
 

 

 

Ventilator associated pneumonia: the development 

of an antimicrobial endotracheal tube and clinical 

study to understand the infection. 

 

Georgia S.K. Fleet 

Supervisors Prof. Ivan P. Parkin & Dr. Elaine Allan 

University College London 

Degree: Doctor of Engineering  

 

  



I, Georgia Fleet, confirm that the work presented in my thesis is my own. 

Where information has been derived from other sources, I confirm that this has 

been indicated in the thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ABSTRACT  

This thesis describes the development of light activated antimicrobial materials 

for use in medical devices, as a way to reduce the need for antibiotics in 

hospitals and consequently slow down the progression of the antimicrobial 

resistance crisis. As well, to help combat common hospital acquired infections 

such as ventilator associated pneumonia (VAP), which is the largest cause of 

death in critical care units (Prof D. Walker, University College Hospital London, 

2019). An antimicrobial endotracheal tube was developed to reduce the 

mortality caused by VAP, as VAP is caused by bacterial biofilms growing on 

the endotracheal tube. An antimicrobial endotracheal tube was developed here 

both by using swell encapsulation methods and alternatively by a photocured 

3D printing method. Both endotracheal tubes utilise a mix of photosensitizer 

dye combined with nanoparticles (gold nanoclusters for the swell encapsulated 

or zinc oxide nanoparticles for the 3D printed) which are then incorporated into 

polymers by the chosen method. The antimicrobial activity was tested against 

clinically relevant isolates of P. aeruginosa, E. coli and MRSA cultured directly 

from extubated endotracheal tubes. The antimicrobial activity was tested in the 

dark as well as with laser light and white light activation. Within 15 minutes of 

laser light exposure and 3 hours of white light exposure all isolates were 

eliminated for both swell encapsulated and 3D printed endotracheal tubes. As 

well, both antimicrobial endotracheal tubes were able to inactivate infectivity of 

SARS-CoV-2 within 15 minutes in the dark with no light activation required. To 

our knowledge this is the most active broad-spectrum material of this kind 

developed to date; and has a wide range of potential applications due to its 

powerful antimicrobial properties. An ongoing clinical study has supported this 



work by analysing extubated endotracheal tubes from patients who were 

intubated for 5 or more days and provides insights into the types of organisms 

growing on endotracheal tubes as well as a potential rapid diagnostic 

technique by using NMR analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



IMPACT STATEMENT  

My research has purposely been designed to be downstream from the 

beginning, and therefore to have real-world impact by design. An initial 

literature review performed in my first year highlighted a gap in research 

regarding endotracheal tubes and ventilator associated pneumonia (VAP) 

where it was causing the highest number of unnecessary deaths in hospitals, 

yet most of the research was aimed towards catheter associated infections, 

which although is highest in numbers doesn’t tend to result in high mortality 

rates like VAP. 

The immediate benefits of the development of an antimicrobial endotracheal 

tube, presented by two different methods of synthesis in my thesis, is that this 

would aim to reduce or eradicate VAP and as a result unnecessary deaths in 

hospitals. In turn, this should lead to decreased bed days resulting in lowering 

costs for the NHS, in turn freeing up more space for other patients, and also 

reduce widespread use of antibiotics in critical care specifically which will 

reduce the spread of antimicrobial resistance. 

The aim is that this technology could also spread out into developing countries 

where it's been shown endotracheal tubes are reused between patients. An 

antimicrobial endotracheal tube of comparable cost could help reduce rates of 

infections in these countries, where antibiotics and other treatments are also 

scarce, and therefore improve patient care overall and reduce mortality rates. 

As well, the clinical study conducted to support this research provides future 

researchers insight into causative pathogens for VAP, any patterns presenting 

between incidence of VAP and antibiotics administered, and effects of co-



infection of Covid-19 and VAP. The NMR study aims to provide insight into the 

makeup of the biofilms particularly the chemical structure of the extracellular 

polymeric substances holding biofilms together, aligned with SEM images to 

create a visual full picture of biofilms present on endotracheal tubes.  

Lastly, the novel 3D printing method developed (patent filed 16th December 

2022) has the potential to be applied in many different settings, healthcare 

included. This technology utilises two compounds well known and already 

used throughout healthcare settings, which are commercially available at a low 

cost. This therefore improves the commercialisation prospects and ease of 

scale up. However, what this technology is proposed to be used in should be 

carefully considered in the wider context of antimicrobial resistance, and the 

materials use closely monitored over time to determine any potential 

resistance developing.  

 

 

 

 

  



ACKNOWLEDGEMENTS 

Firstly, I would like to thank my supervisors Ivan Parkin and Elaine Allan for 

their support throughout what has been quite an interesting and chaotic time, 

who supported me through all my (crazy) ideas I wanted to explore… like 

renting my own lab and starting a clinical study during a pandemic.  

I would also like to thank all the colleagues who have helped me along the 

way, including Ingrid Green for giving me the quickest crash course in 

microbiology after Elaine retired, as well as Haitham Hussain and Anna Tymon 

for helping me arrange the move of my equipment to the Royal Free. Also, to 

all those involved in helping me through the funding application process and 

to Sri Srimurugananthan who helped me ferry huge equipment like centrifuges 

in the back of my mini convertible across London during a pandemic. Likewise, 

to those who helped get this clinical study started, a huge thank you to David 

Brealey, David Walker and the critical care team at UCLH who eventually 

helped push the paperwork over the finish line in 2022. 

Lastly, I would like to thank my incredible partner and friends. Thank you to Sri 

Srimurugananthan, Seema Doll, Carla Southworth, Kade Flowers, Amy 

Rollinson, Tom Hamilton, Alice Hagan and Robyn Denney-Foster for checking 

in on me and making sure I'm still sane these past 4-5 years. And thank you 

to Christopher Clatworthy for bringing me endless soda water, and Pickles for 

bringing me endless cuddles. 

 

 

 



Thank you also to those who conducted analysis included in this thesis: 

Michela Mazzon - Coronavirus NL63 testing 

Maximillian Woodall - SARS-CoV-2 testing 

Kristopher Page - Water droplet analysis 

Cesar Reyes - Infrared and UV-Vis analysis  

M. Emre Sener & Oliver Hagger - Initial 3D printing 

 



 

 

CONTENTS  

Abstract ......................................................................................................... 3 

Impact statement .......................................................................................... 5 

Acknowledgements ...................................................................................... 7 

Contents ........................................................................................................ 1 

Figures........................................................................................................... 4 

Tables .......................................................................................................... 10 

1 Chapter 1 – Introduction to Ventilator Associated Pneumonia ......... 1 

1.1 An Overview of Antimicrobial Endotracheal Tubes on the Market and 

in Development ......................................................................................... 14 

2 Chapter 2 - The Development of Light Activated Antimicrobial 

Endotracheal Tubes ................................................................................... 22 

2.1 Introduction ...................................................................................... 22 

2.2 Methods ........................................................................................... 22 

2.2.1 Gold Nanocluster Synthesis ...................................................... 22 

2.2.2 Zinc Nanoparticle Synthesis...................................................... 24 

2.2.3 Synthesis of the Antimicrobial Endotracheal Tube .................... 25 

2.2.4 Materials Analysis of Raw Endotracheal Tube Material ............ 27 

2.2.5 Safety & Stability Analysis ........................................................ 28 

2.2.6 Stress Strain Analysis ............................................................... 29 

2.2.7 Microbiological Assay ............................................................... 31 

2.2.8 Biofilm Development Protocol ................................................... 34 

2.3 Results & Discussion ....................................................................... 39 

2.3.1 Stress Strain Analysis - Tensile Stress ..................................... 39 

2.3.2 Safety & Stability Leaching Outcomes ...................................... 42 

2.3.3 Optimisation for Microbiological Activity .................................... 44 

2.3.4 Incorporating Zinc Nanoparticles for Antimicrobial Activity in the 

Dark 51 

2.3.5 Antimicrobial Endotracheal Tube Activity .................................. 55 

2.3.6 Antimicrobial Activity against Biofilms ....................................... 63 

3 Chapter 3 – The Effect of Covid-19 on Ventilator Associated 

Pneumonia .................................................................................................. 70 

3.1 Introduction ...................................................................................... 70 



 

 

3.2 Methods .......................................................................................... 72 

3.2.1 Coronavirus NL-63 Assay ........................................................ 72 

3.2.2 SARS-CoV-2 Assay ................................................................. 73 

3.3 Results & Discussions .................................................................... 76 

3.3.1 Activity Against Coronavirus NL-63 .......................................... 76 

3.3.2 Activity Against SARS-CoV-2 ................................................... 78 

4 Chapter 4 – 3D Printing Antimicrobial Materials for other 

applications ................................................................................................. 81 

4.1 Introduction ..................................................................................... 81 

4.2 Method ............................................................................................ 84 

4.2.1 Printing Medical Devices .......................................................... 84 

4.2.2 Materials Characterisation ........................................................ 85 

4.2.3 Screening Study of Photosensitiser Nanoparticle Mixes .......... 86 

4.2.4 Microbiological Assay ............................................................... 90 

4.2.5 SARS-CoV-2 Assay ................................................................. 91 

4.3 Results & Discussion ...................................................................... 92 

4.3.1 Printed Medical Devices Microbiological Activity ...................... 92 

4.3.2 Materials Characterisation ........................................................ 97 

4.3.3 Screening Study Microbiological Activity ................................ 104 

4.3.4 Activity against SARS-CoV-2 ................................................. 107 

4.3.5 Broader Applications of 3D Printing ........................................ 111 

5 Chapter 5 – Clinical Study ................................................................. 111 

5.1 Introduction ................................................................................... 111 

5.2 Methods ........................................................................................ 114 

5.2.1 Study Outline .......................................................................... 114 

5.2.2 Study Design .......................................................................... 115 

5.2.3 Study Schedule ...................................................................... 115 

5.2.4 Microbial Culture .................................................................... 117 

5.2.5 SEM Analysis ......................................................................... 119 

5.2.6 NMR Analysis ......................................................................... 120 

5.3 Results & Discussion .................................................................... 121 

5.3.1 Microbial Culture .................................................................... 121 

5.3.2 Patient data ............................................................................ 127 



 

 

5.3.3 SEM Analysis of Biofilm .......................................................... 129 

5.3.4 NMR Analysis of Biofilm .......................................................... 140 

5.3.5 Conclusions ............................................................................ 157 

6 Final Remarks .................................................................................... 160 

7 References .......................................................................................... 163 

8 Appendix ............................................................................................. 175 

8.1 Spiral Plater and the Automatic Colony Counter ........................... 175 

8.2 Colony Morphology Analysis for Clinical Study ............................. 177 

8.3 NMR Spectra and Chemical Structure for Suggested Compounds in 

Clinical Study .......................................................................................... 178 

8.4 Setting Up a New Laboratory during Covid-19 pandemic .............. 183 

 

  



 

 

FIGURES  

Figure 1. Illustration of intubated patient, with endotracheal tube highlighted 

in blue and relevant organism examples to show the pathway from tube to 

open airways and lungs. ........................................................................................... 3 

Figure 2. Diagram illustrating the mechanism of action of the photosensitizer 

dye and nanocluster acting in synergy to produce reactive oxygen species. .. 9 

Figure 3. The microfluidics synthesis set up for the Au25(Cys)18 cluster 

synthesis from gold precursor solution, a) carbon monoxide alarm and inlet 

system b) pressure regulator valve c) pressure sensor d) gold precursor 

solution e) hot plate and oil bath f) tube. ............................................................. 23 

Figure 4. Chemical structure of zinc di(octyl) phosphinic acid (DOPA). ......... 25 

Figure 5. Chemical structure of methylene blue. ................................................ 26 

Figure 6. The simple synthesis set up in parallel for swell encapsulation of 

the endotracheal tubes to make them antimicrobial. ......................................... 27 

Figure 7. Image of the tensiometer machine used for tensile stress testing, as 

well as a dumbbell shaped test sample in the top righthand corner. .............. 30 

Figure 8. Image showing the humidity chamber described with x3 samples 

being tested. ............................................................................................................. 32 

Figure 9. An image to compare the manual plating method to the spiral 

plating method, where on the left-hand side (manual) colonies are manually 

spread using an L-shaped spreader, and each individual dilution will have a 

different plate similar to this. Which was then counted and recorded 

manually. Here for comparisons sake this is shown on the automatic colony 

counter. On the righthand side (spiral) are the rings which represent dilutions 

going from N (in the centre) to -5 (the outer ring). Therefore, having all 

dilutions on one plate, easily read by the automatic colony counter as 

illustrated here. An example of the exported PDF results can be found in the 

appendix. .................................................................................................................. 34 

Figure 10. Image of the samples used in biofilm experiments cut to 1.5cm 

length. ........................................................................................................................ 35 

Figure 11. Removal of the sample for analysis of biofilm , this image shows 

the sample with biofilm being lifted upwards until ‘snapping’. .......................... 38 

Figure 12. A graph summarising the results of the tensile stress testing, 

where the red bar and red line across the graph show where the untreated 

endotracheal tube material lies. The graph is colour coded to table 2. Paired 

two tailed T test for 3 h P = 0.44. .......................................................................... 40 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685064
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685064
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685064
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685065
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685065
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685066
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685066
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685066
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685066
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685067
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685068
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685069
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685069
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685070
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685070
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685071
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685071
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685072
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685073
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685073
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685074
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685074
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685075
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685075
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685075
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685075


 

 

Figure 13. Leaching profile of methylene blue over 10 days from swell 

encapsulated antimicrobial endotracheal tube. .................................................. 43 

Figure 14. 5-Point calibration curve for methylene blue concentration 

leaching analysis. .................................................................................................... 43 

Figure 15. Graph showing the first repeat of antimicrobial optimisation 

experiments where blue represents dark control conditions and the orange 

representing the light conditions, of which samples were exposed for 3 h at 

10,000 lux. Paired two tailed T test for L2 significance P < 0.0001. Paired two 

tailed T test for L3, L5 P = 0.04. ............................................................................ 46 

Figure 16. Antimicrobial activity using the new white light source (SAD lamp) 

of antimicrobial endotracheal tube samples. ....................................................... 47 

Figure 17. Antimicrobial activity using the old white light source of 

antimicrobial endotracheal tube samples (some dark controls not performed 

due to issues sourcing sterile saline during Covid-19 pandemic). * = below 

detection level (1E+02). .......................................................................................... 48 

Figure 18. Light spectrum for the new white light source (SAD lamp). ........... 49 

Figure 19. Light spectrum for the old white light source (fluorescent bulb). .. 50 

Figure 20. Results from antimicrobial endotracheal tube with additional 

Zn(DOPA) embedded in white light against two different isolates of E. coli. 

Two biological replicates. ....................................................................................... 52 

Figure 21. Results from antimicrobial endotracheal tube with additional 

Zn(DOPA) embedded after laser light exposure for 10 minutes against a 

clinical isolate of E. coli. Two biological replicates. ............................................ 53 

Figure 22. Graph showing antimicrobial testing of endotracheal tube pieces 

against laboratory strains of S. aureus and E. coli when exposed to 10,000 

lux white light for 3 hours compared to that in the dark. Two biological 

replicates performed. * = below detection level (1E+02). ................................. 56 

Figure 23. Graph showing antimicrobial testing of endotracheal tube pieces 

against the clinical isolate of E. coli when exposed to 10,000 lux white light 

for 6 hours compared to that in the dark. Three biological replicates 

performed.................................................................................................................. 57 

Figure 24. Image to show the set up for the early laser experiments 

measured output 150mW in a direct beam down onto the sample. ................ 59 

Figure 25. Graphs showing antimicrobial results against clinical isolate of E. 

coli when exposed to 150 mW laser light for 5 and 15 minutes. Three 

biological replicates performed. * = below detection level (1E+02). ................ 60 

Figure 26. Image to show the new laser set up of experiments using diffuser 

tip measuring intensity of 14 mW/cm2. ................................................................. 61 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685076
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685076
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685077
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685077
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685078
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685078
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685078
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685078
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685078
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685079
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685079
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685080
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685080
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685080
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685080
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685081
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685082
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685083
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685083
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685083
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685084
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685084
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685084
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685085
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685085
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685085
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685085
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685086
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685086
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685086
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685086
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685087
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685087
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685088
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685088
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685088
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685089
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685089


 

 

Figure 27. Graph showing preliminary results (one biolgical replicate) of the 

antimicrobial endotracheal tube against the clinical isolate of E. coli using 

laser light for 4 minutes, 10 minutes and 14 minutes at 14 mW/cm2. ............. 63 

Figure 28. Comparison of the initial experiment testing MRSA only, P. 

aeruginosa only, 1:2 and 1:5 mixed biofilms at the beginning and end of the 

2-week biofilm formation. ....................................................................................... 65 

Figure 29. Biofilm growth of P. aeruginosa on the antimicrobial endotracheal 

tube compared to blank controls grown over 14 days, which were exposed to 

either complete darkness or exposed to white light for x3 hours (10,000 lux) 

once on day 0 and 7. Two biological replicates. ................................................. 67 

Figure 30. Biofilm formed after two weeks of growth on control sample. The 

same is not seen for the antimicrobial samples also left for two weeks in the 

same inoculum. ........................................................................................................ 69 

Figure 31. Repeat 1 - Graph by Virology Research Services on the outcome 

of the activity of the antimicorbial endotracheal tubes against coronavirus 

NL63 when exposed to white light at 10,000 lux for 3 h. One biololgical 

replicate. * = below detection limit (25 PFU). ...................................................... 76 

Figure 32. Repeat 2 - Graph by Virology Research Services on the outcome 

of the activity of the antimicorbial endotracheal tubes against coronavirus 

NL63 when exposed to white light at 10,000 lux for 15 mins. One biological 

replicate. * = below detection limit (25 PFU). ...................................................... 77 

Figure 33. Image of plaque assay results from testing MB and Au(25)Cys18 

swell encapsulated samples against SARS-CoV-2. Thee biological replicates.

 .................................................................................................................................... 78 

Figure 34. Graph showing the reduction levels achieved within 15 minutes in 

the dark and in white light (10,000 lux) using swell encapsulated antimicrobial 

endotracheal tube samples, * = below detection level reduction (detection 

level = 25 PFU). Three biological replicates. ...................................................... 79 

Figure 35. On the left-hand side a 3D computer aided design (CAD) from 

GrabCAD of a tracheostomy tube and on the right-hand side the subsequent 

print using the antimicrobial mix. ........................................................................... 84 

Figure 36. Chemical structure of rose Bengal. ................................................... 87 

Figure 37. Image of the methylene blue, rose Bengal, ZnO and Au25(Cys)18 

resin mixtures before 3D printing. ......................................................................... 88 

Figure 38. The curing process after 3D printing and isopropyl washes for 

sample squares produced for antimicrobial testing. .......................................... 89 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685090
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685090
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685090
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685091
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685091
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685091
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685092
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685092
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685092
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685092
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685093
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685093
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685093
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685094
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685094
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685094
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685094
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685095
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685095
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685095
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685095
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685096
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685096
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685096
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685097
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685097
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685097
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685097
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685098
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685098
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685098
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685099
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685100
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685100
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685101
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685101


 

 

Figure 39. 3D prints for the screening of different mixes including ZnO only, 

Au25(Cys)18 only, MB only, RB only, MB + ZnO, RB + ZnO, and MB + 

Au25(Cys)18. .............................................................................................................. 90 

Figure 40. Graph showing the activity of 3D printed methylene blue and zinc 

oxide materials against drug resistant isolates of gram-positive and -negative 

bacteria (MRSA US137 and P. aeruginosa RS080) within 15 minutes of laser 

activation.  Two biological replicates. ................................................................... 93 

Figure 41. Side by side image of pieces of endotracheal tube broken off for 

testing, the left-hand side is before laser activation and the right-hand side is 

after laser activation. ............................................................................................... 95 

Figure 42. Graph showing the activity of 3D printed methylene blue and zinc 

oxide materials against drug resistant isolates of gram-positive and -negative 

bacteria (MRSA US137 and P. aeruginosa RS080) within 3 hours of white 

light exposure. Two biological replicates. ............................................................ 96 

Figure 43. Scanning electron microscope image of the blank 3D printed 

control square. ......................................................................................................... 98 

Figure 44. Scanning electron microscope image of the methylene blue 3D 

printed control square. ............................................................................................ 99 

Figure 45. Scanning electron microscope image of the zinc oxide 3D printed 

control square. ......................................................................................................... 99 

Figure 46. Scanning electron microscope image of the antimicrobial 3D 

printed sample containing methylene blue and zinc oxide. Hole illustrated by 

arrow and note. ...................................................................................................... 100 

Figure 47. Infrared spectrum of 3D printed antimicrobial sample containing 

methylene blue and zinc oxide (green), methylene blue control (blue), zinc 

oxide control (red), and blank control (black). ................................................... 101 

Figure 48. Chemical structure of methylene blue with IR assignments. ....... 102 

Figure 49. Antimicrobial activity of 3D printed materials using mixes of rose 

Bengal, methylene blue with zinc oxide or gold nanoclusters, against clinical 

isolate of E. coli using white light exposure (3h at 10,000 lux). Two biological 

replicates. ................................................................................................................ 105 

Figure 50. Results showing the activity of 3D printed antimicrobial material 

using MB and ZnO mixes against SARS-CoV-2 within just 10 minutes in the 

dark and exposed to white light. Three biological replicates. * = below 

detection level (25 PFU). ...................................................................................... 108 

Figure 51. Images of the endotracheal tube after it has been removed from 

its sealed bag, intact. Below this is a comparative image of the prepared 

sections (top, middle, bottom = T, M, B) for analysis....................................... 118 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685102
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685102
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685102
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685103
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685103
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685103
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685103
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685104
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685104
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685104
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685105
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685105
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685105
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685105
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685106
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685106
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685107
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685107
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685108
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685108
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685109
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685109
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685109
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685110
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685110
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685110
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685111
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685112
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685112
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685112
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685112
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685113
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685113
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685113
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685113
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685114
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685114
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685114


 

 

Figure 52. Image showing three Mannitol Salt agar plates which illustrate the 

difference in concentration of certain bacteria throughout the tube. In this 

case suspected S. aureus is in high concentration at the top of the tube and 

low concentration at the bottom of the tube. ..................................................... 125 

Figure 53. SEM image of the surface of a sterile unused Portex endotracheal 

tube (inner lumen). ................................................................................................ 130 

Figure 54. SEM images of ET001, suspected S. epidermis due to cocci 

shaped bacteria of the right size (0.5-1.5µm). .................................................. 131 

Figure 55. SEM images of ET001, suspected P. aeruginosa or C. difficile, 

due to rod-shaped bacteria of the right size for both (1-5µm). ....................... 132 

Figure 56. SEM images of ET002, either S. aureus and/or S. pneumoniae 

due to both having cocci shaped bacteria of the right size (0.5-1.25µm). .... 133 

Figure 57. SEM images of ET002 at lower magnifications to see overarching 

biofilm extracellular polymeric substance architecture. ................................... 134 

Figure 58. SEM image of ET003, suspected S. pneumoniae due to the 

smaller cocci shaped bacteria in singular chains. ............................................ 135 

