalised LPG OFS. The minimum wavelength shift recorded in this study 

was 0.17 nm (peak 2, 1 hour after immersion in bacteria culture medium). 

Therefore, the LPG OFS used in this study, without surface modification, was 

more sensitive (higher wavelength resolution) than the ones used in previous 

reports. This may be due to the grating being inscribed at the PMTP, giving rise 

to two attenuation bands of highest sensitivity to refractive index [166]. It 

would also be beneficial to measure the refractive index of the biofilm after 1 

hour, to ascertain the sensitivity to refractive index units (RIUs) and the RUI 

limit of detection. Nevertheless, due to the high sensitivity to biomass, LPG OFS 

could be a suitable instrumentation for ETTs to provide live, accurate feedback 

on device colonisation.  

 

4.5.6. LPG OFS as sensing instrumentation for ETTs 

4.5.6.1. Spectral response from LPG OFS incorporated into ETT sections 

In all three culture media and on tubes and cuffs, attenuation peaks shifted 

linearly with increased time of exposure to bacteria, signifying linear changes 

in biofilm refractive index. U LPG OFS-ETT systems displayed higher wavelength 

shifts than the PC systems from 6-24 hours, indicating greater bacterial 

attachment to U systems. This further reinforces the anti-attachment property 

of EGDPEA:DEGMA. 

There was no difference in wavelength shifts between tube and cuff systems, 

for the same peak, in the same medium. Furthermore, there was no difference 

in spectral response between LPG OFS fixed onto tubes/cuffs and the LPG OFS 

placed into the PTFE well, in RPMI-1640 medium. This was despite differing 

biomass of P. aeruginosa on tubes and cuffs (Figure 4.11). No biomass was 

recorded on PC surfaces, aside from tubes in RPMI-1640, even though 

wavelength shifts was recorded on PC systems in RPMI-1640 and ASM N 

(Figures 4.10 and 4.16). This suggests that spectral response is not influenced 
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by attachment to the substrate that the LPG OFS is incorporated onto, but 

rather attachment to the sensor cladding itself, within the reaches of the 

evanescent field. Therefore, the wavelength shifts observed from these 

systems are associated with changing refractive index at the cladding surface, 

not at the substrate surface. 

4.5.6.2. Biomass of P. aeruginosa biofilms on ETTs 

Different rates of bacterial attachment were observed when comparing tubes 

and cuffs, with the same surface modification, in RPMI-1640 (Figure 4.11). This 

was previously demonstrated; ToF-SIMS analysis of tube and cuff surfaces 

(Figure 3.3) suggested that DEHP plasticisers in cuffs may have a bactericidal 

effect [252-254], preventing biofilm formation. There were also differences in 

biomass on U ETT sections between the culture media. This was also previously 

demonstrated (Figure 3.8) and was thought to be associated with the nutrient 

composition of the three media. Biofilms had the highest biomass in RPMI-

1640, then in ASM N, followed by ASM G, which is the reverse order of nutrient 

content. ASM G contains all the amino acids, salts, iron and glucose, which 

supported cell growth and thus prevented biofilm formation [244,245]. The 

difference between tubes and cuffs were not apparent in either ASM type, 

possibly due to the media supporting cell growth enough to prevent significant 

attachment/biofilm formation on any substrate. PC surfaces completely 

resisted bacterial attachment, aside from on device tubes in RPMI-1640, at 24 

hours (Figure 4.11). Although some attachment occurred at this point, no 

microcolonies or biofilm structures were observed.  

4.5.6.3. Relationship between biomass and wavelength shift 

For U LPG OFS-ETT systems, the relationship between biomass on tubes and 

cuffs and wavelength shift was established, in all three culture media (Figures 

4.12, 4.15 and 4.18). Even though the wavelength shift was caused by bacterial 

attachment to LPG OFS cladding, not the ETT, this relationship would still allow 

estimation of biomass on ETTs from the spectral response, since they were 

both exposed to the same culture medium, in the same environment. Since 
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there was no biomass on PC ETT substrates, there was no relationship between 

biomass and wavelength shift. Nevertheless, since the primer and the 

EGDPEA:DEGMA coating effectively reduced bacterial attachment on ETT 

surfaces, the need for sensing instrumentation would not be required.  

Figures 4.12, 4.15 and 4.18 were the exponential functions of the inverse 

biomass versus wavelength shift in the three culture media. The lowest R2 

observed for any peak was 0.89, indicating good correlation between the 

biomass and wavelength shift using the exponential function. Differing biomass 

between tubes and cuffs and between culture media led to different 

exponential functions, each of which could be used as training data; the 

mathematical formulas presented on each plot in Figures 4.12, 4.15 and 4.18 

could be used to estimate biomass from wavelength shift, on tubes and cuffs, 

in either culture medium. For example, for a biofilm on ETT tubes, grown in 

ASM G, a peak 1 wavelength shift of -2 nm would represent a biomass of 1.28 

µm3/µm2, calculated by rearranging the formula displayed in Figure 4.15 to give 

equation 6. 

                                                      𝑥 = 𝑒−(
𝑦+1.67

1.32
)
                                                     (6) 

Where x is biomass and y is the wavelength shift (of a given peak). For 

incorporation of LPG OFS into ETTs for the clinical use, the biomass beyond 

which infection occurs would first need to be established (i.e. an infection 

threshold). Should the wavelength shift represent a biomass at or beyond the 

threshold, the physician could then act appropriately, by either removal of the 

device and/or treating the patient with relevant antibiotics. LPG OFS, in this 

case, provides an early warning of infection, reducing the time required for 

examining contaminated devices and allowing interception of ETT-centred 

infection. 

LPG OFS in these systems were not selective for P. aeruginosa, but the 

exponential functions applied to Figures 4.12, 4.15 and 4.18 were specific for 

P. aeruginosa biofilms. However, measuring the wavelength shift and 
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quantifying biomass for other bacteria species on U ETTs may allow for 

mathematical functions to be derived for many species, allowing biomass 

quantification from spectral response for multiple pathogens. 

4.5.6.4. Spectral response in different culture media 

The differing wavelength shifts in Figure 4.19 and Appendix H can be related to 

differing levels of bacterial attachment to the LPG OFS surface. U LPG OFS-ETT 

systems showed greater wavelength shifts in RPMI-1640, then ASM N, then 

ASM G (significance beginning from 12 hours and 18 hours on tubes and cuffs 

respectively). This represented greater attachment and biofilm formation to 

cladding surfaces in RPMI-1640 and the least attachment in ASM G. However, 

for PC LPG OFS-ETT systems, no differences were observed between RPMI-

1640 and ASM N. This suggests that the primer and coating resisted attachment 

significantly enough to outweigh the effect of the media, compared to U 

systems. No wavelength shift was observed for PC systems in ASM G, indicating 

zero attachment. Overall, the LPG OFS-ETT systems were able to monitor 

biofilm formation in real time, in all three media. Since ASM was used to mimic 

the conditions of a patient’s airway, the relationship between biomass and 

wavelength shift (Figures 4.15 and 4.18) may allow biomass of P. aeruginosa 

biofilms on ETT surfaces to be quantified from wavelength shift in situ, for 

patients with differing sputum glucose content. 

 

4.5.7. Designing an instrumented ETT 

The LPG OFS could easily be incorporated into the lumen of ETTs, by using safe, 

approved adhesives, such as the cyanoacrylates [269]. The LPG OFS would have 

to be manufactured to work in reflection mode, whereby the sensing region is 

at the optical fibre terminus (rather than in the middle) and the transmitted 

light is reflected back up the optical fibre by a mirror at the fibre terminus [270]. 

This would allow the light source and spectrometer to be positioned at the 

same end of the ETT, outside the body. Figure 4.20 schemes the designed 
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prototype of the instrumented ETT, which could be trialled in an animal model 

or live patients. Incorporating the LPG OFS onto device cuffs provides an 

additional challenge; inflation of the cuff and tracheal contact may cause 

damage to the sensor apparatus. Further research into the influence of cuff-

trachea contact pressure on spectral response is required.  

 

 

 

 

 

 

 

 

 

Figure 4.20. Schematic of LPG OFS instrumentation incorporated into an ETT lumen, 
working in reflection mode, with both ends of the LPG OFS exiting the end of the 
device outside the body. 
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4.6. Conclusions 

This study examined the novel use of LPG OFS to monitor bacterial attachment 

and biofilm formation on ETTs in real time. Upon calibration of LPG OFS in 

solutions of increasing sodium chloride concentration, linear wavelength shifts 

occurred for both attenuation bands, with identical rates of change for U and 

PC LPG OFS. This was caused by linear increases in concentration (and 

refractive index) causing linear cladding mode effective index change. 

When LPG OFS were immersed in P. aeruginosa culture medium in RPMI-1640, 

linear wavelength shifts were observed over time of immersion, for both U and 

PC LPG OFS, signifying increased bacterial adsorption and a linear change in 

biofilm refractive index. The wavelength shifts of the two attenuation peaks 

from PC LPG OFS, after 24 hours, were 94% and 90% less than the U LPG OFS, 

indicating that EGDPEA:DEGMA reduced bacterial adhesion to sensor surfaces.  

P. aeruginosa biofilms were grown on U and PC insensitive optical fibres and 

the biomass quantified over 24 hours using COMSTAT. Biomass on PC optical 

fibres after 24 hours were significantly less than on U optical fibres, further 

highlighting the anti-attachment capability of EGDPEA:DEGMA and supporting 

the reduced wavelength shifts observed from PC LPG OFS. Unlike wavelength 

shift, biomass did not increase linearly. The differing trends in wavelength shift 

and biomass were possibly caused by EPS excretion by sessile cells, which 

would have contributed to the wavelength shifts, since EPS has its own 

refractive index. However, EPS could not be imaged or quantified, so it is likely 

that the combination of bacterial cells and EPS changed the cladding mode 

effective index linearly. The decay of the evanescent field with increased 

distance from the cladding is governed by an exponential function. Biomass 

was therefore related to the wavelength shift via an exponential function. 

The sensitivity of the LPG OFS used was 0.21 nm per biomass unit (µm3/µm2), 

with a limit of detection of 0.81 µm3/µm2. This demonstrated a higher 

sensitivity compared to previous reports of E. coli sensing using LPG OFS. LPG 

OFS also allowed cell detachment and biofilm degradation to be sensed, with 
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linear decreases in wavelength shift observed between 24 and 72 hours, on U 

and PC LPG OFS. Biomass also decreased over this time, on both substrates. 

Incorporation of LPG OFS into ETT tubes and cuffs and subsequent exposure to 

P. aeruginosa cultures in RPMI-1640, ASM G and ASM N also displayed linear 

wavelength shifts over time, in all three media. Differing rates of change of 

wavelength shift between media for U LPG OFS-ETT systems allowed the 

media’s effect on biofilm formation to be assessed. RPMI-1640 appeared to 

stress the bacteria the most, with greater rates of change of wavelength shift 

from LPG OFS-ETT systems immersed in bacteria culture in RPMI-1640, 

representing a greater rate of biofilm formation. There was no difference in 

wavelength shifts between LPG OFS incorporated into ETTs and the equivalent 

LPG OFS placed into a PTFE well, demonstrating that biofilm formation on the 

optical fibre surface contributed to the wavelength shift, within the reaches of 

the evanescent field. 

P. aeruginosa biofilms were grown on ETT tubes and cuffs, in all three growth 

media and the biomass quantified using COMSTAT. Exponential relationships 

were also observed when plotting the inverse biomass on U substrates against 

U wavelength shift, in each media. Even though the biomass on ETT sections 

did not directly contribute to the wavelength shift, the exponential functions 

could be used to quantify P. aeruginosa biomass on U ETTs from the 

wavelength shift alone, which could give an early warning of ETT biofouling and 

allow interception of VAP. LPG OFS could therefore, for the first time, be used 

as a sensing instrumentation for ETTs, allowing real time feedback on biofilm 

formation on device surfaces, with high sensitivity. Designing an instrumented 

device offers the possibility of in situ biofilm detection. 
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5. Development of a bacteria species identification LPG 

optical fibre sensor using polymers with differential 

bacterial attachment 

5.1. Introduction 

Antimicrobial resistance is a huge global health issue; it can cause ordinarily 

treatable infections to become fatal [178], as well as compromising surgical 

procedures and chemotherapy treatments [178]. Antimicrobial resistance is 

partly compounded by the overuse of broad spectrum antibiotics. [177]. 

Hence, identification of bacteria species is paramount, so that appropriate 

antibiotic regimens can be chosen. Choosing antibiotics that bacteria are 

sensitive to prevents the overuse of broad spectrum agents, which can limit the 

spread of resistance. Currently, identification of pathogenic bacteria involves 

taking samples from the patient, culturing the infectious organism and then 

using various microscopic and staining techniques to identify the organism 

[174]. This process can take several days, during which an infection can worsen 

and spread [256].  

