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Summary 

Bacterial resistance to antibiotic and antimicrobial therapy represents a significant 

global health challenge, resulting from genotypic and phenotypic adaption.  Whilst 

many novel antimicrobial approaches to overcome this resistance have been described, 

few have been of practical clinical use.  A repeated observation, in companion animals 

treated with the anti-tumour agent tigilanol tigliate (EBC46: Stelfonta®) was the 

induction of healing of infected skin wounds which were previously unresponsive to 

conventional therapy.  Nothing was understood about the magnitude, or potential 

mechanisms of this antibacterial activity.  

Using a range of epoxy-tigliane structures (EBC-1013, EBC-46 and EBC-147), with 

varying biological activity (in stimulating Protein kinase C [PKC]), the effects of these 

agents on bacteria and bacterial biofilms were studied in vitro.  Susceptibility testing 

against a range of Gram-negative and Gram-positive bacteria was performed using 

minimum inhibitory concentration (MIC) and minimum biofilm eradication 

concentration (MBEC) assays.  Direct interactions between the epoxy-tiglianes and 

the bacterial cell surface (lipopolysaccharide [LPS] and lipoteichoic acid [LTA]) were 

initially studied using circular dichroism (CD) spectroscopy and membrane 

permeabilisation assays and then using in vitro models of biofilm formation and 

disruption using confocal laser scanning microscopy (CLSM) and COMSTAT image 

analysis.   

MICs were determined (Gram-positive > Gram-negative) and anti-biofilm effects 

against Gram-negative and Gram-positive biofilms; these effects were shown to be 

related to alterations in bacterial cell surface hydrophobicity and inhibition of 

swarming motility.  The effects were apparent against bacteria from both chronic 

wound infections and bacteria in dental, biofilm-related disease (S. mutans and P. 

gingivalis), and biofilms on relevant surfaces (titanium).  In the chronic wound setting, 

analysis of EBC-treated P. aeruginosa, revealed the effects of EBC-1013 were related 

to quorum sensing (QS) dysregulation, with inhibition of swarming motility and 

virulence factor production (EBC-1013>EBC-46>EBC-147).  Direct anti-biofilm 

activity was demonstrated using minimum biofilm eradication concentration (MBEC) 

assays and the potential for EBC-1013 as an antibiotic adjuvant tested.  Using epoxy-
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tiglianes and selected antibiotics on multidrug-resistant (MDR) bacteria including 

colistin resistant (COLR) mcr E. coli, synergy was demonstrated in MBEC and 

COMSTAT modelling. 

These results provide the first insight into the role of epoxy-tiglianes as a potential 

(topical) treatment for use against chronic wound and periodontal biofilms.  The lead 

candidate EBC-1013 is now development for clinical use. 

 
Paper in process to publish from thesis to date 

Powell, L. C., Cullen, J. K., Boyle, G. M., Ridder, T. D., Yap, P., Xue, W., Pierce, C. 

J., Pritchard, M. F., Menzies, G. E., Abdulkarim, M., Adams, J. Y. M., Stokniene, J., 

Francis, L. W., Gumbleton, M., Johns, J.,  Hill, K. E., Jones, A. V., Parsons, P. G., 

Reddell, P. & Thomas, D. W. 2022. Topical, immunomodulatory epoxy-tiglianes 

induce biofilm disruption and healing in acute and chronic skin wounds. Science 

Translational Medicine; In press. 

 

Xue, W., Pritchard, M. F., Khan, S., Powell, L. C., Wu, J., Wang, X., Reddell, P., 

Thomas, D. W. & Hill, K. E. 2022. Antimicrobial compounds from the Queensland 

rainforest for the treatment of peri-implantitis. Journal of Clinical Periodontology; In 

press 

 

  



 VI 

Abbreviations 

ε     Molar absorption coefficient 

μM     Micromolar 

A     Absorbance 

ABC     ATP binding cassette  

AbgT     p-aminobenzoyl-glutamate transporter 

AHL      Acyl-homoserine lactones  

AIs     Autoinducers 

AMR     Antimicrobial resistant 

ANOVA    Analysis of variance 

ATP     Adenosine triphosphate 

A.U.     Arbitrary unit 

AZM     Azithromycin 

BA     Blood agar  

BHI     Brain heart infusion 

BIM     Bisindolylmaleimide I  

C4-AHL    N-butyryl-l-AHL 

C12-AHL    3-oxo-C12-AHL 

CC     Clonal complex  

CD     Circular dichroism 

c-di-GMP    Bis-(3′-5′)-cyclic diguanosine monophosphate 

CF     Cystic fibrosis 

CIF     Ciprofloxacin 

CLSM     Confocal laser scanning microscopy  

CLSI Clinical and Laboratory Standards Institute 

cm Centimetre 

cmc     Critical micelle concentration 

COL     Colistin sulphate 

COLR     Colistin resistant 

COLsens    Colistin sensitive 

CV     Crystal violet  

DLS     Dynamic light scattering  



 VII 

DLVO     Derjaguin, Landau, Verwey and Overbeek 

DMSO     Dimethyl sulfoxide 

DNA     Deoxyribonucleic acid 

EBC     Epoxy-tigliane compound 

eDNA      Extracellular deoxyribonucleic acid  

ELS     Electrophoretic light scattering  

EPS     Extracellular polymeric substances 

ESKAPE E. faecium, S. aureus, K. pneumoniae, A. 

baumannii, P. aeruginosa, and Enterobacter 

spp. 

ex     Excitation 

em     Emission 

FAA     Fastidious anaerobe agar  

FAB     Fastidious anaerobe broth 

FIC     Fractional inhibitory concentration 

FLU     Flucloxacillin 

g     G-force (g = rpm2 x r x 1.118x10-5) 

GDPs     General dental practitioners  

GTAs     Gene transfer agents 

h     Hour (s) 

HCN     Hydrogen cyanide 

HHQ     2-heptyl-3-hydroxy-4-quinolone 

I0 and I Intensity of the measuring beam of light 

before/after passing through the sample 

IL-1β      Interleukin-1β 

INF- gamma    Interferon gamma 

IQS     Integrated QS system 

ITC     Isothermal titration calorimetry 

Kd     Dissociation constants  

LB     Luria-Bertani 

LPS     Lipopolysaccharide 

LTA     Lipoteichoic acid 

M     Molar 



 VIII 

MATE     Multidrug and toxic compound extrusion  

MBEC     Minimum biofilm eradication concentration  

MDR     Multidrug-resistant 

MDS     Molecular dynamics simulations 

MFS     Major facilitator superfamily 

MH     Mueller Hinton 

MIC     Minimum inhibitory concentration 

mM     Millimolar 

MMPs     Metalloproteinase  

MPT     Multiple (nano) particle tracking 

MRSA     Methicillin-resistant Staphylococcus aureus  

mV     Millivolts 

NAC     Natural antimicrobial compounds  

NaCl     Sodium chloride 

NaOH     Sodium hydroxide 

OD     Optical density 

OM     Outer membrane 

O/N     Overnight 

PACE     proteobacterial antimicrobial compound efflux 

PBP     Penicillin-binding protein 

PBS     Phosphate buffered saline 

PDEs     Phosphodiesterases 

pEtN     Phosphoethanolamine 

pH     Power of hydrogen concentration 

PKC     Protein kinase C 

PMA     Phorbol 12-myristate 13-acetate  

PMNLs    Polymorphonuclear leukocytes  

PQS     Quinolone signal system 

PVDF     Polyvinylidene difluoride 

QS     Quorum sensing  

QSIs     Quorum sensing inhibitors  

RcGTA     Particles of the GTA 

RND     Resistance-nodulation-division  



 IX 

rpm     Revolutions per minute 

SARs     Structure-activity relationships 

SCAs     Surface contact angles 

SDR     Specific drug resistance 

SEM     Scanning electron microscopy 

SMR     Small multidrug resistance 

Spp.     Species 

TA     Toxin–antitoxin  

TLRs     Toll-like receptors 

TNF-α     Tumour necrosis factor-α 

T     Transmission 

TBS     Tris-buffered saline 

TSB     Tryptone soy broth 

UV     Ultraviolet 

UV/Vis    Ultraviolet/visible 

v/v     % volume to volume 

WHO     World Health Organization 

3-oxo-C12-AHL   N-(3-oxododecanoyl)-l-AHL 

  



 X 

Table of Contents 

Chapter 1 General Introduction ............................................................................... 1 

1.1. Introduction ....................................................................................................... 2 

1.2. Antimicrobial compounds in plants .................................................................. 3 

1.2.1. Bioactivities of terpenes ............................................................................. 5 

1.2.2. Epoxy-tiglianes (EBCs) ............................................................................. 5 

1.2.3. Epoxy-tiglianes as potential antibacterial agents ....................................... 8 

1.3. Bacterial pathogens ......................................................................................... 10 

1.3.1. Bacteria in chronic infections................................................................... 14 

1.4. Antibiotic resistance ........................................................................................ 18 

1.5. Biofilms and biofilm structure ........................................................................ 18 

1.5.1. Biofilm formation .................................................................................... 20 

1.5.2. Biofilm maturation and extracellular polymeric substances .................... 21 

1.5.3. Final stages of biofilm development ........................................................ 22 

1.5.4. Resistance mechanisms of biofilms to antimicrobial agents ................... 23 

1.5.4.1. The extracellular polymeric substance matrix in biofilms ................ 23 

1.5.4.2. Horizontal transfer-mediated dissemination of resistance genes ...... 24 

1.5.4.3. Slow growth rate and dormancy ....................................................... 27 

1.5.4.4. Quorum sensing systems ................................................................... 28 

1.5.4.5. Stress-mediated changes in cellular morphology .............................. 29 

1.5.4.6. Efflux pumps ..................................................................................... 31 

1.6. Clinical implications of biofilms in human disease ........................................ 34 

1.6.1. Biofilms in chronic wounds ..................................................................... 34 

1.6.2. Immune modulation in chronic wound infection ..................................... 35 

1.6.3. Antimicrobial agents utilised in chronic wound management ................. 36 

1.6.4. Periodontal diseases ................................................................................. 37 



 XI 

1.6.5. Antibacterial agents in the management of periodontal and peri-implant 

diseases ............................................................................................................... 39 

1.7. Confocal laser scanning microscopy analysis of bacterial and biofilms ........ 40 

1.8. Aims and Objectives ....................................................................................... 41 

 

Chapter 2 Analysing the interaction between epoxy-tiglianes and the bacterial 

cell wall component: lipopolysaccharide and lipoteichoic acid ........................... 42 

2.1. Introduction ..................................................................................................... 43 

2.1.1. Bacterial cell wall components ................................................................ 43 

2.1.2. Gram-negative bacteria and lipopolysaccharide ...................................... 44 

2.1.3. Gram-positive bacteria and lipoteichoic acid ........................................... 44 

2.1.4. Ultraviolet/visible light spectroscopy ...................................................... 45 

2.1.5. Circular dichroism spectroscopy .............................................................. 47 

2.1.6. Aims and objectives ................................................................................. 48 

2.2. Materials and Methods .................................................................................... 49 

2.2.1. Reagents and solutions ............................................................................. 49 

2.2.2. Measurement of solubility through ultraviolet/visible light spectroscopy 

 ............................................................................................................................ 49 

2.2.2.1. Water solubility of epoxy-tiglianes ................................................... 50 

2.2.2.2. Solubility of epoxy-tiglianes in Tris-buffered saline ........................ 50 

2.2.2.3. Solubility of lipopolysaccharide and lipoteichoic acid in Tris-

buffered saline ................................................................................................ 51 

2.2.3. Analysis of lipopolysaccharide and lipoteichoic acid interactions with 

epoxy-tiglianes through circular dichroism spectroscopy.................................. 51 

2.2.3.1. Circular dichroism analysis of epoxy-tiglianes ................................. 51 

2.2.3.2. Circular dichroism analysis of EBC-46 in the presence of 

lipopolysaccharide and lipoteichoic acid ....................................................... 52 

2.2.4. Data analysis ............................................................................................ 52 



 XII 

2.3. Results ............................................................................................................. 53 

2.3.1. Ultraviolet absorption of epoxy-tiglianes in ethanol ................................ 53 

2.3.2. Water solubility of epoxy-tiglianes .......................................................... 54 

2.3.3. Solubility of epoxy-tiglianes in Tris-buffered saline ............................... 57 

2.3.4. Solubility of lipopolysaccharide and lipoteichoic acid in Tris-buffered 

saline .................................................................................................................. 59 

2.3.5. Circular dichroism analysis of EBC-46 and EBC-147 ............................ 59 

2.3.6. Circular dichroism analysis of EBC-46 in the presence of 

lipopolysaccharide and lipoteichoic acids .......................................................... 62 

2.4. Discussion ....................................................................................................... 65 

2.5. Conclusion ...................................................................................................... 69 

 

Chapter 3 Antimicrobial effects of epoxy-tiglianes on chronic wound associated 

bacteria ...................................................................................................................... 71 

3.1. Introduction ..................................................................................................... 72 

3.1.1. Microbial communities within the chronic wounds ................................. 72 

3.1.2. Bacterial surface properties ...................................................................... 73 

3.1.3. Quorum sensing in P. aeruginosa ............................................................ 75 

3.1.4. Aims and objectives ................................................................................. 78 

3.2. Materials and Methods .................................................................................... 79 

3.2.1. Preparation of epoxy-tiglianes ................................................................. 79 

3.2.2. Bacterial strains and growth conditions ................................................... 79 

3.2.3. Analysing the effects of epoxy-tiglianes on Gram-negative and Gram-

positive bacteria ................................................................................................. 80 

3.2.3.1. Minimum inhibitory concentration assays ........................................ 80 

3.2.3.2. Bacterial membrane permeability assay............................................ 81 

3.2.3.3. Zeta potential (surface charge) of epoxy-tiglianes treated chronic 

wound bacteria ............................................................................................... 82 

3.2.3.4. Zeta sizing measurements ................................................................. 83 

3.2.3.5. Effect of epoxy-tiglianes on swarming motility of P. aeruginosa .... 83 

3.2.4. Effect of epoxy-tiglianes on virulence factor production ........................ 84 

3.2.4.1. Effect of epoxy-tiglianes and PKC inhibitor on pyocyanin production 



 XIII 

 ........................................................................................................................ 84 

3.2.4.2. Effect of epoxy-tiglianes on rhamnolipid production ....................... 84 

3.2.4.3 Effect of epoxy-tiglianes on protease production .............................. 85 

3.2.4.4. Effect of epoxy-tiglianes on elastase production .............................. 85 

3.2.5. Analysing bacterial quorum sensing ........................................................ 85 

3.2.5.1. C. violaceum strains used in this study ............................................. 85 

3.2.5.2. Analysing violacein production ........................................................ 86 

3.2.6. Analysing bacterial biofilms .................................................................... 88 

3.2.6.1. Minimum biofilm eradication assays of chronic wound bacteria ..... 88 

3.2.7. Data analysis ............................................................................................ 89 

3.3. Results ............................................................................................................. 90 

3.3.1. Antimicrobial activity of epoxy-tiglianes ................................................ 90 

3.3.2. Bacterial membrane permeability effects of epoxy-tiglianes .................. 92 

3.3.3. Zeta potential and zeta sizing measurements for epoxy-tigliane treated 

chronic wound strains ........................................................................................ 94 

3.3.4. Epoxy-tigliane modify bacterial motility in P. aeruginosa ................... 100 

3.3.5. Extracellular virulence factor production assay in P. aeruginosa ......... 100 

3.3.6. Violacein quantification assay for epoxy-tigliane quorum sensing 

inhibition test .................................................................................................... 104 

3.4. Discussion ..................................................................................................... 115 

3.5. Conclusion .................................................................................................... 121 

 

Chapter 4 Antimicrobial and anti-biofilm effects of epoxy-tiglianes on mcr-

positive colistin resistant E. coli ............................................................................ 123 

4.1. Introduction ................................................................................................... 124 

4.1.1. The antibacterial mechanism of action of colistin on Gram-negative 

bacteria ............................................................................................................. 124 

4.1.2. Colistin resistance in Gram-negative bacteria........................................ 125 

4.1.3. Emergence of mobile colistin resistance (mcr) gene-containing E. coli ...... 

 .......................................................................................................................... 126 

4.1.4. Aims and objectives ............................................................................... 129 

4.2. Materials and Methods .................................................................................. 130 

4.2.1. Preparation of epoxy-tiglianes and antibiotic solutions ......................... 130 

4.2.2. Bacterial strains and growth conditions ................................................. 130 

4.2.3. Analysing antibiotic susceptibility of multidrug resistant bacteria ........ 132 



 XIV 

4.2.3.1. Minimum inhibitory concentration assays ...................................... 132 

4.2.4. Antimicrobial synergy testing by checkerboard assay ........................... 132 

4.2.5. The effect of the epoxy-tiglianes on the bacterial cell surface............... 135 

4.2.5.1. Bacterial membrane permeability assay.......................................... 135 

4.2.5.2. Cell surface hydrophobicity of E. coli mcr strains .......................... 135 

4.2.6. The effect of epoxy-tiglianes on bacterial biofilms of E. coli mcr strains 

 .......................................................................................................................... 136 

4.2.6.1. Crystal violet assay ......................................................................... 136 

4.2.6.2. Confocal laser scanning microscopy to visualise biofilm structures

 ...................................................................................................................... 137 

4.2.6.3. COMSTAT analysis of E. coli biofilms .......................................... 138 

4.2.7. Data analysis .......................................................................................... 138 

4.3. Results ........................................................................................................... 139 

4.3.1. Epoxy-tigliane/antibiotic susceptibility testing of multidrug resistant 

bacteria ............................................................................................................. 139 

4.3.2. Potentiation effect of epoxy-tiglianes and antibiotics against multidrug-

resistant bacteria ............................................................................................... 139 

4.3.3. Effect of the epoxy-tiglianes and colistin on bacterial membrane 

permeability ..................................................................................................... 141 

4.3.4. Effect of epoxy-tiglianes and colistin on cell surface hydrophobicity of E. 

coli mcr strains ................................................................................................. 142 

4.3.5. Effect of epoxy-tiglianes and colistin on biofilm disruption of E. coli mcr 

strains using crystal violet assays. .................................................................... 148 

4.3.6. Confocal laser scanning microscope imaging and COMSTAT image 

analysis of epoxy-tiglianes and colistin treated E. coli biofilms ...................... 161 

4.4. Discussion ..................................................................................................... 166 

4.5. Conclusion .................................................................................................... 173 

  

Chapter 5 The antibacterial and anti-biofilm effects of epoxy-tigliane on oral 

disease associated bacteria .................................................................................... 174 

5.1. Introduction ................................................................................................... 175 

5.1.1. Periodontal and peri-implant diseases .................................................... 175 

5.1.2. Oral pathogens of periodontal disease and peri-implantitis ................... 176 

5.1.3. Oral pathogenic biofilms on titanium surfaces and therapeutic strategies 

 .......................................................................................................................... 177 

5.1.4. Aims and objectives ............................................................................... 178 



 XV 

5.2. Materials and Methods .................................................................................. 179 

5.2.1. Preparation of epoxy-tiglianes ............................................................... 179 

5.2.2. Bacterial strains and growth conditions ................................................. 179 

5.2.3. Analysing oral bacterial susceptibility against epoxy-tiglianes ............. 180 

5.2.3.1. Minimum inhibitory concentration and minimum bactericidal 

concentration assays ..................................................................................... 180 

5.2.4. Growth kinetics of oral bacteria ............................................................. 181 

5.2.5. The effect of the epoxy-tiglianes on the bacterial cell membrane 

permeability ..................................................................................................... 181 

5.2.6. Analysing epoxy-tiglianes effect on oral bacterial biofilms .................. 182 

5.2.6.1. Minimum biofilm eradication assays .............................................. 182 

5.2.6.2. Minimum biofilm eradication assays using MBEC Assay®’s Biofilm 

Inoculator ..................................................................................................... 183 

5.2.6.3. Confocal laser scanning microscopy to visualise oral biofilm 

structures ...................................................................................................... 184 

5.2.6.4. Comstat analysis ............................................................................. 185 

5.2.6.5. Scanning electron microscopy to visualise oral biofilm structures on 

titanium discs ............................................................................................... 185 

5.2.6.6. Bacterial drop counts ...................................................................... 186 

5.2.7. Data analysis .......................................................................................... 186 

5.3. Results ........................................................................................................... 187 

5.3.1. Microbiological characterisation of epoxy-tiglianes .............................. 187 

5.3.2. Characterisation of oral bacterial growth curves ................................... 189 

5.3.3. The effect of epoxy-tiglianes on bacterial membrane permeability....... 193 

5.3.4. Minimum biofilm eradication concentration assays .............................. 196 

5.3.5. Confocal laser scanning microscopy of oral bacterial biofilm formation 

studies ............................................................................................................... 198 

5.3.6. Biofilm disruption assays on titanium discs .......................................... 201 

5.4. Discussion ..................................................................................................... 205 

5.5. Conclusions ................................................................................................... 212 

 

Chapter 6 General Discussion ............................................................................... 213 

6.1. General discussion ........................................................................................ 214 

6.2. Future work ................................................................................................... 224 

6.3. Conclusion .................................................................................................... 226 



 XVI 

 

Bibliography ........................................................................................................... 227 

 

Appendix 2.1 ....................................................................................................... 278 

Appendix 2.2 ....................................................................................................... 279 

Appendix 3.1 ....................................................................................................... 280 

Appendix 3.2 ....................................................................................................... 281 

Appendix 4.1 ....................................................................................................... 282 

Appendix 4.2 ....................................................................................................... 283 

Appendix 4.3 ....................................................................................................... 284 

Appendix 5.1 ....................................................................................................... 285 

Appendix 5.2 ....................................................................................................... 286 

Appendix 5.3 ....................................................................................................... 287 

Appendix 5.4 ....................................................................................................... 288 

 

  



 XVII 

List of figures 

Chapter 1 

Figure 1.1.  Chemical structures of terpenes ................................................................ 4 

Figure 1.2.  Images of blushwood tree fruit and chemical formula of EBC-46 ........... 6 

Figure 1.3  Molecular structures of EBC-1013, EBC-147 and PMA .......................... 6 

Figure 1.4.  Resolution of a chronic deep necrosing injury on the face of a dog 

following topical treatment with EBC-46 ............................................................ 8 

Figure 1.5.  Cell wall structure of Gram-positive bacteria ......................................... 11 

Figure 1.6.  Cell wall structure of Gram-negative bacteria ........................................ 12 

Figure 1.7.  Antibiotic resistance mechanisms in bacteria ......................................... 19 

Figure 1.8.  The different stages of biofilm formation ............................................... 20 

Figure 1.9.  Mechanisms of horizontal gene transfer ................................................. 25 

Figure 1.10.  Schematic diagram of the P. aeruginosa virulence regulatory network

 ............................................................................................................................ 30 

Figure 1.11.  Five types of bacterial efflux pumps .................................................... 33 

Chapter 2 

Figure 2.1.  Principal chemical structures of lipopolysaccharide and lipoteichoic acids 

          ........................................................................................................................... 43 

Figure 2.2.  Epoxy-tiglianes absorption in ethanol .................................................... 53 

Figure 2.3.  Epoxy-tigliane absorption spectra in ethanol/water mixtures ................ 55 

Figure 2.4.  Absorption spectra of epoxy-tiglianes in 83% water/ethanol ................. 56 

Figure 2.5.  Epoxy-tigliane absorption spectra in Tris-buffered saline ..................... 58 

Figure 2.6.  Absorption spectra of lipopolysaccharide and lipoteichoic acids in Tris- 

buffered saline .................................................................................................... 60 