Figure 59. SEM images of ET003, suspected S. aureus due to cocci shaped 

bacteria of the right size slightly larger than the above (0.5-1.5µm). ............ 136 

Figure 60. SEM image of ET004, either S. aureus and/or S. pneumoniae due 

to both having cocci shaped bacteria of the right size (0.5-1.25µm). ........... 137 

Figure 61. SEM image of ET004, either S. aureus and/or S. pneumoniae due 

to both having cocci shaped bacteria of the right size (0.5-1.25µm). ........... 138 

Figure 62. SEM image of ET005. Top image suspected C. glabrata due to 

the singular spherical shapes. Bottom image suspected S. agalactiae due to 

appearance of a chain, though size is slightly too large. ................................ 139 

Figure 63. NMR spectra of D2O used to dissolve the powdered biofilm after 

drying. 1H NMR (700 MHz, D2O) δ 4.79 (s, 1H). .............................................. 142 

Figure 64. NMR spectra of clean tube material exposed to the pure water 

used in step 1 of biofilm processing. 1H NMR (700 MHz, D2O) δ 4.73 (s, 6H), 

3.57 (s, 3H), 1.22 (s, 0H). ..................................................................................... 143 

Figure 65. NMR spectra of clean tube material exposed to the NaOH used in 

step 2 of biofilm processing. 1H NMR (700 MHz, D2O) δ 8.21 (s, 3H), 1.67 (s, 

1H), 1.62 (s, 2H), 1.10 – 1.05 (m, 2H), 0.99 (s, 1H). ....................................... 143 

Figure 66. NMR spectra of the water-soluble parts of ET001. ....................... 145 

Figure 67. NMR spectra of the NaOH-soluble parts of ET001. ..................... 146 

Figure 68. NMR spectra of the water-soluble parts of ET002. ....................... 147 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685115
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685115
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685115
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685115
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685116
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685116
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685117
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685117
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685118
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685118
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685119
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685119
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685120
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685120
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685121
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685121
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685122
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685122
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685123
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685123
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685124
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685124
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685125
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685125
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685125
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685126
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685126
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685127
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685127
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685127
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685128
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685128
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685128
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685129
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685130
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685131


 

 

Figure 69. NMR spectra of the NaOH-soluble parts of ET002. ...................... 148 

Figure 70. NMR spectra of the water-soluble parts of ET003. ....................... 149 

Figure 71. NMR spectra of the NaOH-soluble parts of ET003. ...................... 150 

Figure 72. NMR spectra of the water-soluble parts of ET004. ....................... 152 

Figure 73. NMR spectra of the NaOH-soluble parts of ET004 ....................... 154 

Figure 74. NMR spectra of the NaOH-soluble parts of ET005. ...................... 155 

Figure 75. NMR spectra of the water-soluble parts of ET005. ....................... 155 

Figure 76. An example of one of the pages from the PDF export from the 

automatic spiral plate colony counter. ................................................................ 175 

Figure 77. Summary table of the observations from cultures on blood, 

MacConkey and Mannitol Salt plates and gram staining. ............................... 177 

Figure 78. 1H NMR spectrum and chemical structure for proline available on 

the Human Metabolome Database. .................................................................... 178 

Figure 79. 1H NMR spectrum for acetoin available on the Human 

Metabolome Database.......................................................................................... 179 

Figure 80. 1H NMR spectrum for succinate available on the Human 

Metabolome Database.......................................................................................... 180 

Figure 81. 1H NMR spectrum for arabinitol available on the Human 

Metabolome Database.......................................................................................... 181 

Figure 82. 1H NMR spectrum for acetate available on the Human 

Metabolome Database.......................................................................................... 182 

Figure 83. Image of the shipping container turned lab, everything was set up 

by me and the help of a ‘bubble’ friend during the Covid-19 pandemic. ...... 184 

Figure 84. Alternative view of the shipping container lab. .............................. 185 

Figure 85. Image of the shipping container lab from the outside. .................. 186 

  

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685132
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685133
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685134
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685135
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685136
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685137
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685138
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685139
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685139
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685140
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685140
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685141
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685141
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685142
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685142
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685143
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685143
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685144
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685144
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685145
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685145
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685146
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685146
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685147
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138685148


 

 

TABLES   

Table 1. World Health Organization statistics from 2017 publication on 

Prioritisation of Pathogens Guide27. ............................................................... 8 

Table 2. Table summarising the swell encapsulation parameters for the 

tensile stress optimisation experiment. ........................................................ 39 

Table 3. Table summarising the amounts of antimicrobial components added 

into optimisation experiment samples for antimicrobial testing. ................... 45 

Table 4. Table summarising the amounts of antimicrobial components added 

into round 2 of optimisation experiments samples for antimicrobial testing. 47 

Table 5. Summarising the results for the initial biofilm experiment on blank 

commercially available endotracheal tubes, exploring 1:2 and 1:5 ratios for 

mixed biofilms with recovery and colony counting on Mannitol Salt and 

MacConkey agar. ......................................................................................... 66 

Table 6. Table summarising assignments for peaks of IR spectra between 3D 

printed antimicrobial samples..................................................................... 101 

Table 7. Summary of the mean contact angle (CA) measurements of water 

and diiodo-methane in air and total surface free energy (SFE). ................. 103 

Table 8. Summary of the suspected organisms growing on the endotracheal 

tubes from samples 1-5 based off colony morphology, gram stain and 

selective agar plate growth. ....................................................................... 122 

Table 9. Table summarising the primary anonymised data collected from 

patients from tubes ET001-ET005. ............................................................ 127 

 

https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138588983
https://liveuclac-my.sharepoint.com/personal/uccagfl_ucl_ac_uk/Documents/UCL/THESIS/Georgia%20Fleet%20Thesis%20-%20Antimicrobial%20Endotracheal%20Tubes%2025Jun23%20.docx#_Toc138588983


1 

 

1 CHAPTER 1 – INTRODUCTION TO VENTILATOR ASSOCIATED 

PNEUMONIA 

Hospital acquired infections have long been a problem in hospital settings 

worldwide. Just in NHS England hospitals in 2016/2017, hospital stays were 

increased (7.1 million occupied hospital beds, equivalent to 21% of the annual 

number of all bed days across NHS England), there has been absenteeism 

amongst staff (79,700 days), and a huge cost associated (£2.7 billion) 1. Most 

importantly, there was a recorded 28,500 patient deaths in the year as a result 

of hospital acquired infections, just in England1. Deaths which potentially could 

have been avoided. The culprit responsible for the highest percentage of these 

is as a result of ventilator associated pneumonia (VAP) at ~22.8% 2, 3, which 

occurs as a result of bacteria growing on the endotracheal tube and costs the 

NHS between £10-20,000 per VAP case4. The endotracheal tube is a perfect 

open airway passage through to the lungs, forcibly stopping reflexes such as 

coughing which might help protect against infection, and as a result the patient 

gets ill and their chance of mortality increases by 30% 4.  

VAP itself is a term used to describe patients that develop pneumonia (lung 

infection) after being on mechanical ventilation for more than 48 hours.5 In 

general, infections developing in under four days are classed as early onset, 

whereas after four days this is classed as late onset. Multi-drug resistant 

pathogens occur more often in late onset VAP.6 Risk factors include patient 

characteristics such as age and gender (older people and men tend to develop 

VAP more often), as well as ventilation time, co-morbidities, prior antibiotic 

therapy and burns, as  a few examples.7 Lacking definition of symptoms and 

similarities of symptoms to other conditions like sepsis leads to both under and 
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overdiagnosis, and a suspicion of pneumonia is advised to prompt the 

immediate administration of broad spectrum antibiotics – accounting for 

around half of all antibiotics given in critical care units.5 

The level of reduction in both bacterial and viral counts for European Standards 

to be classed as virucidal must reach at least 4-log reductions8 and in the case 

of bactericidal must reach at least 5-log reductions.9 Though some of the 

materials and activity described are below these defined log reductions, it's 

important to note the tests performed here were against clinically relevant, 

multi-drug resistant isolates, cultured directly from endotracheal tubes. These 

isolates are more representative of the types of bacteria found in the 

environment and therefore the level of reductions achieved in the real-world. 

To determine if these materials pass the European Standards further tests 

would be required against the standard types of organisms named.  

This research aimed to develop a highly active antimicrobial endotracheal tube 

which could be commercialised and implemented relatively easily to prevent 

VAP occurrence and as such the related mortality and antibiotic use with these 

cases. As well, to find an alternative method for making antimicrobial materials 

to swell encapsulation. Lastly, to conduct a clinical study which helps answer 

the big questions like what the causative pathogens of VAP are, if any, and 

where are these bacteria coming from e.g., the environment or the body. 
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Figure 1. Illustration of intubated patient, with endotracheal tube 

highlighted in blue and relevant organism examples to show the 

pathway from tube to open airways and lungs. 
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Before the SARS-CoV-2 pandemic, VAP was the largest cause of death in 

critical care (Prof D. Walker, Critical Care consultant at UCLH), which was not 

only unnecessary and potentially avoidable with the right diagnostic tools, 

treatment, or prevention; but of course, when the pandemic began in 2019 and 

more patients found themselves needing ventilation. Therefore, this pattern of 

secondary infections leading to deaths was assumed continued throughout the 

pandemic, but a lack of continuity and standardisation in reporting data like 

this UK wide and worldwide has meant it's hard to make any meaningful 

conclusions. Though the pandemic in itself did shine a light on the issue of 

VAP, and so progress and research in this area has accelerated since 2020 

dramatically. 

An interesting area of research has been focused on the co-infection of viral 

and bacterial infection, and how these interact with each other, for example 

does co-infection affect the species of bacteria seen colonising endotracheal 

tubes if there is competition between pathogens. One paper shows Covid-19 

patients were significantly more likely to develop VAP than patients without 

Covid-19 (p = 0.0015), with an increase incidence density of over twice that of 

non-Covid patients (p = 0.009).10 Potentially this could be due to the nature of 

Covid-19 already being a respiratory disease, and so is particularly weakened 

in this area and unable to defend against VAP as well as someone who has 

been intubated as a result of say a head injury/coma/other non-respiratory 

disease reason. As well, researchers have investigated how SARS-CoV-2 may 

actually induce secondary bacterial infections. This is thought to be due to the 

damage caused to the respiratory epithelium by viruses, which encourages 
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subsequent bacterial colonization and adherence 11, 12. Another study noted 

increased levels of infection related biomarkers and inflammatory cytokines in 

patients with SARS-CoV-2, which provides evidence that viral infections like 

SARS-CoV-2 induce secondary bacterial infections by dysregulating the 

immune system 13. 

So, it would be interesting to see data on immune compromised patients (aka 

Covid-19 patients) versus others, and see if the pattern is the same, and 

therefore not related to Covid-19 specifically but rather a compromised 

immune or respiratory system. Though a potential reason for an increase in 

VAP occurrence in Covid-19 patients could be down to factors such as staffing 

levels during this time and the use of staff with only brief training in the area of 

critical care leading to VAP. The only notable difference between colonisers in 

Covid-19 patients versus non-Covid patients were 3 cases of invasive 

aspergillosis seen in the Covid-19 patients (an infection caused by a type of 

fungus), out of a total 94 Covid-19 patients and 144 non-Covid patients. At the 

lung microbiome level, no difference in the composition of organisms was 

observed between Covid-19 and non-Covid patients.10 

Though recording of data during the pandemic was not standardised and 

therefore impossible to say for certain, but it’s reasonable to postulate should 

VAP had not occurred in these critically ill patients with Covid-19, mortality 

rates may have been significantly reduced. This assumption is strengthened 

by the confirmation that patients with hospital or community acquired infections 

overall had worse outcomes than those without.14 
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Though the pathogenesis of VAP and risk factors are still being debated,15 the 

general consensus is that due to the nature of intubation, natural protective 

mechanisms like coughing is prevented, allowing the oropharynx to easily 

become colonised with pathogenic bacteria. The colonisers then form a biofilm 

on the endotracheal tube, which serves as a reservoir for infection. As a result 

of ventilator cycling and micro-aspirations, pathogenic bacteria are able to 

travel into the lower respiratory system, subsequently causing VAP.16, 17  

Recent research (2020) has shown the most common pathogens involved in 

VAP were Enterococcus faecium, E. faecalis, Staphylococcus 

aureus, Klebsiella spp., and Acinetobacter spp,18 though this was a relatively 

small analysis of 12 patients who developed VAP. The most common widely 

accepted causative pathogens of VAP are primarily Gram-negative including 

Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, and 

Acinetobacter. As well as Gram-positive Staphylococcus aureus.19 20 

It is important to find cost-effective, easily implementable and sustainable 

approaches to combat hospital acquired infections like VAP, particularly in 

developing countries, where the frequency is much higher. Though data is 

limited, a 2011 review by the World Health Organization on healthcare 

associated infections in Africa highlighted the prevalence of VAP in ventilated 

patients in Senegal was 50%.21 Though not ideal, where endotracheal tubes 

are being reused (which was shown to be the case in 40% of critical care units 

in Ethiopia),22 then a comparably priced antimicrobial endotracheal tube may 

help reduce mortality in these countries from VAP. This may even help lower 
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overall costs of patient stays, as a preventative strategy to reduce VAP may 

then reduce need for further treatment and the resulting cost after the fact.  

Strengthening the argument for a more preventative strategy regarding VAP is 

the lack of early detection and risk prediction,23 despite it being so prevalent in 

critical care, more often than not once VAP is diagnosed, the infection has 

already set in, and is very difficult to treat thereafter. Additionally, a knock-on 

effect of VAP is the indirect promotion of antimicrobial resistance (AMR) by 

over-prescription of antibiotics. For example, VAP exhibits similar symptoms 

to other serious life-threatening infections such as sepsis. As a result, 

healthcare professionals (HCPs) often prescribe multiple antibiotic 

medications to cover all the bases until the microbiology culture results come 

back (2-3 days). If for example it is then found to be a viral infection or caused 

by a bacterium resistant to the antibiotics administered, this further proliferates 

the progression of AMR. AMR is thought to soon become the world’s largest 

cause of death, currently causing 700,000 deaths each year worldwide and 

expected to cause at least 10 million a year by 2050 24.  

The first antimicrobial endotracheal tube made it to market in 2008, so this idea 

to reduce VAP in this way is not new. It was based on silver technology 

(Agento™), but due to the mode of action of silver (release of Ag+ ions) it was 

not effective enough and was found to yield no significant difference to 

standard endotracheal tubes in trials regarding intubation duration, length of 

stay, or mortality 25.  In addition to this, resistance to silver ions (Ag+) has been 

recognised for many years and it's recently been discovered that resistance to 

silver nanoparticles may also be developing as a result of indiscriminate use 
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in healthcare products.26 It’s important to keep in mind for any potential 

antimicrobial material moving where this is used should be combined with 

regulatory practices that restrict widespread use to save active materials for 

where they are most needed. The below statistics on the prevalence of 

antimicrobial resistance in healthcare associated infections specifically are 

taken from 2017 World Health Organization (WHO) publication on the 

Prioritisation of Pathogens to Guide Discovery, Research and Development of 

new Antibiotics for Drug-Resistant Bacterial Infections, including tuberculosis, 

which highlights the high levels of resistance and therefore importance of 

slowing down the progression of AMR, and finding alternatives.27 

Table 1. World Health Organization statistics from 2017 publication on 

Prioritisation of Pathogens Guide27. 

Bacteria species Resistance level 

S. aureus > 50% methicillin  

E. faecium 80-85% vancomycin 

K. pneumoniae 10% carbapenem 

E. coli 16-36% third-generation 

cephalosporin 

P. aeruginosa  25% carbapenem  

A. baumannii 45-65% carbapenem, 40-70% 

multidrug  
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This research discusses the development of two antimicrobial endotracheal 

tube materials based off light-activated technology. One involving novel gold 

nanoclusters capped by cysteine (Au25(Cys)18) and photosensitizer dye such 

as methylene blue (MB), the other involving commercially available ZnO 

nanopowder and either MB or rose Bengal (RB), whereby the dye and 

nanoparticle work in synergy to deliver an enhanced antimicrobial effect.  

The mechanism of action for the photosensitizer-nanocluster synergy involves 

firstly light absorption by the photosensitizer dye, resulting in an excited singlet 

state, of which then either returns to the ground state or crosses over into to 

an excited triplet state.28 Two types of photochemical reaction are undergone 

by molecules in the excited triplet state known as type 1 and 2 to produce 

reactive oxygen species (ROS) 29. Through internal unreported ROS 

scavenger/quencher assays in the group, it was thought the MB/ Au25(Cys)18 

mix released primarily hydrogen peroxide (H2O2). 

 

Figure 2. Diagram illustrating the mechanism of action of the 

photosensitizer dye and nanocluster acting in synergy to produce 

reactive oxygen species. 
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Lastly, although this thesis details a successful proof-of-concept antimicrobial 

endotracheal tube, this has been developed based on buying in commercially 

available tubes, and swell encapsulating the active components into the 

polymer. This process is hugely wasteful and is also hard to control with regard 

to the amount of each component being encapsulated. This could give rise to 

manufacturing issues later down the line when batch size is increased, thus a 

new method to incorporate the clusters and dye was investigated. Extrusion 

techniques were chosen primarily so that components could be added in 

directly in the tube manufacturing process, as well as looking into 3D printing 

using both extrusion and resin-curing printers. Ultimately due to no access to 

a small-scale extrusion printer, resin-cured 3D prints were investigated as an 

alternative to swell encapsulation methods.  

A successful 3D printed prototype of a tracheostomy tube using MB and ZnO 

is described in this thesis. This was developed as an alternative to using swell 

encapsulation methods which are wasteful, hard to quantify and not easily 

scalable. But also, as an alternative to using Au25(Cys)18 nanoclusters which 

are highly unstable in liquid form (required for swell encapsulation process). It 

was originally thought that MB and ZnO would undergo the same mechanism 

as the MB and Au25(Cys)18 mix to produce antimicrobial activity as per previous 

studies30 and research in the group,31 by enhanced photosensitiser action 

producing ROS to kill bacteria. However, a 2018 study demonstrates that ROS 

and toxic ion dissolution in ZnO do not fully explain the levels of antimicrobial 

activity seen in an example where MRSA was tested, and that alterations in 

ZnO causes changes in carbohydrate metabolism and bioenergetics 
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(specifically uridine monophosphate (UMP) synthesis) are more largely 

responsible, though not solely.32 In fact, they debate whether the presence of 

ROS may actually lead to an increase in biofilm development, as many studies 

show bacterium are able to combat and survive exposure to ROS by 

incorporating ROS into metabolic and respiratory pathways.33, 34, 35, 36, 34, 37  

Initially, ROS were thought to be favourable over antibiotics, as antibiotics kill 

bacteria through specific intracellular targets, whereas ROS do not, and 

therefore are less likely to promote AMR. However, if bacteria evolve to use 

ROS or inactive through metabolic and respiratory pathways, then materials 

causing high levels of oxidative stress may be inadvertently creating a new 

type of resistance to materials not yet seen in levels such as with antibiotics. 

One paper describes two different bacteria, Pseudoalteromonas sp. SM9913 

and Pseudoalteromonas haloplanktis TAC125, the former lives at very low 

oxygen concentration in deep-sea sediment, compared to the latter, a closely 

related but surface seawater bacterium. Pseudoalteromonas sp. SM9913, 

though living at lower oxygen levels than Pseudoalteromonas haloplanktis 

TAC125, was sensitive to ROS however had an increased ability to form 

biofilm once exposed to oxygen.38 There is a danger that ROS production may 

be equally as harmful to AMR if as overused as antibiotics over time, however 

it is thought to be highly unlikely given the current data on this. Photodynamic 

therapies which produce ROS as their mode of action using for example MB 

solution have shown after repeated light cycles no resistance is seen against 

either bacteria or viruses 39-41. 
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Therefore, when developing antimicrobial materials such as described in this 

work, caution must be taken during development to ensure appropriate log 

levels of kill is achievable to reduce the likelihood of AMR developing further. 

As well, due to the described mechanisms above surrounding ROS production 

and the potential ability for bacteria to evolve to use ROS, it may be beneficial 

if ZnO does not rely solely on ROS as its primary mechanism of action of kill.  

Toxicity to mammalian cells is not seen with this material, but know ROS to be 

damaging to mammalian cells.42 Therefore more mechanism work should be 

done on both materials using both ZnO and Au25(Cys)18 to fully determine the 

primary mechanism of action of the nanocluster/nanoparticle and dye mix, to 

ensure this doesn’t potentially promote AMR. 

Regulatory concerns for the swell encapsulated endotracheal tubes primarily 

pertain to the use of acetone in the swell encapsulation process and any 

potential leaching of nanoparticles. Acetone is highly irritating and also highly 

flammable.  Washings would have to be sufficient enough to satisfy regulatory 

bodies that no acetone would be in contact with the skin post swell 

encapsulation and that the exposure to acetone did not negatively effect the 

mechanical properties of the endotracheal tube. In conditions replicating a 

ventilated patient leaching studies would also have to show no nanoparticles 

leach out. For 3D printed materials the regulatory pathway may be trickier as 

these products are more novel, however 3D printing is being increasingly used 

in healthcare and with every new 3D product entry to the market there sets a 

precedence for other 3D printed materials to enter more easily. Similarly with 

the swell encapsulated product this would have to show the original function 
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of the product is not disturbed by the additive 3D printing approach, and that 

no nanoparticles in particular leach out.         
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1.1 AN OVERVIEW OF ANTIMICROBIAL ENDOTRACHEAL TUBES 

ON THE MARKET AND IN DEVELOPMENT 

There are only two antimicrobial endotracheal tubes currently available on 

the market (Agento™ and Bactiguard®). Due to the pandemic, there has 

however been an increased interest in the area, and therefore there are 

companies now with emergency use approval or seeking health agency 

approvals for such products. Below describes an overview of products either 

on the market or in development. 

Agento™ – The first commercially available antimicrobial endotracheal tube 

on the market, which received food and drug administration (FDA) approval in 

2008. It is coated with silver, and the release of silver ions disrupts cell 

functions to prevent bacterial growth 25, 43, 44.  

A randomized trial, designed to be a prospective, single-blind controlled study 

across multiple centres in North America, on 1509 patients expected to require 

mechanical ventilation > 24h. It was found that microbiologically confirmed 

rates of VAP fell from 7.5% to 4.8% with the use of the Agento™ endotracheal 

tube (p = 0.03), and that it was associated with a delayed occurrence of VAP 

(p = 0.005). However, there were no statistical differences between controls 

and the Agento™ when it came to intubation duration, length of stay, or 

mortality 25.  

A potential reason for the significant reduction in VAP incidence, yet not in 

mortality rates, is that this trial only accounts for early onset VAP. The average 

duration of intubation of patients was not given, so it is suspected this may 

have been around or below 5 days, where after late onset VAP sets in and has 
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a much higher risk of mortality. Therefore, silver-based technology may fall 

short of providing the best antimicrobial protection to emerging companies who 

offer more long-term solutions. Other aspects that could contribute to the short-

term efficacy is that the coating is only on the outer surface (and biofilms form 

on all surfaces), as well as the growing presence of silver-resistance genes in 

the environment. There is also a lack of selectivity of silver ions to target 

bacterial cells over mammalian cells45, which for the application of ETTs where 

long-term intubation is often necessary, could potentially be causing serious 

damage of which the consequences have not been fully investigated.  