A more rapid, non-invasive and sensitive method of identifying bacteria species 

is required, to curb the spread of antimicrobial resistance and to allow 

treatment to be quickly administered to patients before infections cause 

serious harm. Moreover, real time bacterial species identification would be a 

powerful research tool for studying bacterial co-cultures. This is relevant for 

being able to study complex multi-species infections and environments, such 

as cystic fibrosis or the impact of antibiotic treatment on the gut biome 

[49,271].  

In this chapter, materials with bacteria selective binding abilities were 

identified, synthesised and used as coatings for LPG OFS to generate a tool that 

can identify known bacteria species. Selective binding is defined as the 

property of a material to differentially bind different bacteria species [181]. 

Selective, or differential, binding of bacteria has previously been demonstrated 
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by investigating the interaction of bacterial lectins to various polysaccharides 

[182]. It is possible that species-specific membrane-bound proteins, such as 

lectins, may differentially interact with polymer pendant groups, resulting in 

the discovery of species-selective polymers [142]. In the case of LPG OFS, 

differential bacterial attachment to a species selective material coating would 

result in differential wavelength shifts, allowing species identification based on 

spectral response alone.   

The materials were identified from a large data set generated by Hook et al. 

[186]. A range of acrylate and methacrylate polymers were printed onto 

microarray slides, incubated with P. aeruginosa, S. aureus and Uropathogenic 

E. coli culture media and the fluorescence associated with each species 

quantified on each polymer spot. The fluorescence intensity was proportional 

to attachment of that species to that particular material. Fluorescence data for 

the three species on 128 materials were analysed to identify materials with 

selectivity for the three pathogenic species.  

Three LPG OFS coated with a material selective for each of the three species 

were exposed to single cultures of each bacteria and the wavelength shifts of 

attenuation bands plotted over time of exposure. The differential attachment 

of the bacterial species to the different polymer coatings was utilised to allow 

bacterial species identification. 

Two of these coated LPG OFS were also exposed to P. aeruginosa and 

Uropathogenic E. coli co-cultures in an attempt to identify individual 

pathogenic species from a ‘mixture’ of species. This may prove beneficial in 

clinical settings, where infections are often caused by multiple bacteria species 

[272]. These LPG OFS can also be incorporated into medical devices, for sensing 

and identification of pathogenic bacteria that colonise device surfaces. 

Identification of multiple species in a mixed co-culture using LPG OFS would 

also provide research and industry with a powerful instrument. 
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5.2. Aims 

The aims of this experimental chapter were: 

1. Identify materials with selective binding properties from fluorescent 

intensity data, generated from a high throughput screen of three 

pathogenic bacteria species with a library of polymers expressed as a 

polymer microarray. 

2. Use the biomass of the three bacteria species on the selected materials 

to identify three polymers that allow each species to be distinguished. 

3. Scale up each material using the CCT polymerisation technique and coat 

LPG OFS with each polymer. 

4. Identify which of the three materials could be used in combination with 

LPG OFS to design a bacteria species identification tool. 

5. Determine whether the LPG OFS with varied coatings is able to 

accurately identify the amount of different bacteria species within a 

mixed co-culture. 
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5.3. Experimental 

5.3.1. Identification of selective binding materials from microarray 

fluorescent intensity data 

Data from a previous study [186], whereby bacterial attachment to a polymer 

microarray containing 128 polyacrylate/methacrylate homopolymers was 

quantified, was used to select potential selective binding polymers. Briefly, 

polymer microarrays were incubated with three pathogenic bacteria (P. 

aeruginosa (PA), S. aureus (SA) and Uropathogenic E. coli (UPEC)), each tagged 

with a green fluorescent protein (GFP) fluorophore. The fluorescence intensity 

from each bacterium was quantified on each polymer spot; this dataset was 

gathered by Hook et al. [186]. The data was normalised to the maximum 

fluorescence value for each species. A threshold value was then set to identify 

materials with selective binding properties; any material for which the 

normalised fluorescence for one species was above the threshold and the other 

two were below it was selected as a potential selective binding polymer. The 

threshold was set by gradually and concurrently increasing for all three bacteria 

species until nine materials with the strongest affinity for one species were 

identified. 

 

5.3.2. Photopolymerisation of selective binding materials 

1 mL of each of the nine monomers was added to 10 mg of the photoinitiator 

2,2’-dimethoxy-2-phenylacetophenone (DMPA). 5 µL spots of each monomer 

solution were pipetted onto glass slides which had been dip coated in a binary 

silane primer (MED1-161), with a withdrawal speed of 2 mm/s and 30 minutes 

of drying at ambient conditions. Slides were then exposed to UV light under the 

flow of argon gas for 10 minutes, allowing the DMPA to photopolymerise the 

monomer spots. Slides were then vacuum dried (0.11 Torr) for 24 hours, to 

remove any unreacted monomer. Typical spot dimeters were 5 mm, with a 500 

µm spot height. 
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5.3.3. Exposure of photopolymerised spots to bacteria culture media, CLSM 

imaging of biofilms and quantification of biomass 

Each of the three bacteria species were cultured in RPMI-1640, using the 

method described in section 3.3.6, to achieve a final OD600 of 0.05 for each 

species. Slides with photopolymerised spots were immersed in each bacteria 

culture in RPMI-1640, and biofilms left to form on the polymer spots for 24 

hours, at 20°C. The slides then underwent three 10 minute wash cycles; twice 

with phosphate-buffered saline (PBS, pH = 7.4) and once with deionised water.  

All spots were imaged using CLSM (LSM 700, Carl Zeiss, Germany); PA (PA01-N) 

expressed mCherry (excitation = 587 nm and emission = 610 nm), so a 555 nm 

laser was used for imaging [222]. UPEC (UPEC-GFP) expressed GFP (excitation 

= 395/475 nm and emission = 509 nm), so was excited using a 488 nm laser 

[224]. SA (SH1000) was stained using a 1 in 250 solution of SYTO64 in water 

(Thermo Fisher Scientific, excitation = 599 nm and emission = 619 nm) [223]; 

after the wash cycles, the SYTO64 stain was pipetted over the spots and left for 

30 minutes. Slides were then rinsed with water to remove any unbound stain. 

A 555 nm laser was used for imaging in the CLSM [223].  

CLSM followed the same directive as described in section 3.3.7. When imaging 

UPEC (labelled with GFP), the detector pinhole was also optimised to 1 AU, 

which resulted in a pinhole size of 30.4 µm. Both 2D and z-stack images were 

acquired, the latter of which was used for biomass quantification of all biofilms 

in COMSTAT, as described in section 3.3.8. The user-defined threshold was 

separately determined for each species’ fluorescence and kept the same for all 

images of the same species. 

 

5.3.4. Principal component analysis to identify materials with the greatest 

differential attachment 

Principal component analysis (PCA) is a mathematical algorithm that reduces 

the dimensionality of a dataset, whilst retaining the variance [273]. It does this 
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by identifying vectors, called principal components, along which the maximum 

variation in the data is located. These principal components allow the variation 

in the data to be represented by few, rather than many, variables [273]. PCA 

was used to analyse the bacterial attachment of the three species to the nine 

potential selective binding polymers. 

The biomass data was normalised to the control (silanised glass) for each 

bacteria species and PCA used to find the principal components (up to the 

fourth principal component) that expressed the largest variance in the 

normalised biomass, using OriginPro 8.6. 95% confidence interval ellipses were 

calculated for replicate samples. The ellipses were determined in MATLAB 

R2016a using a script written by Dr Andrew Hook (School of Pharmacy, 

University of Nottingham, Appendix I). The PCA score plot(s) for the species and 

the associated confidence ellipses were used to determine if the three species 

could be separated based on their attachment to the nine materials. 

PCA was then used on the normalised biomass data to identify three materials 

with species selectivity. The materials’ loading plot (generated by PCA on 

normalised biomass) was overlaid onto the species’ principal component plot, 

generating a biplot. This allowed the materials’ association with the species to 

be visualised (contribution of materials’ loadings to each principle component), 

hence one material associated with each species could be selected for 

upscaling and LPG OFS coating. 

 

5.3.5. Upscaling of selective binding materials and dip coating of LPG OFS 

Three polymers were chosen to be upscaled based on the PCA. Polymers were 

prepared using cobalt-mediated CCT polymerisation (section 2.2.1). 7.5 mL of 

monomer was added to 24 mg AIBN and 10 mg PhCobF. 40 mL of toluene was 

added and the solution degassed with argon for 30 minutes. The monomer was 

left to polymerise at 80°C for 24 hours, under argon flow, after which the 

polymer was precipitated drop wise in cold hexane twice. The hexane was then 
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decanted and the polymer vacuum dried for 4 hours at 0.11 Torr. For the 

diacrylate polymer, the reaction was terminated after one hour, as crosslinking 

(and subsequent gelation of the polymer reaction mixture) occurred in 

diacrylates reacted for longer times. Precipitation was done twice in cold 

methanol. The molecular weight, polydispersity and monomer conversion 

were established for each polymer using GPC and 1H NMR spectroscopy, using 

the same protocols described in section 3.3.1. 

Each polymer was dissolved in DCM at 30% w/v. LPG OFS, with a grating period 

of 109 µm, were fabricated using the method described in section 4.3.1 [134]. 

LPG OFS were dip coated, using the robotic arm of the Holmarc HO-TH-01 unit, 

in the silane primer (withdrawal speed 2 mm/s), left to dry for 30 minutes 

under ambient conditions, and then dipped in polymer solution (withdrawal 

speed 1 mm/s). The coating thicknesses of each polymer were established by 

measuring the density of each polymer (by weighing 1 mL of each polymer) and 

weighing 7.5 cm lengths of insensitive optical fibre (Thorlabs Ltd., 460HP, fibre 

ID: 10-C0157-20-4H-08) before and after polymer coating (Mettler-Toledo 

AB265-S/FACT weighing balance, Switzerland), then using equation 5. This lead 

to LPG OFS with four different surface modifications; uncoated (silane primed 

only) and three polymer coatings (after priming).  

 

5.3.6. Calibration of LPG OFS in sodium chloride solutions 

The four LPG OFS (uncoated and the three polymer coatings) were set up as 

illustrated in Figure 2.14, with the 3 cm sensitive regions placed into the PTFE 

well (Figure 4.1). Solutions of sodium chloride in water, ranging from 0 to 25% 

w/v, in 5% w/v increments, were pipetted into the PTFE well, which held 

approximately 1.5 mL of liquid. Transmission spectra were recorded for all 

solutions, for the four LPG OFS. Spectra were processed in OriginPro 8.6 and 

the wavelength shift calculated for all attenuation bands using equation 3. 

Wavelength shifts from each sensor were plotted against sodium chloride 

concentration.    
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5.3.7. LPG OFS coated with selective binding materials exposed to single 

bacteria culture media 

The four functionalised LPG OFS were fixed into the bottom of a petri dish. 

Cultures of PA (PA01), SA (SH1000) and UPEC (UPEC-GFP) were prepared in 

RPMI-1640 from overnight cultures in RPMI-1640, OD600 = 0.05 (section 3.3.6). 

Each bacteria culture was added to the petri dish separately and 0 hour 

transmission spectra recorded. The four sensors were left immersed in each 

bacteria culture media for 24 hours at 20°C and transmission spectra from each 

LPG OFS obtained at 6 hour intervals. All spectra were processed in OriginPro 

8.6 and the wavelength shifts plotted over time for each sensor, in each 

bacteria culture, using equation 3. 

 

5.3.8.  LPG OFS coated with selective binding materials exposed to mixed 

bacteria co-cultures 

5.3.8.1. Spectra collection 

LPG OFS coated with the materials selective for PA and UPEC were fixed into 

the bottom of a petri dish. Cultures of the two species were prepared in RPMI-

1640 from overnight cultures in RPMI-1640, OD600 = 0.1 (section 3.3.6) and 

added to the petri dish at 50:50 volumes, resulting in final OD600 of 0.05 for 

each species’ culture medium. A 0 hour transmission spectra was recorded for 

each sensor and the system left for 24 hours at 20°C. Transmission spectra were 

recorded for each sensor at 6 hour intervals. All spectra were processed in 

OriginPro 8.6 and the wavelength shifts plotted over time for each sensor in 

the bacteria co-culture.  

5.3.8.2. CLSM imaging of co-culture biofilms and biomass quantification 

3 cm lengths of insensitive optical fibre (Thorlabs Ltd., 460HP, fibre ID: 10-

C0157-20-4H-08) were cleaned by immersion in acetone, dipped in the silane 

primer (withdrawal speed 2 mm/s) and then two polymer solutions (polymers 
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selective for PA and UPEC, 30% w/v in DCM, withdrawal speed 1 mm/s). Each 

coated fibre was immersed in a co-culture of the two species in RPMI-1640 

medium, in single well chamber slides (Nunc® Lab-Tek® II, Sigma Aldrich UK) at 

20°C (section 5.3.8.1). At 6 hour intervals, for 24 hours, the ‘mixed’ biofilms on 

each optical fibre were imaged using CLSM, using the protocol described in 

sections 3.3.7 and 5.3.3. Two channels were used for imaging co-cultures; a 

mCherry channel at 555 nm [222] (for PA) and a GFP channel at 488 nm [224] 

(for UPEC). Z-stack images were obtained on each fibre. The biomass from each 

channel (each species) was quantified using COMSTAT (sections 3.3.8 and 5.3.3 

and the biomass plotted against time, for each species on each material, in the 

co-culture biofilm.  