Figure 2.7.  CD spectra of EBC-46 and EBC-147 in Tris-buffered saline ................ 61 

Figure 2.8.  CD spectra of EBC-46 in the presence of lipopolysaccharide and 

lipoteichoic acids ................................................................................................ 63 

Figure 2.9.  CD spectra of EBC-46 in the presence of lipopolysaccharide and 

lipoteichoic acids and addition of calcium ......................................................... 64 

Chapter 3 

Figure 3.1.  Derivation of the ζ (zeta) potential of a colloid ...................................... 74 

Figure 3.2.  Virulence factors produced by P. aeruginosa during infections ............ 77 



 XVIII 

Figure 3.3.  Typical set up for an MIC assay plate .................................................... 81 

Figure 3.4.  A schematic view of the workflow for the quantification of violacein 

production. Parallel samples were tested for violacein extraction and resazurin 

staining ............................................................................................................... 87 

Figure 3.5.  Effect of epoxy-tiglianes on cell membrane permeabilisation of S. aureus 

1004A (MRSA) and S. aureus NCTC 12493 (MRSA) ..................................... 93 

Figure 3.6.  Effect of epoxy-tiglianes on cell membrane permeabilisation of E. coli 

IR57 and P. aeruginosa PAO1 .......................................................................... 95 

Figure 3.7.  Zeta potential and zeta sizing results of epoxy-tiglianes and PMA (with no 

bacteria). ............................................................................................................. 96 

Figure 3.8.  Mean zeta potential and zeta potential distribution of S. aureus NCTC 

12493 (MRSA) ................................................................................................... 96 

Figure 3.9.  Mean zeta potential and zeta potential distribution of E. coli IR57, P. 

aeruginosa PAO1 and A. baumannii V19 ......................................................... 98 

 Figure 3.10.  Mean zeta sizing of S. aureus NCTC 12493 (MRSA), E. coli IR57, P. 

aeruginosa PAO1 and A. baumannii V19 ......................................................... 99 

Figure 3.11.  Swarming motility tests of epoxy-tiglianes effects on P. aeruginosa PAO1

 .......................................................................................................................... 101 

Figure 3.12.  The effect of the EBC-46 and EBC-1013 at 256 μg/ml on pyocyanin 

production by P. aeruginosa PAO1 when compared to the negative untreated 

control and ethanol equivalent control ............................................................. 102 

Figure 3.13.  The effect of the epoxy-tiglianes (256 μg/ml) and PKC inhibitor 

bisindolylmaleimide I (BisI; 4 μM) individually and in combination on pyocyanin 

production by P. aeruginosa PAO1 after 24 h incubation ............................... 103 

Figure 3.14.  The effect of the different epoxy-tiglianes at 256 μg/ml on rhamnolipid 

production by P. aeruginosa PAO1 when compared to the negative untreated 

control and ethanol equivalent control ............................................................. 105 

Figure 3.15.  The effect of the different epoxy-tiglianes at 256 μg/ml on protease 

production by P. aeruginosa PAO1 when compared to the negative untreated 

control and ethanol equivalent control. ............................................................ 106 

Figure 3.16.  The effect of the different epoxy-tiglianes at 256 μg/ml on elastase 

production by P. aeruginosa PAO1 when compared to the negative untreated 

controls and ethanol equivalent control ........................................................... 107 



 XIX 

Figure 3.17.  Effect of epoxy-tiglianes (24, 48 and 72 h treatment) on quorum sensing 

signalling of C. violaceum ATCC 31532 ......................................................... 109 

Figure 3.18.  Effect of epoxy-tiglianes (24 h treatment) on quorum sensing signalling 

of C. violaceum CV026 (with 0.5 μM C4-AHL addition) ............................... 110 

Figure 3.19.  Effect of epoxy-tiglianes (48 h treatment) on quorum sensing signalling 

of C. violaceum CV026 (with 0.5 μM C4-AHL addition) ............................... 111 

Figure 3.20.  Effect of epoxy-tiglianes (72 h treatment) on quorum sensing signalling 

of C. violaceum CV026 (with 0.5 μM C4-AHL addition) ............................... 113 

Figure 3.21.  Inhibition of violacein production in C. violaceum ATCC 31532 and 

Chromobacterium violaceum CV026 by the epoxy-tiglianes treatment. ......... 114 

Chapter 4 

Figure 4.1.  Structure prediction for the mcr-1 and mcr-3 gene products, MCR-1 and 

MCR-3, respectively ........................................................................................ 128 

Figure 4.2.  Layout of checkerboard assay plate set up to determine potential synergy 

between epoxy-tiglianes and various antibiotics.............................................. 134 

Figure 4.3.  Cell permeabilisation assay showing the effect of  colistin and 

colistin+EBC-1013 treatment on COLsens E. coli CX17 and COLR E. coli 

CX17(pPN16) mcr-1 ........................................................................................ 144 

Figure 4.4.  Cell permeabilisation assay showing the effect of colistin and 

colistin+EBC-1013 treatment on COLR E. coli CX17(pT145) mcr-3 and 

CX17(pWJ1) mcr-3 .......................................................................................... 145 

Figure 4.5.  Cell permeabilisation assay showing the effect of colistin and 

colistin+EBC-1013 treatment on COLR E. coli HRS.18 mcr-1.1 and E. coli 

FMM.1860 mcr-3.21 ........................................................................................ 146 

Figure 4.6.  Contact angle (º) measurements on untreated polyvinylidene fluoride 

(PVDF) filters .................................................................................................. 147 

Figure 4.7.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes 

and colistin only ............................................................................................... 149 

Figure 4.8.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes 

and colistin combinations ................................................................................. 150 

Figure 4.9.  Contact angle (°) measurements of E. coli CX17(pPN16) mcr-1 treated by 

epoxy-tiglianes and colistin only ..................................................................... 151 



 XX 

 Figure 4.10.  Contact angle (°) measurements of E. coli CX17(pPN16) mcr-1 treated 

by epoxy-tiglianes and colistin combinations .................................................. 152 

Figure 4.11.  Contact angle (°) measurements of E. coli CX17(pT145) mcr-3 treated 

by epoxy-tiglianes and colistin only ................................................................ 153 

Figure 4.12.  Contact angle (°) measurements of E. coli HRS.18 mcr-1.1 treated by 

epoxy-tiglianes and colistin only ..................................................................... 154 

Figure 4.13.  Contact angle (°) measurements of E. coli HRS.1821 mcr-3.20  treated 

by epoxy-tiglianes and colistin only ................................................................ 155 

Figure 4.14.  Biofilm disruption assay of 24 h E. coli CX17 biofilms treated for 24 h 

with COL, EBC-1013 or EBC-46 (0-512 μg/ml)............................................. 156 

Figure 4.15.  Biofilm disruption assay of 24 h E. coli CX17(pPN16) mcr-1 biofilms 

treated for 24 h with COL, EBC-1013 or EBC-46 (0-512 μg/ml). .................. 158 

Figure 4.16.  Heatmap of crystal violet staining of a biofilm disruption assay of 24 h 

E. coli CX17 biofilms treated for 24 h ............................................................. 159 

Figure 4.17.  Heatmap of crystal violet staining of a biofilm disruption assay of 24 h 

E. coli CX17(pPN16) mcr-1 biofilms treated for 24 h..................................... 160 

Figure 4.18.  CLSM imaging of biofilm disruption assay of 24 h E. coli CX17 biofilms 

         .......................................................................................................................... 162 

Figure 4.19.  COMSTAT image analysis of CLSM of biofilm disruption assay (Figure 

4.18) of 24 h E. coli CX17 biofilms ................................................................. 163 

Figure 4.20.  CLSM imaging of biofilm disruption assay of 24 h E. coli CX17(pPN16) 

mcr-1 biofilms .................................................................................................. 164 

Figure 4.21.  COMSTAT image analysis of CLSM of biofilm disruption assay (Figure 

4.20) of 24 h grown E. coli CX17(pPN16) mcr-1 biofilms. ............................ 165 

 Chapter 5 

Figure 5.1.  The effect of epoxy-tiglianes on the growth of S. mutans DSM 20523 (24 

h) in MH broth ................................................................................................. 190 

Figure 5.2.  The effect of epoxy-tiglianes on the growth of A. actinomycetemcomitans 

DSM 8324 (32 h) in ΒHΙ broth ........................................................................ 191 

Figure 5.3.  The effect of epoxy-tiglianes on the growth of P. gingivalis NCTC 11834 

(72 h) in FAB ................................................................................................... 192 

Figure 5.4.  The effect of epoxy-tiglianes on cell membrane permeabilisation of S. 

mutans DSM 20523 and A. actinomycetemcomitans DSM 8324 .................... 194 



 XXI 

Figure 5.5.  Effect of epoxy-tiglianes on cell membrane permeabilisation of P. 

gingivalis NCTC 11834 and P. gingivalis W50 .............................................. 195 

Figure 5.6.  Effect of Epoxy-tiglianes on S. mutans biofilm formation ................... 199 

Figure 5.7.  Effect of Epoxy-tiglianes on A. actinomycetemcomitans biofilm formation 

         .......................................................................................................................... 200 

Figure 5.8.  Effect of EBC-46 on P. gingivalis NCTC 11834 biofilm formation.... 202 

Figure 5.9.  Effect of EBC-1013 on P. gingivalis NCTC 11834 biofilm formation 

         .......................................................................................................................... 203 

 Figure 5.10.  S. mutans DSM 20523 (24 h) and P. gingivalis NCTC 11834 (96 h) 

biofilms established on titanium discs treated with epoxy-tiglianes and ethanol 

control (256 μg/ml) .......................................................................................... 204 

List of tables 

Chapter 1 

Table 1.1.  Antimicrobial groups based on mechanism of action .............................. 19 

Chapter 3 

Table 3.1.  Minimum inhibitory concentration (MIC) (μg/ml) and minimum biofilm 

eradication concentration (MBEC) determinations (μg/ml) for epoxy-tiglianes 

against chronic wound infection bacteria ........................................................... 91 

Chapter 4 

Table 4.1.  Characteristics of colistin-sensitive (COLSens) and COLR (mcr) 

Enterobacteriaceae used in this study ............................................................. 131 

Table 4.2.  Minimum inhibitory concentration (μg/ml) for antibiotics against MDR 

bacteria and fractional inhibitory concentration index determinations for epoxy-

tiglianes and antibiotic combinations against MDR bacteria ........................... 140 

Table 4.3.  Minimum inhibitory concentration (μg/ml) for COL against E. coli and 

fractional inhibitory concentration index determinations for epoxy-tiglianes and 

COL against E. coli mcr strains.  Best (lowest effective) combinations (μg/ml) of 

COL and epoxy-tiglianes from the checkerboard assay are also shown. ......... 143 

Chapter 5 

Table 5.1.  Minimum inhibitory concentrations (μg/ml) and minimum bactericidal 

concentrations (μg/ml) for epoxy-tiglianes against oral bacteria ..................... 188 



 XXII 

Table 5.2.  Minimum biofilm eradication concentration (μg/ml) assays for epoxy- 

tiglianes against oral bacteria ........................................................................... 197 



 

 

 

Chapter 1  

General Introduction 

  



 2 

1.1. Introduction 

It is of increasing concern that many bacterial infections persist in the body for long 

periods of time and can survive antibiotic treatment if the pathogens present are 

resistant or tolerant to antibiotics (Fisher et al. 2017).  Persistent chronic infections 

caused by these bacteria can be difficult, if not impossible, to eradicate completely 

using currently available antibiotics, as is the case for Staphylococcus aureus, 

Pseudomonas aeruginosa and Enterococcus faecalis in chronic skin wounds (Siddiqui 

and Bernstein 2010; Alhede et al. 2014; Dezube et al. 2019); often requiring prolonged 

or repeated courses of antibiotics (Grant and Hung 2013).  

As a result of the over-reliance on, and misuse of, antibiotics many bacteria have 

developed or acquired resistance to antibiotic and antimicrobial therapies, e.g. 

methicillin-resistant Staphylococcus aureus (MRSA).  Antibiotic resistance has 

emerged rapidly and spread widely following the introduction of individual antibiotic 

therapies (Lieberman 2003; Saleem et al. 2019; Vestergaard et al. 2019) and is 

associated with increased morbidity and indeed mortality in hospitalised patients 

(Prestinaci et al. 2015; Sowole et al. 2018).  The global health challenge of the 

antimicrobial resistance (AMR) crisis is increasing annually, and it has been predicted 

to result in >10 million deaths a year by 2050 (O’Neill. 2016).  In the United States, 

the Centers for Disease Control and Prevention have calculated that the cost of treating 

AMR adds an annual $20 billion burden to healthcare costs.  This amount does not 

include an estimated $35 billion cost in lost productivity (Dadgostar 2019).   

The decreased effectiveness of the antibiotics and therapeutic methods currently in use, 

as well as inadequate investment in the development of new agents, is a stark warning 

to improve the worldwide regulation of antibiotic prescribing and at same time, to 

explore adjuvants and novel agents from nature to overcome this worldwide MDR 

crisis (AlSheikh et al. 2020).  Attempts to improve the current situation include public 

health measures to reduce the prescription of antibiotics in veterinary and human 

medicine (Servia-Dopazo et al. 2021), elimination of antibiotics from the food chain, 

discovery programmes to encourage the development of novel antibiotic structures and 
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attempts to develop adjuvant therapies to potentiate the activity of existing antibiotics 

against resistant bacteria (George 2017; AlSheikh et al. 2020). 

1.2. Antimicrobial compounds in plants 

Plants on earth have developed basal defence strategies to avoid predation and 

bacterial colonisation.  The rich chemical diversity in plants (such as tannins, 

terpenoids, alkaloids, and flavonoids) can protect plants through inhibiting antibiotic 

resistant strains of pathogenic bacteria (Sibanda and Okoh 2007; Mahizan et al. 2019; 

Maisetta et al. 2019; Biharee et al. 2020; Casciaro et al. 2020). 

Of the estimated 250,000 plant species on earth <10% of plants are utilised by humans, 

with only a fraction studied for their antimicrobial activity (Savoia 2012; Holzmeyer 

et al. 2020; Rahman et al. 2021).  Natural antimicrobial compounds (NACs), 

containing a wide variety of secondary metabolites, have long been recognised as a 

little-exploited alternative strategy to control MDR related infections (Savoia 2012)  

with researchers studying the antimicrobial effects of plant extracts against pathogens 

such as Parahemolyticus, Staphylococcus epidermis, E. faecalis, P. aeruginosa, 

Salmonella spp., Klebsiella spp., S. aureus and Escherichia coli (Chang et al. 2001; 

Atef et al. 2019; Abd El-Hack et al. 2020).  Studies have suggested that NAC may 

work as adjuvants to prolong the life span of current antibiotics (Wright 2016; 

Melander and Melander 2017).   

Terpenes (C5H8)n are a class of secondary metabolites derived from plants (Figure 

1.1).  Whilst structural differences exist between over 55,000 terpene compounds 

(structurally characterised by different carbon skeletons) the compounds all contain a 

similar biosynthetic pathway, with the fusion of five-carbon isoprene units 

representing the basic structural unit of terpenes (Ashour et al. 2010; Ludwiczuk et al. 

2017; Guimarães et al. 2019).  The commonly identified terpenes differ in isoprene 

unit number, including monoterpenes and sesquiterpenes, whilst longer chain 

compounds such as diterpenes and triterpenes were also found in plants (Nazzaro et al. 

2013; Swamy et al. 2016; Mahizan et al. 2019).  Terpenoids, also known as isoprenoids, 

are derivatives of terpenes with the addition or removal of some functional groups of 
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terpenes.  Hence, the pharmacological properties of different terpenoids can be 

determined from their functional groups (Ludwiczuk et al. 2017).  Terpenes and 

terpenoids are commonly used as one of the major components of essential oils, which 

have been reported to have antioxidant and antimicrobial activities in many previous 

studies (Guimarães et al. 2019; He et al. 2020; Masyita et al. 2022).  The hydroxyl 

group of the phenolic terpenoids and delocalised electrons have been shown to be 

essential factors that determine antimicrobial activity, with linalool, menthol, 

carvacrol, thymol, linalyl acetrate, piperitone, geraniol, and citronella being amongst 

the best studied terpenoids (Mahizan et al. 2019). 

Diterpenes (C20H32) are, a class of natural organic compounds that consist of isoprene 

subunits (Neto et al. 2015).  Hydrogen bonding parameters were found to be the key 

factor associated with antimicrobial activity of diterpenes.  In contrast, low water 

solubility was associated with poor antimicrobial activity (Griffin et al. 1999; Mahizan 

et al. 2019).  Diterpenes have been used as resistance-modifying agents in the 

treatment of staphylococcal infections in vivo and were found to synergistically 

interact with fluoroquinolones leading to an up to 16-fold reduction in MIC in vitro 

(Gupta et al. 2016).  Furthermore, diterpenoids also showed biofilm disruption and 

inhibition effects against AMR staphylococci (Kuźma et al. 2007). 

 

 

Figure 1.1.  Chemical structures of terpenes 

Isoprene
α-pinene β-pinene δ-3-carene d-limonene camphene myrcene

β-phellandrene α-terpinene ocimene terpinolene γ-terpinene isoprene
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1.2.1. Bioactivities of terpenes  

Terpenes have a range of biological activities in the plant kingdom and are associated 

with growth, development, and resistance to environmental stressors (Rijo et al., 2013).  

As previously reported in the literature, several terpenes (and terpenoids) have been 

employed in medicine as pharmaceutical agents with anti-inflammatory (Gallily et al. 

2018), anti-tumour (Salminen et al. 2008; Cör et al. 2018) and antioxidant activities 

(Guimarães et al. 2019; Wang et al. 2019a).  The potential antibacterial role of terpenes 

against antibiotic resistant bacterial strains has previously also been demonstrated 

(Imane et al. 2020).  Workers have suggested that combining existing antibiotics with 

these phytochemical agents may be useful, to produce synergistic effects in enhancing 

the efficacy of existing antibiotics (Langeveld et al. 2014).   

Terpenes and terpenoids can be extracted from different parts of a plant such as the 

leaves, bark, roots, fruits and flowers (Cappiello et al. 2020).  However, due to their 

low yield from plant material, semi-synthetic and synthetic derivatives of these 

structures have been generated and their activity reported in the literature (Thimmappa 

et al. 2014; Cappiello et al. 2020).  Diterpene compounds are all characterised by the 

C20 carbon skeleton formed by four isoprene units (Cappiello et al. 2020).  The 

diterpene phorbol, which belongs to the tigliane skeleton, was first isolated after 

hydrolysis of the seed oil of Croton tiglium in 1931 (Demetzos and Dimas 2001).  Later 

it was also found in other plant species of the Euphorbiaceae and Thymelaeaceae  

including their roots, seeds, latex, lactiferous tubes, stem, leaves and whole plants 

(Beutler et al. 1989; Wang et al. 2015).   

1.2.2. Epoxy-tiglianes (EBCs)  

Epoxy-tiglianes are small bioactive molecules, either purified from the blushwood tree 

(Fontainea picrosperma) from the tropical rainforests of Australia (Queensland) or 

semi-synthesised from the prototype diterpene ester, EBC-46 (tigilanol tiglate; 12–

Tigloyl–13-[2–methylbutanoyl]–6,7-epoxy-4,5,9,12,13,20-hexahydroxy-1-tigliaen-3-

one) Figure 1.2 (Barnett et al., 2019).  EBC-46 has a similar molecular structure to   
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Figure 1.2.  Images of blushwood tree fruit and chemical formula of EBC-46  (a) 

Fruit of blushwood tree (Fontainea picrosperma); (b) Fruit seed; (c) Chemical formula 

of EBC-46 (Mr. 562.65 g/mol) which has a similar molecular structure to phorbol 12-

myristate 13-acetate (PMA; rings A, B, C, D and groups in green circles) and a unique 

hydroxyl group on C5, as well as an epoxy group on C6 and C7 (violet circles).  Picture 

courtesy of Qbiotics Group Ltd. 

 

 

Figure 1.3.  Molecular structures of EBC-1013, EBC-147 and PMA  (a) Chemical 

formula of PMA (Mr. 616.8 g/mol); (b) Chemical formula of EBC-1013 (592.3 g/mol); 

(c) Chemical formula of EBC-147 (536.6 g/mol).  Picture courtesy of Qbiotics Group 

Ltd. 

EBC-147EBC-1013PMA

(a) (b) (c)
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the PKC-activating compound phorbol 12-myristate 13-acetate (PMA; MW 616.8 

g/mol; Figure 1.3 a; Boyle et al. 2014) but contains an extra hydroxyl group on C5 

and a unique epoxy group on C6 and C7 (Figure 1.3 a).  In vivo, EBC-46 exhibits anti-

tumour properties and is licensed for use in companion animals against mast cell 

tumours (Stelfonta®; Barnett et al. 2019).  The local application of EBC-46 in tumours 

in domesticated animals, induces rapid hemorrhagic necrosis in a range of tumours 

including: sarcomas, carcinomas, mastocytomas, and melanomas (Campbell et al. 

2014).  An interesting clinical observation associated with the anti-tumour properties 

of EBC-46 has been the stimulation of exceptional dermal wound healing, 

characterised by accelerated wound re-epithelialisation, closure, and minimal scarring.  

More importantly, this occurred with only transient localised adverse effects e.g., pain 

and swelling (Campbell et al. 2014; Lickliter et al. 2015). 

Similar to PMA, EBC-46 is a PKC-activator but activates a more specific subset of 

PKC isoforms (PKC-βI, -βII, -α and -γ) when compared to PMA (Boyle et al. 2014).  

Although PMA is a tumour promotor (Emerit and Cerutti 1981), EBC-46 has the 

opposite effect, having been shown to potently destroy solid tumours by a combination 

of several modes of action.  These include direct disruption of tumour vasculature; 

initiation of acute, but highly localised, pro-inflammatory responses; and local 

recruitment and activation of leukocytes (Boyle et al. 2014; Campbell et al. 2014).  In 

addition, a more recent study has shown that the alkyl-branching features of the C12-

ester of EBC-46 influence its potency, with the 6,7-epoxide structural motif and 

position critical to PKC activation in vitro (Cullen et al. 2021).  Thus, epoxy-tiglianes 

belong to a discrete subclass of PKC activators differing in their biological activity 

when compared with the “tumour-promoting tigliane diterpenes” such as PMA 

(Devappa et al. 2013).   

The ability to synthesise epoxy-tigliane structures with differing PKC-stimulating 

activity has been useful in attempting to study the relationship between structure and 

function.  In the context of the studies in this thesis, I have studied the biological 

activity of 3 EBC structures; the prototypical EBC-46, the semi-synthetic EBC-1013 

(Figure 1.3 b) comprised of hexanoate (-C6H11O2) side chains on C12 and C13 (i.e. 
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identical to PMA in this respect) but with increased solubility and EBC-147 (Figure 

1.3 c) a compound most structurally related to EBC-46, but with a shorter C12 ester.  

1.2.3. Epoxy-tiglianes as potential antibacterial agents  

The first clinical application of tigilanol tiglate (EBC-46) was in the intra-lesional 

treatment of tumours, which is currently marketed as Stelfonta® (Lickliter et al. 2015).  