Bactiguard® - This technology utilizes a silver-palladium-gold alloy coating, 

which is reported to induce a galvanic effect that reduces cell attachment. 

Having previously been used in urinary tract and central venous catheters 

(FDA market approval 1994 and 1996 respectively), they utilized the same 

technology for endotracheal tubes and received market approval in 2011.46  

The Bactiguard® website quotes reduced incidence rates of VAP by 67% (p = 

0.14), a ‘significant’ drop in antibiotic use (p = 0.05) and an average reduction 

in hospital stay of 2 days, when using their antimicrobial endotracheal tube as 

opposed to standard ones.46 However, these values were only representative 

of VAP incidence at 5 days, therefore can only be classed as data on early-

onset VAP (similar to Agento™ tests). Thus, no data is available on VAP 

primarily as a result from multi-drug resistant (MDR) bacteria (late onset VAP) 

– which is the most pertinent and challenging to treat of all VAP cases. The 

clinical study does not appear to be published to the public, with the website 

referencing ‘data on file’. So, it is difficult to conclude if this product protects 
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against the primary bacteria known to cause VAP or if any information on VAP 

incidence ≥ 5 days was even investigated.  

A post-market clinical trial has been published, included 19 patients who were 

intubated with the antimicrobial endotracheal tube for a median time of 5 h.47 

With such a small study size and short intubation duration, there was not 

enough data to draw conclusions on potential protection against late-onset 

VAP from this study either. 

However, more recently a study which started in 2018 and was published in 

January 2022, conducted in Belgium, Bactiguard Infection Protect (BIP) (gold, 

silver and palladium coated endotracheal tubes) were once again tested in 

their efficacy against VAP.48 It was a multi-centre, randomised, controlled 

double-blind prospective study of ventilated patients who were randomly 

intubated with either noble metal coated endotracheal tubes or non-coated as 

a control group. A total of 323 patients were enrolled with 168 in the study 

group and 155 in the control group. Overall, they found less antibiotics were 

used in the noble metal coated endotracheal tube group (number of antibiotic 

days decreased by 6.6%) and a decrease in VAP incidence of 5.1%. 

Therefore, though numbers are only marginally decreased, it does provide 

evidence which supports coated endotracheal tubes can reduce rates of VAP 

and as a result the need for antibiotic intervention. It is also noted that the 

funding for the study nurses for two years to conduct this study was provided 

by Bactiguard®.  

N8 Medical CeraShield™ - This endotracheal tube design has a ceragenin-

eluting coating, which has not yet been granted FDA market approval. 
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Ceragenin is a synthetic mimic of antimicrobial peptides (AMPs), which are 

key components of our natural defence system against antimicrobial 

colonization. The coating presents as a broad-spectrum antibacterial and 

antifungal material, which attempts to prevent microbial growth.49 The elution 

of ceragenin from the coating is controlled by both the polyurethane coating 

structure as well as ion exchange. To better illustrate the polymicrobial aspects 

of real-world biofilms,50 mixed species of P. aeruginosa with either methicillin-

resistant S. aureus (MRSA) or Candida auris were used in their microbial 

testing, which saw a delayed onset of biofilm formation on endotracheal tube 

segments by 2-3 days compared to controls. By day 3-4 however, there was 

little difference between biofilm formation of CeraShield™ coated and control 

segments.49  

These endotracheal tubes were granted emergency use by Health Canada on 

April 2nd 202051. 

Sharklet® - This design doesn’t require the release of an antimicrobial agent 

from the surface, but instead optimises a micro-patterned surface inspired by 

the topography of shark scales, to prevent initial cell attachment and biofilm 

growth. It is thought that the pattern on the surface increases overall surface 

energy, which is able to interrupt the quorum sensing between bacteria (the 

process by how bacterial cells communicate with each other).52, 53 The use of 

surface manipulation over the release of an antimicrobial agent is highly 

desirable when considering the safety of medical devices, and was undergoing 

an accelerated device pathway for FDA approval (2016), however there 

appears to be no news since and thus the conclusion is this wasn’t successful.  
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To compare this to the previous silver-based technology of Agento™, an in-

vitro drip-flow biofilm model was used to compare the Sharklet® against 

Agento™ using a lab strain of P. aeruginosa. This saw reductions in biofilm by 

71% (p = 0.016) and 65% (p = 0.064) respectively, compared to standard 

untreated endotracheal tubes. This showed a potential 6% increase in 

protection over Agento™,52 however considering trials eventually concluded 

there was no significant difference when using Agento™ over standard tubes, 

a 6% on this increase may not be enough to translate into real world 

differences.  

Commonwealth Scientific and Industrial Research Organisation 

(CSIRO)/Boulous & Cooper Pharmaceuticals Pty. Ltd. – Published in April 

2020 was a novel styrylbenzene-based antimicrobial (BCP3) whereby similarly 

to the swell encapsulated work described in this thesis, BCP3 mixed with 

poly(lactic-co-glygolic acid (PLGA) was applied to endotracheal tube segments 

(polyvinyl chloride (PVC) based) through a ‘facile dip-coating’ which is 

effectively the same process as swell encapsulation. Their process involved 

using tetrahydrofuran (THF) as a solvent and ‘dip coating’ twice. The highest 

concentrations of BCP3 and PLGA yielded their best results, whereby 91% 

and >95% kill was achieved for methicillin-resistant S. aureus (MRSA) and 

methicillin-sensitive S. aureus (MSSA) respectively, and a maximum of 63% 

kill for P. aeruginosa.  Also, bacterial strains used were laboratory based ATCC 

29213 (MSSA), ATCC 43300 (MRSA) and ATCC 27853 (P. aeruginosa), 

which does not include what is thought to be one of the most prevalent causes 

for VAP which is primarily gram negative bacteria such as E. coli54. However, 
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benefits include that PLGA is already FDA approved for medical devices and 

there was no cytotoxicity observed.  

Ondine Biomedical Ltd. – The technology Ondine use is based around 

photodynamic therapy (PDT). It is non-invasive and uses medical grade 

methylene blue to kill bacterial cells upon laser light activation. It does this by 

inducing fatal photo-oxidation on cells that have absorbed the photosensitizer 

This technique was approved in 2013 by Health Canada, and is regularly used 

in products such as MRSAid™, which prevents post-surgical MRSA 

infections55, and has been used throughout the pandemic in care homes to 

stop spread of the disease56. The treatment in its entirety is 6 minutes and 

includes swabbing the nose with methylene blue, followed by laser light 

treatment, and this process repeated once more (MRSAid laser manual). It is 

this laser meant for the MRSAid™ technology which has been used in the most 

recent experiments detailed in 3.3.1. 

Ondine have deployed this technique in ventilated patients to understand how 

to deliver transbronchial therapy57, and have demonstrated by an in-vitro study 

on the reduction of endotracheal tube biofilms using antimicrobial PDT 

(published 2011) explores this treatment58.  

An intubation model was used to represent a real-life clinical setting, which 

involved replicating the airway path of an intubated patient. This included not 

only the ETT, but a mechanical ventilator, humidifier, and ventilator airway 

circuitry tubing, so that conditions were as realistic as possible. Also, the ETT 

was positioned at an angle to simulate a patient following the advised elevated 

head position in the VAP bundle.59 Clinical isolates of P. aeruginosa and 
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MRSA were used to grow mixed biofilms on the inside of standard ETTs, which 

were then used in the PDT procedure. The procedure involved spraying 

photosensitizer solution (in this case MB) into the lumen of the ETT, then 

placing a fibre optic catheter through the lumen of the ETT, activating the MB 

through laser light at 664 nm (MBs maximum absorbance). There were two 

treatments with the laser lasting 12 minutes each, with a break of 5 minutes 

in-between. It was reported that using this method of light treatment gave a 3 

log10 reduction (equating to 99.9%) (p < 0.005) of the mixed biofilm,59 which 

considering are clinical and relevant strains to VAP, is the most successful 

bactericidal method without risk of promoting AMR investigated so far. 

Though promising, this technology is not without its drawbacks. This study 

carefully recognised that this method was intraluminal, and that alone neither 

the MB nor laser was harmful to human tissue.60, 61 However, any cell that has 

absorbed MB, will be affected if subsequently exposed to the light treatment. 

MB is known to be absorbed by mammalian cells as well as bacterial, thus 

could prove problematic if the initial MB spray is not confined to just the 

bacterial cells on the endotracheal tube. 

As well, it is known that biofilm develops on both the inside and outside of the 

endotracheal tube (D. Walker, Consultant Anaesthetist, personal 

communication), so the risk of further biofilm growth is not completely 

eliminated with each treatment. Hence, unless a photosensitizer selective to 

pathogenic bacterial cells is developed, or a way to keep the outer surface 

separate from surrounding tissue, it may be difficult to completely eradicate 

biofilm using this technology alone. Lastly, though highly effective in that 
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moment of fatal photo-oxidation, once completed the antimicrobial activity 

halts and biofilm is free to build up again. The study proposes a 

recommendation that this treatment is provided every 8h, however without 

clinical trial information it is unknown whether this may do more harm than 

good in potentially dislodging surrounding bacterial biofilm in the process of re-

swabbing with dye.  

In addition to this, through personal communication Ondine have been told by 

Health Canada that an alternative solution must be found to replace the 

swabbing with MB. A suitable alternative may be development of an 

antimicrobial endotracheal tube (as described in this thesis) combined with 

Ondine’s laser technologies to enhance its action.  
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2 CHAPTER 2 - THE DEVELOPMENT OF LIGHT ACTIVATED 

ANTIMICROBIAL ENDOTRACHEAL TUBES 

2.1 INTRODUCTION  

This chapter describes the development of an antimicrobial endotracheal tube 

by using swell encapsulation techniques, tested against multiple multi-drug 

resistant bacteria all cultured directly from endotracheal tubes. As well, testing 

against biofilms which were grown over the span of 2 weeks.  

2.2 METHODS 

2.2.1 GOLD NANOCLUSTER SYNTHESIS 
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The MB was purchased (Acros Organics, pure certified, code: 414240250) and 

the Au25(Cys)18 made by microfluidic synthesis in UCL Department of 

Engineering (L. Panariello and S. Pal) as per62. Below is a schematic of the 

system.  

 

50 mL of precursor solution was made by dissolving L-cysteine in a minimum 

amount of DIW in a 50 mL volumetric flask, then by adding 20 mL of gold (III) 

chloride trihydrate, followed by 1.66 mL of sodium hydroxide (NaOH) 2 M 

solution. Upon addition of the NaOH, the solution should change from cloudy 

to clear, and the remainder of the volumetric flask made up to 50 mL using 

Figure 3. The microfluidics synthesis set up for the Au25(Cys)18 cluster 

synthesis from gold precursor solution, a) carbon monoxide alarm and 

inlet system b) pressure regulator valve c) pressure sensor d) gold 

precursor solution e) hot plate and oil bath f) tube. 
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DIW. The precursor solution was then placed at (d) for the synthesis to start. 

Stirring speed was 800 rpm and liquid flow rate at 0.33 mL/min. 6 mL is let 

pass through the system before collection of Au25(Cys)18 starts. After this, once 

~1-2 mL has passed through the system and collected at (i), this was tested 

by UV-Vis spectroscopy to check the Au25(Cys)18 concentration. 200 uL was 

diluted into 800 uL of DIW and absorbances should show at ~0.35 at 670nm 

and ~0.18 at 610nm for a resulting 10 mM Au25(Cys)18 solution. The synthesis, 

full materials characterisation and use of Au25(Cys)18 as part of an antimicrobial 

mix used together with crystal violet was published in 2020.28 

2.2.2 ZINC NANOPARTICLE SYNTHESIS 

Zinc (II) dioctylphosphinate (C32H68O4P2Zn / Zn(DOPA) for short use in figures) 

was synthesized according to a method in literature.3 Di(octyl) phosphinic acid 

(0.55 mL, 1.72 mmol) was dried under vacuum for 1h. Anhydrous toluene (57.5 

mL) and diethyl zinc (ZnEt2) (0.86 mL, 8.61 mmol) were added and left stirring 

overnight ~18 h. A solution of water (0.31 mL, 17.22 mmol) and acetone (29 

mL, 400 mmol) was slowly added over 15 minutes and stirred for a further 2 h. 

The solution was transferred to a centrifuge tube and acetone added to 

precipitate. This was then separated by centrifugation (20 minutes, 4000 rpm) 

and washed x2 with toluene and acetone (10 mL). Waste solvent was removed 
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after final centrifugation and air-dried overnight ~ 18 h. The product was then 

transferred to a mortar and pestle to yield a white powder. Yield 0.61 g (52 %). 

2.2.3 SYNTHESIS OF THE ANTIMICROBIAL ENDOTRACHEAL 

TUBE  

To prepare the antimicrobial endotracheal tubes, endotracheal tubes already 

commercially available on the market (Timesco™) were bought in and 

antimicrobial components MB and Au25(Cys)18 were swell encapsulated into 

the polymer. The endotracheal tubes were cut to ~ 1x1cm pieces using a 

scalpel in sterile conditions. These pieces were then separated into beakers 

containing the relevant solution, whether that be a blank control or a sample 

mix. Sample mix solutions contained varying amounts of MB and Au25(Cys)18 

[or swapping the Au25(Cys)18 for Zinc (II) dioctylphosphinate] in a 1:1 ratio of 

acetone to deionised water (DIW). 10 mL of solution was used per x1 sample 

piece, e.g., 10 samples = 100 mL.  

 

Figure 4. Chemical structure of zinc di(octyl) phosphinic acid (DOPA). 
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The samples were then mixed in dark conditions at 450 rpm for 4h at 30 °C, 

and subsequently washed x5 times for 5 mins at 40 °C in sterile phosphate 

buffered solution (PBS), and a further x5 times for 5 mins at room temperature 

Figure 5. Chemical structure of methylene blue. 
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(RT) in DIW. Samples were patted dry and left to airdry overnight between two 

filter paper sheets to absorb any remaining moisture before microbial testing.  

2.2.4 MATERIALS ANALYSIS OF RAW ENDOTRACHEAL TUBE 

MATERIAL 

X-ray Photoelectron Spectroscopy (XPS) 

XPS (Thermo Scientific, K-Alpha Surface Analysis) was used to determine 

commercial ETT composition, as well as the effect of using silicone-coated 

syringes in the swell encapsulation process. Survey scans as well as point 

analysis at two depth profiles was carried out and interpreted using casaXPS 

software. 

 

Figure 6. The simple synthesis set up in parallel for swell 

encapsulation of the endotracheal tubes to make them antimicrobial. 
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Scanning Electron Microscopy (SEM) 

Samples were gold sputtered (Agar Scientific, Sputter Coater) for 10 seconds 

at 0.08 mbar, and analysed via scanning electron microscopy (SEM) (JOEL 

JSM-7601F field emission microscope) to investigate surface morphology of 

the ETTs (plain commercial, controls and samples).  

 

Water Contact Angle  

For detecting changes in surface hydrophobicity before and after swell 

encapsulation of antimicrobial agents, a water contact analyser (FTA 1000 

Drop Shape Instrument) was used using a gauge 27 needle. Prior to analysis, 

as a flat sample surface was required, ETT segments were all placed under 

compression for 1h. Drops used in analysis were 6.5 µL DIW using FTA32 

software for subsequent analysis. Three repeats were performed. 

2.2.5 SAFETY & STABILITY ANALYSIS 

A leaching investigation was conducted where a sample was placed in a 50 

mL centrifuge tube with 10 mL sterile PBS. This was left at 37 °C h over 10 

day and the resulting solution measured by UV-Vis spectroscopy to determine 

dye leaching and X-Ray fluorescence (XRF) for presence of nanoclusters. For 

the UV-Vis a 5-point calibration curve was used to determine the concentration 

of leaching methylene blue. Cytotoxicity was conducted externally by Virology 

Research Services using ISO21702.  
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2.2.6 STRESS STRAIN ANALYSIS 

Standard ASTM D638 – 14, Standard Test Method for Tensile Properties of 

Plastics was followed as closely as possible, changes made are described 

below. Before swell encapsulation of endotracheal tube pieces, the tube was 

cut into sections which were 6cm long, cut by scalpel. Pieces were then swell 

encapsulated with varying amounts of MB and Au25(Cys)18 and were swell 

encapsulated at varying temperatures and times (detailed in section 3.3) 

before drying as per 3.2.1.  

Samples were then taken to Boston Scientific (previously BTG 

Biocompatibles) for tensile testing. A template for the British standard 

dumbbell shape was created and using a scalpel the rectangle endotracheal 

tube pieces were cut into the standard dumbbell shape for testing.  
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A benchtop Lloyd tensiometer machine was used to carry out the tensile tests. 

Direction speed used was 100 mm/min and both load at break and machine 

extension recorded. Each sample test was repeated three times to get an 

average result for each sample type. 

Figure 7. Image of the tensiometer machine used for tensile stress 

testing, as well as a dumbbell shaped test sample in the top righthand 

corner. 
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2.2.7 MICROBIOLOGICAL ASSAY 

This testing assay is one developed and used by UCL Microbiology to enable 

comparisons within the group. The only deviation is 1) no coverslip used to 

press down the bacteria, the bacteria remains as a droplet on the material 

surface for testing and 2) the addition of the spiral plater for serial dilutions, 

where a validation experiment was conducted to ensure continuity between 

manual and automated methods.  

A total of 10 mL BHI was placed into a 50 mL centrifuge tube. Using a sterile 

loop, one bacterial colony (strains used: E. coli ATCC 25922, S. aureus 8325-

4 or clinical strain E. coli cultured from an ETT) was placed into the BHI and 

cultured at 37 °C at 200 rpm for 18h. This was then centrifuged at 21 °C at 

5000 rpm for 5 mins. The waste supernatant BHI was removed and replaced 

with 10 mL PBS. The solution was vortexed until the bacterial pellet was 

resuspended. This was then centrifuged again, and the process repeated in 

order to wash the cells. From this inoculum, 10 uL was placed in 990 uL PBS 

to gain a final inoculum (x) of roughly 105 colony forming units (CFU/mL).  

To prepare the sample chambers a filter paper was placed inside a petri dish, 

which was wetted with 2 mL PBS. Then two toothpicks were placed parallel to 

each other on top of the wetted filter paper, of which a microscope slide was 

placed on top of perpendicular to the toothpicks. This creates a sterile humidity 

chamber to keep the bacteria from drying out, particularly in biosafety cabinet 

settings where the flow of air is constant.  
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Endotracheal tube sample pieces are placed with the inner lumen facing up on 

the microscope slides, and 25* uL of inoculum (x) is placed on top of each 

sample in a droplet. These petri dishes are then either placed in a dark box or 

in light conditions (set to 10,000 lux, confirmed by light meter (Onecall, mini 

light meter, resolution 0.1 lux) for a determined amount of time (detailed in 

section 3.3 with corresponding results). *(50 uL for new spiral plated method) 

 

Manual method (experiments pre-May 2021) – 450 uL PBS was placed into 

a 50 mL centrifuge tube. Upon completion of light/dark exposure time, the 

sample was carefully lifted into the centrifuge tube and vortexed. This was 

repeated for each individual sample. From this 200 uL from each sample tube 

was taken and placed into 96 well plates, which becomes the neat (N) 

Figure 8. Image showing the humidity chamber described with x3 

samples being tested. 
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suspension. Serial dilutions were performed by diluting 20 uL of N into 180 uL, 

continuing this for a further 5 times to get a 100,000-fold dilution. N → -1 (10-

fold) → -2 (100-fold) → -3 (1,000-fold) → -4 (10,000-fold) → -5 (100,000-fold). 

Each dilution was then plated by taking 100 uL from the well and spreading 

onto agar plate (MacConkey agar for E. coli, mannitol salt agar for S. aureus). 

The plates were incubated at 37 °C for 24 h. The plates were read by manual 

counting method with a >300 colony limit exclusion.  

Automated spiral method (experiments post-May 2021) – 900 uL PBS was 

placed into a 50 mL centrifuge tube. Upon completion of light/dark exposure 

time, the sample was carefully lifted into the centrifuge tube and vortexed. This 

was repeated for each sample. From this 600 uL was taken and placed into a 

0.5 mL Eppendorf tube. The Eppendorf tube is then placed into the holder on 

the automatic spiral plater (Intersciece, EasySpiral Dilute, ref: 414 000), and 

the desired dilution selected, and ‘plate’ pressed, to plate in a spiral dilution 

from N to -5.  

The settings selected were 50 uL total volume plated, on 90 mm petri dishes, 

on exponential plating mode. If this was still too concentrated, the N sample 

was diluted first to either -1, -2, or -3, and then spiral plated further. An average 

over two dilutions was taken by the plate counter and CFU/mL calculated 

automatically. For the samples which have undergone an extra dilution step 

(50 uL inoculum in 900 uL PBS) compared to inoculum in which 600 uL was 

taken directly from the suspension and into the Eppendorf tube, the CFU/mL 

results for the samples were multiplied by 19 to account for the extra dilution 

step (dilution factor 950 / 50 = 19).  
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The new spiral plated method was validated by repeating experiments three 

times using both the manual and spiral plated method, where when three 

consistent results within the same log as each other were achieved the method 

was considered ready for use. It is thought the manual method was less 

accurate due to the manual dilution stage and potential for ease of 

contamination during these steps, and therefore slight variation in result 

consistency was accepted as normal. 

2.2.8 BIOFILM DEVELOPMENT PROTOCOL  

Figure 9. An image to compare the manual plating method to the spiral 

plating method, where on the left-hand side (manual) colonies are 

manually spread using an L-shaped spreader, and each individual 

dilution will have a different plate similar to this. Which was then 

counted and recorded manually. Here for comparisons sake this is 

shown on the automatic colony counter. On the righthand side (spiral) 

are the rings which represent dilutions going from N (in the centre) to -

5 (the outer ring). Therefore, having all dilutions on one plate, easily 

read by the automatic colony counter as illustrated here. An example 

of the exported PDF results can be found in the appendix. 
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This protocol was developed by me using two isolates cultured directly from 

an endotracheal tube were used in this biofilm protocol (UCLH). MRSA 

US137 and P. aeruginosa RS080 with VEB (Vietnamese extended-spectrum 

β-lactamase) ESBL (extended-spectrum β-lactamase) from the Royal Free 

Hospital. In particular, ESBL producing pathogens are a major cause of 

resistance to existing antibiotics, and in this case treatment options are 

limited. 

A total of 10 mL BHI was placed into a 50 mL centrifuge tube. Using a sterile 

loop, one bacterial colony was placed into the BHI and cultured at 37 °C at 

200 rpm for 18h. Optical density measurement taken by 4-fold dilution in BHI 

(0.25 mL inoculum into 1.25 mL BHI). 

The inoculum was then centrifuged at 21 °C at 5000 rpm for 5 mins. The 

waste supernatant BHI was removed and replaced with 10 mL PBS. The 

solution was vortexed until the bacterial pellet was resuspended. This was 

Figure 10. Image of the samples used in biofilm experiments cut to 

1.5cm length. 
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then centrifuged again, and the process repeated. P. aeruginosa was diluted 

further by placing 25 uL inoculum into 9900 uL fresh PBS.  