5.3.8.3. Relationship between wavelength shift and biomass in bacteria 

co-cultures 

The ratio of the gradients (rates of change) of wavelength shifts over 24 hours, 

between the pPGMEA and EOEA coated LPG OFS, were measured for single 

cultures of PA and UPEC (section 5.3.7). These ratios were used to indicate a 0-

100% scale of each species, based on the ratios in each species’ single culture. 

The ratio of wavelength shift gradient between pPGMEA and EOEA was also 

calculated for the co-culture. This was used to calculate the percentage of each 

species causing the wavelength shift in a mixed co-culture, using equation 7: 

                                                      𝑥 =
𝑟∆𝜆𝐶𝐶−𝑟∆𝜆𝑈𝑃𝐸𝐶

𝑟∆𝜆𝑃𝐴− 𝑟∆𝜆𝑈𝑃𝐸𝐶
                                                  (7) 

where x is the ratio of the two species in a co-culture that caused the co-culture 

wavelength shift, rΔλCC is the ratio of wavelength shift gradient of 

pPGMEA:EOEA coated LPG OFS in the co-culture, rΔλUPEC is the ratio of 

wavelength shift gradients in the UPEC single culture and rΔλPA is the ratio of 

wavelength shift gradients in the PA single culture.  

The process was repeated with biomass data at 24 hours; the single culture 

ratios were calculated for PA and UPEC on pPGMEA:EOEA to establish the 0-

100% biomass ratio scale for each species, using the biomass data generated 
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from section 5.3.3. The co-culture biomass ratio was also calculated (data from 

section 5.3.8.2) and used to find where on the 0-100% scale it lay, using 

equation 7 (substituting wavelength shift ratios for biomass ratios at 24 hours), 

allowing the percentage of each species in a co-culture biofilm to be 

determined. 
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5.4. Results 

5.4.1. Identification of materials with differential bacterial attachment 

The initial step for the development of a sensor able to identify bacterial 

pathogens was the inclusion of a coating able to differentially bind different 

bacteria species. Synthetic polyacrylates can be fabricated inexpensively on an 

industrial scale, and were therefore explored as sensor coatings. To select 

suitable polymers, the fluorescence intensity data from the three species’ 

attachment to 128 materials, using the high throughput microarray screening 

method, was analysed and yielded nine materials with species selectivity. The 

chemical structures of the nine materials are shown in Figure 5.1, along with 

the polymer full names and abbreviations. 
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Figure 5.1. Nine materials with bacteria species selectivity, identified from 
fluorescence intensity data generated from microarray screening process. The 
polymer abbreviations are shown in parentheses.  

 

5.4.2. Biomass quantification of three species on nine selective materials 

The nine monomers were photopolymerised onto silane primed glass slides in 

triplicate and exposed to cultures of PA, SA and UPEC for 24 hours, after which 

2D and Z-stack CLSM images were acquired for each species on all materials 

and biomass quantified in COMSTAT. The biomass of all three species on the 

nine materials are displayed in Figure 5.2. CLSM images of all biofilms are 

shown in Appendix J. 
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diacrylate 

 (nPGPOdA) 

Isooctyl acrylate 
(iOA) 

Hexanediol ethoxylate 
diacrylate 
 (HEOdA) 

Ethylene glycol diacrylate 
 (EGdA) 



158 
 

Figure 5.2. Biomass of the three bacteria species’ biofilms on the nine 
photopolymerised materials with selective binding properties. PA = P. aeruginosa 
(mCherry, COMSTAT threshold = 56), SA = S. aureus (SYTO64, COMSTAT threshold = 
56), UPEC = Uropathogenic E. coli (GFP, COMSTAT threshold = 60). Error bars are ± SD, 
n = 3. 

 

For PA, biomass on silanised glass was significantly higher than any of the nine 

materials (no error bar overlap). This was also the case for SA, except for poly 

(glycidyl acrylate) (pGA), which was no different to silanised glass. For UPEC, 

biomass on silanised glass was only significantly higher than on pPGMEA and 

ttriMSiOSiPMA (no error bar overlap). There was no difference between UPEC 

biomass on silanised glass and the other seven materials. The lowest biomass 

for PA, SA and UPEC was on HEOdA, EGdA and pPGMEA respectively. 

 

5.4.3. Principal component analysis of biomass data 

5.4.3.1. Separation of species using principal components of biomass 

The biomass of each species on the nine materials possessed high 

dimensionality (i.e. many random variables). As a result, it was difficult to 

choose materials with the greatest differential attachment between the three 

species, based on the biomass (Figure 5.2). Therefore, PCA was performed on 

0

5

10

15

20

25

30

35

B
io

m
as

s 
(µ

m
3 /

µ
m

2 )

PA SA UPEC



159 
 

the biomass data to reduce the dimensionality and allow the maximum 

variance in biomass to be established.  

The biomasses of each species on the nine materials were normalised to the 

biomass on silanised glass. This prevented the PCA from being biased towards 

bacteria species that form larger biofilms. PCA was performed on the 

normalised biomass to establish the principal components (PCs) that captured 

the largest variance in the data. Principal components 1 and 2 were found to 

capture 60% and 26% of the variance respectively and so were used to compare 

the three species. PC1 and PC2 were plotted against each other for each 

species, in triplicate (three biomass values for each species on each material). 

95% confidence ellipses were drawn around the triplicate data points in the 

PCA plot. Figure 5.3 is the PCA plot for the three species, with the 95% 

confidence ellipses.  

 

 

 

 

 

 

 

 

Figure 5.3. Score plot of PCs 1 and 2 for biomass of the three bacteria species on the 
nine photopolymerised materials. 95% confidence ellipses are drawn around the 
triplicate data points. PA = P. aeruginosa, SA = S. aureus, UPEC = Uropathogenic E. coli. 

 

The three species could be separated by PCs 1 and 2. PA was located in the 

upper left quadrant and SA in the lower left quadrant of the plot. Therefore, 

these two species were separated by PC2. UPEC was located on the right hand 
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side of the plot, hence was separated from the other two species by PC1. The 

95% confidence ellipses showed clear separations of the PC scores for each 

species in triplicate. 

5.4.3.2. PCA to identify one material selective for each species 

The principal component loadings are coefficients that allowed the correlation 

between materials and species to be established. The loadings of the materials 

showed how each material contributed to PCs 1 and 2. Material loadings were 

overlaid onto the principal component plot, generating a biplot (Figure 5.4) for 

principal components 1 and 2.  

Figure 5.4. Biplot of principle component loadings for the nine selective materials laid 
over the principal component scores of the three bacteria species. PA = P. aeruginosa, 
SA = S. aureus, UPEC = Uropathogenic E. coli. 

 

The five materials whose loadings were located in the upper right quadrant of 

the PCA score plot could be thought of as contributing (relatively) highly to both 

PC1 and PC2. HEOdA and GA contributed highly to PC1 but not to PC2. pPGMEA 

and ttriMSiOSiPMA contributed highly to PC2 but not to PC1. 
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The score plot showed that PC1 separated PA/SA from UPEC and that PC2 

separated PA from SA. Therefore, in choosing materials with the greatest 

‘selectivity’, polymers with high component loadings for each PC were 

examined. pPGMEA had a high loading in PC2 and a low loading in PC1; 

therefore, it differentially binds PA and SA/UPEC (PA had a high PC2 score and 

a low PC1 score). EOEA had a high loading in both PCs, so could differentially 

bind UPEC and PA/SA. Either HEOdA or GA could be selected for differential 

attachment of SA/UPEC to PA, since their loadings were high for PC1 and 

relatively low for PC2. GA required a multi-step synthesis before it could be 

available for polymerisation, hence HEOdA was selected. pPGMEA, HEOdA and 

EOEA possessed high differential attachment between the three species, which 

was corroborated by the biomass of each species on the three photocured 

spots (Figure 5.2). The biomass of each species were significantly different (no 

error bar overlap) to each other on pPGMEA and EOEA. A significant difference 

(no error bar overlap) in biomass existed between SA/UPEC and PA on HEOdA. 

The ability of these three materials to differentially bind (and therefore 

separate) the three bacteria species is presented in Table 5.1. 

 

 pPGMEA HEOdA EOEA 

P. aeruginosa ✓ х ✓ 

S. aureus ✓  
(partially) 

✓  
(partially) 

х 

Uropathogenic 
E. coli 

х ✓ ✓ 

 

Table 5.1. Selective binding materials’ species separation, based on the materials’ 
component loadings (Figure 5.4). Ticks indicate high attachment and crosses indicate 
low attachment. 

 

PCA was then performed on the normalised biomass of the three bacteria 

species on the three selected materials only (Table 5.1). It was found that PC1 

and PC2 captured 81% and 18% of the variance respectively. Hence the first 
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two PCs were plotted against each other and 95% confidence ellipses created 

around the triplicate principle component scores for each species, using the 

same MATLAB script (Appendix I). The score plot and confidence ellipses are 

shown in Figure 5.5.  

Figure 5.5. Score plot of PCs 1 and 2 for biomass of the three bacteria species on the 
three selected materials with differential bacterial attachment. 95% confidence 
ellipses are drawn around the triplicate data points. PA = P. aeruginosa, SA = S. aureus, 
UPEC = Uropathogenic E. coli. 

 

As with the PCA score plot for the biomasses on the nine photopolymerised 

materials (Figure 5.3), the three bacteria species could be separated by PC1 and 

PC2. PA and SA were separated from UPEC by PC1. PA was also separated from 

SA by PC2. The 95% confidence ellipses showed clear separations of the PC 

scores for each species, indicating that the three materials could be used for 

differential attachment of the three species. 

For differential sensing of bacterial attachment, LPG OFS coated in all three 

materials would be required. If only pPGMEA and HEOdA coated sensors were 

exposed to a culture of bacteria and a higher rate of change (of wavelength 

shift) was observed on pPGMEA than on HEOdA, it would be difficult to assess 

whether the culture contains PA or SA since the partial attachment of SA to 

HEOdA might be equivalent to the low attachment of PA to HEOdA. The EOEA 
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coated sensor would be required to allow separation PA and SA, based on their 

differential attachment to it (and the other two materials, in combination). 

Furthermore, if the bacteria culture was SA, it would attach to both the 

pPGMEA and HEOdA coated LPG OFS, making it difficult to differentiate the 

wavelength shifts. 

 

5.4.4. GPC and 1H NMR spectroscopy analysis of three selective binding 

materials  

The three selected materials were scaled up using the CCT polymerisation 

method (section 2.2.1). After the polymers had been dried, the yield by weight 

was calculated. The molecular weights and polydispersity were determined 

using GPC. The monomer conversion was established by running each 

monomer, polymer crude mix and final polymer through 1H NMR spectroscopy. 

The data are summarised in Table 5.2. 1H NMR spectra are presented in 

Appendix K. 

Polymer Yield by 
weight  

Molecular weight 
(g/mol ± % 0.95 CI)  

Polydispersity  
(± % 0.95 CI) 

Monomer 
conversion 

pPGMEA 52% 9.226 x 104 (± 16.964%) 2.464 (± 23.990%) 99% 

HEOdA 69% 5.376 x 106 (± 6.233%) 1.986 (± 8.815%) 82% 

EOEA 64% 1.017 x 105 (± 12.652%) 2.641 (± 17.893%) 90% 

 

Table 5.2. Yield by weight, molecular weights, polydispersity and monomer conversion 
of the three materials with bacteria species selectivity. CI = confidence interval. 

 

pPGMEA had the lowest yield by weight but the highest monomer conversion. 

HEOdA had the highest yield by weight but the lowest monomer conversion. 

HEOdA also had the lowest polydispersity, indicating lesser variation in polymer 
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chain length. HEOdA had the highest molecular weight. Polydispersity was 

below 3 and monomer conversion was above 80% for all the materials. 

 

5.4.5. Coating thicknesses of the three materials on optical fibres 

The three polymers were dissolved in DCM at 30% w/v. Insensitive lengths of 

optical fibre were dip coated firstly in the binary silane primer then in one of 

the polymer solutions. The weights of optical fibres before and after polymer 

coating were measured, as were the densities of the three polymers. The 

weight gain and polymer densities were used to calculate the average coating 

thickness of each material on optical fibres, using equation 4. Table 5.3 

summarises these data. 

Polymer Density (g/mL) Average weight 
gain (µg) 

Average coating 
thickness (nm) 

pPGMEA 1.55 9.1 499 

HEOdA 1.91 12.7 565 

EOEA 1.59 10.3 548 

 

Table 5.3. Density of each selective material, the average weight gain of one hundred 
3 cm lengths of coated optical fibres and the average coating thickness of each 
material on optical fibres, calculated using equation 4. 