Having observed the preferential healing of EBC-46 treated wounds, veterinarians 

started treating infected skin wounds with topical and intra-dermal applications of 

EBC-46, especially in chronically infected skin wounds, which were unresponsive to 

conventional surgical, antibiotic and steroid therapy (Figure 1.4).  Here in a wide 

range of infected wounds e.g., bite- and thermal injury, clinicians observed the ability 

of EBC-46 to resolve infection and promote healing.  The precise mechanisms by 

which these effects occur in chronic wounds have yet to be elucidated.  The application 

of topical epoxy-tigliane (EBC-46) and the subsequent induction of healing of chronic  

 

Figure 1.4.  Resolution of a chronic deep necrosing injury on the face of a dog 

following topical treatment with EBC-46.  Picture courtesy of Qbiotics Group Ltd. 
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wounds may reflect PKC activation in the resident cell populations combined with 

induction of the innate immune response, as observed in tumour treatment (Boyle et 

al. 2014; Campbell et al. 2014; Cullen et al. 2021).  Thus, epoxy-tiglianes stimulate 

PKC activation within chronic wound sites and promote innate immune system and 

healing responses could be further investigated as a mode of action. 

Previous studies have revealed the importance of bacteria in mediating the chronicity 

of chronic wounds (Percival et al. 2012).  Initially, chronic and acute dermal wounds 

are vulnerable to the development of microbial communities within the wound 

environment, due to loss and disruption of the sterile innate barrier function of the skin.  

Thus, bacterial biofilms are thought to establish on the wound surface and are 

implicated in both the failure of wounds to heal and the occurrence of chronic 

inflammation (Percival et al. 2012).  Furthermore, due to the heterogeneity of the 

wound-biofilm environment, within the biofilm itself, populations of cells, including 

persister cells, can lead to the development of different levels of resistance to 

antimicrobial agents throughout the biofilm community (Percival et al. 2011).  Within 

chronic wounds, the bacterial biofilm itself results in impaired cell (leukocytes, 

keratinocytes, endothelial cells and fibroblasts) functions and a prolonged 

inflammatory phase (Zhao et al. 2013).  Wound biofilms also affect the inflammatory 

cellular response, stimulating the host innate immune response including Toll-like 

receptors (TLRs), Nod-like receptors, antimicrobial peptides, chemokines and 

cytokines.  For example, for cystic fibrosis (CF) patients chronically infected with P. 

aeruginosa , TLR5 was the only Myeloid differentiation primary response 88 

(MyD88)-dependent TLR that was increased in neutrophils (Koller et al. 2008); a 

response that was likely promoted by G-CSF, IL-8 and TNF-α and by the interaction 

of bacterial lipoprotein with TLR2 and TLR1 (Kawai and Akira 2010; Moser et al. 

2021).  However, as previously reported, antibiotics are frequently used for the 

management of chronic wounds (both systemic and topical), often despite the lack of 

clinical evidence for their use (Howell-Jones et al. 2005).  Thus, increased levels of 

antibiotic prescribing in this particular patient group are likely to be directly associated 

with AMR in chronic wound bacteria (Howell-Jones et al. 2006).  
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Whilst debridement is a common and effective treatment for chronic wounds, it is 

extremely difficult to remove the microorganisms that are located in the deep dermal 

tissues using debridement alone (Verbanic et al. 2020).  The use of topical antibiotics 

is therefore also common, with a theoretical potential to deliver high local 

concentrations of antibiotic, irrespective of vascular supply (Howell-Jones et al. 2005; 

Powers et al. 2016).  The treatment for non-healing chronic wounds therefore includes 

either decontamination of the wound surface with antiseptic or, in the presence of 

infection, antibiotic therapy together with debridement (Lipsky and Hoey 2009; Han 

and Ceilley 2017). 

The application of topical epoxy-tigliane (EBC-46) and the subsequent induction of 

healing of chronic wounds may reflect PKC activation in the resident cell populations 

combined with induction of the innate immune response, as observed in tumour 

treatment (Boyle et al. 2014; Campbell et al. 2014; Cullen et al. 2021).  The direct 

interaction of epoxy-tiglianes with bacteria within the wound-bed had not yet been 

fully investigated and thus PKC activation represents an important potential 

mechanism for the observed healing in these chronic animal wounds.   

1.3. Bacterial pathogens 

Bacteria are single-celled prokaryotic microorganisms with a wide range of shapes 

(bacillus, coccus, spiral) and sizes (between 0.2-20 µm in diameter and 2-8 µm in 

length) (Levin and Angert 2015).  The cell wall is rigid, porous and relatively 

permeable to molecules < 1 nm, closely covering the cytoplasmic membrane 

(Greenwood et al. 2012; Silhavy et al. 2010).  

Gram-positive bacteria (Figure 1.5) have a single cytoplasmic membrane surrounded 

by a relatively thick and uniform peptidoglycan layer (20-80 nm) (Mai-Prochnow et 

al. 2016).  In contrast, Gram-negative bacteria (Figure 1.6) contain both a thin 

peptidoglycan layer and an outer membrane (OM) which acts as an additional barrier 

(Malanovic and Lohner, 2016).  The cytoplasm of bacterial cells is bound by a thin, 

elastic cytoplasmic membrane, which is assembled by a semi-permeable phospholipid 

bilayer, with embedded integral proteins (Greenwood et al. 2012).  Peripheral proteins
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Figure 1.5.  Cell wall structure of Gram-positive bacteria.  
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Figure 1.4 Bacterial cell wall structure
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are loosely associated with the membrane by charge interactions.  The cytoplasmic 

membrane plays a crucial role in metabolic activities of the cell including: synthesis 

and removal of cell-wall components, respiration and energy metabolism, secretion of 

extracellular enzymes and toxins and transport of nutrients into the cell.  The folds of 

the cytoplasmic membrane contain special intracellular membrane structures, called 

mesosomes, which occur more often in Gram-positive bacteria and are involved in 

chromosomal separation, cellular respiration and metabolism (Silhavy et al. 2010). 

Gram-positive bacteria have a relatively-thick cell wall, which contains a single lipid 

membrane and a thick peptidoglycan/lipoteichoic acid layer (Navarre and Schneewind, 

1999).  The thick peptidoglycan layer contains a large number of related polymers 

including teichoic acid, teichuronic acids and proteins (Scheffers and Pinho 2005).  In 

contrast, the peptidoglycan layer of Gram-negative bacteria is thin, with weak cross-

links.  There is also an extra OM, which contains LPS on its outer surface and 

phospholipids on its inner surface.  Lipoproteins (Braun’s lipoprotein), which are 

characterised by the presence of a conserved N-terminal lipid-modified cysteine 

residue, act as anchors connecting the OM to the peptidoglycan surface (Nakayama et 

al. 2012).  Porins act as channels on the OM formed by proteins (e.g. OmpF, OmpC 

and PhoE), showing general preferences for the charge and size of the solute and 

allowing the passive diffusion of hydrophilic molecules into the periplasmic space 

(Nikaido, 2003).   

LPS, a so-called ‘endotoxin’ or ‘pyrogen’, is one of the major membrane components 

of Gram-negative bacteria, in the OM (Caroff and Novikov, 2019).  LPS consists of 

three distinct regions: lipid A, an O-chain and a core polysaccharide, which connects 

with unusual sugars, including (2-keto-3-deoxyoctonate).  LPS molecules are released 

on bacterial cell lysis and are responsible for biological activities such as endotoxic 

shock in the pathogenesis of Gram-negative bacterial infections (Raetz and Whitfield 

2002).  LPS causes a net negative charge on the cell surface and may hinder the access 

of toxic molecules to the surface of bacteria as well as being important in biofilm 

formation (Flemming et al. 2007). 
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1.3.1. Bacteria in chronic infections  

Wound infection is a continuous process, beginning with contamination through 

bacterial colonisation of “broken” skin, which in turn leads to local infection, and then 

spreading infection, which may eventually result in cellulitis or septicaemia (Edwards 

and Harding 2004; Rezvani Ghomi et al. 2019).  Chronic wound infections are 

generally polymicrobial e.g. 85% of diabetic foot ulcer wounds with no particular 

pattern of coinfection, were found to be polymicrobial (Suryaletha et al, 2018).  A 16S 

rRNA pyrosequencing study from >2500 non-healing skin wounds including foot 

ulcers, venous leg ulcers and non-healing surgical wounds revealed Staphylococcus 

and Pseudomonas spp. were the most common genera, identified in 63% and 25% of 

the wounds, respectively (Wolcott et al. 2016).  Notably, this study also revealed that 

approximately 25% of the tested chronic wound samples were populated by MRSA 

(Wolcott et al. 2016).  S. aureus and P. aeruginosa were also reported to be the most 

isolated AMR strains in chronic wounds by other researchers (Gjødsbøl et al. 2006, 

Fazli et al. 2009, Mihai et al. 2017).  A retrospective study reported 28 species isolated 

from 217 chronically infected wounds from diverse aetiologies (leg ulcers, diabetic 

foot ulcers and pressure ulcers) (Bessa et al. 2013), including S. aureus (37%), P. 

aeruginosa (17%), Proteus mirabilis (10%), E. coli (6%) and Corynebacterium spp. 

(5%).  Numerous studies have shown that the polymicrobial microflora undergoes 

phenotypic and genetic changes to sustain the adverse environmental conditions within 

the chronic wounds, impairing the healing process through inhibition of cell 

proliferation, cell migration and causing cell death (Dalton et al. 2011; Pastar et al. 

2013; Trøstrup et al. 2013; Gajula et al. 2020). 

MRSA strains are one of the most prevalent and pertinent MDR bacteria.  It is an 

opportunistic pathogen that emerged in the 1960’s in British health-care institutions 

(mainly intensive care units), and now accounts for 40-60% of all healthcare-

associated S. aureus infections (Porto et al. 2013).  It causes severe skin and soft tissue 

infections, bone and joint infections, abscesses and endocarditis (Sowole et al. 2018).  

MRSA resistance is due to acquisition of the mecA gene, which encodes for a modified 

penicillin-binding protein (PBP2a), although this is now associated with resistance to 

multiple antibiotics, not just methicillin.  It cannot be inhibited by methicillin and is 
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able to displace other PBPs, thus allowing survival of the strain in the presence of 

methicillin (Ostojić and Hukić 2015).  Contrary to the penicillinase gene, the mecA 

gene is not located on a plasmid but on the bacterial chromosome.  The mecA gene is 

a component of the larger staphylococcal chromosomal cassette mec, also known as 

the SCCmec region (Ostojić and Hukić 2015, Liu et al. 2016a), a mobile genetic 

element.  In the UK, MRSA clonal dynamics are relatively stable, although a shift in 

dominant clones has been seen from clonal complex (CC) 30 SCCmecII isolates in the 

1990s (EMRSA-16), to CC22 SCCmecIV in the 2000s (EMRSA-15); which is now 

the leading epidemic strain associated with UK MRSA infections (Wyllie et al. 2011).  

In 2020, CC22 (EMRSA-15) remains dominant in the UK (Donker et al. 2017; de Vos 

et al. 2021) and it seems shorter hospital stays may have led the switch from 

predominantly CC30 to CC22 (de Vos et al. 2021).  In China, the proportion of S. 

aureus isolates that were MRSA was 44.6% in 2014, which associates with 

significantly higher hospital cost than those S. aureus infections (Zhen et al. 2020).  

Among 565 MRSA isolates tested in different places in China between 2014 and 2020, 

CC 59 (31.2%), CC5 (23.4%) and CC8 (13.63%) have been reported to be the most 

common lineages, and the virulence determinant profiles and antibiograms of these 

MRSA strains were highly related to the clonal lineage (Wang et al. 2022).  Further 

analysis showed that CC59 MRSA was less resistant to most tested antimicrobials 

including tetracycline, gentamycin, fusidic acid and mupirocin, while CC8 and CC5 

MRSA were closely linked with rifampicin and mupirocin resistance, respectively 

(Wang et al. 2022).   

Streptococcus pyogenes (colloquially named “group A Streptococcus”) is a major 

human-specific bacterial pathogen that normally colonises the nasopharynx and skin 

of healthy individuals (Maddocks et al. 2012).  S. pyogenes infects 18.1 million people 

worldwide, resulting in 500,000 deaths each year (Avire et al. 2021).  Skin wounds 

provide an entry route for S. pyogenes into the host, damaging tissues including the 

matrix of proteins such as collagen, albumin, fibronectin and fibrinogen.  These 

proteins provide a plethora of ligands for opportunistic pathogens such as streptococci 

to adhere to (Kubo et al. 2001; Brouwer et al. 2017).  More recently, an alternate 

noncanonical mechanism has been observed for S. pyogenes biofilm formation which 

does not require transition from microcolony formation to biofilm maturation (Matysik 
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and Kline 2019).  S. pyogenes can readily form biofilms, and within them, numerous 

cell-wall-anchored adhesins specifically attach to human tissue protein ligands and 

promote more bacteria to aggregate (Maddocks et al. 2011; Thenmozhi et al. 2011).   

Acinetobacter baumannii has long been reported to cause serious infections among 

critically-ill patients with central venous lines in intensive-care units.  The treatment 

of such patients can be seriously undermined by antimicrobial resistance, particularly 

carbapenem resistance (Poirel and Nordmann 2006; Peleg et al. 2008; Garnacho-

Montero and Timsit 2019).  Moreover, a number of A. baumannii strains now possess 

broad-spectrum antimicrobial resistance, having undergone considerable genetic 

modification in acquiring or upregulating antibiotic drug resistance to several other 

antibiotic classes over the last few decades (Peleg et al., 2008).  The resistance of A. 

baumannii against carbapenems is mostly related to β-lactamase production such as 

IMP-like carbapenemases and/or oxacillinases (OXA) (Poirel and Nordmann 2006).  

The chromosomal introduction of the insertion sequence ISAba1 upstream of the 

blaAmpC gene was found to considerably enhance β-lactamase expression, resulting in 

high resistance to cephalosporins (Corvec et al. 2003).  A previous study of 84 A. 

baumannii isolates, detected genes encoding the blaOXA-51-like (100%),  blaOXA-23-like 

(53.57%), blaOXA-24-like (41.66%) and blaOXA-58-like (30.95%) β-lactamases that were 

chromosomally located in these isolates (Tafreshi et al. 2019).  Similarly, Nowak et al. 

(2012) showed the presence of blaOXA-51-like genes and ISAba1 in all 104 carbapenem-

resistant isolates.  Unfortunately, resistance to carbapenems is growing in A. 

baumannii isolates at an alarming rate, which also suggests that new antimicrobial 

agents are urgently needed for the treatment of these MDR bacteria. 

P. aeruginosa is an opportunistic pathogen and thus a common cause of nosocomial 

infections, being especially prevalent among patients with bloodstream infections, 

burn wounds, CF, acute leukaemia, organ transplants, pneumonia and intravenous-

drug addiction (Hattemer et al. 2013; Turner et al. 2014; Bodro et al. 2015; Restrepo 

et al. 2018; Pallett et al. 2019; Shi et al. 2019).  CF patients are usually continuously 

exposed to multiple antibiotics and thus lead to increased risk of developing infections 

with MDR bacteria (Hahn et al. 2018).  P. aeruginosa is one of the most common 

pathogens identified from respiratory specimens in CF patients at 8.8 years old 
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(Marvig et al. 2015), where it then undergoes considerable selective pressure from 

systemic and chronically inhaled antibiotics, the host immune system, and oxidative 

stress within the CF lung biofilm  (Law et al. 2019; Oakley et al. 2021).  Moreover, 

infection with MDR P. aeruginosa was reported to be associated with increased 

mortality (OR = 4.4; P = 0.04) and decreased functional status for patients (Aloush et 

al. 2006).   

Due to the low permeability of its cell wall (Mesaros et al. 2007), P. aeruginosa is 

intrinsically resistant to many structurally unrelated antibiotic classes.  For example, 

the constitutive expression of β-lactamases by P. aeruginosa is capable of inactivating 

a number of antibiotic species related to β-lactam antimicrobials (including penicillin 

G and aminopenicillins) by breaking the β-lactam ring, disrupting its amide bond, 

thereby inhibiting their antibacterial activity (Rocha et al. 2019).  Once exposed to an 

antibiotic environment, P. aeruginosa can alter its resistance, rapidly undergoing 

chromosomal mutation due to its genetic plasticity.  Furthermore, P. aeruginosa can 

also receive additional resistance genes from other organisms through horizontal gene 

transfer (Lambert 2002).   

E. coli is commonly found to be the causative organism in cases of pneumonia, urinary 

tract infections, and diarrhoea (Sowole et al. 2018).  An increase in the number of 

MDR E. coli isolates has previously been reported (Sáenz et al. 2004).  It has also been 

reported that 10.3% of E. coli isolates from cystitis patients in an international AMR 

epidemiological survey were resistant to at least three different classes of antimicrobial 

agents (MDR strains), including ampicillin (48.3%), trimethoprim/sulfamethoxazole 

(29.4%) and nalidixic acid (18.6%) (Schito et al. 2009).  Moreover, widespread 

resistance in community-associated E. coli isolates to extended-spectrum β-lactamases 

or plasmid-mediated AmpC β-lactamases has also been observed (Pitout 2013).  In 

addition, the rise of infections in animals and humans caused by the plasmid-mediated 

colistin resistance gene, mcr-1 now often identified in E. coli strains, was first reported 

in 2016 in China (Liu et al. 2016b).  More worrying still, is the existence of mcr-1 in 

E. coli alongside carbapenem resistance genes, (including blaNDM and blaKPC), 

making these MDR infections extremely hard to treat (Wang et al., 2017). 
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1.4. Antibiotic resistance  

Antimicrobial agents have greatly helped with the battle with infectious diseases and 

can be classed into different groups based on the their mechanism of antimicrobial 

activity, which includes inhibition of cell wall synthesis, targeting the cell membrane, 

inhibition of protein synthesis, inhibition of nuclei acid synthesis, and inhibition of 

metabolic pathways in bacteria (Table 1.1).  On the other hand, due to the over-

reliance on, and misuse of antibiotics, many bacteria have evolved resistance 

mechanisms, which have spread widely between bacteria (Magiorakos et al. 2012).  

An increasing number of AMR pathogens have been reported to be associated with 

nosocomial infection, disease severity and mortality (Santajit and Indrawattana 2016; 

Dadgostar 2019).  Acquired AMR genes can arise from either chromosomal mutation 

or gene transfer between bacteria via mobile genetic elements such as plasmids, 

transposons, integrons and bacteriophages (Giedraitienė et al. 2011).  AMR 

mechanisms detected in MDR bacteria may include: reduced antibiotic permeation due 

to modification of the bacterial cell wall; activation of antibiotic degradation caused 

by modification of enzymes; expression of antibiotic efflux pumps (actively removing 

antibiotics) and mutations in genes and their horizontal gene transfer to gain resistance 

(Figure 1.7)  (Munita and Arias 2016).  A group of nosocomial pathogens the so called 

“ESKAPE pathogens” have been reported to be responsible for a substantial 

percentage of MDR infections in modern hospitals (Rice 2010).  ESKAPE pathogens 

include the Gram-positive and Gram-negative species: E. faecium, S. aureus, 

Klebsiella pneumoniae, A. baumannii, P. aeruginosa, and Enterobacter spp. (Santajit 

and Indrawattana 2016).  ESKAPE pathogens have also been reported to “escape” 

from the biocidal action of antimicrobial agents.  Thus, development of novel 

antimicrobial agents to treat MDR infections, especially those caused by ESKAPE 

pathogens is urgently needed. 

1.5. Biofilms and biofilm structure 

In nature, biofilms are dynamic and complex biological systems, which can be 

regulated and modified by a number of factors, including surface properties, nutrient  
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Figure 1.7.  Antibiotic resistance mechanisms in bacteria.  

Table 1.1. Antimicrobial groups based on mechanism of action.  
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availability, pH, and temperature (Sauer 2003; Zhou et al. 2018; Schilcher and 

Horswill 2020).  The polymicrobial biofilm studies have shown that different nutrient 

resources (such as sucrose and galactose) significantly affect the composition of the 

bacteria within the biofilms (Zhou et al. 2018).  Thus, biofilm formation is a survival 

strategy for bacteria enabling them to persist in the human host and spread to new sites 

of infection (Schilcher and Horswill 2020; Klančnik et al. 2021).  The formation 

process of biofilms (Figure 1.8) begins with microorganisms reversibly and 

irreversibly attaching to and growing on a surface.  These cells then produce a self-

made extracellular polymeric substance (EPS; characteristic of the strain) that 

facilitates bacterial attachment and biofilm matrix formation, resulting in an alteration 

in the phenotype of the organisms with respect to growth rate and gene transcription 

(Donlan 2001).  

  

1.5.1. Biofilm formation 

The initial stage of biofilm formation is dependent on the physical properties of the 

substrate including: hydrophobicity/hydrophilicity and surface roughness.  The 

Figure 1.8.  The different stages of biofilm formation.  
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adsorption of (macro) molecules onto the substrate, also known as conditioning film, 

changes the physicochemical properties of the surface and affects bacterial adhesion 

(Donlan, 2001).  A conditioning layer can form in any aqueous environment, including 

on medical devices like catheters and heart valves, in the bloodstream or on natural 

teeth (Croes et al. 2009; Zijnge et al. 2010; Stewart and Bjarnsholt 2020).  The most 

well described conditioning layer (acquired pellicle) is found in formation of the 

archetypal biofilm, dental plaque (Zijnge et al. 2010; Marsh et al. 2015).  

Initial attachment is dynamic and reversible, allowing bacteria to detach and re-join 

the planktonic population (Dunne 2002; Kostakioti et al. 2013).  Physical forces such 

as van der Waal's forces, steric interactions and electrostatic interactions, collectively 

termed the DLVO theory (Derjaguin, Landau, Verwey and Overbeek), are long-range 

forces associated with initial bacterial adhesion (Garrett et al. 2008).  There is a 

“balance” between attractive (van der Waals force) and repulsive interactions from the 

overlap between the electrical double layer of the bacterial cell and the substratum  

(Hermansson 1999).  Initially these forces maintain bacterial adhesion to the surface 

until permanent attachment is established (Zheng et al. 2021b).  The presence of 

bacterial appendages e.g. pili, flagella, fimbriae and/or the glycocalyx also influence 

the rate and efficiency of microbial attachment (Jamal et al. 2018).   

Irreversible adhesion is attained by bacteria that can endure shear forces and remain 

attached to the surface (Kostakioti et al. 2013).  A number of the reversibly adsorbed 

bacterial cells become immobilised through association with physical bacterial 

appendages which overcome the physical repulsive forces of the electrical double layer 

(Garrett et al. 2008).  This irreversible adsorption is mediated by chemical reactions 

e.g. oxidation, hydration and covalent bonding (Liu et al. 2004; Garrett et al. 2008; Al-

Amshawee et al. 2021).  

1.5.2. Biofilm maturation and extracellular polymeric substances  

Once microbial cells irreversibly adhere to surfaces, they rapidly start dividing into 

daughter cells (binary division) and spread upwardly and outwardly, at the same time 

producing EPS and forming microcolonies (Hall-Stoodley and Stoodley 2002; Garrett 
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et al. 2008; Omar et al. 2017).  This process is initiated through specific chemical 

signalling within the EPS (Jamal et al. 2018).  Biofilm maturation speed depends on 

various environmental physical and chemical factors including temperature, fluid 

shear stress, pH, nutrient levels, as well as the rheological and adhesive properties of 

the biofilms themselves (Hunt et al. 2004; Garrett et al. 2008; Velmourougane et al. 

2017).  Microbial cell-communication occurs via autoinducer (AI) signalling.  This 

cell-to-cell communication process is essential in measuring and adjusting microbial 

cell density.  These AIs facilitate QS (See Section 1.5.4.4), which allows groups of 

bacteria to synchronously change behaviour in response to alterations in the microbial 

cell density and local species composition (Mukherjee and Bassler 2019).   