 

Two sterile 12 well plates were used, one to be exposed to light and one as a 

dark control, and 1.5cm long pieces of endotracheal tube were placed in well 

(both blank controls and antimicrobial samples) with the lumen facing up. The 

mixed co-culture biofilms of  P. aeruginosa and MRSA were inoculated in the 

following ratios (mL): 1:1, 1:2, 1:3, 1:4, 1:5 to a total of 2mL fill. For the 

antimicrobial results reported on with P. aeruginosa only biofilms a 2mL fill 

was used with only P. aeruginosa inoculum. 

For the light exposed samples, the 12 well plate was placed under white light 

for 3h at 10,000 lux (the same light intensity as planktonic bacteria 

experiments detailed previously), and the dark placed in a dark box for 3h. 

Following the exposure, the 12 well plates are placed into a Tupperware box, 

with sterile water just covering the bottom to ensure humidity is kept. This 

box was placed in an incubator at 37 °C and left for a week.  

At one week, the solution in each well was carefully removed by pipetting 

slowly from the side of the well, careful not to disturb any growing biofilm. 

This is replaced with a fresh 2 mL of BHI and put back into the Tupperware 

box in the incubator at 37 °C and left for a further week.  

To collect biofilm, prepare 50 mL centrifuge tubes with 900 uL sterile PBS, 

one tube per sample. Using sterile tweezers, the endotracheal tube slice is 

pulled upwards until the biofilm ‘snaps’ (see figure 9). The sample with biofilm 
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was then placed into the 50 mL centrifuge tube with sterile PBS. Vortex each 

sample until biofilm is visibly mixed with the PBS (~30 seconds each). From 

this, the protocol as per the microbiological assay above is performed using 

the spiral plater. 600 uL is taken from each tube and transferred to a 0.5 mL 

Eppendorf tube, which is then spiral plate diluted to the desired dilution. For 

MRSA only biofilms Mannitol Salt agar plates (PO1169A) were used. For P. 

aeruginosa MacConkey agar without salt (PP0470). For mixed biofilms, both 

MacConkey and Mannitol Salt agar plates are used, as well as Nutrient agar 

plates (PO0155A). 
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Figure 11. Removal of the sample for analysis of biofilm , this image 

shows the sample with biofilm being lifted upwards until ‘snapping’. 
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2.3 RESULTS & DISCUSSION  

2.3.1 STRESS STRAIN ANALYSIS - TENSILE STRESS  

Tensile stress testing was carried out to determine the effects of the swell 

encapsulation process on the functionality of the endotracheal tube. The tube 

must not become brittle and must still be elastic enough to mould to the 

shape of the patients’ airways when intubated. Therefore, it is important the 

polymer’s properties post-swell encapsulation do not change significantly.  

 

Table 2. Table summarising the swell encapsulation 

parameters for the tensile stress optimisation 

MB added (g) Conc. (ppm)

0.048 800

0.024 400

0.006 100

Au25(cys)18 added (mL) Conc. (% v/v)

1 1

3 5

6 10

Temp (°C)

20

30

40

1st experiment

2nd experiment

3rd experiment

4th experiment

Time (h)

3

6

18
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In table 2 are the details of the experiments and the changes made in each. 

Other parameters not detailed in each experiment were kept as per the original 

protocol: 800 ppm MB, 10% v/v Au25(Cys)18, room temperate (20 °C), and for 

18h overnight. The table is colour coded to match the graph, to focus on the 

changing parameter in each section.  

Below are the results from a range of changes made to the swell encapsulation 

process including amount of MB, amount of Au25(Cys)18, time and temperature 

– colours relating to table 2 above. This was then compared to an original 

sample of endotracheal tube, illustrated in red and by a red line running across 

the graph for easy reading. 

 

The graph shows a slight increase in the average load at break when the MB 

is increased above 400 ppm, therefore it was determined 400 ppm would be 

Figure 12. A graph summarising the results of the tensile stress 

testing, where the red bar and red line across the graph show where 

the untreated endotracheal tube material lies. The graph is colour 

coded to table 2. Paired two tailed T test for 3 h P = 0.44. 

4h 



41 

 

optimal. When increasing the amount of Au25(Cys)18 from 1% to 10%, the 

average load at break decreased. Therefore, taking into consideration the 

costs of gold with the load at break properties, it was determined that 5% 

Au25(Cys)18 would be optimal. Regarding the time of the swell encapsulation, 

increasing the time did increase the average load at break, however the 

increase in time does not directly correlate with an increase in average load at 

break, and the shortest swell encapsulation time at 3h decreases the load at 

break by an average of 13N. However, this is still not a statistically significant 

decrease (P > 0.05). An increase in temperature decreased the load at break 

raising from 20 °C to 40 °C, with the closest result to the original sample 

coming out as 30 °C. Therefore, it was decided that the overall new parameters 

for testing for optimal tensile stress properties, remaining as unchanged as 

possible compared to the original untreated endotracheal tube sample, would 

be 400 ppm, 5% Au25(Cys)18, 4h encapsulation time, at 30 °C. It was using this 

new protocol of a 4h encapsulation time at 30 °C that the antimicrobial 

optimisation samples were made. Overall, none of the parameter changes 

were enough to be statistically significant, though it is desirable to keep as 

unchanged as possible. 

There was an issue using the die cutter to cut the exact dumbbell shape due 

to the strength of the polymer material, and so a scalpel was used to cut the 

dumbbell shape from a template. Therefore, there may have been small 

discrepancies in tensile stress results due to this. Preferably this experiment 

would be repeated with a laser cutter to ensure accuracy and repeatability 

between samples. A design of experiment was planned for this optimisation 
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work regarding both the antimicrobial activity and functional tensile stress 

testing; however, it was decided what is required for the microbiology and the 

repeats required for a design of experiment, it would be too lengthy and would 

require a dedicated team and much more resource than what was available.  

2.3.2 SAFETY & STABILITY LEACHING OUTCOMES 

Methylene blue has a widely known and understood toxicology profile,63 and 

is currently used as medication in a safe dose of <2 mg/kg (1% methylene blue 

solution) for methemoglobinemia, and also already used in the cuff of the 

endotracheal tube mixed with saline to immediately detect damage to the cuff 

during certain surgeries.64 However, it has been shown to precipitate serotonin 

toxicity at >5 mg/kg,65 and patients also taking drugs with serotonergic activity 

(such as widely used antidepressants) may have increased risk of this.66 

Therefore, it’s important to know if any how much methylene blue is leaching 

out over time, even if risk overall is low.  
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Figure 14. 5-Point calibration curve for methylene blue 

concentration leaching analysis. 

 

Figure 13. Leaching profile of methylene blue over 10 days from swell 

encapsulated antimicrobial endotracheal tube. 
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 What this shows is that even without the addition of a hot wash after the swell 

encapsulation step, the leaching over 10 days is still well below toxic levels at 

~0.07 mg/L and ~0.09 mg/L for hot and cold wash processes respectively.  

2.3.3 OPTIMISATION FOR MICROBIOLOGICAL ACTIVITY 

Experiments until this point had been carried out at what was thought to be a 

maximum amount of MB and Au25(Cys)18 for proof of concept. The next set of 

experiments were planned to determine the minimum effective concentration 

of each MB and Au25(Cys)18 in the antimicrobial solution for swell 

encapsulation, and how changing the amounts of each affected the 

antimicrobial activity both in the dark and light. Currently only one repeat of the 

white light has been carried out, with plans to continue to x3 repeats of both 

white light and laser light before deciding on an optimal amount of MB and 

Au25(Cys)18 to continue development with. 

The table below describes the six different mixes used, based on low, medium, 

and high amounts of each MB and Au25(Cys)18. Note so far experiments have 

been using 800 ppm for MB and 10% v/v for Au25(Cys)18. 
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Table 3. Table summarising the amounts of antimicrobial components 

added into optimisation experiment samples for antimicrobial testing. 

Experiment No. 

 (D/L = dark/light) 

MB  

(ppm) 

Au25(Cys)18  

(% v/v) 

0 0 0 

1 100 5 

2 400 5 

3 800 5 

4 400 2.5 

5 400 5 

6 400 10 
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Originally lower levels (detailed in table 2) than what had been tested 

previously were explored for optimisation as it was assumed an extremely high 

amount was used for proof-of-concept experiments. However, these results 

show the maximum kill reached in the same setting was 85%, which is 

significantly lower than previously seen below detection level kills (> 3 log 

reductions). Therefore, optimisation experiments were repeated at higher 

levels, as well, both using 3h swell encapsulation time as well as 18h swell 

encapsulation time to see if the experiment time could be bought down. 

Figure 15. Graph showing the first repeat of antimicrobial optimisation 

experiments where blue represents dark control conditions and the 

orange representing the light conditions, of which samples were 

exposed for 3 h at 10,000 lux. Paired two tailed T test for L2 significance 

P < 0.0001. Paired two tailed T test for L3, L5 P = 0.04. 
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Table 4. Table summarising the amounts of antimicrobial components 

added into round 2 of optimisation experiments samples for 

antimicrobial testing. 

Experiment No. 

 (D/L = dark/light) 

MB  

(ppm) 

Au25(Cys)18  

(% v/v) 

0 0 0 

1 100 2.5 

2 400 5 

3 800 10 

Figure 16. Antimicrobial activity using the new white light 

source (SAD lamp) of antimicrobial endotracheal tube samples. 
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It is important to note here between previous experiments and these 

optimisation experiments a laboratory move had occurred and as a result a 

different white light source was being used. This new white light source was a 

SAD lamp (Amazon, brand OKEEY). As seen from the second round of 

optimisation experiments includes the higher level used previously (D3/L3) yet 

the same level of kill wasn’t reached, and again a maximum of 66% kill was 

reached. The lamp change was then considered as a factor and the same 

samples and experiment repeated with the old white light source.  

Figure 17. Antimicrobial activity using the old white light source of 

antimicrobial endotracheal tube samples (some dark controls not 

performed due to issues sourcing sterile saline during Covid-19 

pandemic). * = below detection level (1E+02). 
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From these results it was clear the light source is important in determining the 

level of kill achievable. Therefore, light spectra for each white light source were 

measured. The new light source (SAD lamp) has two major peaks, a sharp 

one at approximately 450nm (indigo/blue) and another wider peak ranging 

500-700nm (green to red). 

 

Whereas the old white light (fluorescent lamp) has 3 notable sharper peaks at 

approximately 430nm (violet/indigo), 550nm (green) and 625nm (red). MB 

Figure 18. Light spectrum for the new white light source (SAD lamp). 
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absorbs at 668nm, primarily covered by the wide peak of the new white light 

source.  

 

A reason for the improved results using the old white light source, despite both 

being white light and measuring the same 10,000 lux light level, could be 

because it was a fluorescent lamp which emit low levels of UV which is known 

to kill organisms.  

 

  

Figure 19. Light spectrum for the old white light source (fluorescent 

bulb). 
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2.3.4 INCORPORATING ZINC NANOPARTICLES FOR 

ANTIMICROBIAL ACTIVITY IN THE DARK  

As the material only showed antimicrobial activity in the dark in the case of S. 

aureus, Zinc (II) dioctylphosphinate was synthesized by the colleague’s 

materials research centre to test, as the group had seen previous success 

against gram negative bacteria such as E. coli with zinc compounds in dark 

conditions. This nanoparticle had to be capped with an organic ligand however, 

so it could be used in the swell encapsulation process alongside the 

Au25(Cys)18 and MB for even incorporation as it was not water soluble. It was 

preferable to have all swell encapsulating at one time so that the material did 

not have layers of active material and for example a Zinc (II) 

dioctylphosphinate layer covering the Au25(Cys)18 layer and dampening its 

effect. However, ZnO was found to dissolve best in toluene, so added an 

additional swell encapsulation step where Zinc (II) dioctylphosphinate 

dispersed in toluene were incorporated into the endotracheal tubes after the 

MB mix. 

Below are the results of the new double-swell encapsulated MB/Au25(Cys)18 

/ZnO(DOPA) mixes against  E. coli ATCC 25922 and the clinical isolate of E. 

coli in white light, as well as the clinical isolate of E. coli using laser light.  
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Figure 20. Results from antimicrobial endotracheal tube with additional 

Zn(DOPA) embedded in white light against two different isolates of E. 

coli. Two biological replicates. 
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The MB/Au25(Cys)18 mixture still gave the highest kill, and the addition of Zinc 

(II) dioctylphosphinate didn’t yield any significant difference (figure 25) (P > 

0.05) in kill in the dark. The addition of Zinc (II) dioctylphosphinate actually 

appeared to block the action of the MB/ Au25(Cys)18 so that in light the material 

was not as effective as previously seen. The double swell encapsulation could 

be cause for this, either creating a layer of ZnO over the MB/Au25(Cys)18 rather 

than having an even surface containing all three components, or during the 

secondary toluene based swell encapsulation the MB/Au25(Cys)18 mix was 

displaced by Zinc (II) dioctylphosphinate.  

Figure 21. Results from antimicrobial endotracheal tube with 

additional Zn(DOPA) embedded after laser light exposure for 10 

minutes against a clinical isolate of E. coli. Two biological replicates. 
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In the case of white light against both laboratory strains and clinical strains of 

E. coli, the addition of Zinc (II) dioctylphosphinate actually hindered its 

antimicrobial effect. The combination showed no improvement in antimicrobial 

activity in the dark and reversed the previously seen excellent antimicrobial 

activity seen in the light. Therefore, the Zinc (II) dioctylphosphinate may have 

displaced or be interfering negatively with the synergy between Au25(Cys)18  

and MB regarding the enhanced triplet state formation that is providing its 

enhanced antimicrobial activity. 

In the case of laser light against the clinical isolate of E. coli, though there 

initially appears to have been a reduction, it’s thought this could have been 

due to insufficient washing off the toluene during swell encapsulation, as the 

toluene control also shows a reduction in the dark. As well, the antimicrobial 

activity in the light is dampened, showing no activity.  

Though these results have not been successful in combining the MB- 

Au25(Cys)18  technology with a ZnO compound, other routes of adding another 

compound to give antimicrobial activity in the dark should be explored. As the 

limitations of this incorporation were due primarily to the swell encapsulation 

technique, alternatives to incorporating compounds into polymers was 

investigated. Eventually, MB and ZnO nanoparticles were successfully 3D 

printed (Chapter 4) based off these early ideas of finding a way of incorporating 

an antimicrobial substance active in the dark, as well as the need to find an 

alternative to wasteful and costly swell encapsulation techniques.  
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2.3.5 ANTIMICROBIAL ENDOTRACHEAL TUBE ACTIVITY  

Below is a summary of the activity of the antimicrobial endotracheal tube 

developed using Au25Cys(18) and MB against S. aureus 8325-4 and E. coli 

ATCC25922 as well as an E. coli coliform cultured directly from an 

endotracheal tube. Samples were exposed to white light for 3h at 10,000 lux. 

Samples were active against all bacteria to >99% when exposed to light. As 

well, S. aureus was also susceptible in the dark, where a kill of 94% was 

achieved. All experiments were performed with a minimum of two biological 

replicates. 
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Figure 22. Graph showing antimicrobial testing of endotracheal tube 

pieces against laboratory strains of S. aureus and E. coli when exposed 

to 10,000 lux white light for 3 hours compared to that in the dark. Two 

biological replicates performed. * = below detection level (1E+02). 
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A patients’ extubated endotracheal tube was provided from Prof D. Walker 

(UCLH Critical Care Consultant) and cultured a pure culture of E. coli from the 

biofilm on the surface of the tube. Below is the activity of the antimicrobial 

endotracheal tubes against this E. coli isolate. This was important to compare 

as although laboratory strains are good for comparisons to other researchers 

within the team and in the microbiological community as a whole, these behave 

differently to clinical strains as they are domesticated, and thus testing with 

clinical strains gives a better overall picture of how well these materials may 

work in practice.   

Figure 23. Graph showing antimicrobial testing of endotracheal tube 

pieces against the clinical isolate of E. coli when exposed to 10,000 

lux white light for 6 hours compared to that in the dark. Three 

biological replicates performed. 
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The level of bacterial reduction was reduced in this case and only a 96.6% kill 

was achieved. As a result, further endotracheal tube samples were made to a 

‘maximum’ concentration to enhance the amount of antimicrobial kill in 

experiments going forward.  

There were questions surrounding how entire endotracheal tubes, once 

intubated, may be exposed to white light without taking them out and disturbing 

the patient. So, to combat this problem a laser strategy could be applied. 

Ondine Biomedical Ltd. are currently treating VAP patients with laser 

irradiation, by spraying MB solution down the lumen of the endotracheal tube 

and following it down with a fibre optic laser, where laser treatments are then 

given in 2-minute bursts to remove biofilm growing on the tube. Ondine have 

reported in personal communications that this is messy for the patients and 

there is a risk if MB drips onto tissue, that if irradiated, the cells would also be 

destroyed. Thus, using Ondine lasers the antimicrobial endotracheal tubes 

were tested again using this new light source, with the idea the laser could be 

used in the same way, but negating the need for medical grade MB solution 

(which is also very costly at £100 per mL).  

Three biological replicates were carried out with laser light with exposure times 

of 5 and 15 minutes at 150 mW. At just 5 mins the material was found to kill 

99.9% (P = 0.05) of the clinical strain of E. coli, and within 15 mins the kill was 

to below the detection level limit (P < 0.05). It is important to note here the 

laser irradiation in this case was concentrated on one spot from above the 

material as seen in figure 20 and the measured power output was 150 mW.  
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Figure 24. Image to show the set up for the early laser experiments 

measured output 150mW in a direct beam down onto the sample. 
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Figure 25. Graphs showing antimicrobial results against clinical isolate 

of E. coli when exposed to 150 mW laser light for 5 and 15 minutes. 

Three biological replicates performed. * = below detection level (1E+02). 
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Since the results from these early laser experiments, Ondine offered in-kind 

support on a funding application to accelerate the development of the 

antimicrobial endotracheal tube as a result of the pandemic and the potential 

increased need for such a product. The funding was awarded and as in-kind 

support to the project new lasers were provided. These lasers are the ones 

currently being used by Ondine in their ‘MRSAid’ product, which treats 

methicillin-resistant S. aureus (MRSA) by MB administration to the nostril and 

x2 2-minute treatments of laser light exposure. The laser is set to 70 mW and 

has a diffuser tip which gives an intensity of 14 mW/cm2, meaning the beam 

was not concentrated as the laser before (figure 26).  

Figure 26. Image to show the new laser set up of experiments using 

diffuser tip measuring intensity of 14 mW/cm2. 
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To imitate a situation where a laser is passed through an endotracheal tube in 

a patient, the laser was held directly above the endotracheal tube square 

sample, ~1-2 cm in height away (resting on the side of the petri dish). In this 

case, as the new laser automatically runs in set 2 min treatment times, three 

experiments were ran complied of a total of 4, 10 and 14 mins. This new laser 

(wavelength 655-675 nm) at a 70 mW setting described in the graphs below, 

at 2cm distance from the sample gives an intensity of 14 mW/cm2. 

Below shows the outcome of preliminary data with the new laser set up, using 

the clinical isolate of E. coli to test the antimicrobial endotracheal tube. In 4 

minutes only 26% kill was achieved, so the experiment was extended to 10- 

and 14-min exposure times, which gave 85% and 98% kills respectively (figure 

27). Only one biological repeat was conducted at this stage as this experiment 

was used as an indicator to appropriate exposure times for further 

experiments.   

All of the results so far show great activity in the light, but not in the dark. 

Therefore, the following section experiments with the addition of zinc oxide 

nanoparticles (ZnO), in the hope that it might offer better antimicrobial activity 

in the dark.  
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2.3.6 ANTIMICROBIAL ACTIVITY AGAINST BIOFILMS  

Infections also most often occur in a polymicrobial settings, particularly 

regarding biofilms causing VAP.67,68 Therefore, it is important to try and 

replicate this in-vitro in the laboratory, to determine 1) if this antimicrobial 

endotracheal tube is active against biofilms and 2) active against polymicrobial 

biofilms such as those seen in nature. 

Figure 27. Graph showing preliminary results (one biolgical replicate) of 

the antimicrobial endotracheal tube against the clinical isolate of E. coli 

using laser light for 4 minutes, 10 minutes and 14 minutes at 14 

mW/cm2. 
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P. aeruginosa in previous studies has shown to have been the most common 

pathogen associated with development of VAP, also associated with high 

mortality rates.69 However, the predominant and competitive nature of P. 

aeruginosa means it often outcompetes other organisms,70, 71 hence the 1:5 

ratio to give MRSA the best chance at successfully colonising in our biofilm 

model. One article describes that P. aeruginosa and MRSA coexist due to the 

overproduction of P. aeruginosa alginate in real world examples, however in 

the lab compete.72 So, successful co-culture biofilm of P. aeruginosa and 

MRSA together would suggest as close to a real-world scenario as possible 

was reached within the laboratory.  

As the most common causes of VAP are thought to be P. aeruginosa followed 

by MRSA,69 these were chosen to develop our biofilm model. Both were 

cultured directly from an endotracheal tube, P. aeruginosa RS080 was from 

the Royal Free Hospital with VEB and EBSL, and MRSA US137 was from 

University College London Hospital, both strains had limited treatment options 

due to multi-drug resistance.   
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The initial trial experimented with ratios including 1:1, 1:2, 1:3, 1:4 and 1:5, and 

all formed visible biofilms. Light exposure was not used in this experiment. This 

was repeated using 1:2 and 1:5 as well as P. aeruginosa only and MRSA only 

controls as seen below. 

Figure 28. Comparison of the initial experiment testing MRSA only, P. 

aeruginosa only, 1:2 and 1:5 mixed biofilms at the beginning and end 

of the 2-week biofilm formation. 

 



66 

 

Table 5. Summarising the results for the initial biofilm experiment on 

blank commercially available endotracheal tubes, exploring 1:2 and 1:5 

ratios for mixed biofilms with recovery and colony counting on 

Mannitol Salt and MacConkey agar. 

Sample name Count 
Dilution used (spiral 

plater) 
CFU/mL 

MRSA only 68 1.00E-05 1.27E+10 

PA only 34 1.00E-05 1.29E+09 

1:2 (MRSA) 32 1.00E-03 1.22E+07 

1:2 (PA) 42 1.00E-05 1.60E+09 

1:5 (MRSA) 46 1.00E-03 1.75E+07 

1:5 (PA) 46 1.00E-05 1.75E+09 

 

From this it was concluded growing mixed biofilms with these isolates was 

possible using ratios of 1:2  (P. aeruginosa: MRSA). The CFU/mL value for 

MRSA in the 1:5 ratio is slightly higher (1.75E+07 compared to 1.22E+07), 

suggesting the higher proportion of MRSA to P. aeruginosa helps in allowing 

the two to co-exist in more equal respects (one biological replicate). Therefore, 

the ratio of 1:5 was chosen for further planned experiments to give MRSA the 

best chance at co-existing with P. aeruginosa in a laboratory biofilm 

environment.  
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This mixed biofilm grew an observable amount of biofilm, first time round, with 

no issues. This is potentially due to the fact the isolates were cultured directly 

from an endotracheal tube, and isolates may have adapted to enhance their 

chance of co-existence, in particular MRSA adapting to co-exist with the 

usually dominant P. aeruginosa. However, due to time constraints (please 

refer to Covid impact statement) two biological replicates of a P. aeruginosa 

only biofilm was performed and reported on.  