 

All coatings were in the range of 499-565 nm. HEOdA was the thickest coating, 

followed by EOEA and then pPGMEA. Polymers with higher densities appeared 

to give thicker coatings. The average coating thickness of EGDPEA:DEGMA on 

optical fibres was 511 nm, which was less than HEOdA and EOEA.  
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5.4.6. Calibration of LPG OFS in sodium chloride solutions 

The four LPG OFS (uncoated and the three selective coatings) were exposed to 

sodium chloride solutions, ranging from 0 to 25% w/v in water, and 

transmission spectra collected. Spectra were processed and wavelength shift 

of attenuation bands plotted against sodium chloride concentration. Figure 5.6 

is the processed spectra for the four LPG OFS in water. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Processed transmission spectra from the four LPG OFS in water. Two 
attenuation bands were visible in the spectra, labelled ‘1’ and ‘2’.  

 

Two attenuation bands/peaks appeared in the optical spectrum for each 

sensor, representing core-cladding mode coupling at two different 

wavelengths [166,167]. For both peaks, the pPGMEA and HEOdA coating 

shifted the attenuations away from the uncoated peaks and away from the 

centre point between the attenuation bands. The EOEA coating caused the 

attenuation bands to shift back towards the centre point. None of the three 

coatings caused a shift greater than 5 nm from the uncoated LPG OFS.  
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Figure 5.7 shows the wavelength shifts of both attenuation peaks with 

increasing sodium chloride concentration, for all four LPG OFS.  

Figure 5.7. Wavelength shifts of both attenuation peaks from all four LPG OFS 
(uncoated and the three polymer coatings) in sodium chloride solutions of increasing 
concentration. Error bars are ± SD, N = 3. 

 

Both peaks shifted linearly with an increase in [NaCl], with all R2 values above 

0.91, although peak 2 appeared to have better linearity. The two peaks for all 

sensors shifted in opposite directions with increasing sodium chloride 

concentration (and increasing refractive index). There was no difference in 

wavelength shift between any of the four LPG OFS surface modifications at any 

time point. Peak 2 from all four sensors had a greater rate of shift with 

increasing [NaCl]; an observation which was different from that made for the 

U and PC (EGDPEA:DEGMA) LPG OFS (Figure 4.4). 

 

5.4.7. LPG OFS coated with selective binding materials in bacteria single 

cultures 

5.4.7.1. Wavelength shifts for each selective material 

Four LPG OFS (uncoated and the three selective coatings) were simultaneously 

exposed to single cultures of each species (PA, SA and UPEC) in RPMI-1640 
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medium and the wavelength shift of attenuation bands plotted against time of 

exposure at 6 hour intervals for 24 hours. Figure 5.8 are the wavelength shifts 

of peak 1 from each LPG OFS in the three bacteria species. Data for peak 2 is 

presented in Appendix L. 

Figure 5.8. Wavelength shifts of peak 1 from each of the four modified LPG OFS 
immersed in single cultures of the three bacteria species in RPMI-1640 medium, for 
24 hours. PA = P. aeruginosa, SA = S. aureus, UPEC = Uropathogenic E. coli. Error bars 
are ± SD, N = 3. 

 

All attenuation peaks from each LPG OFS shifted linearly. Peaks 1 and 2 shifted 

in opposite directions, consistent with observations made with the calibration 

using sodium chloride. For the uncoated LPG OFS, SA gave the highest rate of 

change of wavelength shift, followed by PA and then UPEC. The wavelength 
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shifts were significantly different from each other (no error bar overlap) at all 

the time points after 0 hours.  

For the pPGMEA coated LPG OFS, the wavelength shift was greatest in PA, 

followed by SA and UPEC. Significant differences were observed from 12 hours 

onwards (no error bar overlap). This was consistent with the biomass of these 

species on pPGMEA after 24 hours (Figure 5.2).  

For the HEOdA coated LPG OFS, the highest wavelength shift was observed in 

UPEC, followed by SA and then PA. There was no difference between UPEC ad 

SA until 24 hours; the PA wavelength shift was significantly lower (no error bar 

overlap) than the other two species from 6 hours onwards. This was also 

consistent with the biomass of each species on HEOdA (Figure 5.2); SA had a 

higher mean biomass than UPEC (although not significant), which was 

significantly higher than the biomass of PA after 24 hours.  

For the EOEA coated LPG OFS, the greatest wavelength shift occurred in UPEC, 

then PA and SA. The wavelength shift for UPEC was significantly higher (no 

error bar overlap) than the other two species from 12 hours onwards. There 

was no difference in wavelength shift between SA and PA. Although the 

biomass of PA/SA on EOEA were higher than UPEC (Figure 5.2), UPEC had the 

highest wavelength shift, which contradicts the result observed. 

5.4.7.2. Wavelength shifts for each bacteria species 

To compare the growth profiles of each bacteria on the different materials, the 

data presented in Figure 5.8 was replotted as the wavelength shifts for each 

bacteria species for peak 1 for the four surface modified LPG OFS (Figure 5.9). 

Data for peak 2 are displayed in Appendix L.  

The highest attachment for PA was on the uncoated (silane primed only) LPG 

OFS. It also had significantly higher attachment to pPGMEA than the other two 

coatings (no error bar overlap) from 6 hours onwards. SA attachment was also 

highest on the uncoated LPG OFS. The wavelength shift from the three coated 

LPG OFS in SA culture medium were no different to each other. UPEC had 
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higher attachment on the uncoated, HEOdA coated and EOEA coated LPG OFS 

than the pPGMEA coated LPG OFS. There was no difference between these 

three LPG OFS, apart from at 24 hours, where the HEOdA coated LPG OFS 

displayed lower wavelength shift (no error bar overlap) than uncoated and 

EOEA. The pPGMEA coated LPG OFS was significantly lower than the other 

three (no error bar overlap) after 12 hours. 

 

 

 

 

 

 

 

 

Figure 5.9. Wavelength shifts of peak 1 from the four modified LPG OFS exposed to 
single cultures of the three bacteria species in RPMI-1640 medium, for 24 hours. PA = 
P. aeruginosa, SA = S. aureus, UPEC = Uropathogenic E. coli. Error bars are ± SD, N = 3. 
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5.4.8. LPG OFS coated with selective binding materials in bacteria co-culture 

5.4.8.1. Wavelength shifts in bacteria co-culture 

Having demonstrated the differential biofilm formation of the three bacterial 

pathogens on the coated sensors in single cultures, the sensors were used to 

assess the biofilm formation within a mixed co-culture. LPG OFS with pPGMEA 

and EOEA coatings were immersed in a PA and UPEC co-culture (OD600 = 0.05 

for each species, 50:50 volume), in RPMI-1640 medium, and the wavelength 

shifts of attenuation bands monitored over 24 hours. Figure 5.10 presents the 

wavelength shift of both attenuation peaks from both coated LPG OFS. SA was 

omitted from the co-culture, since it required staining with SYTO64, which 

would have stained all three species in a mixed biofilm, making them 

indistinguishable from each other. PA and UPEC expressed mCherry and GFP 

respectively, which allowed for differentiation of the two species using 

confocal microscopy.  

Figure 5.10. Wavelength shifts of both attenuation peaks from pPGMEA and EOEA 
coated LPG OFS exposed to a P. aeruginosa and Uropathogenic E. coli co-culture for 
24 hours. Error bars are ± SD, N = 3. 

 

Both peaks shifted linearly with increased time of immersion in bacteria co-

culture medium; with R2 ≥ 0.99. Peaks also shifted in opposite directions, as 

observed in the calibration and the single culture study. The wavelength shifts 
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from the pPGMEA coated LPG OFS were significantly higher (no error bar 

overlap) than from the EOEA coated LPG OFS, at 6 hours and onwards.  

5.4.8.2. Biomass of P. aeruginosa and Uropathogenic E. coli biofilms from 

co-culture media 

Lengths of insensitive optical fibre, coated with pPGMEA or EOEA, were also 

exposed to the PA and UPEC co-culture in RPMI-1640 medium for 24 hours. Z-

stack CLSM images were acquired at 6 hour intervals, using both mCherry and 

GFP channels (for PA and UPEC respectively). The biomass from each channel 

was quantified using COMSTAT, at each time point, after thresholding. Figure 

5.11 shows the z-stack CLSM images and associated biomasses for both species 

on both coatings plotted against time. 
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Figure 5.11. Z-stack CLSM images of PA and UPEC mixed biofilms, labelled with 
mCherry (red) and GFP (green) respectively, grown on (a) pPGMEA coated optical 
fibres and (b) EOEA coated optical fibres, from a 50:50 mixed co-culture. Images are 
shown at 6 hour intervals for 24 hours. The scale bar is 50 µm and is applicable to all 
images. (c) Quantified biomass of images in (a), using a COMSTAT threshold of 56 (PA, 
mCherry) and 60 (UPEC, GFP). Error bars are SD, n = 3. (d) Quantified biomass of 
images in (b), using a COMSTAT threshold of 56 (PA, mCherry) and 60 (UPEC, GFP). 
Error bars are SD, n = 3. 
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‘overlap’ of biofilms. On EOEA, PA also formed microcolonies at 6 hours, which 

matured progressively thereafter. However, UPEC had low attachment, with 

only small maturing biofilm structures observed at 24 hours. PA also colonised 

more of the substratum than UPEC and formed biofilms at a faster rate. 

The PA biomass was higher than the UPEC biomass (no error bar overlap) on 

both coatings, at all time points after 0 hours. The biomass of both species were 

also higher on pPGMEA than on EOEA (no error bar overlap), at all time points 

after 0 hours, except for UPEC at 6 hours, which was not significantly higher on 

pPGMEA than EOEA. 

5.4.8.3. Wavelength shift comparison between single and co-cultures 

Figure 5.12 shows the wavelength shifts of both attenuation peaks for pPGMEA 

and EOEA coated LPG OFS immersed in PA and UPEC single and co-cultures in 

RPMI-1640 medium.  
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Figure 5.12. Comparison of wavelength shifts of both attenuation peaks, from 
pPGMEA and EOEA coated LPG OFS, for P. aeruginosa (PA) and Uropathogenic E. coli 
(UPEC) single cultures and the co-culture of the two species, in RPMI-1640 medium. 
Error bars are ± SD, N = 3. 

 

For the pPGMEA coated LPG OFS, the co-culture caused the greatest 

wavelength shift over 24 hours, followed by the PA single culture and then the 

UPEC single culture. The wavelength shift for the co-culture was significantly 

higher than the PA wavelength shift (no error bar overlap) at 18 and 24 hours 

for peak 1, and 12, 18 and 24 hours for peak 2. The UPEC wavelength shift was 

significantly lower (no error bar overlap) than the other two at all time points 

after 0 hours. For the EOEA coated LPG OFS, there was no difference in 

wavelength shift between the co-culture and the UPEC single culture. The 
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wavelength shift for the PA single culture was significantly lesser (no error bar 

overlap) than those two, at all time points after 0 hours. 

5.4.8.4. Relationship between wavelength shift and biomass ratios from 

co-cultures 

The ratio of wavelength shift gradients between the two coated LPG OFS in 

single bacteria cultures were used to calculate the ratio of the two bacterial 

species in the co-culture, according to equation 7. 

Wavelength shift ratio (pPGMEA:EOEA), 
Peak 1: 

 
PA single culture = 1.91 (100% PA) 
 
UPEC single culture = 0.62 (0% PA) 
 
Co-culture = 2 (107% PA) 

Wavelength shift ratio (pPGMEA:EOEA), 
Peak 2: 

 
PA single culture = 2.29 (100% PA) 
 
UPEC single culture = 0.58 (0% PA) 
 
Co-culture = 2.11 (89% PA) 

 

Table 5.4. Ratios of wavelength shift gradients (rates of change) between pPGMEA 
and EOEA coated LPG OFS in single and co-cultures of PA and UPEC, calculated using 
equation 7. Parentheses indicate the percentage of each species from the co-culture 
that caused the observed wavelength shifts. 

 

Peak 1 could not be used for the correlation, since it gave a high ratio. Peak 2 

showed the co-culture wavelength shift was predominantly caused by PA 

(89%). Peak 2 was selected for examination of the relationship between 

wavelength shift and biomass, since it provided the higher linearity (Figure 5.7) 

and had the higher wavelength shift over time of immersion in culture medium 

(Figure 5.12).  

The growth rates determined from the biomass measurements at 24 hours 

(Figure 5.2) were also used to determine the percentage of each bacterial 

species in the co-culture according to equation 7. Results are shown in Table 

5.5. 
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24 hour biomass ratio (pPGMEA:EOEA): 

 
PA single culture = 0.89 (100% PA) 
 
UPEC single culture = 0.12 (0% PA) 
 
Co-culture = 0.68 (88% PA) 

 

Table 5.5. Ratios of 24 hour biomass between pPGMEA and EOEA photopolymerised 
spots in single and co-cultures of PA and UPEC, calculated using equation 7. 
Parentheses indicate the percentage of each species in the co-culture biofilm. 