At this stage of maturation, cellular location, chemical composition and mechanical 

functions of EPS are all important to maintain biofilm formation (Toyofuku et al. 2016; 

Jamal et al. 2018).  The EPS matrix is complex and consists of mainly polysaccharides, 

proteins, extracellular deoxyribonucleic acid (eDNA) and lipids, although the 

predominant component is water (Koo et al. 2017; Fulaz et al. 2019).  EPS matrices 

are distributed between cells in a non-homogeneous pattern within biofilms (Di 

Martino 2018).  On the other hand, the viscoelastic nature of the EPS matrix provides 

mechanical integrity to the biofilm (Mevo et al. 2021).  The interstitial voids within 

the 3-dimensional structure of EPS matrices act as water channels and as a circulatory 

system to send essential nutrients, clear away waste products and protect cells against 

dehydration (Jamal et al. 2018, Xiao and Zheng 2016). 

1.5.3. Final stages of biofilm development 

In natural environments, mono- and multispecies microbial communities are 

extremely organised within biofilms, with coordinated multi-cellular behaviour that 

has led to the perception of biofilms as multicellular organisms or “cities of microbes” 

(Watnick and Kolter, 2000).  Biofilm-associated organisms grow more slowly than 

planktonic organisms because of oxygen depletion and nutrient-limitation (Donlan, 

2001).  Detachment may occur as a result of applied mechanical forces or as a reaction 

to changes in the surrounding environment.  Bacterial cells may then develop escape 

strategies to slough-off from the biofilm mass, through either cell growth or external 
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sheer forces (Krsmanovic et al. 2021).  Three types of escape strategies are described: 

desorption, detachment, and dispersion (Kim and Lee 2016; Petrova and Sauer 2016; 

Krsmanovic et al. 2021).   

Desorption can be observed in the early stages of biofilm formation, with bacterial 

transfer directly from a substratum to the bulk liquid (Petrova and Sauer 2016).  

Detachment may happen when biofilms suffer from external forces and are generally 

considered as shear-dependent and passive processes (Kim and Lee 2016).  The 

process of dispersion is characterised by an active phenotypic switch, which allows  

bacterial cells to leave biofilms (Petrova and Sauer 2016).  Previous studies on 

dispersed cells have revealed that they have a unique transitionary phenotype (e.g., the 

altered level of intracellular signalling molecule c-di-GMP [bis-(3′-5′)-cyclic 

diguanosine monophosphate] and increased expression of phosphodiesterases [PDEs]) 

and increased PDE activity, compared to biofilm and planktonic cells (Barraud et al. 

2009; Christensen et al. 2013; Chambers et al. 2017; Rumbaugh and Sauer 2020).   

1.5.4. Resistance mechanisms of biofilms to antimicrobial agents 

The establishment of biofilm communities is associated with an increase in their 

resistance to antiseptic and antimicrobial agents (Rabin et al. 2015; Jamal et al. 2018).  

The mechanisms believed to be responsible for this are described below. 

1.5.4.1. The extracellular polymeric substance matrix in biofilms   

The EPS matrix is, in part, secreted by bacterial cells and forms a putative barrier for 

the penetration of antibiotics and other antimicrobial agents.  This barrier is formed by 

the exopolysaccharide (the glycocalyx) component of biofilms (Bhando et al. 2019), 

which accumulates antibacterial molecules by up to 25% of its weight and puts a limit 

on the transportation of antibacterial molecules (Singh et al. 2017).  The EPS matrix 

is negatively-charged, and this may result in the biopolymer effectively “isolating” 

positively-charged heavy metal ions and dye-stuffs (Mohapatra et al. 2020).  Diffusion 

inhibition within the EPS matrix (Oubekka et al. 2012) can be achieved via various 

processes (antibiotic degradation, complex formation, chelation or sacrificial 
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oxidation mediated inactivation of antibiotics) either alone or in combination (Bhando 

et al. 2019).  Interestingly, some studies (Dunne et al. 1993, Stewart et al. 2000) 

showed that the exopolysaccharide matrix and other components of biofilm do not 

constitute an impenetrable barrier against the diffusion of antimicrobial agents 

suggesting that other mechanisms must participate in promoting biofilm cell survival 

e.g. active antibiotic sequestration within the EPS (Mah and O’Toole 2001).  Previous 

studies showed that a low molecular weight antimicrobial agent, OligoG CF-5/20 

(≥2%), was able to induce alterations in the EPS of established P. aeruginosa biofilms 

and significantly reduced the structural architecture of EPS polysaccharides, and 

eDNA, with a corresponding increase in nanoparticle diffusion and antibiotic efficacy 

against established biofilms (Powell et al. 2018).  Thus, antimicrobial agents targeting 

biofilm disruption represent an exciting potential for the treatment of biofilm-related 

infections. 

1.5.4.2. Horizontal transfer-mediated dissemination of resistance genes  

Conjugation is recognised as the main mechanism/greatest influence on the 

dissemination of antibiotic resistance genes in hospital environments and aquaculture 

(Lerminiaux and Cameron 2018) (Figure 1.9 a).  Cell-to-cell contact via highly 

specialised cell surface structures, pili or adhesins, is required for DNA transfer via 

conjugation, in a process mediated by integrative conjugative elements in the 

chromosome and/or by conjugative machinery encoded by genes on 

extrachromosomal autonomously-replicating plasmids (von Wintersdorff et al. 2016).  

The conjugation process leads to the transfer of bacterial DNA from donor to recipient 

cells (Bello-López et al. 2019).  Recent research showed that the E. coli encoded AMR  
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Figure 1.9.  Mechanisms of horizontal gene transfer.  (a) Conjugation is a process 

where bacterial DNA is transferred from the donor cell to the recipient cell.  (b) 

Transformation is the uptake, integration, and functional expression of naked 

fragments of extracellular DNA.  (c) Through specialised or generalised transduction, 

bacteriophages may transfer bacterial DNA from a previously infected donor cell to 

the recipient cell.  (d) GTAs are bacteriophage-like particles that carry random pieces 

of the producing cell's genome.  GTA particles may be released through cell lysis and 

spread to a recipient cell. 

(a) (b)

(c) (d)
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genes, tet(C), tet(W), blaTEM-1 and aac(3)-II were effectively (10 min) inactivated 

by plasma treatment.  Transfer of integron gene intI1 was also significantly suppressed 

(Li et al. 2021).  Hence, targeting conjugation could effectively control and inhibit the 

transfer of AMR genes in liquid environments.  

Transformation is the process whereby bacteria take up, integrate, and express naked 

fragments of eDNA and this process is facilitated chromosomally by encoded proteins 

(Lorenz and Wackernagel 1994; von Wintersdorff et al. 2016) (Figure 1.9 b).  This 

transformation process must cross the cytoplasmic membrane of the recipient bacteria 

through a highly conserved membrane channel (Shintani 2017).  Only 1% of the 

bacterial strains are naturally transformable (Jonas et al. 2001), including many human 

pathogens, such as Campylobacter, Haemophilus, Helicobacter, Neisseria, 

Pseudomonas, Staphylococcus and Streptococcus.  Chronic exposure to antibiotics 

such as mitomycin C and fluoroquinolone family can also induce competence comEA 

expression in many bacterial strains, indicating that antibiotics can stimulate 

transformation of AMR genes in resistant strains (Charpentier et al. 2010; Sturød et al. 

2018).  More worryingly, new concerns have been raised where some commonly used 

non-antibiotic pharmaceuticals, such as nonsteroidal anti-inflammatories, ibuprofen, 

naproxen, diclofenac, the lipid-lowering drug gemfibrozil, and the β-blocker 

propranolol, were shown to facilitate the transmission of exogenous AMR genes via 

bacterial transformation (Wang et al. 2020). 

Transduction is another observed horizontal gene transfer process, in which DNA 

transfer is promoted by independently replicating bacteriophages (bacterial viruses) 

(Figure 1.9 c).  Bacteriophages transfer genetic material between hosts using either 

generalised or specialised transduction.  Generalised transduction is the process where 

bacteriophages can randomly take microbial host DNA segments in their capsid and 

then inject it into a new host during the lytic cycle, whereas specialised transduction 

is limited to temperate bacteriophages that integrate their genomes into the host 

chromosome at specific locations (Arber 2014; Bello-López et al. 2019).   

Genetic exchange can also be carried out by so called gene transfer agents (GTAs) 

(Figure 1.9 d).  Host-cell produced particles that resemble bacteriophage structures 
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(phage-like particles) are capable of carrying and transferring a random section of their 

host cell genetic content (Lang et al. 2012).  GTA production is controlled by cell 

regulatory mechanisms and the release of GTAs is via cell lysis (McDaniel et al. 2010).  

The most-studied GTA is the particles of the GTA (RcGTA) from the α-

proteobacterium Rhodobacter capsulatus, with transfer triggered by environmental 

factors (Westbye et al. 2017).  RcGTA randomly packages host genome fragments at 

a lower DNA density than usually observed in tailed bacterial viruses (Esterman et al. 

2021).  Homologues of three genes (comEC, comF, and comM) involved in natural 

transformation in other bacteria are important for RcGTA-mediated gene acquisition 

(Brimacombe et al. 2015).  RcGTA-mediated gene transfer combines key aspects of 

transduction and transformation processes for cell entry, where donor DNA is 

packaged in transducing phage-like particles and recipient cells take up DNA using 

natural transformation-related machinery (Brimacombe et al. 2015).  While various 

potential functions of GTA-mediated gene transfer have been proposed, the most 

probable function is in promoting altruistic cooperation between related 

microorganisms (Lang et al. 2012). 

Integrons are genetic loci that consist of chromosomal integration sites, which are one 

of the main players in the spread of antibiotic resistance, especially in Gram-negative 

pathogens.  Integrons consist of three distinct elements: an integrase (intI) which 

catalyses site-specific excision and integration of gene cassettes within the integron 

(Hall and Mah 2017); a recombination site (attI) recognised by the integrase; and a 

promoter which enables efficient transcription and expression of gene cassettes present 

in the integron.  The stringent response (induced upon starvation) is reported to 

specifically upregulate the production of integron integrases in biofilms and induce 

higher excision frequency of antibiotic resistance gene cassettes than seen in 

planktonic bacterial cells (Strugeon et al. 2016).  Accordingly, integron mobilised 

antibiotic resistance genes are another example of how the biofilm lifestyle helps 

bacteria to acquire antimicrobial resistance determinants via horizontal gene transfer. 

1.5.4.3. Slow growth rate and dormancy 
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Nutrient limitation and reduced growth-rate are common features of the biofilm mode 

of growth (Lewenza et al. 2018).  Although antibiotics may kill the majority of cells 

in a biofilm, and the host immune system may further eliminate pathogens from the 

bloodstream, a small population of cells in biofilms can remain in a transiently non-

growing but viable state.  These cells are non-heritable phenotypic variants known as 

persister cells, which may “repopulate” biofilms when the concentration of antibiotics 

decreases (Wood et al. 2013, Lewis 2010).  Persisters are most often described as 

dormant cells (with reduced metabolic activity) and may survive antibiotic exposure 

as antibiotic target sites are deactivated (Lewis 2010).  In the stationary state, persister 

cells account for up to 1% of the biofilm (Wood et al. 2013).  Persister cells have been 

detected in the biofilms of various genera, including E. coli (Shah et al. 2006), P. 

aeruginosa (Mulcahy et al. 2010) and S. aureus (Grassi et al. 2017).  

The E. coli toxin–antitoxin (TA) pair (MqsR and MqsA) has been reported to influence 

biofilm formation and motility in persister cells via RNase activity, and via regulation 

of toxin CspD (Kim et al. 2010; Kim and Wood 2010).  Deletion of mqsRA was found 

to decrease formation of persister cells and, conversely, its overproduction, increased 

persister cell formation.  In fluoroquinolone-treated E. coli, Shan et al. (2017) revealed 

that decreased adenosine triphosphate (ATP) levels slowed RNA translation, and 

prevented the formation of DNA double-strand breaks, leading to persister formation.  

A recent study showed that when E. coli cells were pre-treated at stationary-phase with 

an ATP synthase inhibitor (chlorpromazine hydrochloride), significantly reduced 

stationary-phase-redox activities and E. coli persistence was observed alongside 

increased susceptibility to antibiotics (Mohiuddin et al. 2020).  This study revealed a 

possible strategy to eliminate AMR bacteria through select targeting of persister cell 

metabolism.  

1.5.4.4. Quorum sensing systems 

QS is a process of cell-to-cell communication that allows bacteria to regulate their 

gene expression in response to fluctuations in cell population density, and plays an 

important role in biofilm formation, swarming motility, expression of antibiotic efflux 

pumps and virulence factors (Abisado et al. 2018).  QS occurs via the production of 
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small diffusible signalling molecules (also known as autoinducers; AIs), which 

bacterial cells produce, detect and to which they respond (Peña-González et al. 2020).  

AIs are accumulated extracellularly triggering concentration-dependent gene 

expression to control different processes to resist environmental stress (Ahmed et al. 

2019; Khider et al. 2019).  Three different types of QS systems have been identified 

to date, based on their different self-inducible molecules:  (1) The most prominent are 

the acyl-homoserine lactones (AHL) in Gram-negative bacteria;  (2) Oligopeptides in 

Gram-positive bacteria and, (3) Furan borate diesters in both Gram-negative and 

Gram-positive bacteria (Zhao et al. 2020).  The QS signalling molecules regulated by 

AHLs are found principally in Gram-negative bacteria (in particular P. aeruginosa) 

(Figure 1.10) (Jack et al. 2018).  The QS systems in P. aeruginosa include two AHL-

mediated systems (lasI-lasR and rhlI-rhlR) and one 2-heptyl-3-hydroxy-4-quinolone 

(HHQ)-mediated system known as the Pseudomonas quinolone signal system (PQS) 

(Lee and Zhang 2015; Yan and Wu 2019), and the integrated QS system (IQS) (Wang 

et al. 2019b).  The QS signalling pathways in P. aeruginosa will be further discussed 

in Chapter 3 Section 3.1. 

In contrast to the AHL-based systems, a different QS signalling system exists for 

Gram-positive bacteria.  Here, secreted peptides are used as signalling molecules, 

which are often post-translationally processed and transferred out of the cell.  Two 

regulatory processes can be triggered, leading either to their binding to a membrane-

bound histidine sensor kinase, causing a two-component phosphorylation cascade, or 

to their transport into bacterial cells, where they can work directly on the response 

pathway that eventually affects transcription of target genes (Platt and Fuqua 2010; 

Yan and Wu 2019; Zhao et al. 2020).   

1.5.4.5. Stress-mediated changes in cellular morphology 

Bacterial cells in biofilms continually face environmental stresses such as alterations 

in nutritional quality, cell density, temperature, pH, osmolarity or accumulation of 

toxic products (Shimizu 2014).  Biofilm resistance to antibiotic treatment may reflect 

the activation of bacterial stress responses (Drenkard 2003; Dale et al. 2017; Zhang et 

al. 2021a).  When P. aeruginosa is placed under stress, the development of  
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Figure 1.10.  Schematic diagram of the P. aeruginosa virulence regulatory network.  Three major QS signalling pathways are shown: the AHL 

Las and Rhl operons and the 2-heptyl-3-hydroxy-4-quinolone Pseudomonas PQS operon (Jack et al. 2018; Reproduced with permission, 

http://creativecommons.org/licenses/by/4.0/). 
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biofilms is often related to greater antimicrobial resistance when compared to 

planktonic bacteria, which can also facilitate evasion of the host immune response 

(Skariyachan et al. 2018; Rocha et al. 2019).  In P. aeruginosa, the envelope stress-

responsive two-component system, AmgRS controls an adaptive response to 

membrane stress, which can be caused by aminoglycoside-triggered translational 

misreading.  Drugs targeting AmgRS enhance the efficacy of aminoglycosides against 

antibiotic resistance biofilms (Lee et al. 2009).  In other studies, cell envelope stress 

responses have been shown to be induced by σE, the sigma factor of the extra-

cytoplasmic function protein family RpoE (Flores-Kim and Darwin 2014).  An 

increase in RpoE activity appeared to trigger changes in gene expression, protein 

folding and degradation, cell envelope biogenesis and other aspects of metabolism 

(Rhodius et al. 2006).  Furthermore, previous studies revealed that P. aeruginosa 

biofilm cells contained a higher concentration of the general stress response regulator 

RpoS than planktonic bacterial cells in stationary-phase, indicating that the bacteria in 

these biofilms exhibited stationary-phase characteristics (Hall et al. 2018; Duan et al. 

2021; Fernández-Gómez et al. 2021).  During stationary phase, RpoS triggers 

expression of multiple genes to promote cell viability when bacterial cells experience 

nutrient starvation or antibiotic pressure (Xu et al. 2001; Duan et al. 2021).  Point 

mutations in rpoS lead to the expression of a hyper-biofilm phenotype and thus 

increase pyocyanin and other virulence factor production (Duan et al. 2021).  

Moreover, resistance to the anionic detergent, sodium dodecyl sulfate, was also 

dependent on RpoS, which strengthens the cell envelope permeability barrier under 

carbon-limitation during stationary phase (Mitchell et al. 2017).  Thus, stressful 

environments in biofilms may induce the expression of the rpoS alternative sigma 

factor, leading to physiological alterations that protect bacterial cells against 

environmental stress and/or antimicrobial agents (Battesti et al. 2011; Hall et al. 2018). 

1.5.4.6. Efflux pumps  

The expression and overproduction of efflux pumps in biofilms may facilitate bacterial 

survival in biofilms under extreme conditions e.g., effluxing toxins, salts, heavy metals, 

antibiotics and biocides (Fahmy et al. 2016; Alav et al. 2018; Ebbensgaard et al. 2020). 

The efflux pumps of Gram-negative bacteria are characterised by three components: 
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an inner membrane transporter, an OM channel and a periplasmic lipoprotein (Du et 

al. 2014).  Efflux complexes pass through the inner- and outer membranes and 

substrates can be directly extruded from the cytoplasm into the external medium 

(Zgurskaya and Nikaido 2000).  Overexpression of efflux pumps in E. coli strains 

shows elevated resistance to various antibiotics through continuous substrate efflux of 

intracellular antibiotics (Lu et al. 2020).  Seven super-families of efflux pumps (Figure 
1.11) have been identified in MDR bacteria, including the: ATP binding cassette (ABC) 

family, major facilitator superfamily (MFS), resistance-nodulation-division (RND) 

family, multidrug and toxic compound extrusion (MATE) family, the small multidrug 

resistance (SMR) family (Poole 2002; Alav et al. 2018), the proteobacterial 

antimicrobial compound efflux (PACE) family described in Acinetobacter spp. 

(Kornelsen and Kumar 2021), and the novel class of p-aminobenzoyl-glutamate 

transporter (AbgT) family reported to play an important role in mediating sulfonamide 

resistance (Delmar and Yu 2016; Henderson et al. 2021).   

All species of bacteria can express MDR efflux pumps from more than one 

superfamily, and/or type of efflux pump from the same superfamily (Piddock 2006; 

Alav et al. 2018; Lekshmi et al. 2018).  The ABC efflux pumps utilise ATP to gain 

energy to export antibiotic agents out of the cell.  Bacterial ABC transporters related 

to drug resistance are mainly specific drug resistance (SDR) transporters and many of 

these SDR transporters were identified in antibiotic-producing organisms (e.g., 

Streptomyces spp.) (Liu et al. 2021).  Previous studies have also identified SDR 

transporters in other bacteria, e.g., staphylococci (Otto and Götz 2001; Clemens et al. 

2018).  The other efflux pumps, including RND, MFS and SMR families make use of 

proton motive force (Figure 1.11) as the driving force for efflux and they have been 

reported to be associated with the MDR activities of bacteria (Blanco et al. 2016).  Two 

putative efflux systems (a probable non-RND drug efflux system and a P-type ATPase 

system) were inducible in tobramycin-treated P. aeruginosa (PAO1) biofilms 

(Whiteley et al. 2001).  Furthermore, alterations in the regulator of RND efflux pumps 

was found to be associated with tigecycline resistance in carbapenem-resistant A. 

baumannii (Lucaßen et al. 2021).  In a separate study, disruption of an MFS transporter 

(AbaF) in A. baumannii led to an increase in fosfomycin susceptibility and a decrease
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Figure 1.11.  Five types of bacterial efflux pumps.  The multidrug and toxic compound extrusion (MATE) family; the major facilitator 

superfamily (MFS); the small multi-drug resistance (SMR) family; the resistance-nodulation-division (RND) family; and the ATP binding cassette 

(ABC) family.   
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in biofilm formation and virulence (Sharma et al. 2017), supporting the role of the 

MFS family in efflux.  Multiple roles of SCO4121, a newly identified efflux pump 

from Streptomyces coelicolor, belonging to the MFS family of transporters, have been 

noted including. providing resistance to multiple antibiotics (e.g., ciprofloxacin and 

chloramphenicol) and playing an important role in oxidative stress tolerance (Nag and 

Mehra 2021).   

Overall, efflux pumps can be considered as potentially effective antibacterial targets 

due to their essential role in antibiotic resistance, and thus studies on bacterial efflux 

pump inhibitors may potentially be used as the therapeutic armamentarium against 

AMR and MDR bacteria (dos Santos et al. 2018; Mahdhi et al. 2018).  

1.6. Clinical implications of biofilms in human disease 

Biofilms have been estimated to be implicated in up to 65% of all bacterial infections 

and 80% of all chronic infections (Jamal et al. 2018).  Chronic infections can be 

extremely difficult, if not impossible to completely eradicate with currently available 

antibiotics (Alhede et al. 2014).  For example, in chronic infected wounds which affect 

1-2% of the population (Serra et al. 2015), the  presence of bacterial biofilms in the 

chronic wound bed, has been implicated in both the specific and nonspecific resistance 

of these wounds to antibiotic therapies (Wolcott et al. 2008, Hill et al. 2010, Percival 

et al. 2011).  Except that, the excessive inflammation (including increased levels of 

proteases, reactive oxygen species, and inflammatory cytokines) and lack of 

vasculature within chronic wound sites, leads to degradation of newly synthesized 

growth factors and extracellular matrices and delay wound healing (Frykberg and 

Banks 2015).  In the dental plaque biofilm, bacterial accumulation is considered the 

main risk factor in the oral environment for the onset of periodontitis, resulting in a 

gingival inflammatory response (Murakami et al. 2018). 

1.6.1. Biofilms in chronic wounds 
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Microbial colonisation of chronic wounds is universal (Wu et al. 2019; Williams 2021), 

and mostly occurs by opportunistic pathogens of the commensal skin microflora (see 

Section 1.3.1) (Price et al. 2017; Vanderwoude et al. 2020); open wounds being 

colonised  by bacteria from the surrounding skin in < 48 hours (Bowler 2002).  It 

appears that in the first 24 hour (early stages) of biofilm formation, the biofilm 

community is more susceptible to selected antibiotics (Wolcott et al. 2010), while the 

biofilm community starts to show increased antibiotic tolerance once the biofilm is at 

the matured stage (>48 hours) (Percival et al. 2012).  Chronic wounds are 

polymicrobial and thus microorganisms obtain numerous advantages, such as passive 

resistance, metabolic cooperation, by-product influence, enlarged gene pools with 

more efficient DNA sharing (Section 1.5.4.2), cell-to-cell communication via QS 

systems (Section 1.5.4.4), and many other synergies, which give them a competitive 

advantage (Buch et al. 2019).   

Within these wounds the colonising bacteria develop biofilm communities that interact 

with the local host tissue forming stable attachments and sustainable nutrition in a 

parasitic relationship (Wolcott et al. 2008).  Biofilm communities induce dysregulation 

of local immune/repair mechanisms, which continuously exhibit a highly persistent 

inflammatory response (Percival et al. 2012).  The continued presence of bacteria 

induces the influx of polymorphonuclear leukocytes (PMNLs) to the wound site, 

elevates matrix metalloproteinase (MMPs) levels and causes an imbalance of several 

cytokines (Bjarnsholt et al. 2008) in localised chronic wounds.  Moreover, the 

ineffective inflammation is unable to eradicate the biofilm and therefore actually 

impedes wound closure (Ribet and Cossart 2015). 