Figure 29. Biofilm growth of P. aeruginosa on the antimicrobial 

endotracheal tube compared to blank controls grown over 14 days, 

which were exposed to either complete darkness or exposed to white 

light for x3 hours (10,000 lux) once on day 0 and 7. Two biological 

replicates. 
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The biofilm does not appear to develop even in antimicrobial endotracheal 

tubes kept in the dark, which was first noted by the absence of the sticky EPS 

substance when pulling up the tube from the well plate. In the dark a 1.78-log 

reduction (98.35%) was observed compared to the control samples also kept 

in the dark. For the samples exposed to light once on day 0 at the beginning 

of the experiment and once on day 7 (both for 3h at 10,000 lux) a 2.79-log 

reduction (99.84%) was observed. This is extremely promising that the 

antimicrobial endotracheal tube developed is active against biofilms of a multi-

drug resistant P. aeruginosa isolated directly from an endotracheal tube to 

such a high level. It was also noted that the observed sticky biofilm (figure 9) 

was absent the test wells containing antimicrobial samples. provides insight 

into how the antimicrobial endotracheal tube works and suggests the action of 

the MB/ Au25(Cys)18 mix prevents the initial biofilm from growing in the first 

place. 
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Figure 30. Biofilm formed after two weeks of growth on control sample. 

The same is not seen for the antimicrobial samples also left for two 

weeks in the same inoculum. 
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3 CHAPTER 3 – THE EFFECT OF COVID-19 ON VENTILATOR 

ASSOCIATED PNEUMONIA  

3.1 INTRODUCTION 

Due to the pandemic a new stream of work was developed to test against 

coronaviruses and determine whether these materials could also be useful in 

stopping transmission in hospitals between patients and staff. This work 

originally began during the pandemic, where the first work testing the material 

against coronavirus NL63 was sought to get proof of concept to fund additional 

work. The testing against NL63 then allowed for a successful IAA funding 

application, which the purpose was to accelerate the development of the swell 

encapsulated endotracheal tube to commercialisation, including outsourced 

testing of SARS-CoV-2.  

VAP has been a problem since before the days of Covid-19, and hence this 

research began. However, the pandemic has shone a light on the problem due 

to the disease leading to respiratory failure and ventilation often required. 

Thus, a larger question has evolved on how these co-infections between viral 

and bacterial organisms behave, and ultimately whether a reduction or 

eradication of unnecessary bacterial infections acquired as a result of being in 

hospital would have any significant effect on mortality rates, particularly in 

Covid times. This is highlighted by an alert article written in 2020, raising the 

concerns around the risks of VAP and the importance of early diagnosis, as 

coinfection has the potential to worsen clinical condition and increase mortality 

rates 73. 
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There are few retrospective studies on the incidence of VAP in Covid-19 

patients, however data must be considered in the fact that VAP is difficult to 

diagnose at the best of times, let alone during a pandemic. For this reason, it 

is expected that figures were vastly underreported. 

One study Investigated the incidence of VAP and secondary infections using 

microbial culture and TaqMan multi-pathogen array, to determine the lung 

microbiome composition using 16S RNA analysis 10. The study comprised of 

81 Covid-19 patients and 144 non-Covid-19 patients, all receiving ventilation 

between March 15th 2020 – August 30th 2020. They found Covid-19 patients 

were significantly more likely to develop VAP than patients not presenting with 

Covid-19 with an incidence x2.15 times the rate of those without (p = 0.009) 

10. The conclusion was there appears to be an increased risk of VAP in Covid-

19 patients, which was not explained by the prolonged duration of ventilation 

10. This suggests there are other factors such as the interaction between the 

bacterium responsible for the development of VAP and viral infection from 

Covid-19 such as tissue damage caused by the virus, that could be increasing 

the susceptibility of those patients to acquiring VAP.  

Another study found that amongst 197 Covid-19 patients in critical care, that 

nearly half (44.7%) experienced at least one secondary bacterial infection, with 

pneumonia (39.1%) being the most common 74. The researchers also 

monitored episodes and origin. 6.5% were found to have been community 

acquired, 9.1% were non-ventilated hospital acquired pneumonia, and 84.4% 

were VAP. Frequent bacteria involved in these cases were found to be S. 

aureus (26.2%), P. aeruginosa (16.9%), K. pneumoniae (13.8) and E. coli 
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(12.3%).74 This interestingly contradicts the information available so far on 

causative pathogens, and therefore begs the question whether this potentially 

could be related to the co-infection of patients already infected with Covid-19. 

Length of hospitalization was also longer for patients presenting with VAP, by 

23 days vs 8 days (p < 0.001) 74 

 

3.2 METHODS 

3.2.1 CORONAVIRUS NL-63 ASSAY  

This initial antiviral work was outsourced to Virology Research Services 

(Michela Mazzon, PhD) in May 2020. The method used for the testing was as 

per ISO 21702:2019. Measurement of antiviral activity on plastics and other 

non-porous surfaces. Light exposure was kept at 10,000 lux and 3 h for the 

initial test at repeat 1. For repeat 2, as the light exposure was too powerful and 

killed off the control sample as well as the antimicrobial sample, the second 

repeat involved light exposure for just 15 mins of white light at 10,000 lux.  

The new round of funding awarded to accelerate the development of the 

antimicrobial endotracheal tubes includes testing against novel strains of 

coronavirus including SARS-CoV-2, available to the Institute of Child Health 

carried out with collaborators Dr Claire Smith and Dr Maximillian Woodall. 

Based off earlier results on NL63 conducted by Virology Research Services, it 

was planned to test for 15 minutes under white light exposure at 10,000 lux as 

a direct comparison to the NL63 tests and adjustments made from there. The 
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conditions of the experiment were the same as in the bacterial experiments 

with a humidity chamber set up to allow for comparisons.  

 

3.2.2 SARS-COV-2 ASSAY 

This work was performed by Dr Maximillian Woodall at the Clinical Centre for 

Microbiology, as this requires biosafety level 3 training to test against SARS-

CoV-2. The assay followed was a group assay within the Institute of Child 

Health, where we ensured the experimental set up followed the same 

conditions as the bacteriology testing to ensure continuity e.g. same light 

source used etc.  

Microbiology: SARS-CoV-2 Plaque Assay standard operating procedure 

MM12 Version - A, derived from Public Health England methods was used.  

Class 2 preparations: 

VeroE6 cells (Crick) were grown in flasks until confluence. Following 

detachment of VeroE6 cells from flask using trypsin (0.05%)/ 

ethylenediaminetetraacetic acid (EDTA) (ThermoFisher, 25050014), the 

number of cells/mL counted using a haemocytometer. 1.15-1.5 x 105 cells 

seeded in 0.5mL media (Dulbecco’s Modified Eagle Medium (DMEM) (Gibco 

21090-022), with 10% foetal calf serum (FCS) (Sigma Aldrich, F0804), 1% 

Penicillin-Streptomycin (Pen-Strep) (ThermoFisher, 15140122) per well of 24 

well plate Incubate plates overnight at 37 °C in incubators with 5% CO2. Cells 

transferred to class 3 laboratory.  
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A sterile microcrystalline cellulose suspension (2.4% [w/v] in water) was 

prepared. 2.4 g of microcrystalline cellulose powder dispersed in 100 mL of 

distilled water, using a standard magnetic stirrer, until complete dissolution of 

the powder. The suspension was autoclaved at 121 °C for 20 min and stored 

at room temperature before use. Two Temin’s modification (MEM) (Gibco, 

12037549) media was prepared by diluting commercial MEM with sterile water 

and add 4% FCS, 1x L-glutamine (Gibco, A2916801), 1,000 units/mL penicillin, 

and 1 mg/mL streptomycin. The pH of the 2x MEM was adjusted to around 

7.35 with a sterile sodium bicarbonate solution (Gibco, 25080092) at 7.5%, 

following the colour indicator. Media was filtered and stored at 4 °C.  

Plates were sealed with parafilm and transported in a Tupperware container to 

the class 3 laboratory.  

Class 3: 

Frozen aliquots of SARS-CoV-2 were thawed immediately prior to infection. 

Virus was diluted serially using five rounds of 10-fold dilution (50 uL in 450 uL 

using reduced serum media (OptiMEM)). Media was aspirated off from the 24 

well plates and to each well 200 uL of viral inoculum was added. Plates were 

processed one at a time to avoid desiccation of the monolayer. Control wells 

received media alone. The 24-well plates were wiped with tissue paper soaked 

in tristel and placed in a 37 °C CO2 incubator for 1h (with gentle rock once after 

30 mins). During the 1h virus absorption, the microcrystalline cellulose overlay 

was prepared by mixing 1:1 of 2.4% microcrystalline cellulose suspension with 

the 2x MEM (+4% FCS, L-Glutamine, Pen-Strep, pH 7.35) according to the 

desired volume and mixed vigorously. The virus was aspirated off and 0.35-
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0.5 mL of Avicell (Sigma Aldrich, 435244) overlay added to each well. This was 

placed in the 37 °C CO2 incubator for 2 days. 

After 2 days, the Avicell overlay was aspirated off. 0.2 mL of fixative [2% 

paraformaldehyde + 2% glutaraldehyde (PolySciences)] was added to each 

well and left for 20 minutes at RT. The fixature was aspirated off and 0.2 mL 

of crystal violet solution (8% crystal violet + 20% ethanol made in water) was 

added to each well and left for 10 mins, then removed. The wells were washed 

over the sink with tap water and left to dry. The plaques were counted and PFU 

calculated.  
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3.3 RESULTS & DISCUSSIONS 

3.3.1 ACTIVITY AGAINST CORONAVIRUS NL-63 

As illustrated in figure 31, the initial repeat at 3 h white light exposure time 

killed off both the reference and treatment light. However, a >99% kill was still 

seen in the ‘treated dark’ condition (the antimicrobial endotracheal tube sample 

placed in the dark for 3 h. 

 

Therefore, the experiment was repeated again (figure 32) this time having the 

light condition set to 10,000 lux white light exposure for only 15 mins. The dark 

kill (still kept at 3 h for repeatability) was reported as >90%, and the light kill 

Figure 31. Repeat 1 - Graph by Virology Research Services on the 

outcome of the activity of the antimicorbial endotracheal tubes against 

coronavirus NL63 when exposed to white light at 10,000 lux for 3 h. 

One biololgical replicate. * = below detection limit (25 PFU). 

 

P
FU
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* * 
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for the antimicrobial sample at 15 minutes light exposure was reported as 

below detection levels (>99.99%). This was considered promising since  

infectious virus was reduced to below detection levels in only 15 minutes 

compared to 3 h for bacteria (Chapter 1).  

 

Though only one biological replicate was performed, this gave us the proof to 

go further and gain funding to test these materials against SARS-CoV-2. 

 

  

Figure 32. Repeat 2 - Graph by Virology Research Services on the 

outcome of the activity of the antimicorbial endotracheal tubes against 

coronavirus NL63 when exposed to white light at 10,000 lux for 15 

mins. One biological replicate. * = below detection limit (25 PFU). 

* 
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3.3.2 ACTIVITY AGAINST SARS-COV-2 

This plaque assay included x2 technical repeats to n=3. Swell encapsulated 

antimicrobial endotracheal tubes using MB and Au(25)Cys18 mixes were 

tested in the dark and white light for 15 minutes, with blank and dark controls. 

The results showed complete kill to below detection level, including those in 

the dark. The plaque assay image below shows there are plaque forming units 

for each repeat in all cases for the blank control samples, but not for the 

samples in either the dark or light, clearly illustrating the level of reduction. 

Plaque Assay Image 

R1 R2 R3 

Control (dark) 

Control (light) 

Sample (light) 

Sample (dark) 

Figure 33. Image of plaque assay results from testing MB and 

Au(25)Cys18 swell encapsulated samples against SARS-CoV-2. Thee 

biological replicates. 
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This illustrates complete reduction to below the detection level (25 PFU/mL) 

for each repeat for the antimicrobial endotracheal tube in both the dark and 

light within 15 minutes.  

 

Similarly, to the test against coronavirus NL-63, within 15 minutes below 

detection level reduction in SARS-CoV-2 was seen when exposed to light. 

Figure 34. Graph showing the reduction levels achieved within 15 

minutes in the dark and in white light (10,000 lux) using swell 

encapsulated antimicrobial endotracheal tube samples, * = below 

detection level reduction (detection level = 25 PFU). Three biological 

replicates. 
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Below detection level reduction in the dark for SARS-CoV-2 was also seen, 

but not with NL-63. There is a difference in the methods used to work up the 

analysis which could account for the difference in results from coronavirus NL-

63 and SARS-CoV-2, as it was expected SARS-CoV-2 would be harder to kill, 

or it could be that SARS-CoV-2 genuinely is more susceptible to these types 

of photosensitiser-based materials. It is important to note these experiments 

were performed in different laboratories, by different people, and therefore 

there may be differences in the way the experiment was set up too, though 

both were given the same instructions and equipment to follow with images of 

the set up to ensure continuity. As well, only one biological repeat was 

performed in the case of NL-63 so more repeats would be required before 

making any definitive conclusions about its susceptibility to these materials 

compared to SARS-CoV-2. 
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4 CHAPTER 4 – 3D PRINTING ANTIMICROBIAL MATERIALS FOR 

OTHER APPLICATIONS  

4.1 INTRODUCTION 

This research into 3D printed materials came about when trying to find an 

alternative for swell encapsulating materials. Though easy, the use of acetone 

may cause issues in getting regulatory approval, as well, the process is messy 

and wasteful. I originally wanted to try extrusion so that the antimicrobial mix 

could be added directly into the extrusion during the endotracheal tube 

manufacturing process. However, when printing a part for another piece of 

equipment I came up with the idea to try adding the antimicrobial mix to the 

resin and directly try and print using a photocuring printer as opposed to 

extrusion. This, to everyone’s surprise, worked well and yielded a very highly 

active antimicrobial material, which is cheap and easy to produce and print into 

any shape. 

This thesis describes the first time 3D printing has been used to create 

antimicrobial coatings using photosensitiser dyes and nanoparticles which 

have survived the printing process. However, 3D printing is not new to the 

world of healthcare, currently most often used in the application of “medical 

phantoms” in the medical field, where artificial models are made for specific 

human subjects. An example of this being the pioneering surgery that took 

place at Great Ormond Street Hospital (GOSH), which successfully separated 

twins joint at the top of the head. The HCPs involved said 3D printed plastic 

models of their brains, skulls and blood vessels helped to practice the 

procedures and build cutting guides prior to the actual surgery 75. The same 
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technique was used less than 12 months later to repeat a similar surgery on 

another set of conjoined twins 76. Not only this, but 3D printing is being explored 

as a solution to prosthetics, implants, surgical instruments, and even human 

organs and tissues 77.  

So, 3D printing will not be novel to HCPs and recently the healthcare industry 

as a whole have been calling upon 3D printing to ease shortages of vital 

medical equipment such as personal protective equipment (PPE) and 

ventilators during the pandemic 75. This chapter describes how 3D printing was 

used to incorporate the antimicrobial mix into resins which can then be printed 

into any desirable shape. Not only is this beneficial to the aim of this research 

surrounding endotracheal tubes and ventilator parts as an alternative method 

of incorporation to swell encapsulation methods previously described, but also 

in the other areas listed above such as prosthetics, implants and surgical 

equipment.  

There are some doing this already with polylactic acid (PLA) (XYZ Printing) 

and copper-based technologies (Copper 3D Antimicrobial Innovations), which 

are advertised for primary use in household surfaces and prostheses, 

respectively. The use of copper is widely researched 78-80 and has been known 

since ancient times for its antimicrobial properties 81. However, copper 

antimicrobial action relies primarily on the release of Cu2+ ions particularly 

when referring to copper surfaces 82-84, which is finite and as a result long term 

activity is limited. As well, this toxicity to bacterial cells is not cell specific, and 

the Cu2+ ion release is also toxic to mammalian cells leading to DNA damage 

85, 86. So, this would not be the best application for materials which come into 
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contact with cells such as the mucus lining which are very delicate and easily 

irritated. Therefore, 3D printing an antimicrobial material based off light-

activated technologies as previously described in this thesis, which are 

selectively toxic to bacterial cells [MB/RB and ZnO/Au25(Cys)18 mixes] could 

be beneficial for those industries where materials will be in contact with cells 

where irritation would cause discomfort.  

This research details the development of an antimicrobial endotracheal tube 

at proof-of-concept stage, made by inexpensive and simple 3D printing 

techniques. In this research, well known light activated technology which 

utilises the synergy between photosensitiser dyes and nanoparticles to 

enhance its antimicrobial effect has been used 28, 87-91. UV photocurable resin 

is mixed with methylene blue (MB) or rose Bengal (RB), as well as 

commercially available zinc oxide nanoparticles (ZnO), and 3D printed. 

Though this is at an early stage of development, it provides an insight into a 

new strategy for making antimicrobial surfaces and shows that they are 

effective against a wide range of pathogenic microorganisms.  3D printing 

allows formation of virtually any shaped object and the surprising outcome was 

that the relatively sensitive dyes and nanoparticles were well dispersed within 

the plastic and generated potent antimicrobial surfaces. This provides hope for 

the future of reducing hospital acquired infections and the progression of the 

global AMR crisis. 
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4.2 METHOD 

4.2.1 PRINTING MEDICAL DEVICES 

As MB has the most widely known toxicology profile in healthcare it was 

decided to trial this and the ZnO mix to print an endotracheal tube as reducing 

incidence of VAP is the focus of this research. Though a hard curing resin was 

used in this design for proof of concept, this would in the future be designed 

with a biocompatible flexible resin. The same printing settings were used to 

print this medical device, simply using a downloaded 3D computer design from 

GrabCAD model library.  

 

 

 

 

Figure 35. On the left-hand side a 3D computer aided design (CAD) 

from GrabCAD of a tracheostomy tube and on the right-hand side the 

subsequent print using the antimicrobial mix. 
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4.2.2 MATERIALS CHARACTERISATION 

UV-Vis Spectroscopy 

UV-Vis absorbance spectra were obtained using a Shimadzu UV-2600 UV-Vis 

spectrophotometer with a wavelength range of 1000 to 200 nm in standard 

transmission mode. 

 

Scanning Electron Microscopy  

Samples were then gold sputtered (Agar Scientific, sputter coater) for 10 secs 

at 0.08 mbar, and analysed using the Zeiss Field Emission Scanning Electron 

Microscope, FESEM Sigma 300VP. 

 

Infrared Spectroscopy 

Infrared (IR) spectra were obtained using a Bruker Alpha FTIR spectrometer 

with a Platinum ATR attachment. The set wavenumber range was 400-4000 

cm-1, with 15 scans taken per measurement. 

 

Contact Angle and Surface Free Energy 

Contact angle and surface free energy data was obtained using a Krüss DSA 

25E drop shape analyser and Advance software (Krüss GmbH, Hamburg, 

Germany).  Multiple regions of interest were examined, and the mean values 

calculated in Advance.  Samples were tested using a double dosing unit liquid 
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needle system, simultaneously dispensing both water and diiodomethane test 

liquids.  Static contact angles in air were recorded with 5 uL droplets of both 

test liquids and the surface free energy was calculated automatically in 

Advance according to the OWRK model. 

4.2.3 SCREENING STUDY OF PHOTOSENSITISER 

NANOPARTICLE MIXES 

Methylene blue (MB / C16H18ClN3S) and rose Bengal (RB / C20H2Cl4I4K2O5) 

were purchased (Acros Organics, pure certified, code: 414240250 and code: 

10730891 respectively). As well, ZnO used was purchased from Sigma 

Aldrich (6% Al doped, <50 nm nanopowder, CAS: 1314-13-2). Au25(Cys)18 

was dried down from liquid form by splitting 50mL solution into 10mL glass 

vials. The vials were covered in aluminium foil and holes poked through the 

top using a needle stick. The vials were freeze dried and put under vacuum 
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for a week. The remaining powder was ground using a mortar and pestle 

ready for use.  

 

Resin (Formfutura, clear LCD resin, methacrylate oligomer-based 

photopolymer) (~1 mL per printed square sample) was placed in centrifuge 

tubes. The relevant antimicrobial component (MB or RB and ZnO) was 

weighed and added. Dyes were made to 800 ppm, the ZnO was made to a 0.1 

M solution in resin and Au25(Cys)18 a 0.01 M solution in resin. The centrifuge 

tubes were then vortexed for 3 mins each to sufficiently mix the solution.  

 

 

Figure 36. Chemical structure of rose Bengal. 
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The original 3D printing was carried out by Mustafa Sener in UCL Chemistry. 

The printer used was Mars 2 Pro 3D Printer, print details as follows: layer 

thickness (100 um), exposure per layer (3.6 s). Post printing the samples were 

washed in 99% isopropyl alcohol (IPA) for 5 mins and then fully cured for 3 

mins under UV lamp (Elegoo Mercury Plus 2). Samples were then washed in 

sterile PBS (x3 washes for 5 minutes each at 40 °C) and DIW (x3 washes for 

5 minutes each at 40 °C, or until water runs clear). 

 

 

Figure 37. Image of the methylene blue, rose Bengal, ZnO and 

Au25(Cys)18 resin mixtures before 3D printing.  
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Figure 38. The curing process after 3D printing and isopropyl washes 

for sample squares produced for antimicrobial testing. 
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Samples were made into 1x1cm squares for proof-of-concept testing as seen 

below, before moving onto printing other shapes such as endotracheal tubes.  

4.2.4 MICROBIOLOGICAL ASSAY  

10 mL brain heart infusion (BHI) (Oxoid, Thermo Scientific CM1135) was 

placed into a 50 mL centrifuge tube. Using a sterile loop, one bacterial colony 

(strains used P. aeruginosa RS080, MRSA US137, E. coli coliform ET496) was 

placed into the BHI and cultured at 37 °C at 200 rpm for 18h. This was then 

centrifuged at 21 °C at 5000 rpm for 5 mins. The waste supernatant BHI was 

removed and replaced with 10 mL sterile Dulbecco’s Phosphate Buffered 

Saline (PBS, Sigma Aldrich, D8537). The solution was vortexed until the 

bacterial pellet was mixed. This was then centrifuged again, and the process 

repeated. From this inoculum, 20 uL was placed in 1980 uL sterile PBS to gain 

a final inoculum (~1 x 10-7).  

To prepare humidity chambers for experiments filter paper was placed inside 

a sterile 90 mm petri dish, wetted with 2 mL PBS. Two toothpicks were placed 

parallel to each other on top of the wetted filter paper, of which a microscope 

Figure 39. 3D prints for the screening of different mixes including ZnO 

only, Au25(Cys)18 only, MB only, RB only, MB + ZnO, RB + ZnO, and MB 

+ Au25(Cys)18. 
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slide was placed on top, perpendicular to the toothpicks. Antimicrobial 

endotracheal tube material samples were placed on the microscope slides, 

and 50 uL of inoculum placed on top of each sample. These petri dishes were 

then either placed in a dark box as a control or in light conditions (white light: 

10,000 lux, confirmed by light meter Onecall, mini light meter, resolution 0.1 

lux, laser light: Ondine Biomedical Ltd MRSAid Fibre Optic laser model 

MW3000, 655-675 nm, at 2cm distance from sample, output is 14 mW/cm2). 