 

A higher percentage of PA (88%) was also measured in the co-culture, 

determined from measurements of biomass. The bacteria species ratio 

corresponded closely with the ratio determined using the wavelength shift, 

with only a 1% difference (89% and 88%). Thus, two independent 

measurements of bacteria species measured the same percentage of two 

species in the co-culture, validating both methods. 
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5.5. Discussion 

5.5.1. Nine materials identified from microarray data 

The nine materials with species selectivity presented in Figure 5.1 were 

chemically diverse, with acrylates, methacrylates and diacrylates present. The 

pendant groups were also chemically varied; some materials had aliphatic 

chains in their structure, such as HEOdA, while others had ring structures, like 

GA. Sanni et al. [142] linked a value combining cLogP and the number of 

rotatable bonds (nRotB) of poly(meth)acrylate hydrocarbon pendant groups to 

reduced P. aeruginosa attachment. This may explain differing attachment rates 

of PA to the materials.  

The selectivity may also be due to physiological differences between species. 

Gram-positive and Gram-negative differences between SA and the other two 

species may account for differing attachment rates. Gram-positive bacteria 

have a thick peptidoglycan cell wall, whereas gram-negative bacteria possess a 

thinner peptidoglycan cell wall sandwiched between an inner and outer 

membrane [274]. Previous studies on the hydrophilicity/hydrophobicity of 

different bacteria cell surfaces have shown that PA is hydrophobic and SA is 

hydrophilic [275,276]. These differences would have led to increased adhesion 

to materials with hydrophobic and hydrophilic pendant groups respectively. 

 

5.5.2. Biomass of the three species on the selective materials 

The differing rates of attachment between the three bacteria species resulted 

in different biomass on each material. The exact mechanisms by which the 

materials caused differential attachment are complex and still not fully 

understood. Steric effects and hydrophobic interactions [144] between 

bacteria cells and polymer pendant groups would have reduced or increased 

attachment respectively, resulting in lower or higher biomass [142]. Some of 

the materials clearly resisted attachment of some of the species, such as 



178 
 

pPGMEA for UPEC and HEOdA for PA. Others appeared to promote 

attachment, such as GA for SA.  

All three species had the highest mean biomass on silane primed glass. The 

silanes are thought to introduce reactive silanols at the substrate surface [202], 

which may have promoted cell adhesion via hydrophobic interactions or 

hydrogen bonding with membrane moieties [35,36].  

The biomass data in Figure 5.2 showed that no material completely prevented 

bacterial adhesion. In no case was there exceptionally high or low attachment 

to a material, resulting in a dataset with multiple dimensions. Therefore, PCA 

was used to reduce the dimensionality of the data, separate the species from 

their differential attachment to the nine materials, identify the fewest number 

of materials that could be used to separate the three species and select 

materials that could be used to identify each species. 

 

5.5.3. PCA for identification of selective binding materials 

PCA was used to find the vectors along which the largest variation in biomass 

existed from the differential attachment to the nine different polymers. The 

three bacteria species were successfully separated by their PC scores (Figure 

5.3), based on PCs 1 and 2 that captured 60% and 26% of the variance 

respectively. PA and SA were separated by PC2, so any material which had a 

high or low loading for PC2 could be used to differentiate between the two 

species. pPGMEA was chosen as a selective material as it had a high loading for 

PC2. UPEC was separated from the other two species by PC1, hence materials 

with high or low loadings for PC1 allow for differentiation of UPEC from PA and 

SA. Hence EOEA and HEOdA was chosen, as they had high loadings for PC1. This 

lead to the material-species interactions presented in Table 5.1. The PC scores 

of each species’ biomass to those three materials only (Figure 5.5) also showed 

the same separations of the three species across PCs 1 and 2, which captured 

81% and 18% of the variance respectively.  
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The three materials can be used in combination for species selective sensing 

(using coated LPG OFS). Higher attachment (and therefore larger wavelength 

shifts) to pPGMEA and EOEA coated LPG OFS than HEOdA coated sensors would 

indicate the presence of PA. Similarly, higher wavelength shifts from pPGMEA 

and HEOdA coated LPG OFS would indicate SA attachment. Finally, higher 

wavelength shifts from HEOdA and EOEA coated LPG OFS would indicate UPEC 

attachment. 

 

5.5.4. Synthesis of three polymers and coating of LPG OFS 

To produce selective coatings for LPG OFS, the three selected polymers were 

scaled up. pPGMEA and EOEA took 24 hours to react. The monomer units had 

one reactive acrylate moiety that was activated by AIBN. The reaction rate was 

mediated by the cobalt catalyst (PhCobF) [193-195], allowing for control over 

the polydispersity. HEOdA, being a diacrylate, had two reactive moieties, 

allowing for an increased reaction rate. Hence the reaction was stopped after 

an hour, to prevent cross-linking. HEOdA also had to be precipitated in 

methanol, since it is a less polar molecule than the other two, due to the long 

aliphatic chain within the chemical structure. HEOdA had the highest molecular 

weight and lowest conversion of the three materials. The two reactive units 

meant the reaction happened quickly, with ‘activated’ acrylate units more 

numerous and therefore more likely to react. The fast reaction combined with 

early termination of the reaction lead to the lower polydispersity and higher 

molecular weight. HEOdA can hyperbranch during polymerisation, which may 

have caused the higher molecular weights observed. Hyperbranching could be 

assessed by using different standards for GPC analysis. 

pPGMEA had the highest monomer conversion but the lowest yield by weight, 

with the opposite result observed for HEOdA. This was most likely caused by 

losses in transit, such as during the precipitation cycles and transfer to weighing 

vessels, rather than polymer losses during the reaction. 
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The coating thicknesses appeared to correlate with the polymer molecular 

weights and densities (Tables 5.2 and 5.3). Polymers with higher molecular 

weights/densities provided more viscous solutions in DCM, causing slower 

drainage of polymer solution into the polymer reservoir, causing greater 

polymer deposition on the primed optical fibre. The diacrylate polymer may 

also have allowed for greater hydrophobic interactions between C=C bonds (of 

the acrylate group) and the silanols from the primer [201,203]. The coatings did 

not affect the refractive index sensing capability of the LPG OFS, due to the 

evanescent wave extending beyond the coating thickness [262]. 

 

5.5.5. Calibration of LPG OFS in sodium chloride solutions 

The calibration ensured that there was no difference in sensitivity to refractive 

index between the uncoated and three coated LPG OFS. Figure 5.6 shows two 

attenuation bands present in the optical spectra for all four LPG OFS in water. 

Referred to as dual resonance, this was caused by core-cladding mode coupling 

occurring at two different wavelengths, due to the grating being written at the 

PMTP [166,167].  

When pPGMEA and HEOdA coatings were applied to LPG OFS, the two 

attenuation bands shifted further apart (from the uncoated attenuation 

bands). Applying a film of higher refractive index changed the effective index 

of cladding modes, governed by equation 1, causing core-cladding mode 

coupling to occur at wavelengths at a further distance apart [164]. However, 

the application of the EOEA coating caused the peaks to shift closer together 

(albeit by < 5 nm). The refractive index of EOEA may require measuring to 

examine why the negative shift was observed. However, this was more likely 

caused by external factors, such as mechanical strain, shifting the position of 

the peaks back towards the central position [153]. 

Both peaks shifted linearly with increasing sodium chloride concentration 

(Figure 5.7). A linear increase in sodium chloride concentration (and refractive 
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index) caused a linear change in the cladding mode effective index, in turn 

causing core-cladding mode coupling to occur linearly [163,164]. There was 

also no difference between wavelength shifts between the four LPG OFS. This 

suggests the coatings did not influence core-cladding mode coupling in sodium 

chloride. The change in cladding mode effective index (in sodium chloride 

solutions) occurred at the same rate for all four LPG OFS, despite the different 

starting positions of attenuation bands. Therefore, spectral differences 

between LPG OFS in bacteria culture medium would be due to differing 

bacterial attachment to sensor surfaces. 

Peak 2 for all four sensors had a greater wavelength shift with increasing 

sodium chloride concentration and had greater linearity. This suggests that the 

turning point resonant wavelength was closer to the peak 2 than the peak 1 

wavelength [167]. 

 

5.5.6. Selective material-coated LPG OFS in single bacteria culture media 

The four LPG OFS were exposed to single cultures of each bacteria species, to 

determine if the differential attachment of bacteria to the three material 

coatings caused differential wavelength shifts, which would allow identification 

of pathogens from the spectral response.  

For the uncoated (silane primer only) LPG OFS, SA caused a peak 1 wavelength 

shift of -9.02 nm, compared to -6.55 nm for PA and -3.27 nm for UPEC after 24 

hours. This suggests that SA biofilms had a greater rate of change of refractive 

index, likely caused by increased attachment/biofilm formation compared to 

the other two species. The biomass of each species on the nine 

photopolymerised spots (Figure 5.2) indeed showed that SA biofilms had a 

higher mean biomass than the other two species after 24 hours, on primed 

glass substrates (29.31, 24.25 and 8.84 µm3/µm2, for SA, PA and UPEC 

respectively). PA formed biofilms of greater biomass than UPEC on silanised 

glass, hence caused greater wavelength shifts from the uncoated LPG OFS. 
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Silanised glass itself differentially attached the three species; higher biomasses 

caused greater wavelength shift increases (Figures 5.7 and 5.8). 

For the pPGMEA coated LPG OFS, PA caused the highest wavelength shift 

(Figures 5.7 and 5.8), indicating greater attachment of PA to that sensor. The 

peak 1 wavelength shifts, after 24 hours, were -5.01, -2.74 and -2.07 nm, for 

PA, SA and UPEC respectively. This was corroborated by the biomass on 

photopolymerised pPGMEA (Figure 5.2), where PA had higher biomass than SA 

and UPEC after 24 hours (12.56, 7.88 and 0.71 µm3/µm2 respectively). The 

wavelength shift was significantly higher than for the other two species at 12 

hours. Therefore, a pPGMEA coated LPG OFS could be used to selectively sense 

PA within 12 hours. 

For the HEOdA coated LPG OFS, both SA and UPEC caused wavelength shifts of 

equal magnitude, until 24 hours, where the wavelength shifts were -2.88 and -

2.59 nm, for UPEC and SA respectively. The biomasses of UPEC and SA on 

HEOdA (Figure 5.2) after 24 hours were 7.21 and 7.73 µm3/µm2 respectively. 

These were not statistically different to each other, hence the differing 

wavelength shift at 24 hours could be due to the UPEC biofilm having a higher 

refractive index than the SA biofilm, causing greater cladding mode effective 

index change. PA biofilm formation caused a smaller wavelength shift (-1.89 

nm after 24 hours), due to its smaller biomass (Figure 5.2). This LPG OFS could 

be used to selectively sense SA and UPEC attachment, which coincides with 

Table 5.1, where HEOdA promotes adhesion of these two species. The 

wavelength shifts were separated from the PA wavelength shift in 6 hours. To 

separate the two species, the pPGMEA or EOEA coated LPG OFS could be used, 

which separated the wavelength shift caused by SA and UPEC in 12 hours. 

For the EOEA coated LPG OFS, UPEC caused the greater wavelength shift after 

24 hours (-3.22, -2.75 and -2.45 nm, for UPEC, PA and SA respectively), with a 

significantly higher wavelength shift occurring at 12 hours. However, the 

biomass of UPEC on EOEA was significantly lower than PA and SA (6.08, 14.16 

and 8.61 µm3/µm2 respectively). This suggests that UPEC biofilms had higher 
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refractive index than the other two species, causing greater cladding mode 

effective index change, as observed on the HEOdA coated LPG OFS. 

Nevertheless, due to the differential wavelength shifts, an EOEA coated LPG 

OFS could be used to selectively sense UPEC within 12 hours. 

The differing attachment profiles of each species to the three materials (Table 

5.1) allows identification of an unknown species by matching its attachment 

profile to the three materials to the know controls. This can be done by 

comparing wavelength shifts from the three coated LPG OFS. If a culture of 

unknown bacteria species was presented, the three coated LPG OFS could all 

be immersed in the culture medium simultaneously and wavelength shift 

monitored. If higher wavelength shifts were observed on the pPGMEA and 

EOEA coated LPG OFS than on a HEOdA coating, PA would be the unknown 

microorganism. If higher wavelength shifts were observed on HEOdA and EOEA 

coated LPG OFS than on pPGMEA coatings, UPEC would be the unknown 

microorganism. Higher wavelength shifts on pPGMEA and HEOdA coated LPG 

OFS than on EOEA coatings would allow identification of SA. Significant 

differences between wavelength shifts appeared as early as 12 hours, hence 

species identification could be made within that time frame, offering a quicker, 

non-invasive method of pathogen identification than current protocols. 

The three coated LPG OFS could be incorporated into ETTs and other medical 

devices, for in situ species identification. Using the PCA protocol highlighted 

would enable materials selective for other bacteria species to be identified, 

diversifying LPG OFS use and providing a useful clinical diagnostic tool. 