1.6.2. Immune modulation in chronic wound infection 

Wound healing is one of most complex processes in the human body, due to the 

important role of spatial and temporal synchronisation of the inflammatory phase with 

tissue regeneration and remodelling (Tottoli et al. 2020).  The inflammation phase 

during wound healing includes the coagulation cascade, inflammatory pathway and 

immune system response (Gethin 2012; Tottoli et al. 2020).  Immune modulation 

during wound healing includes: the migration of neutrophils and monocytes into 
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wound sites, activation of immune cells and factors promoting the inflammatory 

response, destruction of infective pathogens, and facilitation of wound repair 

(Raziyeva et al. 2021).   

Dysregulation of the immune system may result in persistent inflammation and thus 

affect the healing process, which ultimately leads to chronic non-healing wounds 

(Azevedo et al. 2020).  Furthermore, the more recent study revealed that bacterial 

extracellular vesicles may drive chronicity by increasing persistence of key pathogens 

such as S. aureus and P. aeruginosa, thus promoting a pro-inflammatory response by 

the host (Brown et al. 2021).   

Persistent inflammation in chronic wound infection is characterised by several features.  

The microenvironment of a chronic wound site demonstrates the existence of high 

quantities of pro-inflammatory macrophages.  In contrast, there are only small 

numbers of macrophages with anti-inflammatory phenotypes present and their ability 

to clear dead neutrophils is quite low (Krzyszczyk et al. 2018; Saleh et al. 2019).  The 

highly inflammatory environment in a chronic wound is also characterised by an 

overexpression of inflammatory mediators (e.g. tumour necrosis factor-α [TNF-α] and 

interleukin-1β [IL-1β]) (Krzyszczyk et al. 2018).  Moreover, macrophages in chronic 

wound sites have been shown to release several MMPs, including MMP-2 and MMP-

9, which degrade the extracellular matrix and prevent the commencement of the 

proliferative stage of healing (Raziyeva et al. 2021). 

1.6.3. Antimicrobial agents utilised in chronic wound management 

Antimicrobial strategies in the treatment of chronic wounds routinely include: surface 

cleansing, debridement of necrotic tissue as well as the topical application of 

disinfectants/antiseptics including alcohols, chlorhexidine and iodine (Moscati et al. 

2007; Fernandez and Griffiths 2008; Thapa et al. 2020).  In vitro growth of wound 

isolates of S. aureus, E. coli and P. aeruginosa has been shown to be inhibited 

following exposure to acetic acid at a concentration of 0.5% for 30 and 60 minutes.  

The treatment effects were also clear in vivo in chronic wounds that were prone to 

frequent infection with P. aeruginosa (Kumara et al. 2014).  Cadexomer iodine when 
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compounded into gel beads, allows slow release of iodine into chronic wounds over 

time, and this therapy was found to significantly reduce infection with S. aureus, P. 

aeruginosa and other pathogenic organisms, and facilitate the healing of chronic 

venous leg ulcers and decubitus ulcers (O’Meara et al. 2014; Roche et al. 2019; Woo 

et al. 2021).  A topical metronidazole gel (for treatment of anaerobic pathogens) was 

reported to cure malodorous wounds, which are sites prone to anaerobic bacterial 

growth (Bale et al. 2004). 

Nosocomial (hospital-acquired) infections and antibiotic-resistant pathogens are 

particular risk factors for chronic wounds (Rahim et al. 2017).  Empirical evidence 

supports the role of both topical and systemic antimicrobial agents for chronic wounds 

management (Lipsky and Hoey 2009; Sibbald et al. 2017; Las Heras et al. 2020).  

Topical agents can effectively relieve superficial wound infections, while systemic 

antibiotics can be utilised in patients with deep or systemic infection (Powers et al. 

2016).  However, biofilm antibiotic susceptibility testing has shown that effective 

bactericidal concentrations cannot be achieved via systemic administration alone 

(Mihai et al. 2018) and may require topical administration.  The administration of 

ineffective antibiotic dosing has important implications in relation to the emergence 

of antimicrobial resistance in these, often chronically-ill patients (Howell-Jones et al. 

2006).  The finding of optimal antimicrobial treatment regimens for use in these 

patients is unclear, controversial and insufficient (Howell-Jones et al. 2005).  

Generally, when the wound is accompanied by inflammatory reactions such as redness, 

swelling, heat, pain, or symptoms of bacterial infection, whole-body antibacterial 

treatment is generally advocated (Schultz et al. 2017; Wei et al. 2019).  In contrast, the 

use of antibiotics for no infection symptom chronic wounds, has been shown to reduce 

the efficacy of systemic antimicrobial treatment by 25% to 30% (Wei et al. 2019).  In 

addition, the antimicrobial resistance of bacteria after biofilm formation can increase 

up to 1000 to 1500 times that of in the planktonic state (Wolcott et al. 2013).  Therefore, 

it is critical to properly use antibiotics in the treatment of infected wounds, to ensure 

the prolonged effectiveness of antibiotics (Paterson et al. 2016).  

1.6.4. Periodontal diseases 



 38 

Periodontal disease comprises a wide range of chronic inflammatory diseases of the 

periodontium; including the gingival tissue, alveolar bone, cementum, and periodontal 

ligament (Andrei et al. 2018).  Periodontal disease is initiated by bacteria and their 

virulence factors such as LPS and causes a heightened host inflammatory response.  

The inflammation associated with periodontal disease causes the destruction of the 

supporting alveolar bone, leading to mobility and eventual tooth loss (Aquino-

Martinez et al. 2020).  As a chronic inflammatory disease, periodontal disease is also 

strongly associated with systemic diseases such as cardiovascular disease and cancer.  

Patients with periodontitis have an increased acute phase response with increased 

plasma concentration of acute phase proteins, antibody levels coagulation factors, total 

white blood cell counts, neutrophils, C reactive protein, and cytokines such as INF-

gamma (Interferon gamma), TNF-α, IL-1β, IL-2 and IL-6 (Polepalle et al. 2015; Hegde 

and Awan 2019).  

More than 800 species of bacteria have been identified in the human oral cavity (Ashby 

et al. 2009) and over 400 of these species have been isolated from the periodontal 

pocket (Paster et al. 2006).  Both chronic gingivitis and chronic periodontitis are 

initiated and sustained by the microorganisms of the dental plaque.  However, the 

debate on the specific role of virulent species in periodontal disease has lasted decades 

and is still not yet resolved (Nazir 2017).  Anaerobic Gram-negative oral bacteria (the 

so called ‘red and orange complex’ bacteria) such as Treponema denticola, 

Porphyromonas gingivalis, Tannerella forsythia, Campylobacter rectus, and 

Fusobacterium nucleatum have been closely associated with aggressive or progressive 

periodontal diseases  (Lee et al. 2012; Minty et al. 2019).  A retrospective study 

analysing subgingival biofilm samples from patients with periodontitis, confirmed the 

high levels of red complex bacteria (Topcuoglu and Kulekci 2015).  In addition, 

Aggregatibacter actinomycetemcomitans was detected in all localised aggressive 

periodontitis samples, even though it does not belong to either the red or orange 

complex.  An antibiotic susceptibility study of predominantly Gram-negative 

anaerobic bacteria isolated from periodontitis patients who, 5 years prior, had been 

subject to mechanical therapy with adjunctive metronidazole, demonstrated beta-

lactam resistance in 2 strains of F. nucleatum, and one strain each of Parabacteroides 

distasonis and C. rectus (Dahlen and Preus 2017).  The increase in resistance of ‘red 
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and orange complex’ bacteria to frequently used antibiotics in periodontal therapy, 

such as penicillin, amoxicillin, tetracycline, metronidazole or clindamycin, is worrying 

(Teughels et al. 2014; Jepsen and Jepsen 2016).  More worryingly, the qualitative 

interview study with the general dental practitioners (GDPs) in Wales showed that the 

antibiotic use was varied widely among GDPs, espically when it comes to the AMR 

strains in the treatment of dentoalveolar infection, and the impact of antibiotic 

prescribing on the emergence of resistance (Bagg 2014). 

1.6.5. Antibacterial agents in the management of periodontal and 
peri-implant diseases  

Treatment of periodontal and peri-implant diseases has traditionally focused on the 

removal or reduction of risk factors (e.g., dental plaque and smoking) and/or the supra 

and subgingival mechanical debridement of calculus from teeth or implant surfaces.  

Additionally, daily good home care/oral hygiene and professional prophylaxis are 

required for good treatment outcomes (Pye et al. 2009, Figuero et al. 2014).  In an 

attempt to enhance mechanical debridement treatment outcomes, adjuncts have been 

utilised including: local delivery of antimicrobials and antibiotics, as well as physical 

adjunctive treatments e.g., lasers or implantoplasty (Feres et al. 2015; Joshi et al. 2016; 

Kinane et al. 2017).  In periodontal disease, adjunctive drugs including: antibiotics, 

such as 10% doxycycline hycylate (Atridox) (Deo et al. 2011), minocycline 

hydrochloride (Arestin) (Martin et al. 2019), tetracycline hydrochloride (Periodontal 

Plus AB) (Sinha et al. 2014; Narkhede et al. 2021), or antimicrobial agents, such as 

chlorhexidine gluconate (Periochip) (Heasman et al. 2001) have all been employed 

and reported to show significant treatment effects on reducing probing depth, when 

used in a local sustained-release form and combined with scaling and root planing 

(Kalsi et al. 2011).  It has been hypothesised that the adjunctive use of antimicrobial 

mouth rinses may also facilitate the effectiveness of mechanical therapy of mucositis 

lesions (Renvert et al. 2008).  Several antibiotics (e.g., amoxicillin and metronidazole) 

have shown clinical and microbiological efficacy positive in short-term (< 6 months) 

effects in periodontal disease when used as an adjunct to scaling and root planning for 

treatment of periodontitis, though long-term (> 6 months) effects still need to be 

investigated (Karrabi and Baghani 2022). 
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Local drug delivery systems provide a safe and convenient way of drug administration, 

and advantages include: site-specific delivery, low dose requirements, reduced 

treatment costs, bypassing of first-pass metabolism by the liver, reduced 

gastrointestinal side effects, increased patient compliance and lower dosing frequency 

(Joshi et al. 2016).  Various local sustained-release systems have more recently been 

employed such as, powder, fibre, injectable gel, microsphere, film, chip, strip, 

nanoparticle and nanofibers made from biodegradable natural or synthetic materials, 

and which can be placed or inserted directly into periodontal and/or peri-implant 

pockets (Jain et al. 2008, Joshi et al. 2016).   

1.7. Confocal laser scanning microscopy analysis of bacterial 
and biofilms  

CLSM is a versatile powerful microscopic technique to investigate the inherent 

complexity of the 3D spatial structure and associated functions of bacterial biofilms 

(Azeredo et al. 2017; Reichhardt and Parsek 2019).  CLSM is able to detect flexible 

mounting and non-invasive 3D sectioning of hydrated, living, as well as fixed samples 

(Teodori et al. 2017).  A laser-light-beam is directed through the top part of the 

microscope, which passes through the samples into the microscope slide and excites a 

fluorescent dye in a stained sample.  Images of fluorescent light can then be captured 

by the objective.  These are received by the module that sits on top of the microscope 

and are transferred to a computer screen (Rowland and Nickless 2000). 

The laser options of a CLSM include not only traditional gas lasers such as Ar and 

He/Ne, but also laser diodes, two-photon lasers, as well as white lasers.  Even though 

the possible wavelengths range from the ultraviolet to the infrared, most CLSMs are 

usually only equipped with visible lasers (Neu and Lawrence 2014).  Out of focus 

fluorescent signals are eliminated in CLSM, and the focal plane is captured with a 

resolution that can match single cell visualisation (Oubekka et al. 2012).  The 

acquisition of a series of sections (known as a “z” stack) at different depths in a biofilm 

sample, combined with novel image analysis programs (such as COMSTAT and 

IMARIS, the latter of which comprises ten features for quantifying 3D biofilm image 
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stacks) (Heydorn et al. 2000, Bridier et al. 2010) makes it possible to represent the 

structure of the biofilm as a 3D image and to extract quantitative structural parameters 

such as the biomass volume, biofilm thickness, surface roughness and DEAD/LIVE 

cell ratio (Azeredo et al. 2017).  Details on the use of CLSM in this study, the choice 

of fluorescent probes used, and its limitations are discussed further in Chapters 4 and 

5. 

1.8. Aims and Objectives  

The objective of this study was to investigate the antimicrobial effects of novel epoxy-

tiglianes, including EBC-46, EBC-1013 and EBC-47 on chronic wound isolates, MDR 

bacteria and oral pathogens to determine their potential utility for the treatment of 

chronic infected wounds, periodontal disease and peri-implantitis.  These studies will 

also aim to investigate the mechanism of action of these epoxy-tiglianes. 
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2.1. Introduction 

2.1.1. Bacterial cell wall components 

Gram-positive and Gram-negative bacteria cell walls contain complex, multi-layered 

structures which play a major role in protecting the bacteria from often unpredictable 

and hostile external factors (Figure 1.5 and 1.6) (Chapot-Chartier and Kulakauskas 

2014; Zupanc et al. 2019).  

Figure 2.1.  Principal chemical structures of lipopolysaccharide and lipoteichoic 

acids.  (a) Structures of the LPS (P. aeruginosa), the principal constituent of the cell 

envelope of Gram-negative bacteria, n ~ 4-40, but can be as high as > 100 (adapted 

from Barkleit et al. 2008).  (b) The general structure of LTA, the principal constituent 

of the cell envelope of Gram-positive bacteria is shown, n ~ 45-50, R ~ hydrocarbon 

chains (adapted from Warshakoon et al. 2009).  

(a)

(b)

(a)

(b)
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2.1.2. Gram-negative bacteria and lipopolysaccharide  

As discussed in Chapter 1 Section 1.3, the Gram-negative bacterial cell wall has an 

outer membrane situated above a thin peptidoglycan layer.  The “gel-like” 

concentrated matrix (named the periplasm) can be detected in the inter-membranous 

space, sandwiched between the outer membrane and the plasma membrane of the 

Gram-negative bacteria cell wall.  Thus, the plasma membrane and the cell wall 

structures (including outer membrane, peptidoglycan layer, and periplasm) all 

constitute the Gram-negative bacteria envelope (Zupanc et al. 2019).  LPS (Figure 2.1 

a)  are cell wall components which characterise Gram-negative bacteria and are also 

named as ‘endotoxin’ or ‘pyrogen’(Matsuura 2013; Bertani and Ruiz 2018).  Gram-

negative bacterial lipopolysaccharides are polyanionic molecules, consisting of three 

domains: lipid A, an O-chain and a core polysaccharide (Barkleit et al. 2008; Cochet 

and Peri 2017).  LPSs  are not just confined to the outer membrane, but can be released 

upon bacterial cell lysis; by triggering immune activation they play an important role 

in the pathogenesis of Gram-negative bacterial infections (Raetz and Whitfield 2002; 

Caroff and Novikov 2019).  LPS  produces a net negative charge on the cell surface 

which may hinder the access of toxic molecules to the surface of bacteria and is 

important in biofilm formation (Flemming et al. 2007).  LPS and proteins in the outer 

membrane significantly contribute to the “stiffness” of the outer bacterial membrane, 

and play an important role in resisting mechanical loads of Gram-negative bacterial 

cells (Silhavy et al. 2010; Rojas et al. 2018). 

2.1.3. Gram-positive bacteria and lipoteichoic acid 

Unlike Gram-negative bacteria, Gram-positive bacteria are lacking the outer 

membrane (Malanovic and Lohner 2016).  Thus, to withstand the turgor pressure 

exerted on the plasma membrane, thick peptidoglycan layers  surround their plasma 

membrane (Chapot-Chartier and Kulakauskas 2014).  The cell wall of Gram-positive 

organisms is covered with teichoic acids, polysaccharides, and proteins (Silhavy et al. 

2010; Caudill et al. 2020).  The cell wall teichoic acids (lipoteichoic acids; LTA; 

Figure 2.1 b) are covalently linked to the peptidoglycan of Gram-positive bacteria and 

are held on the surface of the cytoplasmic membrane by a lipid anchor (Ramirez 2015).  
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LTA is responsible for surface-associated amphiphile adhesion of Gram-positive 

bacteria and also for the regulation of autolytic wall enzymes (muramidases) 

(Ginsburg 2002).  Antibiotics induce bacteriolysis and the release of the pro-

inflammatory agents such as LTA and peptidoglycan (Ginsburg 2002; Ginsburg et al. 

2019).  Free LTA (and LPS) may bind to membrane phospholipids, CD14, and TLRs 

(e.g., TLR2).  Further interactions of bound LTA with circulating antibodies and the 

activation of the complement cascade can lead to passive immune processes as in 

periodontal disease, or the more serious toxic-shock syndrome and multi-organ failure 

(Ginsburg 2002).  Accordingly, bacterial cell wall components, LTA and LPS, share 

many of their pathogenetic properties and all trigger the activation of the innate 

immune system of the cells (Hakoupian et al. 2021; Schweikl et al. 2021). 

Initial studies of the epoxy-tiglianes had shown that there was a distinct difference in 

their activity against Gram-negative and Gram-positive bacteria (Dr Powell, L. C. 

personal communication).  It was hypothesised that this might be related to differential 

interactions between epoxy-tiglianes and the outer bacterial membrane components.  

As a result of the amphipathic character of LPS and LTA, both of these membrane 

components self-aggregate into supramolecular structures such as micelles in aqueous 

solution (Kang et al. 2018).  The critical micelle concentration (cmc) above which such 

aggregates form is in the 0.5 to 5 μM range (corresponding to 1 to 20 μg/ml) depending 

on the polysaccharide chain length for LPS (Aurell and Wistrom 1998) and 0.3 to 0.7 

μM range (corresponding to 2 to 8 μg/ml) for LTA (Wicken et al. 1986).  Therefore, 

to study any putative interactions of LPS and LTA with epoxy-tiglianes by ultraviolet 

(UV) spectroscopic means, a concentration well above the cmc will be used.  

2.1.4. Ultraviolet/visible light spectroscopy  

Ultraviolet/visible (UV/Vis) light spectroscopy absorption spectroscopy measures the 

attenuation of a beam of light after it passes through or reflects from a sample surface 

(Hameed et al. 2018).  Thus, UV/Vis absorption spectroscopy is widely used in the 

measurement of the absorption, transmission, and reflectivity of a number of materials, 

including pigments (Syafinar et al. 2015), proteins (Beitlich et al. 2007), DNA (Tamer 

et al. 2018), coatings (Monfared and Jamshidi 2019), and metallic nanoparticles (Ray 
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et al. 2015).  UV/Vis light spectroscopy can be utilised in investigating the structure 

and structural changes of molecules within the < 150 to ~800 nm wavelength range by 

monitoring electronic transitions between orbitals or bands of atoms, ions or molecules 

in the gaseous, liquid, and solid state (for an overview, see Perkampus, 1992).  After 

absorbing UV or visible light energy, molecules containing π-electrons or non-bonding 

electrons (n-electrons) can be excited to higher anti-bonding molecular orbitals. 

UV/Vis absorption spectroscopy relies on the Beer-Lambert Law, which is a 

relationship between the attenuation of light through a substance and the properties of 

that substance.  The numerical value gained in a UV/Vis spectroscopy test by 

application of Beer-Lambert law follows the equation below: 

A= - log T = log
I0
I = ε ∙ c ∙ d   

T, transmission; I0 and I, intensity of the measuring beam of light before/after passing 

through the sample; ε, molar absorption coefficient; c, concentration; d, path length of 

the measuring beam in the sample.  A (typically referred to as the “absorbance”) and 

the molar absorption coefficient ‘ε’ are plotted against wavelength, while in some 

studies, ε can also be plotted against wavenumber in cm−1 (Mäntele and Deniz 2017). 

The electron transitions are monitored by recording the UV/Vis absorbance spectra 

(Wang and Chu 2013).  The chromophores of a compound are the molecular moieties 

that are responsible for the electronic transitions allied to absorption bands at the 

specific wavelengths resulting in the characteristic absorbance bands (Berova et al. 

2007; Antosiewicz and Shugar 2016).  Changing the environment surrounding a 

compound, through addition of another compound, or by altering the physical 

environment, may change their energy levels and thus the wavelength and/or the 

intensity of absorbance.  Band-shifts to a longer wavelength are known as a 

bathochromic shift (red shift), whereas a change to a shorter wavelength is a 

hypsochromic shift (blue shift) (Rocha et al. 2018).  

In this study, UV/Vis light spectroscopy was utilised for the characterisation of 

selected epoxy-tiglianes.  Previous spectroscopic analysis of the epoxy-tiglianes EBC-
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1013 and EBC-176 (another long side-chain C12 ester not investigated in this thesis) 

had resulted in aberrant data most probably due to limited solubility of the compounds 

in aqueous solutions (unpublished data).  Here, UV/Vis light spectroscopy was initially 

used to systematically evaluate the water solubility of the epoxy-tiglianes as they will 

be dissolved in broth for bacterial incubation in later experiments. 

2.1.5. Circular dichroism spectroscopy 

CD spectroscopy is a specific form of absorption spectroscopy that measures the 

difference in absorption A between left- (AL) and right-handed (AR) polarised light: 

ΔA(λ) = AL(λ) - AR(λ) (Berova et al. 2007).  The enantiomeric isoforms of a chiral 

molecule are not superimposable on its mirror image but are otherwise chemically 

identical.  Such a structural difference can have dramatic biological consequences with 

the enantiomers reacting with different receptors.  This was most evident in the 

thalidomide tragedy, where one enantiomer has the desired sedative effect, whereas 

the other one is teratogenic (Smith 2009).  Besides differences in refractive index, 

chiral molecules also have different absorption coefficients depending on the direction 

of the wave vector of incoming light.  When using alternatively AL and AR -handed 

circularly polarised light, the absorption difference results in the retardation of one 

component versus the other and thus leads to an elliptically rotating wave vector.  The 

difference in absorption recorded over the absorbing wavelength range results in a CD 

spectrum (Johnson 1992; Woody 1995; Berova et al. 2007).  This can provide 

information on the orientation of an absorbing chromophore and/or its environment, 

which makes CD spectroscopy a valuable tool to study changes in the molecular 

conformation depending on the environment, and more specifically molecular 

interactions with ligands.  Accordingly, it is mostly utilised for investigation of the 

structure of biological molecules, such as small organic molecules, proteins and DNA, 

and their interactions with metals and other molecules (Carvlin et al. 1982; Whitmore 

and Wallace 2008).  Most of these biological molecules contain multiple 

chromophores, which are electronic units that can absorb light almost independently 

and, are asymmetrically disposed in space.  Moreover, in CD spectroscopy, both left 

and right circularly polarised light obey the Beer-Lambert law as described above in 

Section 2.1.4 (Rahman and Khan 2019). 
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CD spectroscopy was used in this study to analyse the macromolecular structure of 

EBC-46 and EBC-147 in Tris-buffered saline (TBS) solutions, and interaction 

capacities of EBC-46 with/in the presence of LPS and LTA through their optical 

activity. Based on previous studies on organic chromophores (Scott 1964; Fabian et 

al. 2002; Berova et al. 2007), the structural equations of both LPS and LTA appear 

devoid of any chromophore that could contribute to a significant absorption at a 

wavelength greater than ~220 nm.  In contrast, the cyclopentenone ring of epoxy-

tiglianes (Figure 1.2 and 1.3) should exhibit various absorption bands within the 

accessible wavelength range of ca. >200 nm; this study hypothesises that these could 

be used to monitor interactions between epoxy-tiglianes and LPS and/or LTA. 