Three biological repeats were conducted for all microbiological testing. 

4.2.5 SARS-COV-2 ASSAY 

This work was performed by Dr Maximillian Woodall at the Clinical Centre for 

Microbiology, as this requires biosafety level 3 training to test against SARS-

CoV-2. Microbiology: SARS-CoV-2 Plaque Assay standard operating 

procedure MM12 Version - A, derived from Public Health England methods 

was used.  
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4.3 RESULTS & DISCUSSION 

4.3.1 PRINTED MEDICAL DEVICES MICROBIOLOGICAL ACTIVITY 

It is important to note hard polymers as used in the experiments described 

here (Formfutura, clear LCD resin, methacrylate oligomer-based 

photopolymer) were readily available and as such were used. The idea is this 

would be transferrable to different types of 3D printing including flexible 

biocompatible polymers required for tracheostomy/endotracheal tubes. 

Sections of the tube were then broken off for microbiology analysis to ensure 

this 3D printing was transferrable from 1x1cm squares to functional shapes.  

Laser Activation Microbiological Results  

One question is how this would work in clinic practice where half of the 

endotracheal tube is in a dark environment inside the trachea, and without 

currently knowing how long the activity from white light lasts, an alternative 

solution may be required. Ondine Biomedical currently treat nasal pathogens 

by a fibre optic laser treatment (655-675 nm), which activates MB solution 

resulting in significant bacterial kill. This laser could be fed through an 

endotracheal tube to provide additional activation as an alternative boost to 

dark or white light activation. From the initial scanning results above, it was 

decided to continue further testing using the MB/ZnO mix using Ondine 

Biomedical fibre optic laser treatment as the light source. The next 

experiment comprised a comparison of the MB/ZnO mix against drug 

resistant Gram-positive and -negative bacteria using laser light to activate. 
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Figure 40. Graph showing the activity of 3D printed methylene blue and 

zinc oxide materials against drug resistant isolates of gram-positive 

and -negative bacteria (MRSA US137 and P. aeruginosa RS080) within 

15 minutes of laser activation.  Two biological replicates. 

 



94 

 

Within 15 minutes of laser activation, kills to below detection levels (100 

CFU/mL) were seen for both P. aeruginosa and MRSA on 3D printed samples. 

P. aeruginosa required 15 minutes of activation to reach >99.99% kill whereas 

MRSA only took 10 minutes to reach >99.99% kill. This is a significant finding 

as both are recent clinical isolates, and the P. aeruginosa isolate is multi-drug 

resistant (Dr Vicky Enne, personal communication,). 

These sections of the 3D printed tube are much thinner than the squares used 

in previous testing and an interesting observation was made whilst carrying 

out the laser experiments. So far, visible photobleaching has not been noted 

as a result of white light or laser light in these 3D printed square samples. 

However, in this case where the tested material was a broken off piece of 3D 

printed tracheostomy tube (significantly thinner), a lighter circle of visible 

photobleaching around where the inoculum droplet was placed on the sample 

was observed (figure 42). However, the level of kill was not compromised, 

therefore suggesting either activation from MB further into the photocured 

product, or migration to the surface to then activate occurred, or that the 

product was so concentrated that there was enough to continue killing even at 

reduced concentration. Therefore, mechanism of action testing should be done 
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at a later stage to further understand the interaction between the MB, ZnO and 

resin interacts once photocured to produce an antimicrobial effect.  

 

White Light Activation Microbiological Results  

When exposed to white light, both P. aeruginosa and MRSA reached >99.99% 

kill within 3 hours of white light activation. Significant kill was also seen for 

control samples kept in the dark (within 3 hours) in the case of MRSA at 

98.05%.  

Figure 41. Side by side image of pieces of endotracheal tube broken off 

for testing, the left-hand side is before laser activation and the right-

hand side is after laser activation. 
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Figure 42. Graph showing the activity of 3D printed methylene blue and 

zinc oxide materials against drug resistant isolates of gram-positive 

and -negative bacteria (MRSA US137 and P. aeruginosa RS080) within 3 

hours of white light exposure. Two biological replicates. 
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This research suggests ZnO nanoparticles encapsulated in 3D printed 

materials alone may be enough to significantly hinder biofilm growth by Gram-

positive bacteria like MRSA and Gram-negative E coli, as 98% and 91-92% kill 

is observed (respectively) in the dark. However, for P. aeruginosa frequently 

seen as colonizers of endotracheal tubes,68, 92, 93 the combination of 

photosensitizer dye and ZnO with light activation is required for significant kill. 

4.3.2 MATERIALS CHARACTERISATION 

The addition of ZnO and MB can be visually confirmed by the presence of a 

cloudy white 3D print for ZnO and a blue 3D print for MB. Materials were 

characterized by SEM, which showed little change from the addition of MB 

and ZnO on the surface morphology. The only notable difference being small 

holes scattered irregularly over the surface of the MB+ZnO samples (~50-

100µm). These are small and irregular enough that the overall material is not 

compromised; and is possibly evidence of MBs ability to inhibit 

polymerization reactions as noted in previous literature.94, 95 This would 

suggest the MB cation appears not to interact with the polymerizable resin 

matrix during 3D printing, which would be assumed to be the case for other 

polymer matrices as well. Alternatively, it is possible polymerization is 

triggered by MB-mediated free radical formation resulting in a chain reaction, 

as opposed to direct UV initiated photopolymerization in standard resin 3D 

printing. Very high concentrations of ZnO and MB were incorporated into 

these 3D prints for proof of concept, which may be reduced in future once a 

minimum effective concentration has been established, and hence reduce 

the potential frequency of holes.  



98 

 

 

 

 

 

Figure 43. Scanning electron microscope image of the blank 3D printed 

control square. 
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Figure 45. Scanning electron microscope image of the zinc oxide 

3D printed control square. 

Figure 44. Scanning electron microscope image of the methylene blue 

3D printed control square. 
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What we learnt from these images is that small holes do appear throughout 

the SEM images on the addition of ZnO and MB, however a significant 

amount of ZnO and MB was used in these samples and no disruption to 

photopolymerization was noticeable by eye. These holes may be due to the 

amount of ZnO and MB added and its therefore recommended this SEM 

analysis is repeated after optimization experiments have been conducted. 

  

Figure 46. Scanning electron microscope image of the antimicrobial 3D 

printed sample containing methylene blue and zinc oxide. Hole 

illustrated by arrow and note.  

Hole potentially due to interruption 

of photopolymerisation reaction. 
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Table 6. Table summarising assignments for peaks of IR spectra 

between 3D printed antimicrobial samples. 

Assignment  Group Absorption (cm-1) 

A ZnO band ~500 

B  C-H (aromatic) 2000 - 1650 

C  C-H (bending) 700 - 800 

D  C-C (aromatic) 1600 - 1585 and 1500 - 1400 

E  C-N (aromatic amine) 1342 - 1266 

Figure 47. Infrared spectrum of 3D printed antimicrobial sample 

containing methylene blue and zinc oxide (green), methylene blue 

control (blue), zinc oxide control (red), and blank control (black). 
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F  N-H (amine) 3000 - 2840  

G  C-H (stretching alkane) 3000 - 2800 

  

 

IR confirmed the presence of MB and ZnO, but no structural differences 

between the materials.  

 

 

  

Figure 48. Chemical structure of methylene blue with IR assignments. 
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Water contact angle measurements revealed a decrease in hydrophilicity 

from 77.28° (blank) to 85.05° (MB+ZnO), the largest change was bought 

about by the addition of ZnO (+4.86°) compared to the addition of MB 

(+3.40°). 

 

Table 7. Summary of the mean contact angle (CA) measurements of 

water and diiodo-methane in air and total surface free energy (SFE). 

Sample Water in air 
(mean CA°) 

Diiodo-
methane in 
air (mean 
CA°) 

Surface free 
energy (total) 

Blank 77.3 (±3.0) 37.8 (±4.5) 44.9 ±3.3 mN/m 

Methylene blue 80.7 (±5.3) 40.9 (±3.7) 42.5 ±3.6 mN/m 

Zinc oxide 82.1 (±6.6) 36.4 (±4.6) 43.9 ±4.1 mN/m 

Methylene blue + 
zinc oxide 

85.1 (±2.0) 37.8 (±4.7) 42.6 ±2.9 mN/m 
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4.3.3 SCREENING STUDY MICROBIOLOGICAL ACTIVITY 

Using 3D printing allows for the first time to have a true set of control samples 

containing only nanoparticle or dye, rather than the combination. This is not 

possible with swell encapsulation, as the synergy between the dye and 

nanoparticle aids in the swell encapsulation process, so trying to swell 

encapsulate solely nanoparticle or dye, does not yield the same results 

[visually for example the MB samples are significantly lighter than the MB and 

Au25(Cys)18 samples] even where the swell encapsulation solution is the same 

concentration. For this reason, these controls are not included in swell 

encapsulation. However, in this case, as each component is mixed with resin 

and directly printed, the exact amount of each component in the samples can 

be quantified. Combinations of rose Bengal (RB), methylene blue (MB) with 

zinc oxide (ZnO) were tested using the 3D printing method. 

From previous research noted in Chapter 1, a Zinc (II) dioctylphosphinate/MB 

mix was attempted using the swell encapsulation method, in combination with 

the MB/ Au25(Cys)18 mix. However, this was found to be detrimental to the 

antimicrobial action in the light, and therefore was abandoned at this point. A 

mix whereby the nanoparticle brings antimicrobial action in the dark, and the 

photosensitiser brings antimicrobial action in the light, would be very beneficial 

to the current light-activated-only based antimicrobial materials. As well, an 

alternative to swell encapsulation as this method is wasteful would also be very 

beneficial. This led me to 3D printing. In this case, the addition of commercially 

available ZnO nanopowder (Sigma Aldrich, CAS: 1314-13-2) of <50 nm 

particle size was used instead of synthesising Zinc (II) dioctylphosphinate 
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(which was only required as it had to be soluble in solvents for swell 

encapsulation).  

 

In the dark samples containing photosensitizer dye only did not cause any 

reduction in bacteria numbers as expected, and it has also confirmed that 

Au25(Cys)18 has no antimicrobial activity on its own in the dark against Gram-

negative bacteria as suspected in previous work described in Chapter 1. The 

mixes containing ZnO showed some activity in the dark in each sample (ZnO 

only, MB mix and RB mix) ranging from 91.2 - 92.2%. A similar reduction 

Figure 49. Antimicrobial activity of 3D printed materials using mixes of 

rose Bengal, methylene blue with zinc oxide or gold nanoclusters, 

against clinical isolate of E. coli using white light exposure (3h at 

10,000 lux). Two biological replicates. 
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(91.9%) was observed for the ZnO only sample in the light, confirming the ZnO 

mode of action for microbial kill is not light dependant. As well, as previously 

theorised in Chapter 1, when used combined with photosensitiser dye should 

increase the materials activity in the dark, which was a drawback of the 

MB/Au25(Cys)18 swell encapsulated material. In the light conditions, increased 

activity was achieved for the MB-ZnO and RB-ZnO mixes with 3-log (99.9%) 

and 1.8-log (98.3%) reductions in bacteria numbers respectively after 3h of 

white light exposure (10,000 lux). 

From our previous swell encapsulation experiments it was expected that the 

MB/Au25(Cys)18 would have the best activity and a complete kill to below the 

detection level, however the Au25(Cys)18 used were dried previously a month 

before use, and they appeared to be hygroscopic which was a new finding for 

the group. Therefore, when the Au25(Cys)18 powder was mixed with the resin, 

as the powder had partially clumped the resulting mix was not as thorough 

resulting in a surface with poorly dispersed Au25(Cys)18. As some antimicrobial 

activity is shown, if the clusters could be synthesised and dried down 

successfully into a powder and kept dry, potentially this may have been as 

successful as the ZnO mixes. However, ZnO is widely already commercially 

available, is inexpensive and is well known within healthcare such as its use 

in sunscreens and so on. Due to the lengthy drying step for the Au25(Cys)18 

clusters and the ease of using ZnO, combined with its antimicrobial results, it 

was decided to continue printing ZnO mixes. Though RB and MB both showed 

antimicrobial activity, the MB/ZnO mix had overall the best antimicrobial 

activity and so MB was chosen for printing other shapes. MB is also already 
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used in healthcare with a well-known toxicology profile and should therefore 

be easier to commercialise. 

4.3.4 ACTIVITY AGAINST SARS-COV-2  

There is evidence to suggest patients who develop bacterial and viral co-

infections or superinfections, are at an increased risk for longer hospital stays, 

and were more likely to suffer complications and death.14, 96, 97 Researchers 

have investigated how SARS-CoV-2 may induce secondary bacterial 

infections, which is thought to be due to the damage caused to the respiratory 

epithelium by viruses, which encourages subsequent bacterial colonization 

and adherence.11, 12 Another study noted increased levels of infection related 

biomarkers and inflammatory cytokines in patients with SARS-CoV-2, which 

provides evidence that viral infections like SARS-CoV-2 induce secondary 

bacterial infections by dysregulating the immune system.13 Therefore, it’s 

important to test this material against SARS-CoV-2 and determine how this 

might affect co-infected or superinfected patients, potentially stopping infection 

at the root cause if viral infections are a common predisposition for bacterial 

infections in the respiratory tract.   
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 Results of MB+ZnO antimicrobial material against SARS-CoV-2 in the dark 

and light. Within just 10 minutes, without requiring any light activation, a 4-log 

reduction (>99.99%) to below detection levels was achieved; showing SARS-

CoV-2 was far more susceptible to these surfaces when compared to bacteria, 

and the level of kill achieved is significant.  

The kill against SARS-CoV-2 seen using 3D printed antimicrobial materials is 

the fastest observed from the literature exceeding semiconductor 

photocatalysts,98 functionalized polymers,99 and copper-based surfaces.100, 101 

Figure 50. Results showing the activity of 3D printed antimicrobial 

material using MB and ZnO mixes against SARS-CoV-2 within just 10 

minutes in the dark and exposed to white light. Three biological 

replicates. * = below detection level (25 PFU). 
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In one example, copper oxide nanoparticles are bound into a thin film with 

polyurethane to develop an antimicrobial coating applicable to many materials. 

This coating showed overall a 3-log reduction in SARS-CoV-2 viability in 1 

hour.100 As well, a polydopamine coating with copper to the surface also 

reports a 3-log reduction in SARS-CoV-2 in 1 hour.101 In another, conjugated 

polymers and oligomers were shown to be highly effective in the light, with their 

best oligomer yielding a 5-log reduction in near-UV light within 10 minutes. 

However, none of the polymers or oligomers showed activity in the dark.99 

More recently, a flexible thin plastic film, UV pre-conditioned for 144 hours with 

30 wt% tin dioxide has also been developed. Log reductions of ~5-log* and ~3-

log* in 3 hours were noted in the white light and dark respectively (*values 

estimated from graphs).98 

As a direct comparison, in the dark, the 3D printed antimicrobial material 

presented here using MB and ZnO showed a > 4-log reduction (99.99%) to 

below detection levels in just 10 minutes. MB alone yields the same log 

reduction (4-log). As samples are not kept in the dark prior to testing (exposed 

to normal room lighting) and are only in complete darkness for the testing time, 

it’s thought this reduction is caused by residual activation from being in the 

light previously. Though the ZnO alone also provides reduction (94.97% and 

94.44% in the dark and light respectively) it is clear the MB is the primary 

antimicrobial source in the case of inactivation of SARS-CoV-2. 

To account for any reduction caused by heat from the lamp, reduction 

calculations use the ‘blank’ exposed sample as the original number, as 

opposed to inoculum count. For both bacterial and viral experiments, triplicates 
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were performed as a minimum. The European Medicines Agency (EMA) 

considers virucidal activity a reduction of 4 logs or more,102 and though there 

is no equivalent guidance for bacteria, usually a reduction of 3-5 logs 

bactericidal activity is considered significant according to the European 

standard EN1276.103 Therefore, as this 3D printed material achieves 4 logs or 

more reductions across both multi-drug resistant Gram-positive and -negative 

bacteria in the light, as well as 4 log reductions against SARS-CoV-2 even in 

the dark, this is a significant finding. 

It’s important to note other differences between this 3D printed material and 

other technology described above, considering the desired application in 

medical devices. The material developed is not limited by the finite release of 

a compound for activity as with some silver and styrylbenzene based 

antimicrobials,104, 105 nor reliant on coating an existing material (which may be 

subject to wear and tear),106, 107 and takes just 5 minutes of preparation time 

before printing any almost any shape imaginable. Both MB and ZnO are 

already well known in medical settings, MB solution is used as an injectable 

treatment for methemoglobinemia and more recently in the treatment of 

ifosfamide neurotoxicity and refractory vasoplegic shock,64 and is also used in 

Ondine Biomedical Ltd Steriwave photodisinfection treatments for nasal 

decolonization.108 ZnO nanoparticles are commonly used in sunscreens 

worldwide,109 with safety data showing ZnO nanoparticles do not penetrate the 

skin.110 Therefore, as well researched compounds, with well-known safety and 

toxicology profiles, these are ideal for use in the development of novel 

antimicrobial medical devices. 
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4.3.5 BROADER APPLICATIONS OF 3D PRINTING  

The applications of 3D printing due to the nature of printing are almost limitless, 

only limited by what you are able to design on the computer. The resin type 

can be changed and modified to print different types of polymers with different 

mechanical properties, and therefore endotracheal tubes may not potentially 

be the best use of this technology. 3D printed antimicrobial materials may be 

better suited to personalized medicine such as implants for example, where 

these need to be printed to suit each persons need and are not produced on a 

large scale, which is a potential barrier of the 3D printing technology regarding 

commercialisation potential. 

 

5 CHAPTER 5 – CLINICAL STUDY  

5.1 INTRODUCTION 

At the point of beginning this research VAP was not very well understood in 

terms of very conflicting reports of what the potential causative pathogens 

were. Hence, I decided alongside my research into the development of an 

antimicrobial endotracheal tube that it would be useful to learn more about the 

types of bacteria growing on endotracheal tubes at UCLH by conducting a 

clinical study to investigate this. The protocol, application, ethical approval and 

experimental work was all designed, developed and conducted by me. Health 

Research Authority (HRA) and Health and Care Research Wales (HCRW) 

approval issued 18th August 2022. IRAS project ID 274984, REC reference 

21/LO/0909. This type of clinical study design could be extended to other 
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populations such as paediatric, where it would be interesting to note any 

differences or similarities in the types of bacteria found on extubated 

endotracheal tubes where there is notable biofilm growth, and how this affects 

mortality or morbidity outcomes.  

The original aim of the clinical study was primarily to understand what the 

causative organisms are for VAP patients at UCLH, culture more bacteria to 

use in antimicrobial materials testing, and also to investigate a potential rapid 

diagnostic technique. This study is still ongoing and so initial results collected 

from the first 10 tubes will be discussed here. 

Recently more literature has become available regarding VAP as a result of 

the pandemic, due to its nature in being heavily related to mechanical 

ventilated patients and therefore involving cases of VAP. Researchers in 

France found the primary bacterium to be S. aureus 74, which contradicts the 

associated accepted norm of E. coli 54.  Therefore, the clinical study will not 

exclude Covid-19 patients, but whether or not a diagnosis has been made will 

be recorded and considered in the analysis of the endotracheal tubes, to 

determine any differences between patients with and without Covid-19.  

The other major aim was to look at developing a rapid diagnostic technique for 

VAP, which is inherently difficult due to symptom similarities with sepsis 111 

and Covid-19 pneumonia 112. A hugely problematic knock-on effect of this is 

that because delays in treating sepsis for example significantly increases 

mortality, HCPs are hesitant to discontinue antibiotics in patients presenting 

with symptoms until confirmation test results are received. The most 

problematic of these tests is microbial culture, where cultures need to be grown 
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and plates read, therefore taking a matter of days to receive results back. In 

the meantime, broad spectrum antibiotics will be administered, and if the 

diagnostic turns out to be negative then antimicrobial resistance is being 

promoted needlessly. In turn, creating even more dangerous resistant super-

bugs, which are harder to kill and treat. As such, an accurate, rapid, diagnostic 

technique to aid or replace microbial culture would help to slow down the rate 

of growth of antimicrobial resistant organisms.  

Hence here it is proposed biofilm found on the endotracheal tubes would be 

analysed by NMR by a sort of metabolomics style analysis, where hopefully 

signature peaks or ‘fingerprints’ for certain bacterium can be identified. This 

would eventually result in a ~30 min testing time (plus sample prep which is 

yet to be optimised) compared to ~2-3 days. NMR Metabolomics has already 

proved a powerful tool in biological sample analysis, going as far as being 

sensitive enough to distinguish between different developmental stages of a 

biological sample 113, and so isn’t too far of a jump to suggest NMR could have 

the potential to indicate the onset of VAP before the infection has the chance 

to fully develop.  
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5.2 METHODS 

5.2.1 STUDY OUTLINE 

Study title: Analysis of endotracheal tube biofilm (including type of bacteria, 

biofilm architecture and structural components) in patients who have been 

intubated for 5 or more days. 

The primary objective was to analyse the bacterial biofilm found on 

endotracheal tubes extubated from patients who have been intubated for 5 or 

more days, to learn more about the type of bacteria and physical and 

chemical structure of biofilms causing ventilator associated pneumonia. This 

would then be used to guide smart design of antimicrobial materials for 

endotracheal tube applications. The secondary objective is that together with 

patient data on ventilator associated pneumonia diagnosis, by utilizing NMR 

analysis it is hoped that patterns may emerge and provide ‘fingerprints’ for 

particular biofilms or bacterial strains, which could potentially provide a very 

significant diagnostic tool for the infection, as microbial cultures to determine 

the causative bacteria takes days (whereas NMR could provide results in 

minutes). Additionally, provide insight into the EPS structure of biofilms of this 

nature, to guide future research into antimicrobial materials and how best to 

target these biofilms. As well, a bank of cultured strains directly from this 

study will be kept for future testing against antimicrobial materials, therefore 

providing a wider range of bacteria to test against and thus increasing the 

confidence in the material.  
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5.2.2 STUDY DESIGN 

• Single centre, cohort observational 

• Inclusion criteria is adult who has been intubated ≥ 5 days, other no 

population/group exclusion criteria.  

• Total study population >30 

• Approximate duration of enrolment 2 hours (30 min consent, 60 min 

review of patient notes, 30 min extubation). No follow up requiring 

contacting the patient, only routine outcome data will be recorded. 

• First of its kind investigational study, therefore no statistics were used 

in deriving the number for sample size.  

Inclusion criteria: any adult patient (aged 18 and above) due to be extubated, 

who has been intubated 5 ≥ days. Exclusion criteria: extubated endotracheal 

tubes < 5 days, extubated endotracheal tubes with no visible biofilm present, 

extubated endotracheal tubes from children (under 18).  