However, it has been shown that different strains and clinical isolates of one 

species interact differently with the same material [277]. Therefore, calibration 

measurements of wavelength shift are required for different strains, to build 

up a ‘library’ of spectral responses of coated LPG OFS, allowing for 

identification of species and strain. 

LPG OFS with species selective coatings would also be a powerful research tool, 

allowing identification of unknown bacteria. Since LPG OFS and the selective 
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polymers are inexpensive to produce, they would provide a cheaper alternative 

to current research tools, such as Fourier-transform infrared spectroscopy (FT-

IR) and 16S gene sequencing [278,279]. Furthermore, LPG OFS provide real 

time signal changes and easy comparison of wavelength shifts, removing the 

need for multi-step data analysis and complex mathematical interpretation of 

data. 

 

5.5.7. Selective material-coated LPG OFS in bacteria co-cultures 

Bacterial co-cultures are cultures of bacteria that contain more than one 

species. Studying co-cultures is necessary, as infections are often caused by 

more than one pathogen [272]. Furthermore, in research settings, multiple 

species are often studied simultaneously and in combination. Methods used to 

identify bacteria in mixed co-cultures include comparing pathogen-host 

interactions (via membrane-bound proteins) between species and using 

targets for specific bacterial ligands, such as lectins [182]. LPG OFS coated with 

selective materials could provide an inexpensive, faster alternative for studying 

co-cultures.  

After a 24 hour incubation with the PA-UPEC co-culture a higher wavelength 

shift and thus a larger amount of biofilm was observed on the pPGMEA coated 

sensor compared with the EOEA coated sensor (Figure 5.10). The sum of the 

biomasses for each species, determined by confocal microscopy (Figure 5.11) 

corroborated this, with higher biomass totals on pPGMEA (51.11 µm3/µm2) 

than on EOEA (28.25 µm3/µm2). The wavelength shifts increased linearly with 

time on both sensors, indicating a linear change in mixed biofilm refractive 

index, as previously observed with single biofilms (section 5.4.7) and [170,171]. 

It may be useful to measure the refractive index of single and co-culture 

biofilms, to correlate refractive index to spectral shift. 

On the pPGMEA coating, the co-culture caused a greater wavelength shift 

(after 12 hours) than the single cultures of PA or UPEC (Figure 5.12). This 
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indicated an increase to the mixed biofilm growth rate compared to single 

cultures of each species. The quantified biomass of mixed biofilms (Figure 5.11) 

indicated that PA formed biofilms at a faster rate than UPEC on pPGMEA. 

Furthermore, PA formed biofilms with higher biomasses on pPGMEA when in 

a co-culture than in a single culture (Figure 5.2). This suggests that UPEC acted 

as an antagonist, causing PA to progress through the biofilm life cycle quicker. 

It has previously been shown that PA formed biofilms more readily than E. coli 

in a 50:50 mixed culture, suggesting that E. coli antagonised PA [280]. UPEC 

also formed biofilms of higher biomass on pPGMEA in a co-culture than in a 

single culture. This also suggests that UPEC was stressed or antagonised by PA. 

Both PA and UPEC have been shown to form biofilms at a higher rate on silicone 

substrates when in a co-culture (50:50 ratio of species), compared to single 

cultures of each [281], corroborating the observations in Figures 5.10, 5.11 and 

5.12; both species formed biofilms more rapidly in a co-culture, causing a 

greater rate of change of wavelength shift. 

On EOEA coated LPG OFS, there were no differences in wavelength shifts 

between the co-culture and the UPEC single culture. This suggests that UPEC 

formed biofilms at a greater rate in a single culture than in a co-culture. This 

was also observed when comparing biomass in single and co- cultures (Figures 

5.2 and 5.11), where UPEC biomass was higher on EOEA in single cultures than 

in co-cultures. This could be due to the production of indole by E. coli, which is 

thought to inhibit PA quorum-related competition factors, allowing E. coli to 

outcompete PA, increasing its survivability and lowering biofilm formation 

[282]. PA in a single culture caused smaller wavelength shifts than in a co-

culture (Figure 5.12). The biomass of PA on EOEA in a co-culture (Figure 5.11) 

was higher than in a single culture (Figure 5.2), suggesting that the wavelength 

shift on EOEA coated LPG OGS from the co-culture incubation was 

predominantly caused by PA biofilm formation. PA has previously been 

observed forming biofilms faster in a 50:50 mixed culture with E. coli [281]. 

The CLSM images of mixed biofilms (Figure 5.11) showed that PA colonised 

more of the optical fibre surface and formed biofilms at a faster rate than UPEC, 
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on both coatings. This was previously observed in studies comparing biofilm 

formation of PA and E. coli from a co-culture [280]. It is thought that UPEC 

stressed/antagonised PA, causing it to rapidly attach and form biofilms. UPEC 

occupied less of the surface and so was likely able to survive as planktonic cells 

for longer than PA, particularly when EOEA was investigated. This has also been 

observed and was thought to be caused by the production of indole by E. coli 

[282]. On both coatings, there was very little ‘overlap’ of biofilms and each 

species appeared to occupy their own distinct spaces on the surface. This 

suggests that there may have been some competition between the species for 

space. PA attached more quickly and formed biofilms, restricting the amount 

of space available for UPEC biofilm formation. This has also been previously 

observed by Culotti et al. [283], albeit with the opposite observation, with PA 

occupying distinct spaces on an acrylic substrate predominantly occupied by an 

E. coli biofilm. This was thought to be due to competition for nutrients between 

the species, with E. coli becoming stressed quicker than PA, colonising the 

surface and preventing PA from accessing the areas that were colonised. 

A correlation was established between the pPGMEA:EOEA wavelength shift 

ratio for co-cultures, using peak 2, and for biomass of each species in the co-

culture. The PA-UPEC co-culture biofilm was found to be composed of 88-89% 

PA (Tables 5.4 and 5.5). This further illustrates that PA attached and formed 

biofilms more readily than UPEC. The two coated LPG OFS could be used in 

combination to identify species from mixed cultures, in 24 hours. For example, 

if the ratio of wavelength shifts, for peak, 2 is also 2.11 (Table 5.4), an 

assumption can be made that PA dominates the biofilms, by an 88:12 ratio. The 

wavelength shift and biomass ratios could also be established for other species 

in a mixed co-culture, for further coated LPG OFS (after single culture 

calibrations). If a correlation is observed, the coated LPGs could also identify 

species in a mixed culture and by how much each species makes up the total 

biomass.  

pPGMEA and EOEA coated LPG OFS accurately determined the ratio of PA and 

UPEC in a mixed co-culture. This provides many advantages in healthcare and 
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research; an infection caused by the two pathogens could be rapidly diagnosed, 

allowing antibiotics specific for PA and UPEC to be administered. In research, 

LPG OFS could be used to identify and quantify PA and UPEC speedily, removing 

the need for expensive analytical tools and complex data interpretation. LPG 

OFS also provides a powerful method of investigating complex multi-species 

environments, such as the gut microbiome [271]. 

The pPGMEA and EOEA coated sensors could also be incorporated into ETTs 

and other medical devices for confirmation and identification of multiple VAP-

causing pathogens. The relationship between wavelength shift and co-culture 

biomass could also be established, as in chapter 4. This would allow biomass 

quantification on device surfaces, irrespective of species. 
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5.6. Conclusions 

This study combined LPG OFS with materials that differentially bound three 

bacteria species to selectively sense those species, in single and co-cultures. 

Nine materials with differential attachment were identified from data acquired 

from a polymer microarray incubation with PA, SA and UPEC, which possessed 

chemically diverse pendant groups, such as hydrophobic ring structures and 

long aliphatic chains. Incubation of silanised glass slides containing 

photopolymerised spots of these nine materials in single cultures of PA, SA and 

UPEC showed that the biomass of each species varied significantly on each spot 

and between spots. No material had extremely high or zero attachment of any 

bacteria species.  

PCA allowed the three bacteria species to be separated based on their 

differential attachment to the nine materials, with separations by PCs 1 and 2, 

which captured 60% and 26% of the variance respectively. Matching the 

component loadings of the nine materials with the PC scores of the bacteria 

species allowed the contribution of each material to the two PCs to be 

observed, in turn allowing three materials to be chosen which could separate 

the three species. These three materials (pPGMEA, HEOdA and EOEA) could be 

used in combination to allow identification of each of the three bacteria, based 

on their differential attachment to them, which was further confirmed by PCA 

of the biomass of the three bacteria species to those three materials only. 

The three materials were polymerised on a larger scale and used to coat three 

LPG OFS. Polymers with higher molecular weights and densities were found to 

give the thickest coatings, possible due to their increased viscosity and 

therefore slower polymer drainage from the substrate during dip coating. 

Exposure of the three coated LPG OFS simultaneously to single cultures of PA, 

SA and UPEC in RPMI-1640 for 24 hours gave differential wavelength shift 

profiles for each bacteria species on each coated sensor. This allowed 

identification of each species from the wavelength shift profiles, within 12 

hours. The three coated LPG OFS could be used in combination to identify 
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unknown single cultures of the three species, providing the initial calibration 

with the three species is carried out. 

Exposure of the pPGMEA and EOEA coated LPG OFS to a PA-UPEC co-culture 

also gave differential wavelength shifts, which were used to quantify the 

amount of PA and UPEC within a co-culture biofilm in 24 hours, providing 

sensors were first calibrated from single culture experiments. This allowed 

comparison of biofilm growth rates of each species between single and co-

cultures, offering insightful information on their interaction. PA formed 

biofilms more quickly on both substrates than UPEC, suggesting that PA may 

be more sensitive to the environment and condition changes. On pPGMEA, 

both bacteria species formed biofilms at a faster rate in co-cultures than in 

single cultures, whereas on EOEA, UPEC formed biofilms more rapidly in a 

single culture than in a co-culture. On EOEA, as on pPGMEA, PA formed biofilms 

quicker in a co-culture than in a single culture. However, further research is 

needed into the behaviour of bacteria in single and co-cultures, as well as 

interstrain differences, which would be applicable to healthcare settings. 

Overall, the coated LPG OFS could be used in combination for the identification 

of unknown bacteria species and to quantify the amount of each species in a 

mixed co-culture. This offers exciting opportunities for healthcare and 

research.  
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6. Summary and future work 

6.1. Summary 

Bacterial attachment and subsequent biofilm formation on ETT surfaces can 

result in the development of VAP, which causes significant mortality and 

morbidity among mechanically ventilated patients. The overuse of broad 

spectrum antibiotics for VAP may facilitate the spread of antimicrobial 

resistance, hence emphasis now lies on infection prevention, by modifying ETT 

surfaces to resist bacterial adhesion. Current ETT modifications include silver 

hydrogel coatings and polyurethane-cuffed ETTs, neither of which have been 

shown to effectively reduce VAP incidence or mortality. Furthermore, the silver 

hydrogel coated ETT imposes significantly higher costs to healthcare services. 

Since bacteria-surface interactions during cell attachment are poorly 

understood, the high throughput microarray screening process employed by 

Hook et al. [186] allowed for hundreds of potentially attachment-resistant 

materials to be screened simultaneously. Several ‘hit’ materials were 

discovered, with the best performing material, in vitro and in vivo, scaled up for 

ETT coating in chapter 3. This material was a novel polymer, ethylene glycol 

dicyclopentenyl ether acrylate – co – diethylene glycol methyl ether 

methacrylate (EGDPEA:DEGMA). 

EGDPEA:DEGMA coatings, combined with a binary silane primer, reduced P. 

aeruginosa biomass and mean biofilm thickness by 95% and 96% respectively, 

on ETT device tubes, in RPMI-1640 medium, in vitro. On device cuffs in RPMI-

1640 medium, and on tubes and cuffs in ASM G and ASM N, biomass and mean 

thickness were reduced by 100%. Effectively reducing biofilm growth would 

result in a reduced VAP risk. Both EGDPEA:DEGMA and the silane primer are 

safe for use in humans and have been CE-marked as coatings for silicone 

urinary catheters, hence the route to market for a coated ETT would be 

considerably shorter than a new device modification. EGDPEA:DEGMA offers 

an inexpensive anti-attachment modification for ETTs. 
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There were differing rates of bacterial attachment between device tubes and 

cuffs and between uncoated and coated substrates. Therefore, chemical and 

physical differences between these substrates were examined using ToF-SIMS 

and optical profiling in chapter 3. ToF-SIMS allowed the presence of the 

acrylate and methacrylate to be noted on coated substrates, as well as 

significantly higher ion intensity for the phthalate ion on device cuffs. This 

indicates that the phthalate plasticiser, DEHP, was present on cuffs, which may 

have had a bactericidal effect, resulting in reduced biomass/mean thickness on 

cuffs. Optical profiling showed a higher surface roughness on cuffs than on 

tubes, with a reduction in surface roughness upon polymer (and primer) 

coating. However, a correlation between surface roughness and bacterial 

adhesion was not established, hence the chemical profile of ETT surfaces 

outweighed the effect of surface roughness during bacterial attachment. 