2.1.6. Aims and objectives 

The aims of this study was to observe differences of specific interactions between 

epoxy-tiglianes and the LPS/LTA components of the bacterial cell wall, and that 

specific interactions between the cyclopentenone ring of the epoxy-tiglianes and 

LPS/LTA could be monitored within the accessible wavelength range using 

spectroscopic techniques. 

The specific aims of these studies were: 

• To quantify the solubility of epoxy-tiglianes in water and TBS, as epoxy-

tiglianes will be added into aqueous broth in microbiology studies. 

• To measure the solubility of LPS and LTA in TBS and the concentration of 

nucleic acid (DNA) contaminations in LPS and LTA samples. 

• To monitor the interaction of bacterial cell surface components LPS (Gram-

negative) and LTA (Gram-positive) with epoxy-tiglianes by using CD 

spectroscopy and to test the hypothesis that epoxy-tiglianes target bacterial cell 

membranes. 
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2.2. Materials and Methods  

2.2.1. Reagents and solutions  

Reagents used in this study were as follows: TBS ( 100 mM NaCl, 20 mM Tris-HCl, 

pH 7.4; Trizma base, Sigma-Aldrich Company Ltd., Dorset, U.K, T1503); LPS 

purified by phenol extraction from Pseudomonas aeruginosa 10 (Sigma-Aldrich 

Company Ltd., Dorset, U.K, L9143); LTA was purified from Streptococcus pyogenes 

(Sigma-Aldrich Company Ltd., Dorset, U.K, L3140).  Epoxy-tiglianes were prepared 

as mentioned below, and supplied as stock solutions of 20 mg/ml in ethanol.  Aqueous 

solutions were prepared using ultrapure water (resistivity > 18 MΩ cm) (Elga 

PF3XXXXM1 Purelab Flex 3 Water Purification System, Elga LabWater/VWS, High 

Wycombe, UK). 

The prototype compound EBC-46 and two semi-synthetic compounds (EBC-1013 and 

EBC-147) were provided by QBiotics Group Ltd. (Queensland, Australia) as a 

lyophilised, colourless flock powder.  The lyophilised epoxy-tiglianes were protected 

from light and stored at 4°C.  Before use, all epoxy-tiglianes were solubilised in 

ethanol (>95%, Sigma-Aldrich Ltd., Dorset, U.K), at a concentration of 20 mg/ml.  

Stock solutions were aliquoted into 1.5 ml microcentrifuges and stored at -20°C, where 

they could be stably maintained for up to 6 months.  Prior to use, epoxy-tiglianes were 

thawed at room temperature for 20 min.  Stock solutions were diluted as appropriate 

to produce the required working concentrations (16 μg/ml - 4096 μg/ml).  Each 

compound was diluted in the appropriate test broth in parallel with a corresponding 

ethanol equivalent prepared as a control. 

2.2.2. Measurement of solubility through ultraviolet/visible light 

spectroscopy 

Absorption and turbidity UV/Vis spectra were acquired on a Beckman DU800 

spectrophotometer (Beckman Coulter Inc, CA, U.S.A.) using 0.1 cm quartz cuvettes 

110-QS (Hellma, Müllheim, Germany) at room temperature.  Solvent baselines were 
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subtracted.  Before and after each measuring series, cuvettes were thoroughly cleaned 

with ultrapure water, followed by ethanol rinses using a vacuum-aspirated cuvette 

washer (Sigma-Aldrich Company Ltd., Dorset, U.K, C1295) and dried under a stream 

of nitrogen.  Spectra were recorded at 0.5 nm intervals from 600 to 195 nm at a scan 

speed of 600 nm/min, with a spectral bandwidth < 1.8 nm.  The minimum sample 

volumes were 200 μl.  Absorption spectra were also converted to molar absorption 

values. 

2.2.2.1. Water solubility of epoxy-tiglianes   

Samples of EBC-46, EBC-1013 and EBC-147 were prepared at a nominal 

concentration of 20 mg/ml in ethanol and were then diluted 1:20 with ethanol (1 

mg/ml).  Beginning with 300 μl epoxy-tiglianes in ethanol (1 mg/ml), water was added 

step-wise (10x15μl, 5x30μl, 6x75 μl and 5x150 μl) and the spectra were recorded.  

Although the two parameters critical for solubility (epoxy-tigliane and water 

concentration) were varied at the same time, the amount of required sample was 

reduced.  Thus, over the course of recording the 26 spectra, calculated sample 

concentrations decreased from 1,000 to 167 μg/ml, and water content increased from 

0 to 83.3%.  Absorption and turbidity values observed at 335, 400 and 500 nm were 

plotted as a function of sample concentration and water content.  After the final dilution 

with water at a nominal epoxy-tigliane concentration of 167 μg/ml and 83% water 

content, samples were centrifuged at 16,000 g for 30 min and spectra of the supernatant 

were recorded and compared with those before centrifugation.  

2.2.2.2. Solubility of epoxy-tiglianes in Tris-buffered saline 

To test the solubility of epoxy-tiglianes in TBS, 1 μl aliquots of EBC-46 or EBC-147 

20 mg/ml stock solutions in ethanol were added step-wise to a starting volume of 200 

μl TBS and UV/Vis-spectra were recorded from 600 to 200 nm.  Solutes (up to 10 μl) 

were added with a 25 μl gastight syringe #1702RN (Hamilton, Reno, NV, U.S.A.) 

equipped with a 50-step repeating dispenser PB600-1 (Hamilton) in a mixing vessel 

outside the cuvette and briefly vortexed.  Absorption spectra were converted to molar 

absorptivity.  Absorbance values of the maxima observed at 220 nm and 246 nm (in 
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the case of EBC-46), and 250 nm (in the case of EBC-147) were plotted as a function 

of EBC concentration. 

2.2.2.3. Solubility of lipopolysaccharide and lipoteichoic acid in Tris-buffered 

saline 

LPS and LTA were dissolved in TBS to a concentration of 4 mg/ml and 200 μl samples 

were incubated at 37 °C at 500 rpm on a shaker.  After recording a first set of 

absorption spectra, samples were centrifuged for 30 min at 16,000 g and the spectra of 

the supernatants were re-recorded.  In contrast to LPS, the LTA sample showed a 

visible pellet, which was re-dissolved in 200 μl TBS, vigorously agitated and a further 

spectrum was recorded.  For comparison, the sum of the supernatant and re-dissolved 

pellet spectrum was calculated.  The concentration of putative nucleic acid 

contaminations was estimated spectrophotometrically assuming that an OD260nm = 0.02 

corresponds to 1 μg/ml double-stranded DNA (Barbas et al. 2007). 

2.2.3. Analysis of lipopolysaccharide and lipoteichoic acid interactions 

with epoxy-tiglianes through circular dichroism spectroscopy 

CD spectra were collected on an Aviv Model 215 spectropolarimeter (Aviv 

Biomedical Inc., Lakewood, NJ, U.S.A.) equipped with a Peltier thermostatted cell-

holder set to 25°C.  Spectra were recorded from 400 to ca. 195 nm at 0.2 nm intervals 

with an accumulation time of 1 s per point, at a spectral band-width of 1.0 nm using a 

0.1-cm quartz cuvette.  Solvent baselines recorded under the same conditions were 

subtracted from sample spectra.  Spectra collection was terminated at short-

wavelengths when the dynode voltage exceeded 500 V.  Instrument calibration was 

routinely checked with a 0.06% (wt/vol) solution of (1S)-(+)-10-camphorsulphonic 

acid (Sigma-Aldrich Company Ltd., Dorset, U.K, C-1395) in water (Chen and Yang 

1977).  Minimum sample volumes for CD measurements were 400 μl.  

2.2.3.1. Circular dichroism analysis of epoxy-tiglianes 
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CD spectra of EBC-46 and EBC-147 in TBS were recorded from 90 to 1,700 and 2,200 

μM, respectively, upon stepwise addition of the solute as described for the titration 

experiments of absorption spectra.  Solutes of EBC-46 and EBC-147 (20 mg/ml in 

ethanol) were added stepwise to a starting volume of 400 μl TBS with a 25 μl syringe 

as described above (Section 2.2.2.2) in a mixing vessel and briefly vortexed.  CD 

spectra for each addition were recorded. Absolute Θ-values for the extrema observed 

at 335, 252, and 203 nm were plotted as a function of epoxy-tiglianes concentrations.  

For clarity, Θ-values recorded from 300 to 400 nm were presented at a 10-fold 

expanded scale. 

2.2.3.2. Circular dichroism analysis of EBC-46 in the presence of 

lipopolysaccharide and lipoteichoic acid 

CD spectra were recorded for EBC-46 in TBS containing 1 mg/ml LPS or LTA 

(prepared and tested as described in Section 2.2.2.3).  For LTA, contaminations 

absorbing at around 260 nm were partially removed by centrifugation.  Previous study 

(Panja et al, 2008) revealed that LPS binding to DNA depends on the presence of 

calcium, which is thought to induce a conformational change of DNA though it might 

also affect LPS conformation.  To measure the effect of calcium, CaCl2 was added to 

the buffer to a final concentration of 2 mM.  Titration experiments and data 

presentation followed the protocol as described above.  The CD signals for LPS and 

LTA were subtracted from the EBC-46 spectra. 

2.2.4. Data analysis 

Data analysis and graphical presentations were performed using the software package 

Origin (OriginLab, MA, U.S.A., version 9.3).  EBC-46/LPS and EBC-46/LTA mixing 

experiments were analysed using a one-binding site model.  The degree of correlation 

of measured and fitted values were expressed by the coefficient of determination (r2). 
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2.3. Results 

2.3.1. Ultraviolet absorption of epoxy-tiglianes in ethanol 

In the near-UV region from 300-400 nm at a concentration of 1 mg/ml in ethanol, the 

epoxy-tiglianes exhibited weak maxima at ~340 nm with an OD of 0.14, 0.15 and 0.13 

cm-1 for EBC-46, EBC-147 and EBC-1013, respectively (Figure 2.2 a).  Within the 

200 to 300 nm range, EBC-46 showed maxima at 219 and 250 nm with an OD of 21.1 

and 11.6 cm-1, respectively.  In contrast, EBC-147 and EBC-1013 exhibited single 

peaks at 250 nm with an OD of 12.6 and 13.9 cm-1, respectively, and minima at the 

position of the EBC-46 far-UV peak.  When converted to molar absorptivity (ε) 

according to the Beer-Lambert Law (Section 2.1.4), the near-UV values for all three 

samples corresponded to ε340nm ~ 80 M-1 cm-1; for EBC-147 and EBC-1013, the far-

UV extinction coefficients were ε250nm = 7,500 M-1 cm-1; and EBC-46 showed an ε250nm 

= 6,500 M-1 cm-1 and ε219nm = 11,900 M-1 cm-1 (Figure 2.2 b).  

(a) (b)

Figure 2.2.  Epoxy-tiglianes absorption in ethanol.  (a) 20 mg/ml EBC-46, EBC-

147, and EBC-1013 stock solutions (in ethanol) were further diluted 1:20 with ethanol 

and spectra were recorded in a 0.1-cm cell.  (a) Graph showing the same data as in 

(b), converted to molar absorption values are shown.  
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2.3.2. Water solubility of epoxy-tiglianes 

Stepwise dilution with water of epoxy-tigliane stock solutions in ethanol resulted in 

the absorption spectra shown in Figures 2.3 a, c, and e.  In ethanol, the absorption in 

the visible region was essentially flat (OD400nm < 0.01 cm-1).  However, with increasing 

amounts of water, all samples became turbid; increased light-scattering corresponding 

to an increase in the apparent absorption intensity (dependent on both the number and 

size of particulate material as well as the refractive index differences between particles 

and solvent).  Apparent absorbance values extracted from the spectra are depicted in 

Figures 2.3 b, d, and f as a function of solute (left panels) and water concentration 

(right panels).  Whereas the 335 nm signal is a composite of the absorbance of epoxy-

tiglianes (Figure 2.3 a, right panel) and scattering, the 400 and 500 nm signals reflect 

scattering alone.  The data suggest that the onset of turbidity depends on the molecular 

structure of the compounds.  The turbidity steeply increased at a water content of 25, 

50 and 20% (vol/vol) for EBC-46, EBC-147 and EBC-1013, respectively (Figure 2.3 

b, d and f; right panels).  When looking at the same data with respect to the epoxy-

tigliane concentrations (Figure 2.3 b, d and f; left panels), the low apparent 

absorbance observed at < 500 μM for EBC-46 and EBC-147, and ca. 300 μM for EBC-

1013 suggested that up to these concentrations, the compounds might be soluble in 

aqueous solution, although due to the overlaying contrary effects of sample 

concentration and water content, separate experiments are required. 

With increasing water content and thus, when compared to ethanol, increasing solvent 

polarity, the far-UV absorption maxima of the epoxy-tiglianes exhibited a 

bathochromic shift (red shift) (Figure 2.3 a, c and e).  For EBC-46, the two maxima’s 

positions shifted from 244 in ethanol (Figure 2.2 a; left panel) to 255 nm (Figure 2.3 

a), and 219 in ethanol (Figure 2.2a; left panel) to 221 nm (Figure 2.3a).  And for 

EBC-147 and EBC-1013, the minimum shifts observed were from 249 nm in ethanol 

(Figure 2.2 a; left panel) to 251 nm at a water content of 83% (Figure 2.3 c and e). 
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(a) (b)

(c) (d)

(e) (f)

Figure 2.3.  Epoxy-tigliane absorption spectra in ethanol/water mixtures.  (a) 

EBC-46, (c) EBC-147, and (e) EBC-1013 solutions in ethanol (1 mg/ml) were diluted 

stepwise with water.  In (a), (c), and (e), spectra recorded in 100% ethanol and at the 

highest water content are highlighted using a black and green dotted line, respectively; 

spectra that show highest turbidity at 400 and 500 nm are displayed as thick dotted 

lines.  Absorption and turbidity values observed at 335, 400 and 500 nm are plotted 

as a function of sample concentration (b, d, f, left panels) and water content (right 

panels). 
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After the final dilution with water corresponding to a nominal epoxy-tigliane 

concentration of 167 μg/ml and a water content of 83% (vol/vol), samples were 

centrifuged at 16,000 g for 30 min.  In contrast to the other two samples, EBC-1013 

showed a visible pellet.  For EBC-46 and EBC-1013, spectra of the supernatants 

exhibited a lower absorbance in the > 370 nm range (Figure 2.4 a and c) indicating a 

decrease of large aggregates upon centrifugation, whereas for EBC-147 the absorbance 

remained essentially the same (Figure 2.4 b).  For EBC-46 and EBC-1013, apparent 

absorbance decreased substantially from an OD400nm of 0.02 and 0.2 cm-1 to ~0.0 and 

0.03 cm-1 (Figure 2.4 a and c), respectively, whereas for EBC-147 with an OD400nm 

of ~0.0 cm-1, no obvious change was observed after centrifugation (Figure 2.4 b).  

These findings suggest that in 83% water/ethanol, low-speed centrifugation of EBC-

1013 was sufficient to remove most of the aggregated material.  When comparing the 

absorbance at the maxima around 250 nm, a decrease of 4%, 2% and 29% was found 

for EBC-46, EBC-147 and EBC-1013, respectively (Figure 2.4 a, b, c; left panels). 

 

Figure 2.4.  Absorption spectra of epoxy-tiglianes in 83% water/ethanol.  (a) EBC-

46, (b) EBC-147 and (c) EBC-1013 samples at a water/ethanol ratio of five (black 

lines) are compared with those of supernatants after 30 min centrifugation at 16,000×g 

(red lines).  Note the 5-fold decreased sensitivity scale in panel (c) compared to those 

in (a) and (b). 

(a) (b) (c)
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2.3.3. Solubility of epoxy-tiglianes in Tris-buffered saline 

To test the solubility of epoxy-tiglianes in an aqueous buffer, EBC-46 and EBC-147 

in ethanol were added, step-wise into TBS (Figure 2.5).  The solution became visibly 

turbid upon addition of 5 μl EBC-46 (868 μM).  The increase in apparent absorbance 

in the 400 nm range indicated limited solubility even after only 2 μl (352 μM) was 

added reflecting limited solubility in TBS (Figure 2.5 a, right panel).  In contrast, no 

increase in absorbance was discernible within this region for EBC-147, even at final 

concentrations of 1.8 mM (Figure 2.5 c, right panel).  

For EBC-46, the position of the maximum absorbance changed (red-shift) from 219 to 

221 nm (Figure 2.5 a) as was also observed in the previous experiment at a water 

content of 83% (Figure 2.3 a). The molar extinction coefficient of ε220nm = 11,700 M-

1 cm-1 as determined for a concentration of 177 μM (Figure 2.5 b) was similar to that 

observed in ethanol (Figure 2.2 b).  The band found at 250 nm in ethanol shifted to 

255 nm partially overlapping with the 220 nm peak, thus exhibiting a shoulder; again, 

the extinction coefficient remained virtually the same with ε255nm = 7,100 M-1 cm-1 

(Figure 2.5 b).  Also for EBC-147, the maximum position showed a red-shift from 

249 nm in ethanol to 251 nm in TBS (Figure 2.5 c and d) with the extinction 

coefficient remaining practically unchanged at ε251nm = 7,000 M-1 cm-1.  

Analysis of the far-UV absorbance at the 220 nm maximum and the shoulder at 246 

nm, as a function of EBC-46 concentration, demonstrated a clear deviation from the 

Beer-Lambert law suggesting that absorbance and concentration should be linearly 

correlated (Figure 2.5 e, dotted lines).  In contrast, the 250 nm absorption of EBC-147 

strictly followed a linear relationship within the tested concentration range up to 1.8 

mM, as indicated by the linear regression fit (Figure 2.5 e, dotted lines).  
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Figure 2.5.  Epoxy-tigliane absorption spectra in Tris-buffered saline.  (a) 

EBC-46 and (c) EBC-147 in ethanol were added stepwise to a TBS solution and 

spectra were recorded.  Thick dotted lines in black and violet highlight minimum 

and maximum concentrations, respectively.  Spectra were converted to molar 

absorptivity for EBC-46 (b) and EBC-147 (d).  Absorbance values of the maxima 

are shown in (e).  Dotted lines represent linear regression fits taking the values for 

[EBC] < 500 μM. 

(a) (b)

(e)

(d)(c)
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2.3.4. Solubility of lipopolysaccharide and lipoteichoic acid in Tris-

buffered saline 

Absorption spectra of LPS and LTA in TBS were recorded from 200-600 nm (Figure 

2.6).  Based on the chemical equations (Figure 2.1) neither LPS nor LTA have any 

chromophore that could contribute to a significant absorption at a wavelength greater 

than ~220 nm.  Thus, the observed bands around 260 nm most likely relate to 

impurities; absorbance in this region commonly reflecting the presence of nucleic 

acids.  Normalised to a 1 mg/ml sample concentration, for LPS an OD260nm = 0.98 was 

measured (Figure. 2.6 a).  Assuming a double-stranded DNA contamination, this 

suggests cDNA = 49 μg/ml corresponding to an amount of 4.9% (wt/vol).  After 30 min 

centrifugation at 16,000 g, the supernatant showed a 3% decrease in OD260nm (Figure 

2.6 a). 

The turbidity of the LTA sample was about five-fold higher than that of LPS as 

assessed by absorbance in the 350-600 nm range (Figure 2.6 b, right panel).  No clear 

maximum, but a broad shoulder centered around 260 nm, was observed.  Following 

centrifugation (30 min, 16,000 g), the supernatant spectrum revealed a distinct peak, 

with an OD260nm = 0.32 corresponding to a double-stranded DNA concentration of 16 

μg/ml (1.6% wt/vol); with turbidity having been practically abolished.  When the pellet 

was re-dissolved in TBS with a volume reduced by the amount of the pellet volume, 

the spectrum showed nearly the same turbidity as the original sample, although now 

lacking the shoulder at ca. 260 nm.  Adding the supernatant and re-dissolved pellet 

signals together resulted in a spectrum nearly identical to that of the starting material. 

2.3.5. Circular dichroism analysis of EBC-46 and EBC-147 

CD analysis of the epoxy-tiglianes revealed a positive maximum centered at 335 nm 

corresponding to the weak transitions observed for EBC-46 and EBC-147 at 320 and 

325 nm, respectively, in the absorption spectra (Figure 2.7).  The strong absorbance 

band observed in the absorption spectra at 255 nm for both EBC-46 and EBC-147 

(Figure 2.5) resulted in a minimum at 252 nm (Figure 2.7).  A further positive 

maximum was found at 203 nm, that is comparable in the absolute magnitude to the  
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Figure 2.6.  Absorption spectra of lipopolysaccharide and lipoteichoic acids in 

Tris-buffered saline.  (a) LPS and (b) LTA were diluted to 4 mg/ml in TBS, 

vigorously agitated before measuring spectra from 600 to 200 nm (A, black lines).  

Vertical dashed lines mark the 260 nm position characteristic for nucleic acid 

absorbance.  Spectra of the supernatants following centrifugation are shown in B, red 

lines.  The visible pellet of the LTA sample was re-dissolved in TBS, agitated, and 

measured (C, green lines).  Line D (blue dotted line) represents the sum of lines B 

and C.  

(a)

(b)

A
B

A
B
C
D
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Figure 2.7.  CD spectra of EBC-46 and EBC-147 in Tris-buffered saline.  CD 

spectra were recorded at increasing concentrations of (a) EBC-46 and (c) EBC-147.  

Absolute Θ-values for the extrema observed at 335, 252, and 203 nm are plotted as a 

function of EBC concentrations for EBC-46 (b) and EBC-147 (d).  Dashed lines 

represent linear regression fits for data points of EBC-46 < 900 μM and EBC-147 for 

the entire range tested.  Values recorded at 335 nm are magnified 10-fold. Note that 

the shoulder observed in the EBC-46 CD spectra at ~225 nm is absent in the EBC-

147 spectra. 

(a) (b)

(c) (d)
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252 nm minimum.  In contrast to EBC-147, the EBC-46 spectra showed a shoulder 

centered at 225 nm. 

When analyzing the CD amplitudes at their extrema as a function of epoxy-tigliane 

concentrations, a deviation from the expected linear relationship was observed at EBC-

46 > 900 μM (Figure 2.7 b).  This value is higher than the ca. 500 μM observed for 

the corresponding absorption spectra (Figure 2.5 e) and most likely reflects the 

optimisation of the light path within the CD instrument to reduce stray light.  For EBC-

147, however, a linear increase in amplitudes was found for the entire range tested 

(EBC-147 > 2 mM) (Figure 2.7 d), indicating its greater solubility in an aqueous 

solution as it was also observed in the absorption spectra (Figure 2.5 e).  

2.3.6. Circular dichroism analysis of EBC-46 in the presence of 

lipopolysaccharide and lipoteichoic acids  

Despite its preferable greater aqueous solubility, and the limited availability of EBC-

147, further CD experiments were all performed with EBC-46 (tigilanol tiglate) only.  

To investigate the putative interaction of LPS and LTA with EBC-46, CD spectra were 

recorded in TBS in the presence of 1 mg/ml LPS or LTA.  The LPS spectrum revealed 

no distinct signal within the 240 to 400 nm region, although a large decrease in 

amplitude between 200 and 240 nm without reaching a plateau (Figure 2.8 a) was 

observed.  For LTA, the CD signal showed a weak negative band at 231 nm (Figure 

2.8 c).  Addition of EBC-46 in 1 μl-aliquots resulted in the spectra shown in Figures 

2.8 a and c.  There was no apparent change in the position of the extrema at 203, 252 

and 335 nm (Figure 2.8 b and d).  For LPS as a co-solute, the CD amplitudes increased 

linearly with increasing EBC-46 concentrations over the full range tested (Figure 2.8 

b) whereas in case of LTA the amplitudes deviated from linearity at EBC-46 

concentrations greater than 600 μM (Figure 2.8 d). 