5.2.3 STUDY SCHEDULE 

Patients were identified as those expected to be extubated, who had been 

intubated for 5 or more days. These patients were identified by the direct 

care team. The study proposed the research sample is taken after routine 

extubation has been completed, where otherwise the research sample 

(endotracheal tube) would usually be disposed of. The clinical team would 

then alert a delegated member of the research team (embedded within the 

direct care team), who approached the patient, or the consultee, for 

participation in the study. Patient records were viewed by the direct care 
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team and a sample number allocated to the research sample so that it is 

anonymised. 

Patients would be screened in all environments using electronic and paper 

based medical records. Screened patients were be noted on a screening log. 

However, any data recorded, or samples taken would be identified through a 

unique study identification number (pseudonymised data). Clinical outcome 

data will be reviewed in all enrolled patients. The data requested to 

accompany the endotracheal tubes for each tube are as follows: age, sex, 

diagnosis requiring intubation, days of intubation, days of current 

endotracheal tube, antibiotics given, if yes name of antibiotics/antifungals, 

and positive culture in the last 5 days (site/organism).  

Patients were followed up during their stay by the direct care team (however 

long that may be) and routine outcome data will be recorded. 

Consultees were be updated on the study and had the opportunity to 

withdraw agreement at any point. Patients are to be withdrawn at either the 

patients request, the consultees request, or request of the treating clinical 

team. A contact phone number was provided in the information sheet should 

anyone want to contact the research team. 

The study will end once 30 endotracheal tubes with sufficient enough biofilm 

on to be successfully analysed have been collected, the study will end.  
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5.2.4 MICROBIAL CULTURE 

The extubated tube was removed from the sterile bag and placed in a biosafety 

cabinet. The tubes brand name, size and whether or not visible biofilm could 

be seen was recorded. The tube is placed on a sterile chopping board. The 

tube was then separated into three sections carefully using a scalpel and cut 

as follows: 1) top (open end) 2) middle and 3) bottom (distal end inside the 

patient). Each section cutting was guided by the endotracheal tube markings 

‘ID’ and depth markers ‘24-26’.  

For each section, biofilm material was swabbed and plated onto Blood, 

MacConkey and Mannitol Salt agars and incubated in 5% CO2 for 48-36 h at 

37 °C.  
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Figure 51. Images of the endotracheal tube after it has been removed 

from its sealed bag, intact. Below this is a comparative image of the 

prepared sections (top, middle, bottom = T, M, B) for analysis. 
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5.2.5 SEM ANALYSIS 

For each section above (top, middle, bottom), small ~1cm long sections were 

cut and placed into a well (12 well plates used) to be fixed for SEM analysis. 

The fixature solution (4% paraformaldehyde, 1% glutaraldehyde) was 

prepared by adding 0.80 g sodium phosphate monobasic (NaH2PO4, Sigma 

Aldrich) and 2.73 g disodium hydrogen phosphate (Na2HPO4, Sigma Aldrich) 

to DIW which was made up to 250 mL and pH adjusted to 7.4. The solution 

was transported to a fume hood, where 10 g paraformaldehyde powder (Sigma 

Aldrich, 95%) was added, and the mixture heated whilst stirring to 60 °C. Once 

reached, 1-2 drops of 1 N NaOH was added to aid dissolving. Once dissolved, 

the solution was taken off heat and 5 mL glutaraldehyde were added to the 

solution (Sigma Aldrich, grade I, 50% aqueous solution).  

The fixative solution was carefully added so that the solution just covered the 

sample. Excess fixing solution was removed by glass pipette and was replaced 

with crescent volumes of increasing ethanol concentration (35%, 50%, 75%, 

95%, and 100%). Once 100% was reached, this was repeated a further x2 

times. Finally, samples were considered dry. Samples were then submerged 

in hexamethyldisilazane (HMDS, Sigma Aldrich, reagent grade ≥ 99%) for 2 

minutes, before placing on filter paper to remove residual HMDS. Samples 

were then gold sputtered (Agar Scientific, sputter coater) for 10 secs at 0.08 

mbar, and analysed using the Zeiss Field Emission Scanning Electron 

Microscope, FESEM Sigma 300VP. 
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5.2.6 NMR ANALYSIS 

Due to the numbers of samples for NMR analysis and the time intensity of 

doing so, it was decided only the distal end inside the patient would be 

analysed by NMR (bottom sections). A small section (2-3cm long) of the 

endotracheal tube was cut off and placed in a 50mL centrifuge tube for 

recovery of (i) water-soluble and (ii) NaOH-soluble material. Water soluble 

biofilm material was collected by adding 3mL of sterile water (Molecular 

Biology Reagent, Sigma Aldrich, W4502) to the tube and vortexing to 

solubilise. The tube section was carefully removed using sterile disposable 

tweezers and placed into a second centrifuge tube containing 3 mL NaOH (0.1 

M) and again vortexed to solubilise. The tube section was carefully removed 

using disposable plastic tweezers. Both tubes (water soluble phase and NaOH 

soluble phase) were then centrifuged for 5 minutes at room temperature at 

5,000 rpm to remove insoluble material. The recovered supernatant was 

poured into  new sterile tubes for freezing at -80 °C. Once frozen (~18h) the 

tubes were transferred to the freeze drier and until completely dry. The dried 

material was dissolved in 1 mL D2O (Sigma Aldrich, 99.9% atom D) and 

analysis carried out on the Bruker Avance Neo 700MHz instrument.  

 

  



121 

 

5.3 RESULTS & DISCUSSION 

The first 5 tubes will be detailed here. The clinical study collection of tubes 

has finished with a total of 17 tubes collected due to time restraints. The 

following results are therefore preliminary findings from the first 5 tubes, 

strains will all be confirmed later by either 16S rRNA gene sequencing or 

matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) 

analysis.  The clinical study in full will form a separate report for publishing 

after ID data is gathered.  

5.3.1 MICROBIAL CULTURE  

Below is a table summarising the first 5 tubes brand, size and whether there 

was visual biofilm present, as well as proposed identification. 
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Table 8. Summary of the suspected organisms growing on the 

endotracheal tubes from samples 1-5 based off colony morphology, 

gram stain and selective agar plate growth. 

Sample Brand Size Biofilm Suggested ID 

ET001 Portex 7.5 Y Isolate 1: Staphylococcus epidermis. 

Isolate 2: Pseudomonas aeruginosa. 

ET002 Portex 8 Y Isolate 1: Staphylococcus aureus. 

Isolate 2: Streptococcus pneumoniae. 

ET003 Portex 8 Y Isolate 1: Staphylococcus aureus. 

Isolate 2: Streptococcus pneumoniae. 

ET004 Portex 8 Y Isolate 1: Streptococcus pneumoniae. 

Isolate 2: Staphylococcus aureus. 

ET005 Shiley 7.5 N Isolate 1: Streptococcus agalactiae. 

Isolate 2: Candida glabrata. 

 

The full analysis of the first 5 endotracheal tubes including colony 

morphological descriptions, the gram stain observations and further selective 

agar cultures can be seen in the appendix. As an example, for ET001-1, two 

types of colonies were noted on blood agar. One type grew on MacConkey 

and one type grew on Mannitol Salt. For the organism growing on Mannitol 

Salt (isolate 1), the gram stain showed purple cocci shaped clusters. Cocci 

clusters suggest a Staphylococcus strain. This combined with the fact the 

colonies were pink with pink coloured media and therefore non-Mannitol 
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fermenters. It has therefore been suggested that isolate 1 was likely to be 

Staphylococcus epidermis.  

For the organism growing on MacConkey (isolate 2), these colonies were 

filamentous flat yellow colonies and therefore non-lactose fermenting, with 

beta-haemolysis around colonies on blood. Gram stain revealed red bacilli 

shaped bacteria.  Therefore, it was suggested isolate 2 is likely to be 

Pseudomonas aeruginosa.  

A similar pattern to this was followed to suggest identifications for the 

remaining endotracheal tube isolates, combining colony morphology, results 

from selective plates and gram staining to form a suggestion. Where the gram 

stain showed unusual results, such as large bulbous shapes suspected to be 

yeast, a further test on CHROMagar Candida Medium was conducted to 

confirm (as in the case of ET005). It is currently planned to complete the clinical 

trial analysis of results using either 16S or MALDI-TOF mass spectrometry to 

accurately confirm identifications and use this in conjunction with observations 

noted.   

From visual observation of the plates together, it appears that in some cases 

the concentrations of different bacteria changes throughout the tube. In this 

image below, a clear decrease in concentration going from ‘top’ to ‘bottom’ can 

be seen. Once IDs have been confirmed by either 16S MALDI-TOF the 

bacteria associated with VAP and/or increased mortality can be determined, 

and if these tend to lie towards the bottom or top end of the tube which may 

lead to suggestions of infection source (environment/body). From this, it may 
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be revealed if the source for VAP-causing bacteria comes mostly from the 

environment (like reservoirs such as hospital sinks) or from the body.  
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TOP 

MIDDLE 

BOTTOM 

Figure 52. Image showing three Mannitol Salt agar plates which 

illustrate the difference in concentration of certain bacteria throughout 

the tube. In this case suspected S. aureus is in high concentration at 

the top of the tube and low concentration at the bottom of the tube. 
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In total, preliminary findings shows the following organisms present on 

endotracheal tubes: Staphylococcus aureus (3/5), Streptococcus pneumoniae 

(3/5), Pseudomonas aeruginosa (1/5), Streptococcus agalactiae (1/5) and 

Candida glabrata (1/5). From this, it appears gram-positive bacteria are the 

most common colonizers so far and that S. aureus and S. pneumoniae appear 

together. This is unsurprising as these are two of the most commonly known 

bacteria to cause bacterial pneumonia and have been shown to form stable 

biofilms in-vitro.114 However, these identifications are yet to be confirmed, so 

concrete conclusions cannot be made at such an early stage with such few 

samples.  
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5.3.2 PATIENT DATA 

Below is a summary of the anonymised data collected for tubes 1-5.  

Table 9. Table summarising the primary anonymised data collected 

from patients from tubes ET001-ET005. 

 

 

For ET001 it’s possible the suggestion of P. aeruginosa could actually be C. 

difficile. C. difficile are gram-positive bacteria, however they can decolourise 

easily and appear gram-negative. They also present as bacilli and form large 

colonies (4-6 mm) grey and white irregular shaped raised colonies, which 

aligns with the descriptions from blood plates (full details of morphology 

analysis included in Appendix: 8.2). This highlights the need for accurate IDs 

to make any conclusive statements about the results in this clinical study. 

# Days 

Intubated 

Diagnosis  Positive cultures Suggested ID 

ET001 17.89 Drop in 

GCS/seizures  

Clostridium difficile 

(faecal) 

S. epidermis/P. 

aeruginosa 

ET002 17.25 Hospital acquired 

pneumonia 

Candida albicans 

(urine) 

S. aureus/ S. 

pneumonia. 

ET003 18.31 Dermatomyositis Blastocystis hominis 

(faecal) / E. coli (urine) 

S. aureus/ S. 

pneumoniae. 

ET004 5.02 Acute respiratory 

distress syndrome 

BDG positive (fungal 

disease) 

S. aureus/ S. 

pneumoniae 

ET005 6.41 Respiratory 

arrest/COVID-19 

Staphylococcus 

haemolyticus (blood) / 

Candida glabrata (urine) 

S. agalactiae/ C. 

glabrata 
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However, it is for example promising to see overlaps such as in ET005 where 

Candida glabrata was found both from urine culture and on the tube as a result 

from the analysis performed in this study. So though not able to confirm 

identifications, it does provide an indication for some initial preliminary 

analyses.  

For every single patient included in this study, antibiotics and/or antifungals 

were administered. In ET001 a total of 5 were given: erythromycin, 

fluconazole, gentamycin, meropenem and teicoplanin. In ET002 just 

ceftazidime was given. In ET003 meropenem and voriconazole were given. In 

ET004 meropenem, acyclovir and septrin were given. In ET005 clindamycin 

was given. Carbapenems such as meropenem (given to 3/5 patients) are used 

to treat serious nosocomial and mixed bacterial infections.115 However, 

carbapenem-resistant P. aeruginosa (CRPA) is becoming increasingly 

prevalent worldwide.116 In this study they found that carbapenemase producing  

CRPAs were more likely to have high-level meropenem resistance and were 

also associated therefore with increased mortality rates compared to their non-

carbapenemase-producing counterparts (22% vs 12% respectively). This also 

varied globally, for example they found only 2% of CRPA isolates in the USA 

had carbapenemase, as much as 69% of CRPA isolates found in south and 

central America had carbapenemase.116 However, it is important to note 

carbapenemase is not the only cause for carbapenem resistance in P. 

aeruginosa, and the low prevalence of these in America does not necessarily 

relate to less CRPAs but could highlight the difference in available antibiotics 
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in different regions, and hence resulting in different selective pressures on 

CRPAs in different regions.  

5.3.3 SEM ANALYSIS OF BIOFILM 

SEM analysis has been utilised for a long time regarding microbiologic analysis 

of biofilms, primarily for confirmation of bacterial species and observation of 

EPS structures formed by different biofilms. There has been an investigation 

into biofilms on endotracheal tubes in relation to VAP using this technique 92, 

where over a 7-month period, patients from the ICU who required mechanical 

ventilation for > 24 h were included in the study, and VAP status recorded. 

However, the sample ETT processing included scraping the biofilm from the 

inner surface of the ETT and subsequent homogenizing using vortexing, prior 

to chemical fixing 92.  

Hence, as a result of this additional step, it is not known what features of the 

biofilm architecture were lost. Instead, this thesis details a simple preparation 

step where a section of the tube was cut off and fixed immediately after 

collection (within 24 hours of extubation). After drying, a section of the 

endotracheal tube was then cut for SEM imaging, so the original biofilm 

architecture should be preserved as if it were still inside the body including any 

mixed biofilms present.  Below is an image of a sterile Portex tube analysed 

immediately after opening from packaging.  
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Figure 53. SEM image of the surface of a sterile unused Portex 

endotracheal tube (inner lumen). 
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ET001 – S. epidermis and P. aeruginosa (or C. difficile). 

 

Figure 54. SEM images of ET001, suspected S. epidermis due to cocci 

shaped bacteria of the right size (0.5-1.5µm). 
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Figure 55. SEM images of ET001, suspected P. aeruginosa or C. 

difficile, due to rod-shaped bacteria of the right size for both (1-5µm). 
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ET002 – S. aureus and S. pneumoniae. 

 

Figure 56. SEM images of ET002, either S. aureus and/or S. pneumoniae 

due to both having cocci shaped bacteria of the right size (0.5-1.25µm). 
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Figure 57. SEM images of ET002 at lower magnifications to see 

overarching biofilm extracellular polymeric substance architecture. 
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ET003 – S. aureus and S. pneumoniae.  

 

Figure 58. SEM image of ET003, suspected S. pneumoniae due to the 

smaller cocci shaped bacteria in singular chains. 
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Figure 59. SEM images of ET003, suspected S. aureus due to cocci 

shaped bacteria of the right size slightly larger than the above (0.5-

1.5µm). 
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ET004 – S. pneumoniae and S. aureus.  

 

Figure 60. SEM image of ET004, either S. aureus and/or S. pneumoniae 

due to both having cocci shaped bacteria of the right size (0.5-1.25µm). 
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Figure 61. SEM image of ET004, either S. aureus and/or S. pneumoniae 

due to both having cocci shaped bacteria of the right size (0.5-1.25µm). 
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ET005 – S. agalactiae and C. glabrata.  

Figure 62. SEM image of ET005. Top image suspected C. glabrata due 

to the singular spherical shapes. Bottom image suspected S. agalactiae 

due to appearance of a chain, though size is slightly too large. 
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Also interesting from these SEM images is the overarching polymeric matrix 

structures surrounding the bacteria. Some appear more spider-web like (such 

as ET002/3/4) and some appear thicker and more like a blanket covering the 

surface (ET001). On the full analysis of all tubes with confirmed IDs, these 

observations can be further elucidated to form more conclusions about 

whether different types of bacteria tend to produce different types of biofilm 

structures, and how this information could potentially be used to target specific 

biofilm types in future antimicrobial materials development.  

5.3.4 NMR ANALYSIS OF BIOFILM  

NMR analysis of biofilm taken directly from a patient ETT is understood to be 

a completely novel idea. Based on previous studies the solvents water and 

NaOH were chosen as the solvents likely to recover substantial portions of the 

biofilm.117 The method used was kept as simple as possible to not alter the 

biofilm from its original state, whilst trying to solubilise as much of the biofilm 

as possible. It is noted that in some cases it is likely that not all the biofilm was 

solubilised and therefore recovered, so this is not a full analysis of the biofilms 

but rather hopefully an indication as to whether NMR could be used as a 

diagnostic technique for bacterial biofilms. This could be significant, as 

currently, though MALDI-TOF is used in hospitals to ID bacteria and is 

accurate and fast, but the preparation still requires culturing bacteria on plates 

for >48h and then preparing for MALDI-TOF analysis. The proposed NMR 

technique here in this case uses a small cut section of the endotracheal tube 

(~ 1cm off the end) which could be transferred to scraping off a section of 

biofilm in clinical practice, solubilising in both water and NaOH in two parts, 



141 

 

freeze drying and then re-dissolving in deuterated water (D2O) for NMR 

analysis.  The freeze-drying step currently involves leaving the solution in the 

-80 °C freezer overnight before drying under vacuum, however this step did 

not have a predetermined length and no optimisation of this step was 

performed. However, with the right equipment and optimisation this whole 

procedure could potentially be completed in > 24h, faster than MALDI-TOF 

including preparation steps and any potential delays as a result of 

contamination issues when plating.  

Without the confirmed identifications it is hard to make any concrete 

conclusions about the NMR data. However, it is hoped this preliminary analysis 

will provide a sense of proof of concept that using this method bacterial biofilms 

can be analysed by NMR to form clearly resolved peaks, which was 

unexpected considering the complexity of biofilms. However, sediment has not 

been visually noted in the tube after the final centrifugation step (post-NaOH), 

suggesting that for the most biofilms seen in this study, water followed by 

NaOH solubilises the majority of biofilms. If this were to be repeated a third 

step could be investigated to ensure the full picture of biofilms growing on 

endotracheal tubes was being captured in the NMR analysis. Multiplet analysis 

was completed using MNova analysis tools. 
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First, a blank of the D2O used for all the analysis was run, as well as sterile 

tubing exposed to both water and NaOH, were also run.  

 

 

Figure 63. NMR spectra of D2O used to dissolve the powdered biofilm 

after drying. 1H NMR (700 MHz, D2O) δ 4.79 (s, 1H). 
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Figure 64. NMR spectra of clean tube material exposed to the pure 

water used in step 1 of biofilm processing. 1H NMR (700 MHz, D2O) δ 

4.73 (s, 6H), 3.57 (s, 3H), 1.22 (s, 0H). 

 

Figure 65. NMR spectra of clean tube material exposed to the NaOH 

used in step 2 of biofilm processing. 1H NMR (700 MHz, D2O) δ 8.21 (s, 

3H), 1.67 (s, 1H), 1.62 (s, 2H), 1.10 – 1.05 (m, 2H), 0.99 (s, 1H). 
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The single peak at 4.79 ppm for D2O is as expected. For the peaks seen at ~4 

ppm suggests a chlorinated compound which ties in with the endotracheal tube 

being polyvinylchloride (PVC) based, and ~1 ppm for those hydrogens on the 

alkyl chain. These are suggested knowing what the tube is made from, 

however there could be many other possibilities.  The one sharp peak at 8.2 

ppm suggests an aromatic or amide compound, potentially caused by the 

NaOH or contamination.  
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ET001 – S. epidermis and P. aeruginosa. 

1H NMR (700 MHz, D2O) δ 5.44 (d, J = 3.9 Hz, 1H), 4.84 – 4.81 (m, 1H), 4.77 

– 4.74 (m, 1H), 4.24 (d, J = 8.8 Hz, 1H), 4.13 (q, J = 6.9 Hz, 1H), 4.07 (t, J = 

8.6 Hz, 1H), 3.91 (dd, J = 9.3, 5.4 Hz, 1H), 3.84 (t, J = 3.5 Hz, 4H), 3.81 – 

3.76 (m, 1H), 3.69 (d, J = 12.0 Hz, 2H), 3.69 – 3.65 (m, 1H), 3.61 – 3.55 (m, 

2H), 3.49 (t, J = 9.6 Hz, 1H), 1.35 (d, J = 7.0 Hz, 3H). 

A cluster of peaks around 5.5 - 3.5 ppm are likely to be from alcohols whereas 

the peaks 3.5 – 1.3 ppm are likely to be from amino acids. Proline for example 

appears to be the preferred amino acid used in the metabolic pathway for 

Clostridial species, recently elucidated by Bouillaut et al.118 From the human 

metabolome database (HMDB)  the 1H NMR spectrum for proline shows 

multiplets from 4.12 ppm to 1.99 ppm. Regarding S. epidermis a commonly 

Figure 66. NMR spectra of the water-soluble parts of ET001. 
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noted metabolite is acetoin, 119 which has multiplets at 4.4 ppm, 2.2 ppm and 

1.36 ppm (HMDB). These two metabolites associated with C. difficile and S. 

epidermis appear to fit within the range of multiplets seen in this spectrum. 

1H NMR (700 MHz, D2O) δ 8.42 (s, 0H), 4.87 – 4.80 (m, 4H), 4.78 – 4.74 (m, 

2H), 4.75 (s, 1H), 1.88 (s, 0H). 

As peaks around 1 ppm and 8 ppm were seen in the NaOH blank performed 

(figure 61) it’s assumed the biofilm in this case was primarily water soluble 

and captured in the first steps’ resulting NMR spectrum.  

  

Figure 67. NMR spectra of the NaOH-soluble parts of ET001. 
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ET002 – S. aureus and S. pneumoniae. 

1H NMR (700 MHz, D2O) δ 4.75 (s, 3H), 3.89 (s, 1H), 3.74 (s, 2H), 2.03 (s, 

2H), 1.31 (d, J = 6.8 Hz, 0H). 

There are clusters of peaks from 4.5 - 1.3 ppm. Peaks around 4.5 – 3.5 ppm 

are broad which suggests a hydroxyl group and again 3.5 – 1.3 ppm amino 

acids. For ET002/03/04 the suggested IDs are all both S. aureus and S. 

pneumoniae. The metabolites that were found to most significantly differentiate 

S. aureus from other bacteria are isobutyrate, isovalerate and succinate.120 

Isobutyrate shows a doublet at 1.18 ppm, multiplet at 2.6 ppm and a single 

peak at 3.6 ppm. This doesn’t appear to match the spectrum above. 

Isovalerate similarly has multiplets starting at 0.9 ppm so doesn’t appear to 

match the spectrum above. Succinates conjugate acid (succinic acid) is a 

Figure 68. NMR spectra of the water-soluble parts of ET002. 
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dicarboxylic acid and has one large multiplet around 2.4 ppm according to the 

HMDB. Peaks in this spectrum from ~4 – 2 ppm appear broad, which could be 

as a result of the effects of hydroxyl groups on alcohols and carboxylic acids. 