There is currently no method of monitoring bacterial attachment to ETT 

surfaces in real time. Removal of the device for inspection has been shown to 

cause tracheal wall damage and facilitate VAP development. In chapter 4, LPG 

OFS were newly and successfully used to monitor P. aeruginosa attachment to 

ETTs in real time, with high sensitivity. A developing biofilm (cells and EPS) on 

sensor surfaces caused a linear change in local refractive index, linearly 

changing the cladding mode effective index, resulting in linear wavelength 

shifts of the attenuation bands. The rate of change of wavelength shift was 

indicative of bacterial attachment, with lesser wavelength shifts observed on 

silane primed and EGDPEA:DEGMA coated LPG OFS, where less attachment 

occurred. Incorporating the LPG OFS into the lumen of ETTs and onto ETT cuffs 

allowed the real time, label-free monitoring of biofilm formation on uncoated 

device surfaces in vitro. An exponential function was applied to the inverse 

biomass versus wavelength shift plots, in RPMI-1640, ASM G and ASM N, 

allowing the biomass of P. aeruginosa biofilms to be quantified from the 

wavelength shift alone in each medium. Hence, the LPG OFS could be used as 

sensing instrumentation for ETT tubes, allowing for the real time, in situ 



192 
 

monitoring of biofilm formation to device surfaces and the potential for 

interception of ETT-centred infection. 

Current methods of pathogenic bacteria identification is a time consuming 

process and faster, non-invasive methods are required. Correct bacteria 

species identification would result in the reduction of broad spectrum 

antibiotic use, helping to curb the spread of antimicrobial resistance. 

Identification of bacteria from unknown cultures would also provide a powerful 

research tool. In chapter 5, LPG OFS, coated with three materials that 

possessed species selectivity, were successfully used in combination to identify 

each of three pathogenic bacteria species (P. aeruginosa (PA), S. aureus (SA) 

and Uropathogenic E. coli (UPEC)) from single cultures. The wavelength shifts 

of attenuation bands from each coated LPG OFS were different between 

species. Using the differential wavelength shifts allowed for species 

identification from the spectral response in 12 hours, providing a novel, rapid, 

label-free and non-invasive tool for identifying the three bacteria species. 

LPG OFS, coated with pPGMEA and EOEA, were also used in combination to 

quantify the amount of PA and UPEC from a mixed co-culture of the two 

bacteria species, providing a calibration of coated LPG OFS in single cultures 

was first conducted. The ratio of the wavelength shift gradients of the two 

coated LPG OFS in the co-culture indicated an 88:12 split for PA:UPEC in a mixed 

biofilm. The two coated LPG OFS also allowed differences in biofilm formation 

of each bacteria species between single and co-cultures to be investigated. 

The coated LPG OFS used in this thesis allow for accurate, non-invasive and 

label-free bacteria identification from single and co-cultures, in 12 and 24 hours 

respectively. Quantification of species in a mixed co-culture could also be 

achieved in 24 hours. This offers faster alternatives to current methods. 

However, the interaction between different clinical isolates of each species and 

the selective materials are required to develop a robust species identification 

tool. The LPG OFS can be incorporated into ETTs and other medical devices for 

identification of VAP-causing pathogens, in real time and in situ. 
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6.2. Recommendations for future work 

Although EGDPEA:DEGMA was successfully synthesised, the conversion of 

EGDPEA was only 57% and the feed ratio was 1.3:1, when a 3:1 feed ratio was 

expected. These results were thought to be caused by residual oxygen in the 

reaction mixture. Hence, optimisation of polymerisation protocols is required, 

to minimise oxygen presence. Optimisation of coating mechanical properties 

could be achieved by studying the interaction of the silane primer with PVC and 

the polymer with the silanes, via water contact angle (WCA) measurements. 

The in vivo effectiveness of EGDPEA:DEGMA coatings on PVC ETTs would need 

to be established prior to human trials, by implanting uncoated and coated ETT 

sections into mice, inoculating them with fluorescently-labelled bacteria and 

comparing the fluorescence between uncoated and coated substrates. If 

successful, an entire ETT can be coated, after silane priming, and the in situ 

effectiveness tested. This could involve intubating pigs with the modified ETTs, 

inoculating them with VAP-causing pathogens, then withdrawing the device 

after a set time and analysing bacterial coverage on them. Comparing the 

coated ETT with an uncoated counterpart would allow the in situ assessment 

of EGDPEA:DEGMA to be made.  

Since the safety of the materials involved have already been established, the 

coated ETT can then be trialled in humans, using similar methods employed for 

the silver hydrogel coated ETT; half of the test subjects would be intubated 

using normal PVC ETTs and the other half with the EGDPEA:DEGMA coated ETT. 

VAP rates and mortality could be assessed over the trial period and the 

effectiveness of the coated ETT noted. If successful, medical device approval 

and CE marking can be applied for through the Medicines and Healthcare 

products Regulatory Agency (MHRA) and the device licensed for use in clinical 

settings. 

The in vivo response of the LPG OFS has not been examined, so an in vivo model 

would need to be designed and performed. The sensitive region of the LPG OFS 

could be implanted subcutaneously into mice, with the ends of the optical fibre 
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rolled up and kept compact, so to not disturb the natural movement of the 

animal. Anaesthetising the animal and recording transmission spectra at 

certain time points would give rise to the wavelength shift profiles shown in 

chapter 4. The sensor response in the presence and absence of inoculated 

pathogens could be monitored, to confirm whether the LPG OFS responds to 

bacterial adhesion in vivo in the same way it does in vitro. 

The LPG OFS instrumented ETT could also be trialled in vivo, using the live 

porcine tracheal model. Intubated pigs could be inoculated and the spectral 

response from the LPG OFS instrumentation noted. The exponential function 

plotted in chapter 4 could then be tested to see if biomass on ETTs can be 

quantified from the wavelength shift in vivo. The exponential function could 

also be established for other bacteria species, by repeating the experiments in 

chapter 4 using other pathogenic bacteria. The wavelength shifts and the 

biomass on ETTs could be quantified and the mathematical function between 

them noted. A ‘library’ of wavelength shift-biomass formulae could be 

generated, allowing for quantification of biomass of multiple species’ biofilms 

on ETT surfaces. 

It would be useful to image and quantify the biomass of single culture biofilms 

grown on optical fibres coated with the three selective materials from chapter 

5 over 24 hours. This would allow the relationship between wavelength shift 

and biomass to be established for the three coatings. This would have the 

added benefit of biomass quantification, as well as species identification, both 

as a stand-alone tool or as an instrument incorporated into a medical device. 

WCA measurements could be made on bacterial cells and the selective 

materials to gain a better understanding of bacterial attachment to materials 

with certain pendant groups. WCA would allow a correlation (if any) to be 

observed between hydrophilicity/hydrophobicity of materials/bacteria and 

attachment. This would allow the rational design of materials with bacteria 

species selectivity or anti-attachment properties.  



195 
 

More materials with differential bacterial attachment could be identified and 

used to design LPG OFS systems that can identify more bacterial species from 

unknown single cultures, or quantify the amount of bacteria from a mixed co-

culture containing species other than P. aeruginosa and Uropathogenic E. coli, 

as well as mixed co-cultures containing more than two species. Furthermore, 

the differences in wavelength shift caused by different strains of the same 

bacteria species could be investigated, allowing a calibration for multiple 

clinical strains, in the hope of developing a diagnostic tool. 
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7. Appendices 

7.1. Appendix A. Procedure of processing optical spectra and 

calculating wavelength shift in OriginPro 8.6.  

 

 

 

 

 

 

 

Figure 7.1. (a) Transmission spectra, imported from SpectraSuite. (b) A baseline is 
drawn over the optical spectra (red line), omitting the attenuation peaks. (c) Processed 
spectra, resulting from dividing spectra (a) by baseline (b). Note the change in the y-
axis from intensity to transmission. (d) Peak finder used to find the wavelengths (x) at 
which the minimum transmission (y) value is located (peak apex – maximum 
transmission loss from 100%). 

 

 

 

 

 

 

600 700 800 900 1000

0

2500

5000

7500

10000

12500

15000

17500

In
te

n
s
it
y
 (

c
o
u

n
ts

)

Wavelength (nm)

600 700 800 900 1000

0

2500

5000

7500

10000

12500

15000

17500

In
te

n
s
it
y
 (

c
o
u

n
ts

)

Wavelength (nm)

600 700 800 900 1000

50

75

100

125

T
ra

n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

600 700 800 900 1000

50

75

100

125
T

ra
n
s
m

is
s
io

n
 (

%
)

Wavelength (nm)

7
9

3
.3

9 9
0

7
.0

2

2 peak(s) found

(a) (b) 

(c) (d) 



197 
 

7.2. Appendix B. Method of producing Artificial Sputum Medium 

(ASM). 

Reagents: 

NaCl @ 3.03 g/L 

Stock concentrations: 

Chemical Formula Molarity 
of stock 
(M) 

Volume 
of stock 
(mL) 

Moles 
required for 
stock (M) 

Amount of 
chemical 
for stock (g) 

Disodium 
Hydrogen 
Phosphate 
Anhydrous 

Na2HPO4 0.125 40 0.005 0.710 

Monosodium 
Phosphate 
Anhydrous 

NaH2PO4 0.130 40 0.005 0.624 

Potassium 
Nitrate 

KNO3 0.035 40 0.035 0.141 

Potassium 
Sulphate 

K2SO4 0.027 40 0.001 0.189 

Ammonium 
Chloride 

NH4Cl 0.228 40 0.009 0.488 

Potassium 
Chloride  

KCl 0.153 40 0.006 0.456 

3-(N-morpholino) 
propanesulfonic 
acid (MOPS) 

C7H15NO4S 1 40 0.040 8.370 

 

Prepare stock concentrations by dissolving the correct amount in 30 mL of 
deionised water and then adjust volume to 40 mL. Filter sterilise the solution 
with a 0.22 µm syringe filter. 10 mL of each stock is required per litre of ASM. 

 

 

 

 

 

 

 

 



198 
 

Amino acid supplements: 

Amino acid Molarity for 100x 
stock (mM) 

Moles needed for 
stock (mn) 

Amount of amino 
acid for stock (g per 
40 mL) 

Aspartame^ 82.7 3.308 0.440 

Threonine 107.2 4.288 0.511 

Serine 144.6 5.784 0.608 

Glutamic acid^ 154.9 6.196 0.912 

Proline 166.0 6.640 0.764 

Glycine 120.3 4.812 0.361 

Alanine 178.0 7.120 0.627 

Cysteine* 16.0 0.640 0.078 

Valine 111.7 4.468 0.523 

Methionine 63.3 2.532 0.378 

Isoleucine# 112.1 4.468 0.588 

Leucine 160.9 6.436 0.844 

Tyrosine^ 80.2 3.208 0.581 

Phenylalanine 53.0 2.120 0.350 

Ornithine-HCl 67.6 2.704 0.456 

Lysine 212.8 8.512 1.244 

Histidine 51.9 2.076 0.322 

Tryptophan*^ 1.3 0.052 0.011 

Arginine 30.6 1.224 0.213 

 

Prepare the 100x stock solutions by dissolving the correct amount in 30 mL of 
deionised water and then adjust volume to 40 mL. 

*Cysteine and Tryptophan are at such small quantities that a 1000x stock is 
prepared by dissolving the correct amount in deionised water. A 100x stock is 
then prepared by mixing 4 mL of the 1000x stock with 36 mL deionised water 
as before. 

^Aspartame should be dissolved in 0.5 M NaOH, not water. Glutamic acid 
should be dissolved in 1 M HCl, not water. Tyrosine should be dissolved in 1 M 
NaOH, not water. Tryptophan should be dissolved in 0.2 M NaOH, not water. 
Volume adjustment should also be made using 0.2 M NaOH. 

#Isoleucine requires being heated to 50°C for 30 minutes to dissolve. 

Filter sterilise the solution with a 0.22 µm syringe filter. 10 mL of each stock is 
required per litre of ASM. 
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Additional supplements: 

Chemical Formula Molarity 
of stock 
(M) 

Volume 
of stock 
(mL) 

Moles 
required for 
stock (M) 

Amount of 
chemical 
for stock (g) 

Calcium Chloride CaCl2 0.175 40 0.007 0.780 

Magnesium 
Chloride 

MgCl2 0.061 40 0.002 0.230 

Glucose* C6H12O6 0.300 40 0.012 2.160 

L-Lactic Acid^ C3H6O3 0.930 40 0.037 3.350 

Iron (II) Sulphate 
Heptahydrate# 

FeSO4.7H2O 0.036 40 0.00144 0.400 

 

Prepare the 100x stock solutions by dissolving the correct amount in 30 mL 
deionised water and then adjust the volume to 40 mL. 

*Omit glucose for ASM N. 