CD experiments were repeated in TBS containing 2 mM CaCl2 (Figure 2.9), to 

determine the potential influence of calcium on the observed interaction (Panja et al. 

2008).  Whereas the positions of extrema remained unchanged (Figure 2.9 a and c), 

in the presence of LPS, CD amplitudes were significantly increased at EBC-46 < 300  
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Figure 2.8.  CD spectra of EBC-46 in the presence of lipopolysaccharide and 

lipoteichoic acids.  Spectra were recorded at increasing EBC-46 concentrations in 

TBS in the presence of 1 mg/ml (a) LPS and (c) LTA.  LPS and LTA spectra without 

EBC-46 are shown as black lines; these values were subtracted from the EBC-46 

spectra.  Absolute Θ-values for the extrema observed at 335, 252, and 203 nm are 

plotted as a function of EBC-46 concentrations for (b) LPS and (d) LTA.  (Data 

recorded at 335 nm were multiplied by a factor of 10). 

(a) (b)

(c) (d)
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Figure 2.9.  CD spectra of EBC-46 in the presence of lipopolysaccharide and 

lipoteichoic acids and addition of calcium.  Spectra were recorded at increasing 

EBC-46 concentrations in TBS with 2 mM CaCl2 added in the presence of 1 mg/ml 

LPS (a) and LTA (c).  Absolute Θ-values for the extrema observed at 335, 252, and 

203 nm are plotted as a function of EBC-46 concentrations for (b) LPS and (d) LTA.  

(Data recorded at 335 nm are multiplied by a factor of 10).  Dotted lines in (b) 

represent data fits assuming a one-site binding model, resulting in dissociation 

constants Kd of 170, 150, and 290 μM for the data measured at 335, 252, and 203 nm, 

respectively.  

(a) (b)

(c) (d)
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μM; in the presence of calcium.  At higher concentrations (> 300 μM) the CD signal 

plateaued out (Figure 2.9 b).  Measurements performed in the presence of LTA were 

unaffected by the presence of calcium (cf. Figures 2.9 d with 2.8 d). 

2.4. Discussion 

The observed absorbance data of the epoxy-tiglianes in ethanol were broadly in 

agreement with the predicted data for a tetracyclic diterpene with a tigliane backbone 

(Scott 1964).  Within the accessible wavelength range (λ ≥ 200 nm), the 

cyclopentenone group (ring A, Figure 1.1 c) is the only chromophore present in the 

molecule, as the saturated, three-membered cyclopropane group (ring D, Figure 1.1 

c) would only contribute at λ < 190 nm (Scott 1964).  Accordingly, ring A (the 

cyclopentenone group) should exhibit an n → π* transition in the 330 to 350 nm range, 

and a π → π* transition at around 230 to 250 nm, which corresponded to the weak and 

strong absorbance observed at ~340 and 250 nm, respectively in the epoxy-tiglianes 

absorption results in ethanol.  Moreover, differences between the three epoxy-tiglianes 

analyzed were evident: in contrast to EBC-147 and EBC-1013, EBC-46 revealed an 

additional strong absorption band at 219 nm, where the other two substances showed 

a local minimum.  Comparing their individual molecular structures, this would appear 

to result from the specific 12-tiglate ester side-chain, absent in EBC-147 and EBC-

1013.  This sidechain contains an olefine group (an alkene with a single carbon-carbon 

double bond) that can exhibit a πx → 3s Rydberg transition in the 210 to 230 nm range 

(Drake and Mason, 1973), which corresponds well with the observed band centered at 

219 nm in Figure 2.2. 

The molecular structures of various isolated tigliane diterpene esters were previously 

studied by a number of researchers (Kirira et al. 2007; Forgo et al. 2011; Wang et al. 

2013; Deng et al. 2021).  The observed absorption spectra of epoxy-tiglianes in ethanol 

were in excellent quantitative agreement with those reported by Snatzke et al. (1977) 

for their compounds 25 and 26, which differ from the epoxy-tiglianes reported here in 

that they have acetyl groups connected to C12 and C13 of the tigliane skeleton; 

compound 25 has an additional acetyl group at C20, whereas 26 is missing the 

hydroxyl group at C5 (Appendix 2.1).  For 25 and 26 in methanol, extinction 
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coefficients of 7,480 M-1 cm-1 at 243 nm and 7,400 M-1 cm-1 at 245 nm, as well as 70 

M-1 cm-1 at 335 nm and 60 M-1 cm-1 at 330 nm, respectively, were reported (Snatzke 

et al. 1977).  These chemicals (and many similar tigliane diterpene esters) were 

isolated from various Euphorbiaceae, Thymelaeaceae and Solanaceae plants and 

characterised to elucidate their pleiotropic (and partly synergistic) pattern of biological 

activities (Zayed et al. 1977; Hecker 1981; Wang et al. 2015; Deng et al. 2021).  Their 

efficacy as exogenous cocarcinogens has been utilised as pharmacological and 

biochemical tools to investigate the mechanism of tumour promotion (Hecker 1981).   

These natural compounds have been identified as modulators of the PKC isoforms and 

can be used to modulate PKC activity in tumour cells (Matias et al. 2016; Appendino 

et al. 2019; Cullen et al. 2021).  A more recent study has shown that activation of PKC 

isoforms may be a promising strategy for anticancer activity (Cullen et al. 2021).   

The solubility studies of the epoxy-tiglianes in ethanol/water revealed the rather low 

solubility of EBC-1013, with high turbidity observed even at low concentrations (280 

μM) precluding further spectroscopic analysis.  The data suggest an order of water 

solubility of EBC-147 > EBC-46 >> EBC-1013.  This reflects the hydrophobicity of 

the side chains connected to C12 and C13 of the tigliane skeleton.  Limited water 

solubility of EBC-1013 in contrast to EBC-46 and EBC-147 was also supported by the 

results shown in Figure 2.4.  Besides aggregation effects followed by precipitation-

forced-centrifugation, the comparatively low absorption maximum observed for EBC-

1013 suggests sample-loss (likely due to adhesion to quartz and plastic surfaces) not 

observed in EBC-46 and EBC-147.  This observation may also have implications for 

quantitative evaluation of subsequent microbiological experiments where EBC-1013 

stock solutions (in ethanol) are added to aqueous broth.  For example, the MIC 

observed for the Gram-positive bacterium S. pyogenes was 16 μg ml-1 for EBC-1013; 

this could be regarded as an upper limit (Powell et al. 2022; In press). 

When the absorption spectra of epoxy-tiglianes in TBS were compared to those 

recorded in ethanol (Appendix 2.2), the bathochromic shift (red shift) of the far-UV 

absorbance bands observed for the ethanol-water dilution series (Figure 2.3) was 

confirmed.  For EBC-46, the near-UV absorbance band shows a hypsochromic shift 

(blue shift) from 343 to ~318 nm, and for EBC-147 from 340 to 330 nm with a slight 
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increase in absorptivity from ~ 80 M-1 cm-1 to ~ 170 M-1 cm-1 for EBC-46 and ~ 100 

M-1 cm-1 for EBC-147.  As the n-state stabilises more in a polar environment than the 

π* state, this is consistent with the assignment of an n → π* transition. 

The far-UV absorbance at the 219 nm maximum and the shoulder at ~255 nm as a 

function of EBC-46 concentration revealed a clear deviation from the Beer-Lambert 

law, which concurs with the turbidity observed in the visible and near-UV range, and 

is suggestive of some aggregation in TBS.  In contrast, for EBC-147, fitting of the 250 

nm absorption strictly followed a linear relationship up to the maximal concentration 

tested (1.8 mM).  Taken together with the absence of any significant turbidity within 

the non-absorbing 400 to 600 nm range, this suggests complete solubility of EBC-147 

in TBS.  The increased solubility of EBC-147 over EBC-46 most probably reflects the 

absence of the additional methyl and the olefine groups within the C12 side chain, 

which renders the EBC-46 molecule more hydrophobic. 

Previous preliminary analysis of various commercial LPS preparations in our 

laboratory revealed that the LPS content varied between 50% (E. coli O26:B6; Sigma 

L8274) and >95% (P. aeruginosa; Sigma L9143) (L.C. Powell, M.F. Pritchard, 

personal communication).  This study analysed LPS (Sigma L9143) from P. 

aeruginosa and LTA from S. pyogenes (Sigma L3140) using UV absorbance and CD 

spectroscopy.  Characterization of LPS and LTA in TBS by UV/Vis light spectroscopy 

suggested that both samples were contaminated with nucleic acids as indicated by an 

absorption peak centered around 260 nm.  The higher scattering observed within the 

visible wavelength region at comparable concentrations (right panels in Figure 2.6) 

probably indicates that LTA formed larger micelles than LPS.  In the case of LTA (in 

contrast to LPS) the contamination could be at least partially removed by low-speed 

centrifugation to sediment the micelles, leaving any impurities in the supernatant.  

Unfortunately, this was not possible for the LPS sample.  It has been shown that DNA 

strongly binds to the central LPS carbohydrate core domain (which is absent in LTA), 

although this interaction usually requires calcium ions (Panja et al. 2008).  Also, the 

smaller size of the micelles in the LPS samples could have prevented sedimentation at 

the conditions used. 
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The CD spectra of EBC-46 and EBC-147 in TBS are in agreement with the weak n → 

π* and a strong π → π* transition of the cyclopentenone ring of EBC-46 and EBC-147.  

The olefine πx → 3s transition is probably responsible for the shoulder observed at ~ 

225 nm in case of EBC-46, which is absent in the EBC-147 spectra.  The maximum at 

203 nm found for both epoxy-tiglianes might represent an exciton splitting of the 252 

nm band.  Fitting of the extrema of the CD amplitudes as a function of EBC-46 

concentration indicated non-linearity at EBC-46 > 900 μM, probably due to light 

scattering, whereas for EBC-147 a linear increase was found for the range tested (2.2 

mM).  This was in agreement with the absorption spectra of epoxy-tiglianes in TBS. 

The CD spectra of EBC-46 recorded in the presence of LPS or LTA in TBS showed 

no discernable difference to those without LPS or LTA.  EBC-46 concentrations were 

limited to 900 μM to avoid the observed scattering effects.  For LPS, the CD signal 

followed a linear correlation with the EBC-46 concentration.  For LTA, a “leveling-

off” of the signal was observed at EBC-46 > 600 μM, which might reflect the 

combination of limited solubility and the larger size of the micelles.  Spectra recorded 

in the presence of 2 mM Ca2+ were very similar for LTA.  For LPS, however, the CD 

signals showed a saturation behaviour with increasing EBC-46 concentrations.  CD 

values recorded at the extrema were fitted assuming a one-site binding mechanism: 

|𝜃| =
|𝛩!"#| × [𝐸𝐵𝐶46]
𝐾$ + [𝐸𝐵𝐶46]

 

where |Θmax| is the maximal CD signal at infinite EBC-46 concentration, and Kd the 

equilibrium dissociation constant.  For the data recorded at 252 and 335 nm, a Kd of 

150 ± 13 and 170 ± 15 μM with |Θmax| = 309 ± 7 and 25.9+/-0.7 mdeg cm-1, resulted 

respectively.  Though these dissociation constants are quite similar to each other, for 

the 203 nm maximum the corresponding Kd = 290 ± 43 μM (|Θmax| = 304 ± 16 mdeg 

cm-1) differed by a factor of two.  For all three wavelengths the coefficient of 

determination was r2 > 0.98.  This discrepancy in Kd values questions the assumption 

that the CD data indeed reflect an EBC-46/LPS interaction.  A further complication 

arises from the fact that the LPS aggregation state is modulated by divalent ions.  

Assuming a weight average molecular mass of 10,000 g/mol for LPS, the 1 mg/ml 
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concentration used in the experiments corresponds to 100 μM and thus is in 20- to 200-

fold excess of the cmc in the absence of calcium (Aurell and Wistrom 1998).  In Gram-

negative bacteria, the outer cell wall in which LPS is asymmetrically arranged in the 

outer leaflet of a bilayer with a phospholipd-rich inner leaflet, is stabilised by calcium 

and magnesium ions.  Removal of the ions results in a breakdown of the bilayer into 

micelles (Clifton et al. 2015).  The dissociation and reassembly process of LPS bilayer 

is reported to be reversible (Shands and Chun 1980; Kučerka et al. 2008).  It is 

therefore likely that calcium substantially increases the size of the LPS aggregates, 

resulting in a large increase in scattering and thus flattening of the CD signal response.  

The absence of definite CD signal changes here (that would directly confirm a binding 

of EBC-46 to LPS and/or LTA) does not rule out any specific interactions.  CD 

spectroscopy in the wavelength range λ > 200 nm mainly reports on the conformation 

and environment of the cyclopentenone ring and the olefine group in the C12 

sidechain.  If these groups do not participate in the interaction, no significant CD 

changes could be expected. Thus, for example, the phorbol 13-acetate, and most likely 

the active phorbol 12-myristate 13-acetate (PMA) that shares the tigliane backbone 

with EBC-46, interacts with the C1 domains of  PKC via hydrogen bonding of the O3 

carboxyl, and O4 and O20 hydroxyl groups (Das and Rahman 2014).  A CD analysis 

of such a PKC - PMA system would likely focus on conformational changes of the C1 

domain backbone rather than PMA changes. 

2.5. Conclusion 

The observed absorption spectra of epoxy-tiglianes in ethanol was in broad agreement 

with the expectations based on their molecular structure.  The cyclopentenone system 

of EBC-46, EBC-147 and EBC-1013 was the only chromophore within the accessible 

wavelength range, although the olefine group within the 12-tiglate ester sidechain of 

EBC-46 presented an additional absorption band.  The order of water solubility of 

EBC-147 > EBC-46 >> EBC-1013 reflected the low water solubility of EBC-1013, 

which is indicative of the hydrophobicity of the sidechains connected to C12 and C13 

of the tigliane skeleton.  This may be important in formulation chemistry.  The non-

linear increase in the CD signal observed for EBC-46 at concentration > 500 μM 
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implied aggregation had occured, whereas the linear increase found for EBC-147 

showed its solubility up to at least 2 mM. 

LPS and LTA solutions showed significant turbidity within the 350-600 nm range due 

to micelle (LPS) and/or small vesicle formation (LTA) and despite being commercially 

supplied, both LPS and LTA were contaminated most likely with nucleic acids.  In the 

case of LTA (P. aeruginosa 10), low speed centrifugation (30 min, 16,000 g) resulted 

in nearly complete removal of the contamination, although this was not the case for 

LPS.  In the presence of LPS or LTA, the CD spectra of EBC-46 showed no qualitative 

changes.  Furthermore, calcium had no effect on the linear correlation in the case of 

LTA, but affected the micellar state of LPS, resulting in increased scattering.  

Despite the useful information generated on the differences in the molecules, these 

studies have demonstrated that CD spectroscopy could not measure interactions 

between these epoxy-tigliane compounds and LPS and LTA.  In the future, a more 

detailed analysis of putative interactions between EBC-46 or preferably EBC-147 due 

to its higher solubility and LPS or LTA could be employed, using an alternative 

technique e.g. isothermal titration calorimetry (ITC).  This technique determines heat 

changes upon interactions and does not require any labels, surface immobilisation, 

chemical modifications, or chromophores.  Importantly, the absence of a definite CD 

signal change, that could directly confirm a binding of EBC-46 to LPS and/or LTA, 

does not rule out any specific interactions and these will be considered in subsequent 

chapters.   



 

 

 

Chapter 3  

Antimicrobial effects of epoxy-tiglianes on 
chronic wound associated bacteria  
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3.1. Introduction 

Chronic wounds contribute significant health and economic burdens to both patients 

and healthcare systems (Fisher et al. 2017; Olsson et al. 2019).  A study of the health 

economic costs of chronic wounds on the UK National Health Service (NHS) showed 

that the resources applied in managing chronic wounds were substantially greater 

(>135%) than those for the treatment of healed wounds (Guest et al. 2017).  Hence, 

improving chronic wound healing rates would be beneficial to both patients and 

healthcare providers. 

3.1.1. Microbial communities within the chronic wounds 

Non-healing wounds such as pressure ulcers, venous leg ulcers and diabetic foot ulcers 

have been shown to develop into a chronic state due to the existence and inefficient 

eradication of a bacterial biofilm in the wound bed, with 60% of chronic wound 

specimens evaluated by microscopy identified as having biofilms, vs 6% of acute 

wounds (James et al. 2008; Bjarnsholt et al. 2008).  Bacterial strains, species and cell 

numbers have been shown to vary considerably between wound-types, as well as 

within individual wounds (Percival et al. 2012).  Chronic wounds are mainly 

polymicrobial, with both aerobic and anaerobic species of bacteria present (Kadam et 

al. 2019).  Harika et al. (2020) showed that the majority of biofilm-producing strains 

isolated from chronic wounds were: S. aureus (37.5%), K. pneumoniae (33.3%), P. 

aeruginosa (25%) and A. baumannii (8%); the biofilm-producing isolates possessing 

increased antimicrobial resistance compared to the non-biofilm producers. 

As discussed in Chapter 1, the reduced or incomplete penetration of antibiotics into 

the biofilm may greatly decrease antibiotic effectiveness;  the secretion of biofilm EPS 

being also associated with differences in antimicrobial susceptibility between 

planktonic and biofilm microbial communities.  The negatively-charged complex EPS 

is able to sequester positively-charged compounds and/or repulse negatively-charged 

compounds, inhibiting the activity of antimicrobials such as ciprofloxacin, amikacin 

and gentamicin with their target microorganisms within the biofilms (Shigeta et al. 
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1997; Ishida et al. 1998; Percival et al. 2011; Omar et al. 2017).  Hence, the 

management of these chronic, biofilm-associated wound infections is challenging. 

3.1.2. Bacterial surface properties  

The outer membranes of Gram-negative bacteria act as a crucial organelle and a robust 

permeability barrier that provides an extra layer of protection to prevent antibiotics 

from reaching their intracellular targets (see Section 1.3) (May and Grabowicz 2018).  

Indeed, it is essential for antibiotics to pass through the outer membrane to exhibit an 

inhibitory effect inside the bacterial cell (Ghai and Ghai 2018).  Hence, the ability of 

a treatment to alter bacterial cell membrane permeability may offer new lethal 

therapeutics (May and Grabowicz 2018).  With a detergent-like mode of action, a 

number of antimicrobial compounds (e.g., polymyxins) are able to interact with LPS 

in the outer membrane of Gram-negative bacteria and disrupt both the outer and inner 

membranes, resulting in bacterial cell membrane disruption (Ayoub Moubareck 2020).  

Many bacteria, such as P. aeruginosa and E. coli, are motile, being able to swim in 

liquid or swarm over solid surfaces using rotary flagella (Guttenplan and Kearns 2013).  

Motile bacteria possess chemotaxis transducer flagellum and surface appendages, 

which allow them to search, sense, and accumulate in advantageous environments or 

move away from harmful environments (Zheng et al. 2021b).  Overhage et al. (2007) 

showed that swarming motility and biofilm formation have many features in common, 

such as producing large amounts of bacterial biomass and EPS, with frequent cell 

interactions.  Swarming-deficient mutants were shown to demonstrate deficiency in 

biofilm formation, showing a direct relationship between motility and biofilm 

formation.  Hence, regulation of motility may also decrease adhesion rates and disrupt 

biofilm formation (Guttenplan and Kearns 2013). 

Zeta potential is defined as the electrical charge on a bacterial cell surface (Figure 3.1), 

and is a measure of bacterial cell mobility when under an electrical field, at a defined 

salt concentration and pH (Wilson et al. 2001; Palmer et al. 2007; Ong et al. 2019).  

The technique of electrophoretic light scattering (ELS) can be used to measure the zeta  
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potential of bacteria or antimicrobial agent micelles (Wilson 2001; Wilson et al. 2001; 

Domingues et al. 2014; Halder et al. 2015; Kadayifci et al. 2020).  The electrokinetic 

properties of S. aureus and E. coli strains tested using ELS showed that the zeta 

potential of each strain was consistent with its natural tendency to cluster formation 

(Kłodzińska et al. 2010).  The ELS technique has also been used to study bacterial 

adsorption onto adsorbent surfaces, with adsorption shown to change the surface 

charge of the bacterial cells (Xu 2008).  A more recent study on the antibacterial 

potency of positively-charged (+38 to +63 mV) core-crosslinked polymeric micelles, 

Bacterial cell surface 
(negatively charged)

Stern Plane

Shear Plane

Diffuse layer Plane

Bulk solution

Surface potential

Stern potential
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Figure 3.1. Derivation of the ζ (zeta) potential of a colloid.  (a) The electrical double 

layer of a negatively-charged bacterial cell surface; (b) Electrical potential from the 

bacterial cell surface.  

 



 75 

demonstrated potent, long-term ( > 1 year) antimicrobial stability, showing the 

antimicrobial potential of such materials in the treatment of chronic conditions 

(Kadayifci et al. 2020).  The correlation between changes in electric charge at the shear 

plane (“Zeta potential”) with cell surface permeability has been previously tested 

(Halder et al. 2015).  Antimicrobial agents e.g., natural antimicrobials ferulic and 

rosmarinic acid, have been shown to permeate the cell membrane and then bind 

electrostatically with anionic groups, within the cell and on the cell surface, leading to 

reduction in cell surface zeta potential and cell adhesion (Kurinčič et al. 2016).  

Disruption of the surface zeta potential beyond a critical point, may potentially kill 

Gram-positive and Gram-negative bacteria and biofilm assembly (Soon et al. 2011; 

Ong et al. 2019).  

Particle size analysis utilises the dynamic light scattering (DLS) technique, which 

takes advantage of the time variation of scattered light from suspended particles under 

Brownian motion, to gain information on the hydrodynamic size distribution of 

particles (Xu 2008).  DLS has been utilised to measure and analyse the size of 

aggregates and macromolecule structures (Deryabin et al. 2015; Burygin et al. 2016; 

Kadayifci et al. 2020).  However, DLS is not suitable for all particle measurements.  

Hence, to meet the demands of measuring small particles, (especially of weak 

scattering signals from these small particles or molecules), other techniques have been 

developed such as frequency analysis, photon cross-correlation function, and back 

scattering (Xu 2008). 

3.1.3. Quorum sensing in P. aeruginosa 

P. aeruginosa is an opportunistic, nosocomial human pathogen that produces virulence 

factors and toxins, such as pyocyanin, rhamnolipid, proteases and elastase, which can 

result in massive tissue damage and are also related to bacterial resistance and biofilm 

formation (Jack et al. 2018; Rocha et al. 2019).  