 

1H NMR (700 MHz, D2O) δ 8.43 (s, 1H), 4.82 – 4.78 (m, 4H), 4.74 – 4.70 (m, 

4H), 1.88 (s, 2H). 

As peaks around 1 ppm and 8 ppm were seen in the NaOH blank performed 

(figure 61) it’s assumed the biofilm in this case was primarily water soluble 

and captured in the first steps’ resulting NMR spectrum.  

 

  

Figure 69. NMR spectra of the NaOH-soluble parts of ET002. 
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ET003 – S. aureus and S. pneumoniae.  

1H NMR (700 MHz, D2O) δ 4.75 (s, 1H). 

Alternatively, to ET001/2, ET003 did not pick up any significant peaks in the 

water step. This does might mean the suggested IDs are not accurate, as 

ET002 and ET003 were suggested to both have S. aureus and S. pneumoniae 

present and therefore expecting similar peaks. However, UCH found ET002 to 

have C. albicans and ET003 to have Blastocystis hominis and E. coli. So 

ET002 may show fungus, and ET003 a parasite and gram-negative bacteria. 

Putting the suggested IDs to one side and focusing just on the cultures UCH 

Figure 70. NMR spectra of the water-soluble parts of ET003. 
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found, this could suggest gram positive bacteria and fungus tend to be water 

soluble whereas gram negative bacteria and parasites are non-water soluble.  

1H NMR (700 MHz, D2O) δ 8.43 (s, 0H), 4.80 (t, J = 4.5 Hz, 1H), 4.75 – 4.71 

(m, 1H), 3.86 (s, 3H), 3.79 (s, 8H), 3.72 (s, 1H), 3.68 (d, J = 13.1 Hz, 2H), 3.61 

(s, 7H), 3.57 (s, 0H), 2.24 (s, 3H), 2.01 (s, 1H), 1.89 (s, 1H), 1.37 (s, 3H), 1.20 

(s, 3H), 1.15 (s, 1H), 0.91 (s, 5H), 0.85 (s, 6H). 

The metabolites found in the highest concentration for B. hominis are arabinitol 

and formate.121 From the HMDB, arabinitol has multiplets from ~3.95 – 3.55 

ppm which is in keeping with the large cluster of peaks seen here between the 

same values. Formate has a single peak at 8.44 ppm, but due to the presence 

of a single peak in this region in the blank runs, formate is unlikely to be the 

cause of this peak in this instance. Interestingly B. hominis has also been found 

Figure 71. NMR spectra of the NaOH-soluble parts of ET003. 
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to boost the growth of E. coli,122 which was also found by UCH cultures of this 

patient. Urine samples which have been processed for NMR analysis in a study 

to determine biomarkers for UTI diagnosis from E. coli found that acetate and 

trimethylamine were the optimal biomarkers for their analysis.123 This may be 

different for VAP diagnosis, however using this gives an indication of 

metabolites of E. coli that can be elucidated from NMR. Acetate according to 

the HMDB has a quartet ~4.1 ppm, a singlet at 2 ppm and a triplet at ~1.2 ppm, 

and trimethylamine also has a singlet peak at ~2 ppm. This spectrum shows a 

cluster of broad multiplet ats ~3.75 ppm, ~2 ppm and ~0.8 ppm, though there 

is some overlap this is also within the range for amino acids which are also 

likely to be present, therefore once confirmed IDs have been achieved 

spectrum like this will be able to be further examined with more certainty.  
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ET004 – S. pneumoniae and S. aureus. 

1H NMR (700 MHz, D2O) δ 4.84 – 4.78 (m, 5H), 4.79 (s, 1H), 4.79 (s, 3H), 

4.72 (d, J = 3.9 Hz, 1H), 4.72 (s, 2H), 4.70 (s, 1H), 4.09 (d, J = 6.9 Hz, 1H), 

3.83 (s, 1H), 3.19 (s, 1H), 2.03 (d, J = 11.5 Hz, 13H), 1.38 (s, 1H), 1.31 (d, J = 

6.9 Hz, 4H), 1.13 (d, J = 6.4 Hz, 1H). 

Continuing with the pattern observed above and potential theory that gram 

positive bacteria and fungus are water-soluble, and Gram-negative bacteria 

and parasites are not water-soluble (a large assumption considering the 

current sample size), UCH found a ‘fungal disease’ from a β-d-Glucan test and 

my own morphology analysis from cultures gave a suggested ID of S. aureus 

and S. pneumoniae. Additionally, nothing grew on MacConkey from swabs of 

the endotracheal tube, which suggests fungus and gram-positive bacteria only 

Figure 72. NMR spectra of the water-soluble parts of ET004. 
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are present. However, in this case, a number of peaks are seen for both the 

water soluble and not water-soluble parts in these NMR spectra. Therefore, 

this contradicts the earlier theory or alternatively there is a gram-negative 

bacteria or parasite that has been missed by my analysis. Again, once IDs are 

confirmed, more will be known with certainty about the types of organisms 

growing on these endotracheal tubes, however there is no guarantee that 

organisms will still have been missed due to the different growth requirements 

for different organisms. Blood, Mannitol Salt and MacConkey were chosen to 

cover as many organisms as possible but is not completely exhaustive.  

In this spectrum, peaks cluster around ~3.8 ppm, ~2 ppm, and ~1.3 ppm. Due 

to the lack of certainty about fungus type from the UCH culture nor certainty 

regarding isolates cultured from the endotracheal tube, it is hard to make any 

meaningful comments about this spectrum, other than the peaks cluster in the 

region likely to be amino acids and therefore metabolites of the fungus and 

bacteria present.  
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1H NMR (700 MHz, D2O) δ 8.43 (s, 0H), 4.72 (d, J = 2.9 Hz, 1H), 3.82 (s, 5H), 

3.67 (s, 9H), 3.15 (d, J = 12.7 Hz, 1H), 2.01 (s, 1H), 1.89 (s, 1H), 0.91 (s, 5H), 

0.85 (s, 8H). 

Similarly, to above, it is hard to make any meaningful comments about this 

spectrum due to the uncertainty around the types of organisms present. But 

the spectrum in general follows the pattern of clusters of peaks around the 

region for amino acids.  

 

 

 

Figure 73. NMR spectra of the NaOH-soluble parts of ET004 



155 

 

ET005 – S. agalactiae and C. glabrata. 

Figure 75. NMR spectra of the water-soluble parts of ET005. 

 

Figure 74. NMR spectra of the NaOH-soluble parts of ET005. 
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Figure 71: 1H NMR (700 MHz, D2O) δ 8.44 (s, 1H), 4.83 (s, 1H), 4.79 (s, 1H), 

4.72 (s, 6H), 4.68 (s, 2H), 1.90 (s, 1H), 1.31 (d, J = 6.9 Hz, 2H), 1.23 (s, 1H). 

Figure 72: 1H NMR (700 MHz, D2O) δ 8.40 (s, 1H), 4.86 – 4.80 (m, 12H), 

4.75 – 4.69 (m, 2H), 2.34 (s, 0H), 1.86 (s, 1H). 

Both UCH and my own culture analysis from the endotracheal tube 

determined C. glabrata was present. A metabolic profiling study found C. 

glabrata isolates contained high concentrations of trehalose and also amino 

acids glutamine, threonine, glutamate and proline.124 Trehalose according to 

the HMDB has clusters of peaks around 3.8 – 3.4 ppm which neither of these 

spectrum have. Glutamine has multiplets at 3.77 ppm, 2.45 ppm and 2.12 

ppm. Threonine has a multiplet at 4.24 ppm, and doublets at 3.58 ppm and 

1.32 ppm. Glutamate has multiplets at 3.77 ppm, 2.32 ppm and 2.1 ppm. 

Proline has multiplets at 4.1 ppm, 3.4 ppm, 2.3 ppm and 2 ppm. Due to the 

lack of peaks in both spectra aligning with any of these metabolite peaks 

completely, potentially this fungus was not soluble in either water or NaOH to 

and therefore was missed by the NMR preparation.  

 

NMR spectra of the suggested compounds found in the above NMR spectra 

(proline, acetoin, succinate, arabinitol, acetate and trimethylamine) can be 

found in Appendix 8.3. 
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5.3.5 CONCLUSIONS 

The primary objective of this study was to determine the types of bacteria 

found on endotracheal tubes and which appear to result in VAP. As well, to 

determine a rapid diagnostic technique by using NMR analysis. Though we 

do not have confirmed IDs for bacterial isolates gathered, from purely 

morphological colony observation there does not appear to be one or two 

primary species constantly cropping up, each plate appeared quite varied 

with at least two different isolates growing. The NMR produced are clear and 

provide well resolved peaks, ideally once combined with IDs and computer 

technology to do the analysis comparison, fingerprints can be identified for 

each type of bacteria. Outstanding still is the confirmation of IDs to pull all the 

puzzle pieces together from this study. 

To conclude, analysis of 5 of the collected endotracheal tubes from clinical 

study is detailed in this thesis. Analysis includes microbiological culture, SEM 

and NMR. To conclude this work officially IDs of isolates cultured from the 

inner lumen of the endotracheal tubes is required. It is hard to make any 

definitive conclusions about the NMR data and it's potential as a diagnostic 

without full analysis of all 17 collected endotracheal tubes in the full study 

with the corresponding IDs. However, this does show using a very simple two 

stage process, samples can easily be prepared for NMR analysis to produce 

well resolved spectra. It also provides the beginning to insight as to what 

solvents are best for each type of organism regarding NMR preparation. 

As well, both from the culture data supplied by UCH and the suggested IDs 

from colony morphology/differential plates, so far there does not appear to be 
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one common type of organism, let alone strain, consistently cropping up in 

every intubated patient. Again, once IDs have been confirmed, if isolates 

found on the tube match up with isolates reported by UCH found in faeces, 

urine, bloods etc, then it is likely to confirm that contamination of the 

endotracheal tube comes from the patient themselves. Most likely from either 

the gut and/or oral microbiota, both known to be important in shaping and 

influencing the immune system of the respiratory tract.125 As well, this 

research, upon confirmation of IDs, may bring to light certain pairs of 

organisms (such as the B. hominis and E. coli) that tend to grow together in 

environments like the endotracheal tube. Therefore, if it's likely that the 

presence of one microorganism encourages another to grow and this is seen 

frequently, this information can also be used to shorten any potential 

diagnostic route and may provide valuable insight to clinicians when 

prescribing antibiotics and antifungals.  

SEM provides understanding and a visual to the overarching biofilm 

structures grown in endotracheal tubes, and how these differ between 

different organisms. Again, upon confirmation of IDs, the SEMs can be 

analysed with certainty in depth side by side to compare the types of 

structures and EPS formed by different types of bacteria. For example, if one 

type of bacteria produces a much thicker layer of EPS covering all organisms 

like a blanket, this may be significantly harder for antimicrobial materials to 

penetrate or take effect against compared to biofilms producing thinner 

appearing spider-web like biofilms. As well, whether the types of biofilms 

produced within the same species appear similar or different. So, as well as 
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providing another method for confirming IDs with the appearance of certain 

shaped organisms of particular sizes, it may also help with the development 

of other antimicrobial materials in the future.  
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6 FINAL REMARKS  

Overall, the most significant findings in this thesis are that 1) commercially 

available endotracheal tubes can be successfully swell encapsulated to 

produce highly active antimicrobial material against a wide range of organisms 

including multi-drug resistant  bacteria and SARS-CoV-2. 2) Photosensitiser 

dyes and nanoparticles can successfully be 3D printed by using photocuring 

resin, to produce any shape, which was a novel finding now patent pending. 

3) This clinical study could provide significant findings regarding the 

pathogenesis of VAP, causative pathogens, in directing future research into 

antimicrobial materials for this purpose as well as having collected a significant 

number of relevant isolates to test against in the future. This work on the 

clinical study could yield incredibly significant results upon ID confirmation.  

 

Swell Encapsulated Antimicrobial Endotracheal Tube 

Described in the above work was a static biofilm model using a singular 

microbe to form the biofilm. Work did begin on developing a polymicrobial 

biofilm, of which a polymicrobial biofilm was successfully grown once. This 

however had to be abandoned due to time restraints. This would be a very 

valuable experiment to get one step closer towards a real-world scenario to 

test these antimicrobial materials against, as biofilms grow naturally in 

polymicrobial biofilms in nature (as seen by the clinical study described above).  

Once this is done, a flow model should be developed using Ondine’s ventilator 

where a full antimicrobial endotracheal tube could be tested against 

polymicrobial growing biofilms in a real ventilated situation. This, if successful, 
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would be a highly significant result and prove the product ready for pre-clinical 

trials.  

Shelf life and stability testing also needs to be done to determine the products 

life and whether or not this would need to be stored in the dark for example for 

stability purposes.  

 

3D Printed Antimicrobial Endotracheal Tube 

Regarding 3D printed samples, the next stage beyond proof of concept that 

dyes and nanoparticles can be successfully printed together is the printing of 

biocompatible flexible polymers with this mix to develop a prototype for testing 

and see if this carries through into other polymer types.  

As well, a series of experiments to determine the true minimum effective 

concentration of MB and ZnO for commercialisation purposes and the effect 

the addition of MB and ZnO has on the structural properties of the polymer.  

Safety and stability testing with the optimised concentrations should be 

conducted, such as leaching and shelf life. Additionally, testing the new 3D 

printed models in the polymicrobial biofilm ventilator model described above 

would be highly advantageous as a direct comparison against existing 

technology as well as the swell encapsulated antimicrobial tubes.  

 

Clinical Study 
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The full set of tubes need to be collected for analysis to give meaningful results, 

alongside the analysis to confirm isolate IDs. Once identifications have been 

confirmed, any patterns within the NMR can be further elucidated and matched 

up to the corresponding organisms. Combined with patient data such as 

medications given, length of stay, diagnosis, it's hoped that the primary 

causative agents for VAP, or at least those linked with higher mortality rates, 

can be determined. As well, finally answer the question of if it is more likely for 

the source being the human body or environment causing these secondary 

infections in critical care can be further confirmed.  
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8 APPENDIX 

8.1 SPIRAL PLATER AND THE AUTOMATIC COLONY COUNTER 

Each sample will result in a screen like this where the colonies are 

automatically counted by Interscience Scan 500 colony counter and the 

result validated. Any manual changes made for instance where a colony is 

counted by mistake or needs to be added, is recorded under the comments 

for traceability. The data can also be exported to excel format which has then 

been used to create graphs. 

The addition of the spiral plating method has reduced contamination risk 

significantly, and there have been no issues with contamination since using 

it. It also has reduced user differences within the group when performing the 

Figure 76. An example of one of the pages from the PDF export from 

the automatic spiral plate colony counter. 
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same experiment. As well, it has significantly reduced the amount of 

disposable plastic waste required as 5 dilutions can be plated on one agar 

plate. This technology has allowed for faster, more accurate, less wasteful 

experiments and has been hugely helpful in completing this work. 

This spiral plater was used side by side against manual methods described in 

1.2.7 to validate before use.  
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8.2 COLONY MORPHOLOGY ANALYSIS FOR CLINICAL STUDY 

 

  

CULTURE OBSERVATIONS GRAM STAIN RESULTS ID suggestion from colonies/slides

Gram Stain ID Suggestion

Blood MacConkey Mannitol Salt

ET001 T

Form = irregular

Size = 7mm

Elevation = flat

Colour = grey

Hemolysis = beta (clear zone?)**

Form = circular filamentous, some spreading 

Size = 3mm

Elevation = flat

Colour =yellow

Lactose fermenter = colourless (N)

n/a

ET001 M

Form = x2 types, irregular and ciruclar

Size = 1cm and 2mm

Elevation = flat and raised 

Colour = grey and white 

Hemolysis = beta and gamma 

Form = filamentous, some spreading 

Size = 3mm

Elevation = raised

Colour = yellow

Lactose fermenter = N

Form = circular

Size = 1mm

Elevation = flat

Colour = pink

Mannitol fermenter = N (stays pink)

ET001 B

Form = x2 types, irregular and circular 

Size = 1cm and 2mm

Elevation = flat and raised

Colour = grey and white

Hemolysis = beta and beta

Form = filamentous, some spreading (2)

Size = 5mm

Elevation = flat

Colour = yellow

Lactose fermenter = N

Form = circular (1)

Size = 1mm

Elevation = flat

Colour = white/pink

Mannitol fermenter = N

1 = cocci, clustered 

2 = bacili  

1 = cocci + clustered = staph, non MSA fermenter = 

staphylococcus epidermis.

2 = bacili, beta hemolysis, filamentous, non MAC fermenting = 

pseudomonas aeruginosa.

ET002 T

Form = x2 types, both circular 

Size = 4mm and 2mm

Elevation = flat and flat

Colour = white and grey

Hemolysis = beta (clear) and alpha (green outside)

n/a

Form = x2 types, circular

Size = 3mm and 0.3mm

Elevation = flat and raised

Colour = white/pink (both)

Mannitol fermenter = N

ET002 M

Form = x2 types, both circular

Size = 2mm and 1mm

Elevation = raised (both)

Colour = grey (both)

Hemolysis = alpha and gamma

n/a

Form = x2 types, circular

Size = 3mm and 0.3mm

Elevation = flat and raised

Colour = white/pink (both)

Mannitol fermenter = N

ET002 B

Form = x2 types, both circular 

Size = 2mm (both)

Elevation = raised and convex 

Colour = white and grey

Hemolysis = beta and alpha (1 and 2)

n/a

Form = x2 types, circular

Size = 3mm and 0.3mm (1 AND 2)

Elevation = flat and raised

Colour = white/pink (both)

Mannitol fermenter = N

1 = cocci, clustered

2 = cocci, chain

1 = cocci, clustered = staph, non MSA fermenter, beta hemolysis, 

flat = staphylococcus aureus.

2 = cocci, chain = strep, non MSA fermenter, alpha hemolysis, 

raised grey small colonies = group B = streptococcus 

pneumoniae.

ET003 T

Form = circular

Size = 4mm

Elevation = flat

Colour = grey

Hemolysis = alpha

n/a

Form = circular

Size = 2mm

Elevation = flat

Colour = white/pink

Mannitol fermenter = N

ET003 M

Form = circular

Size = 3mm

Elevation = flat

Colour = grey

Hemolysis = alpha

n/a

Form = circular

Size = 2mm

Elevation = flat

Colour = white/pink

Mannitol fermenter = N

ET003 B

Form = x2 types, circular

Size = 3mm (both)

Elevation = flat (both)

Colour = grey (both)

Hemolysis = beta and alpha 

n/a

Form = x2 types, circular

Size = 2mm (both)

Elevation = raised (both)

Colour = yellow and pink (1 AND 2)

Mannitol fermenter = Y and N

1 = cocci, clustered

2 = cocci, chains 

1 = cocci, clustered = staph, MSA fermenter and yellow, 

beta hemolysis = staphylococcus aureus.

2 = cocci, chains = strep, non MSA fermenter, alpha hemolysis 

= group B = streptococcus pneumoniae.

ET004 T

Form = x2 types, circular

Size = 3mm and 4mm

Elevation = flat (both)

Colour = grey (both)

Hemolysis = alpha and beta

n/a

Form = circular

Size = 3mm

Elevation = raised

Colour = white/pink (1 - PINK)

Mannitol fermenter = N

ET004 M

Form = circular

Size = 5mm

Elevation = flat

Colour = grey

Hemolysis = beta

n/a

Form = x2 types, circular

Size = 2mm and 4mm

Elevation = flat and raised

Colour = pink and yellow

Mannitol fermenter = N and Y

ET004 B

Form = x2 types, circular

Size = 3mm and 4mm

Elevation = flat (both)

Colour = grey (both)

Hemolysis = alpha and beta

n/a

Form = x2 types, circular

Size = 2mm and 3mm

Elevation = flat and raised

Colour = pink and yellow (2 - YELLOW)

Mannitol fermenter = N and Y

1 = cocci, some chains but spread equally

2 = cocci, clustered

1 = cocci, chains = strep, pink, non MSA fermenter, alpha 

hemolysis = streptococcus pneumoniae.

2 = cocci, clustered = staph, MSA fermenter, beta hemolysis = 

staphylococcus aureus. 

ET005 T

Form = x2 types, circular

Size = 5mm and 1mm (1 AND 2)

Elevation = flat and convex/raised

Colour = grey (both)

Hemolysis = beta and gamma

n/a

Form = x1 type, circular/irregular

Size = 3mm

Elevation = flat

Colour = pink

Mannitol fermenter =  N

1 = cocci, chains

2 = large bulbs, yeast, candida?

1 = cocci, chains = streptococcus, non MSA fermenter, beta 

hemolysis = group A,  = streptococcus agalactiae.

2 = large bulb shaped, purple gram stain, candida agar 

identification lilac = candida glabrata

ET005 M

Form = x2 types

Size = 6mm and 1mm

Elevation = flat and convex/raised

Colour = grey (both)

Hemolysis = beta and gamma

n/a

Form = x1 type, irregular 

Size = 3mm

Elevation = flat 

Colour = pink

Mannitol fermenter = N

ET005 B

Form = x2 types, circular (more of the bigger 

colonies)

Size = 3mm and <1mm

Elevation = flat and convex/raised

Colour = grey (both)

Hemolysis = alpha/beta?

n/a

Form = circular/irregular

Size = 

Elevation = 3mm and 1mm

Colour = pink

Mannitol fermenter = N

Plate type

Figure 77. Summary table of the observations from cultures on blood, 

MacConkey and Mannitol Salt plates and gram staining. 
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8.3 NMR SPECTRA AND CHEMICAL STRUCTURE FOR 

SUGGESTED COMPOUNDS IN CLINICAL STUDY  

All NMR spectra are taken from the Human Metabolome Database. 

Trimethylamine was unavailable to download.  

Figure 78. 1H NMR spectrum and chemical structure for proline 

available on the Human Metabolome Database. 
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Figure 79. 1H NMR spectrum for acetoin available on the Human 

Metabolome Database. 
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Figure 80. 1H NMR spectrum for succinate available on the Human 

Metabolome Database. 
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Figure 81. 1H NMR spectrum for arabinitol available on the Human 

Metabolome Database. 
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Figure 82. 1H NMR spectrum for acetate available on the Human 

Metabolome Database. 
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8.4 SETTING UP A NEW LABORATORY DURING COVID-19 

PANDEMIC  

A large portion of this work was not conducted at UCL, due to a badly timed 

proposed move of the Eastman Dental Institute coinciding with the Covid-19 

pandemic. I decided I needed to do something to carry on my work as the 

research was potentially helpful and sought funding to rent a lab privately for 

12 months to continue my work. I was successful in being awarded UCL’s 

EPSRC IAA Discovery to Use funding of £93,455. This was a project I 

managed which included budgeting, equipment and consumables purchasing, 

hiring of a post-doctoral researcher for SARS-CoV-2 testing and liaising with 

UCH to start the clinical study. Below are images of the new laboratory I set 

up and worked in from January 2021 - January 2022. 
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Figure 83. Image of the shipping container turned lab, everything was 

set up by me and the help of a ‘bubble’ friend during the Covid-19 

pandemic. 
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Figure 84. Alternative view of the shipping container lab.  
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Figure 85. Image of the shipping container lab from the outside. 

 