^L-Lactic Acid is purchased as a solution with a density gradient of 1.209 g/ML. 
For a 40 mL stock this equates to 2.77 mL of L-Lactic Acid and 37.23 mL 
deionised water. To prepare this mix 2.77 mL of lactic acid with 30 mL deionised 
water. pH the solution to 7 with 5 M NaOH and then make up to 40 mL. 

Because the amount of Iron (II) Sulphate Heptahydrate is too low to accurately 
weigh, a 10000x stock is prepared and then 400 µL mixed with 39.6 mL of 
deionised water to make a 100x stock. 

#Filter sterilise the solution with a 0.22 µm syringe filter. 10 mL of each stock is 
required per litre of ASM. 

 

 

 

 

 

 

 

 

 

 



200 
 

7.3. Appendix C. 1H NMR spectra of EGDPEA:DEGMA. 

Figure 7.2. 1H NMR spectrum of EGDPEA monomer, obtained at a spectrometer 
frequency of 400.3 MHz. 

 

Figure 7.3. 1H NMR spectrum of DEGMA monomer, obtained at a spectrometer 
frequency of 400.3 MHz. 
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Figure 7.4. 1H NMR spectrum of EGDPEA:DEGMA crude mix (before precipitation), 
obtained at a spectrometer frequency of 400.3 MHz. 

 

Figure 7.5. 1H NMR spectrum of EGDPEA:DEGMA polymer (after precipitation), 
obtained at a spectrometer frequency of 400.3 MHz. 
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7.4. Appendix D. Negative mass spectra of U, C, PC and P tubes and 

cuffs, from ToF-SIMS. Ion intensity maps of acrylate, methacrylate, 

silicate and phthalate anions obtained from ToF-SIMS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6. Negative mass spectra of uncoated ETT tubes, obtained from ToF-SIMS. A 
mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.7. Negative mass spectra of coated ETT tubes, obtained from ToF-SIMS. A 
mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.8. Negative mass spectra of primed and coated ETT tubes, obtained from ToF-
SIMS. A mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.9. Negative mass spectra of primed only ETT tubes, obtained from ToF-SIMS. 
A mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.10. Negative mass spectra of uncoated ETT cuffs, obtained from ToF-SIMS. A 
mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.11. Negative mass spectra of coated ETT cuffs, obtained from ToF-SIMS. A 
mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.12. Negative mass spectra of primed and coated ETT cuffs, obtained from ToF-
SIMS. A mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Figure 7.13. Negative mass spectra of primed only ETT cuffs, obtained from ToF-SIMS. 
A mass range of 0-200 is shown, presented as 2 x 100 mass range spectra. 
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Ion intensity maps. 

Acrylate (C3H3O2
-) on device tubes: 

 

 

 

 

 

 

 

 

 
Acrylate (C3H3O2

-) on device cuffs: 
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Methacrylate (C4H5O2
-) on device tubes:  

 

 

 

 

 

 

 

 

 

Methacrylate (C4H5O2
-) on device cuffs:  
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Silicate (SiO4
4-) on device tubes: 

 

 

 

 

 

 

 

 

 

 
Silicate (SiO4

4-) on device cuffs: 
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Phthalate (C8H4O4
2-) on device tubes: 

 

 

 

 

 

Phthalate (C8H4O4
2-) on device cuffs: 
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7.5. Appendix E. 2D CLSM images of P. aeruginosa (PA01-N, 

mCherry) biofilms on ETT tubes and cuffs at 24, 48 and 72 hours. 

RPMI-1640 

Tube: 

  

 

 

 

 

 

Figure 7.14. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT tubes, at 24, 48 
and 72 hours, in RPMI-1640 medium. Scale bars are 500 µm x 500 µm.  
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RPMI-1640 

Cuff: 

 

 

 

 

 

 

Figure 7.15. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT cuffs, at 24, 48 
and 72 hours, in RPMI-1640 medium. Scale bars are 500 µm x 500 µm.  
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ASM G 

Tube: 

 

 

 

 

 

 

Figure 7.16. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT tubes, at 24, 48 
and 72 hours, in ASM G. Scale bars are 500 µm x 500 µm.  
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ASM G 

Cuff: 

 

 

 

 

 

 

Figure 7.17. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT cuffs, at 24, 48 
and 72 hours, in ASM G. Scale bars are 500 µm x 500 µm.  
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ASM N 

Tube: 

 

 

 

 

 

 

Figure 7.18. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT tubes, at 24, 48 
and 72 hours, in ASM N. Scale bars are 500 µm x 500 µm.  
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ASM N 

Cuff: 

 

 

 

 

 

 
 
Figure 7.19. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on 
uncoated, polymer coated, primed and coated and primed only ETT cuffs, at 24, 48 
and 72 hours, in ASM N. Scale bars are 500 µm x 500 µm.  
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7.6. Appendix F. Exponential relationship between the inverse 

biomass of P. aeruginosa biofilms and the wavelength shift of 

peak 2, from LPG OFS in the PTFE well and LPG OFS-ETT systems, 

in all three culture media. 

Figure 7.20. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U and PC LPG OFS and the wavelength shift of peak 2 from U and PC LPG 
OFS exposed to P. aeruginosa culture medium in RPMI-1640, for 24 hours. Error bars 
are ± SD of wavelength shift, N = 8. Line equations and R2 are also displayed. 

 

Figure 7.21. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 2 from U LPG OFS-
ETT systems exposed to P. aeruginosa culture medium in RPMI-1640, for 24 hours. 
Error bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 
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Figure 7.22. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 2 from U LPG OFS-
ETT systems exposed to P. aeruginosa culture medium in ASM G, for 24 hours. Error 
bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 

 

Figure 7.23. Exponential relationship between the inverse biomass of P. aeruginosa 
biofilms on U ETT tubes and cuffs and the wavelength shift of peak 2 from U LPG OFS-
ETT systems exposed to P. aeruginosa culture medium in ASM N, for 24 hours. Error 
bars are ± SD of wavelength shift, N = 3. Line equations and R2 are also displayed. 
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7.7. Appendix G. 2D CLSM images of P. aeruginosa (PA01-N) 

biofilms, labelled with mCherry, grown on U and PC ETT tubes and 

cuffs, in RPMI-1640, ASM G and ASM N. 

RPMI-1640 

Tube:  

 

 

 

 

Cuff: 

 

 

 

 

Figure 7.24. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with 
mCherry, on U and PC ETT tubes and cuffs in RPMI-1640 medium, taken at 6 hour 
intervals for 24 hours. Scale bars are 500 µm x 500 µm.  
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ASM G 

Tube: 

 

 

 

 

Cuff:  

 

 

 

 

Figure 7.25. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with 
mCherry, on U and PC ETT tubes and cuffs in ASM G, taken at 6 hour intervals for 24 
hours. Scale bars are 500 µm x 500 µm.  
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ASM N 

Tube: 

 

  

 

 

Cuff: 

 

 

 

 

Figure 7.26. 2D CLSM images of P. aeruginosa (PA01-N) biofilms, labelled with 
mCherry, on U and PC ETT tubes and cuffs in ASM N, taken at 6 hour intervals for 24 
hours. Scale bars are 500 µm x 500 µm.  
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7.8. Appendix H. Wavelength shifts of peak 2 for U and PC LPG OFS-

ETT systems in RPMI-1640, ASM G and ASM N. 

Figure 7.27. Wavelength shift profiles of attenuation peak 2 from U and PC LPG OFS-
ETT systems exposed to P. aeruginosa culture in RPMI-1640, ASM G and ASM N. R2 are 
displayed in labels of corresponding colours. Error bars are ± SD, N = 3.  

 

 

 

 

R² = 0.99

R² = 0.98

R² = 1.00

0

1

2

3

4

5

6

7

8

0 6 12 18 24 30

Δ
λ

(n
m

)

Time (hours)

Peak 2 - Uncoated tube

RPMI-1640 ASM G ASM N

R² = 0.96

R² = 0.92

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 6 12 18 24 30

Δ
λ

(n
m

)

Time (hours)

Peak 2 - Primed and coated tube

RPMI-1640 ASM G ASM N

R² = 1.00

R² = 0.99

R² = 0.99

0

1

2

3

4

5

6

7

8

0 6 12 18 24 30

Δ
λ

(n
m

)

Time (hours)

Peak 2 - Uncoated cuff

RPMI-1640 ASM G ASM N

R² = 0.95

R² = 0.91

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 6 12 18 24 30

Δ
λ

(n
m

)

Time (hours)

Peak 2 - Primed and coated cuff

RPMI-1640 ASM G ASM N



226 
 

7.9. Appendix I. MATLAB 2016a script used to determine 95% 

confidence ellipses for triplicate repeats of P. aeruginosa, S. 

aureus and Uropathogenic E. coli biomass on the nine photocured 

selective materials in the principle component score plot. 

%% Use to generate PCA confidence ellipses 
% By Andrew Hook 2016 
% Requires set of XY coordinates as data1 double array, all replicates 
% grouped together 
% Outputs Output array with XY coordinates of ellipses, staggered every two 
% columns 
% Will run error_ellipse script 
 
replicates = 3; 
Loops = size(data1,1)/replicates; 
 
for m=1:Loops 
    clearvars -except data1 Output Loops m 
    data(1:replicates,1:2) = data1((m-1)*replicates+1:(m-1)*replicates+replicates,1:2); 
    error_ellipse 
    r_ellipse(:,1)=r_ellipse(:,1) + X0; 
    r_ellipse(:,2)=r_ellipse(:,2) + Y0; 
    Output(1:100,1+(m-1)*2)=r_ellipse(1:100,1); 
    Output(1:100,2+(m-1)*2)=r_ellipse(1:100,2); 
end 
close all 
clearvars -except data1 Output 

 

“data1” represents the principal component 1 and 2 scores, in triplicate, for the 

biomass of the three bacteria species on the nine photocured spots.   
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7.10. Appendix J. 2D CLSM images of P. aeruginosa, S. aureus and 

Uropathogenic E. coli on the nine photopolymerised materials 

with bacteria species selectivity. 

Pseudomonas aeruginosa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.28. 2D CLSM images of P. aeruginosa biofilms, labelled with mCherry, on the 
nine photocured polymer spots, after a 24 hour incubation. The red areas represent 
biofilm. Scale bars are 500 µm x 500 µm. 
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Staphylococcus aureus 

 

 

 

 

 

 

 

 

 

 

Figure 7.29. 2D CLSM images of S. aureus biofilms, stained with SYTO64, on the nine 
photocured polymer spots, after a 24 hour incubation. The red areas represent 
biofilm. Scale bars are 500 µm x 500 µm. 
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Uropathogenic Escherichia coli 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.30. 2D CLSM images of Uropathogenic E. coli biofilms, labelled with Green 
Fluorescent Protein (GFP) on the nine photocured polymer spots, after a 24 hour 
incubation. The red areas represent biofilm. Scale bars are 500 µm x 500 µm. 
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7.11. Appendix K. 1H NMR spectra of the three materials with 

bacteria species selectivity. 

Figure 7.31. 1H NMR spectrum of pPGMEA monomer, obtained at a spectrometer 
frequency of 400.3 MHz. 

 

Figure 7.32. 1H NMR spectrum of pPGMEA crude mix (before precipitation), obtained 
at a spectrometer frequency of 400.3 MHz. 
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Figure 7.33. 1H NMR spectrum of pPGMEA polymer (after precipitation), obtained at 
a spectrometer frequency of 400.3 MHz. 

 

Figure 7.34. 1H NMR spectrum of HEOdA monomer, obtained at a spectrometer 
frequency of 400.3 MHz. 
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Figure 7.35. 1H NMR spectrum of HEOdA crude mix (before precipitation), obtained at 
a spectrometer frequency of 400.3 MHz. 

 

Figure 7.36. 1H NMR spectrum of HEOdA polymer (after precipitation), obtained at a 
spectrometer frequency of 400.3 MHz. 
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Figure 7.37. 1H NMR spectrum of EOEA monomer, obtained at a spectrometer 
frequency of 400.3 MHz. 

Figure 7.38. 1H NMR spectrum of EOEA crude mix (before precipitation), obtained at 
a spectrometer frequency of 400.3 MHz. 
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Figure 7.39. 1H NMR spectrum of EOEA polymer (after precipitation), obtained at a 
spectrometer frequency of 400.3 MHz. 
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7.12. Appendix L. Wavelength shifts of peak 2 from LPG OFS 

coated with the three selective binding materials exposed to 

single cultures of the three bacteria species in RPMI-1640 medium. 

Figure 7.40. Wavelength shifts of peak 2 from each of the four modified LPG OFS 
immersed in single cultures of the three bacteria species in RPMI-1640 medium for 24 
hours. PA = P. aeruginosa, SA = S. aureus, UPEC = Uropathogenic E. coli. Error bars are 
± SD, N = 3. 
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Figure 7.41. Wavelength shifts of peak 2 from the four modified LPG OFS exposed to 
single cultures of the three bacteria species in RPMI-1640 medium for 24 hours. PA = 
P. aeruginosa, SA = S. aureus, UPEC = Uropathogenic E. coli. Error bars are ± SD, N = 3. 
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