P. aeruginosa utilises QS to estimate its population density and to regulate its gene 

expression and behaviour accordingly.  The QS system relies on the continuous 

production of AIs (small diffusible signalling molecules) which are slowly secreted 
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until they accumulate to a threshold concentration which then allows them to interact 

with their receptors.  QS in P. aeruginosa depends on 3 interconnected operons named 

las, rhl and PQS systems (Figure 1.10).  The transcriptional regulators (LasR and 

RhlR) of the AHL-based QS systems regulate the production of the AIs, N-(3-

oxododecanoyl)-l-AHL (3-oxo-C12-AHL) and N-butyryl-l-AHL (C4-AHL), 

respectively (Pearson et al. 1994; Pearson et al. 1995; Jack et al. 2018).  The PQS 

system, PqsABCDH-PqsR involves the synthesis of 2-heptyl-3-hydroxy-4-quinolone 

(Pesci et al. 1999; Yan and Wu 2019).  LasI produces C12-AHL (3-oxo-C12-AHL), 

which positively acts on LasR (Schertzer et al. 2009), with LasR then acting on LasA, 

LasB, ToxA, AprA, XcpP and XcpR (Yan and Wu 2019).  For the RhlI system, C4-

AHL acts positively on RhlR, with RhlR notably positively-regulating pyocyanin 

production (Welsh et al. 2015).  Both RhlI and RhlR act on rhlABR through C4-AHL, 

where rhlAB encodes rhamnosyltransferase which, together with rhlR, positively 

regulates rhamnolipid production (Ochsner and Reiser 1995).  RhlR also acts 

positively on the production of hydrogen cyanide (HCN) (Pessi and Haas 2000).  In 

the PQS system, PqsABCD produces PQS, requiring phnA and phnB through 

anthranilate, allowing PQS to act on PqsR, thereby regulating production of a range of 

virulence factors including elastase, pyocyanin and rhamnolipids (Lin et al. 2018).  

The positive, interlinked, hierarchical cascade can be seen in Figure 1.10, where lasR–

C12-AHL autoinduces expression of lasI, and hierarchically induces rhlR-rhlI, as well 

as positively-regulating the PQS system (Jack et al. 2018).  Negative regulation is also 

seen among QS systems.  RsaL and QscR negatively regulate lasl, while QscR 

negatively regulates rhll, and RhlR negatively affects pqsR in P. aeruginosa (Yan and 

Wu 2019).   

As QS plays an essential role in modulating P. aeruginosa virulence expression, it may 

hold the key to developing alternative methods to control and prevent bacterial 

infections (Figure 3.2) (Heras et al. 2015; Lee and Zhang 2015).  QS has been 

reported to regulate: swarming motility, biofilm development (Ugurlu et al. 2016), and 

expression of antibiotic efflux pumps (Rezaie et al. 2018), as well as virulence factor 

production (Jack et al. 2018).  P. aeruginosa QS-mediated virulence genes can regulate 

proteases (lasA), elastase (lasB), pyocyanin (phzABCDEFG, phzM), lectins (lecA), 

rhamnolipids (rhlAB), HCN (hcnABC) and endotoxinA (toxA) (Lee and Zhang 2015).   
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Flagella and type IV pili, the main adhesins of P. aeruginosa, bind to the host epithelial 

gangliosides, asialoGM1 and asialoGM2.  Moreover, these surface appendages can act 

with LPS and can be highly inflammatory (Gellatly and Hancock 2013; Zhao et al. 

2013).  P. aeruginosa-produced proteases have been shown to contribute to lung 

infections and tissue damage in respiratory infections, degrading immunoglobulins 

and fibrin, and disrupting epithelial tight junctions (Kao et al. 2019; Zheng et al. 

2021a).  LasB elastase (elastase B, pseudolysin) is the predominant protease in the P. 

aeruginosa secretome, capable of degrading elastin, collagen, and other matrix 

proteins and dysregulating host immune responses.  It also benefits P. aeruginosa by 

extracellular iron acquisition (Lee and Zhang 2015; Everett and Davies 2021).   

Pyocyanin is a blue secondary metabolite produced by P. aeruginosa.  Pyocyanin 

causes multiple effects on host cells including: membrane permeabilisation, impaired  

cellular respiration and induction of oxidative stress, resulting in necrosis and impaired 

Figure 3.2. Virulence factors produced by P. aeruginosa during infections.  
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inflammatory responses (Lau et al. 2004a).  Pyocyanin induces production of the 

eDNA which is an essential component of EPS and important in biofilm formation, 

and persistence (Das and Manefield 2012).  Rhamnolipids are capable of necrosis of 

host macrophage and polymorphonuclear lymphocytes and are also involved in 

biofilm formation (Lequette and Greenberg 2005; Lee and Zhang 2015).  The 

expression of rhlAB plays an important role in the development of biofilm architecture 

(Lequette and Greenberg 2005) 

Transcriptomic studies on P. aeruginosa QS transcription regulator MvfR (PqsR) have 

revealed that QS-mediated regulation is involved in, not only virulence factor 

production, but also protein secretion, translation, and response to oxidative stress, 

which are critical for bacterial survival and antibiotic tolerance (Maura et al. 2016).  

Disturbing this QS system with the application of QS inhibitors (QSI) has been 

proposed as a possible therapeutic solution, to decrease virulence factor production 

and reduce antibiotic tolerance in opportunistic pathogens (Adonizio et al. 2008; 

Ahmed et al. 2019; Kalia et al. 2019).  QSIs disrupt QS systems through different 

mechanisms, including: (i) impairing the activity of the AHL cognate receptor protein 

or AHL synthase, (ii) decreasing the secretion of QS signal molecules, (iii) degradation 

of the AHL, and (iv) using small structural molecules that inhibit the QS signal 

molecule from binding to its cognate regulatory protein (such as non-functional AHL 

analogues and brominated furanones) (Kalia 2013; Yang et al. 2018; Ahmed et al. 

2019).  Gupta et al. (2015) demonstrated that lactonase disruption of QS signalling 

could be achieved through the enzymatic degradation of AHL molecules. 

3.1.4. Aims and objectives 

The aim of this study was to investigate the antibacterial effects of a series of novel 

epoxy-tiglianes (EBC-46, EBC-1013 and EBC-147) against chronic wound and MDR 

bacteria and hence determine their potential utility in the treatment of these hard-to-

treat wounds. 

The specific aims of the study were: 
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• To determine the antimicrobial properties of the epoxy-tiglianes on selected 

chronic wound bacteria using broth dilution, MIC and MBEC assays. 

• To study the interaction for the epoxy-tiglianes on the bacterial cell surface 

using bacterial cell surface charge (Zeta potential) analysis and cell 

permeability assays. 

• To determine the effect of epoxy-tiglianes on QS signalling, swarming motility 

and virulence factor production by P. aeruginosa. 

3.2. Materials and Methods 

3.2.1. Preparation of epoxy-tiglianes 

See Chapter 2 section 2.2.1 for details.  The epoxy-tigliane (EBC-46) and semi-

synthetic derivatives (EBC-1013 and EBC-147) were prepared as stock solutions of 

20 mg/ml in ethanol (Sigma-Aldrich Company Ltd., Dorset, U.K; >99.8%).  Prior to 

use, all stock solutions were diluted as appropriate to produce the required working 

concentrations in each assay.  To exclude the potential effects of ethanol in subsequent 

anti-bacterial and anti-biofilm assays, ethanol-only controls were included in each 

study. 

3.2.2. Bacterial strains and growth conditions 

The Gram-positive bacterial strains used in this chapter were methicillin resistant 

Staphylococcus aureus (MRSA) (1004A) and (NCTC 12493) and S. pyogenes (E80).  

The Gram-negative bacteria utilised in this study were P. aeruginosa (PAO1), E. coli 

(IR57) and A. baumannii (V19).  All chronic wound strains (Powell et al. 2022; In 

press) and the violacein pigment-producing strains (C. violaceum ATCC 31532 and C. 

violaceum CV026) (Kothari et al. 2017; Jack et al. 2018; Manner and Fallarero 2018) 

utilised in this chapter were grown using standard aseptic techniques.  Strains were 

stored as stock solutions in 50% glycerol on Microbank beads (Pro-Lab Diagnostics) 
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at -80 °C.  Bacterial colonies of these chronic wound strains were cultured in an 

aerobic environment at 37°C overnight (O/N; 14-16 h) on 5% horse blood agar plates 

(blood agar base No.2; Lab M; horse blood from TCS Biosciences Ltd).  All O/N 

cultures were incubated in tryptone soy broth (TSB, Lab M).  

3.2.3. Analysing the effects of epoxy-tiglianes on Gram-negative and 

Gram-positive bacteria 

3.2.3.1. Minimum inhibitory concentration assays 

Antimicrobial susceptibility testing of bacteria was performed by MIC testing 

employing the broth micro-dilution method in accordance with Clinical and 

Laboratory Standards Institute (CLSI) guidelines (Jorgensen and Turnidge 2015).  

Stock solutions of EBC-46, EBC-147 and EBC-1013 were prepared in Mueller Hinton 

(MH) broth, with a starting concentration of 512 μg/ml.  Ethanol equivalent controls 

were prepared in parallel in MH broth at the same concentrations (v/v).  Two-fold 

serial dilutions of the epoxy-tiglianes were prepared in sterile, flat-bottom 96-well 

microtitre plates (Figure 3.3).   

O/N bacterial cultures (n=3) were adjusted to an optical density at 600 nm (OD600nm) 

between 0.08 and 0.10 in PBS (PBS; 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 

mM KH2PO4, pH 7.3; Oxoid, BR0014G) equivalent to 0.5 McFarland (ca. 108 colony 

forming units; CFU/ml).  The adjusted bacterial cultures were then diluted 1 in 10 in 

MH broth before performing a further 1 in 20 dilution into the microtiter plates 

containing the epoxy-tigliane serial dilutions.  Plates were incubated aerobically at 

37°C for 16-20 h.  MIC values for each EBC compound were determined as the lowest 

concentration at which there was no visible growth.  Since EBC-1013 and EBC-46 

have low solubility (Chapter 2), growth was confirmed by adding 30 µl of resazurin 

(Sigma-Aldrich Company Ltd., Dorset, U.K; 0.01% in dH2O) solution per well, 

followed by visual assessment.  Each MIC test for all EBC compounds was performed 

as independent experiments (n=3 biological repeats) as well as three technical 

replicates.  Ethanol-equivalent and negative (untreated) controls were also tested. 
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3.2.3.2. Bacterial membrane permeability assay 

Cell permeabilisation following epoxy-tigliane treatment was determined using the 

SYTOX™ Green Nucleic Acid Stain (Thermo Fisher Scientific) which has a high 

affinity for nucleic acids and penetrates cells with compromised plasma membranes.  

The method was adapted from McLean et al. (2013).  O/N cultures of chronic wound 

bacterial strains in TSB were used to inoculate TSB in triplicate (1 in 200 dilution) and 

incubated statically at 37°C aerobically for 3-4 h.  Cells were collected after 

centrifugation at 1100 g at 4°C for 10 min and the supernatant was discarded.  Cells 

were washed twice by re-suspension in 5% TSB followed by centrifugation at 1100 g 

at 4°C for 10 min and discarding the supernatant.  Finally, cell pellets were 

resuspended in 1:20 (v/v) of the original culture volume.  Optical densities were 

Figure 3.3.  Typical set up for an MIC assay plate.  S. aureus 1004A (MRSA) was 

treated by EBC-46 (0-1024 μg/ml) and EBC-1013 (0-1024 μg/ml) at 37°C for 16 to 20 

h.  The MIC plate was subsequently stained with resazurin dye, a colour to blue was 

indicative of no growth, whereas a pink colouration was evidence of bacterial growth.  

MIC results were recorded as mode values from n=3 biological replicates.  

0
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ON3

EBC-46 with decreasing concentrations (μg/ml)
512 256 1281024 64 32 16 8 4 2 1 0
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ON3

EBC-1013 with decreasing concentrations (μg/ml)

512 256 1281024 64 32 16 8 4 2 1
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adjusted to 0.78 – 0.82 at OD 600 nm in 5% TSB.  For the positive control, bacterial 

cells from 1 ml of adjusted culture was collected by centrifugation at 8800 g at 4°C 

for 5 min, resuspended in 1 ml, 70% isopropanol and kept at 37°C for 1 h.  Isopropanol-

treated cells were collected by centrifugation at 8,800 g at 4°C for 5 min, washed twice 

with 5% TSB at 1,000 g at 4°C for 5 min, and re-suspended in 1 ml 5% TSB.   

Adjusted cells were added directly (1:1 v/v) to a black-bottomed 96-well microtitre 

plate (Thermo Fisher Scientific) containing epoxy-tiglianes (16-512 µg/ml) and 

ethanol controls.  The 96-well plate was incubated at 37°C for 1 h.  SYTOX™ Green 

was diluted to 100 μM in 5%TSB and then diluted (1 in 20 dilution) in 96-well 

microtitre plates.  The plates were then wrapped in foil and incubated at 37°C for 1½ 

h before recording fluorescence in a FLUOstar® Omega multi-mode microplate reader 

(BMG LABTECH) at ex 485 nm and em 550 nm.  Results were recorded as mean 

values ± SD (n=3). 

3.2.3.3. Zeta potential (surface charge) of epoxy-tigliane treated chronic wound 

bacteria 

Zeta potential measurements were performed using two epoxy-tiglianes (EBC-46 and 

EBC-1013) and as a control PMA (Sigma-Aldrich Company Ltd., Dorset, U.K).  PMA 

was dissolved in ethanol (>95%, Sigma-Aldrich Ltd., Dorset, U.K), at a nominal 

concentration of 20 mg/ml.  Epoxy-tiglianes and PMA were diluted and prepared to 

256 μg/ml in sterile TSB.  Electrolytic solution (1 mM NaCl in dH2O, pH 7) was 

prepared and autoclaved prior to loading 1 ml into the folded capillary cell for analysis. 

Bacterial strains were prepared and treated as previously described by Kłodzińska et 

al. (2010) and Halder et al. (2015) with some modifications.  Chronic wound strains S. 

aureus NCTC 12493 (MRSA), E. coli IR57, P. aeruginosa PAO1 and A. baumannii 

V19 were tested in this study.  Briefly, O/N cultures were adjusted to an optical density 

at OD600nm between 0.08 and 0.10 in TSB.  Adjusted O/N cultures were then diluted 1 

in 20 in 256 μg/ml EBC-46, EBC-1013, PMA or ethanol equivalent solutions for 24 

h.  Untreated O/N culture controls were also tested (n=3).  Then, the samples were 

centrifuged at 3400 g for 5 min, the supernatant removed, and the pellet washed (x1) 
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in 0.5 ml of electrolytic solution.  The pellet was then re-suspended in electrolytic 

solution and adjusted to an optical density OD600nm between 0.08 and 0.10.  The epoxy-

tiglianes and PMA controls were centrifuged and washed as above, and the pellet re-

suspended in 1 ml of electrolytic solution.   

Tested samples were measured and analysed using a Zetasizer Nano ZS (Malvern 

Instruments).  The zeta potential of epoxy-tiglianes and PMA treated chronic wound 

strains was calculated by applying the Helmholtz-Smoluchowski model (Polaczyk et 

al. 2020).  Prior to each experiment, the folded disposable capillary cell (DTS1061 

Malvern Instruments) was thoroughly cleaned by washing with 70% ethanol (v/v), 

followed by a thorough rinse protocol in sterile electrolytic solution.  Then, 1 ml of 

the sample was loaded into the disposable capillary cells with a 1 ml syringe, ensuring 

no air bubbles were incorporated.  Fifteen measurements were taken for each test 

condition and the mean and standard deviations were calculated. 

3.2.3.4. Zeta sizing measurements 

To study possible effects on cell size/distribution after epoxy-tigliane/PMA treatment, 

the samples used in zeta potential measurements were also tested for zeta sizing.  The 

refractive index value and absorption options on the software were selected (1.39 and 

0.001 respectively).  The temperature was set at 25°C for all experiments in the 

Zetasizer Nano ZS, and an equilibrium time of 2 min performed to allow stabilisation 

of the test vessel between runs.  Fifteen measurements were taken for each test 

condition and the mean and standard deviations were calculated. 

3.2.3.5. Effect of epoxy-tiglianes on swarming motility of P. aeruginosa 

P. aeruginosa PAO1 O/N cultures were adjusted in TSB to OD600nm between 0.08 to 

0.1, before adding 10 μl of bacteria to 90 μl TSB ± EBC-1013, EBC-46 or ethanol-

equivalent at a concentration of 256 μg/ml.  The PAO1 cells were then shaken at 60 

rpm for 1.5 h (37°C).  Swarming motility was evaluated on BM2 glucose agar 

(containing 0.5 % agar, 62 mM potassium phosphate buffer pH 7, 0.5 % Casamino 

acids, 2 mM MgSO4, 10 μM FeSO4, 0.4 % [w/v] glucose) within 6-well plates as 
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previously described by Marr et al. (2007).  Swarming colony formation was assessed 

by inoculating the centre of each agar well with 1 μl of inoculum (in epoxy-tiglianes 

or controls).  The inoculum drops were dried in the laminar flow hood for 10 min, until 

absorbed into the agar.  Photographic images of colony growth, with incubation at 

37°C, were taken at 12, 14, 16 and 18 h intervals and the images analysed by ImageJ 

software to obtain surface area measurements. 

3.2.4. Effect of epoxy-tiglianes on virulence factor production 

3.2.4.1. Effect of epoxy-tiglianes and PKC inhibitor on pyocyanin production 

Pyocyanin production assays were performed as previously described (Jack et al. 2018) 

with some modifications.  O/N cultures of P. aeruginosa PAO1 were adjusted to an 

OD600nm of 1.0, and 30 μl of adjusted O/N cultures were added to sterile MH broth (3 

ml) in a universal ± EBC-46, EBC-1013 or ethanol-equivalent at a concentration of 

256 μg/ml.  The PKC inhibitor BisI (bisindolylmaleimide I； 4 μM) was also utilised 

in this assay alongside EBC-46 and EBC-1013 (256 μg/ml) treatment of adjusted O/N 

cultures for 24 h.  Cells were then grown for 24 h and 48 h at 37°C 120 rpm.  To 

maintain the high oxygen levels necessary for optimal pyocyanin production during 

cell growth, the lids of the universals were kept loose during this stage (Ozdal et al. 

2019).  Bacterial cultures were centrifuged (10,000 g) for 10 min at 4°C to produce a 

cell-free culture supernatant.  Chloroform (3:2; v/v) was used for pyocyanin extraction.  

Samples were vigorously vortexed for 1 min and then centrifuged (10,000 g) for 10 

min at 4°C.  Pyocyanin was re-extracted with 0.2 M HCl (2:1; v/v).  The pink layer 

was transferred, and absorbance read at 520 nm by using a Beckman DU800 

spectrophotometer (Beckman Coulter Inc, CA, U.S.A.). 

3.2.4.2. Effect of epoxy-tiglianes on rhamnolipid production 

O/N cultures of P. aeruginosa PAO1 were adjusted and incubated as above (Section 

3.2.4.1).  Rhamnolipid production assays were performed as previously described 

(Jack et al. 2018).  The cell-free culture supernatant (1 ml) was transferred to a sterile 

universal and extracted twice with diethyl ether (1:1; v/v).  The pooled organic 
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fractions were evaporated to dryness and the resulting residue reconstituted in 200 μl 

deionized water.  In a new 1.5 ml microcentrifuge tubes, 50 μl of this extract solution 

was diluted into 450 μl of a solution of 0.19% (w/v) orcinol in 50% (v/v) concentrated 

H2SO4.  The tubes were vortexed thoroughly to mix and incubated at 80°C in a heating 

block for 30 min.  After briefly cooling to room temperature, 100 μl of the resulting 

yellow to yellow-orange solution was transferred and the absorbance read at 421 nm 

using a spectrophotometer. 

3.2.4.3 Effect of epoxy-tiglianes on protease production 

O/N cultures of P. aeruginosa PAO1 were adjusted and incubated as above (Section 

3.2.4.1).  Protease activity in the conditioned medium was determined by a 

colorimetric method (Cirelli et al. 2020).  The culture supernatant and 2% azocasein 

solution (dissolved in 50 mM phosphate buffer [no salt], pH 7) were incubated at 37°C 

in 1:1 ratio for 1 h in a reaction volume of 600 µl.  The reaction was then stopped by 

the addition of 700 µl of 10% trichloroacetic acid (TCA).  The TCA reaction mixture 

supernatant (210 μl) was mixed with 100 μl 1 M NaOH, then centrifuged (8,000 g, 5 

min) for the removal of residue azocasein.  Absorbance was measured at 440 nm on a 

spectrophotometer. 

3.2.4.4. Effect of epoxy-tiglianes on elastase production 

O/N cultures of P. aeruginosa PAO1 were adjusted and incubated as above (Section 

3.2.4.1).  Elastase extraction assays were performed as previously described (Jack et 

al. 2018).  Namely, 200 µl of elastin Congo red solution (5 mg/ml in 0.1 M Tris-HCl 

[pH 8] and 1 mM CaCl2) was incubated with 600 µl of cell-free culture supernatant at 

37°C for 20 h at 200 rpm.  The mixture was then centrifuged at 3,000 g for 10 min, 

and the absorbance read at 490 nm on a spectrophotometer. 

3.2.5. Analysing bacterial quorum sensing 

3.2.5.1. C. violaceum strains used in this study  



 86 

C. violaceum ATCC 31532 (a biomarker strain) and CV026 (NCTC 13278, a mini-

Tn5 mutant of C. violaceum ATCC 31532) were utilised in this study (Kothari et al. 

2017; Jack et al. 2018; Manner and Fallarero 2018).  C. violaceum CV026 lacks the 

cviI-encoded AHL synthase and is unable to produce the purple violacein pigment 

without a supplement of externally supplied AHL signal molecules (Kothari et al. 

2017).  Specifically, violacein production is induced by AHL signal molecules with a 

carbon chain length of C4 to C8 (C4-AHL) (Jack et al. 2018).  

3.2.5.2. Analysing violacein production 

The optical density of O/N cultures was adjusted to OD600nm 0.7 in Luria-Bertani (LB) 

broth (tryptone 10g; NaCl 5g; yeast extract 5g; 1 L distilled water) to reach an initial 

bacterial concentration of 103 CFU/ml.  Quantification of violacein production was as 

previously described (Skogman et al. 2016) with some modifications as shown in 

Figure 3.4.  Adjusted O/N cultures (200 μl) were incubated ± epoxy-tiglianes or 

ethanol-equivalent at a concentration of 256 μg/ml in 96-well plates and grown for 24, 

48 or 72 h at 37°C 200 rpm.  PMA treatment (tested at 24 and 72 h) was tested as a 

control for violacein production for comparison with the epoxy-tiglianes.  The QS 

inhibitor, furanone was also tested (at 1.25 mg/ml) as a positive control that can inhibit 

violacein production.  C. violaceum CV026 requires C4-AHL for violacein production, 

so was tested with/without AHL (0.5 μM C4-AHL, dissolved in dimethyl sulfoxide 

[DMSO]).   

After incubation, the 96-well plates were centrifuged using a plate applicable rotor, in 

an Eppendorf 5810 R centrifuge (Thermo Fisher Scientific, Vantaa, Finland) at 2000 

g for 10 min.  The supernatant was removed without disturbing the bacterial violacein 

layer at the bottom of the well.  The violacein was then dissolved in 200 μl of 96% 

(v/v) ethanol and the 96-well plates centrifuged again at 2000 g for 10 min.  Then, 100 

μl of the supernatant was transferred to a new plate and the absorbance was read at 

OD600nm in a FLUOstar® Omega multi-mode microplate reader.  Identical C. 

violaceum CV026 samples (but without AHL) were grown in parallel to measure cell 

viability and were stained with resazurin (Sigma-Aldrich Company Ltd., Dorset, U.K).  

The plates were centrifuged again, the supernatant removed and 200 μl 20 μM  
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Figure 3.4.  A schematic view of the workflow for the quantification of violacein 

production. Parallel samples were tested for violacein extraction (A and B) and 

resazurin staining (C).  The spiral arrow represents the centrifugation at 2000 g for 

10 min.  A plate represents C. violaceum ATCC31532 incubated without the AHL (0.5 

μM C4-AHL), B plate represents C. violaceum CV026 incubated with AHL.  The 

violacein pigment in plate A and B was extracted by adding 200 μl 96% ethanol.  The 

absorbance of the violacein pigment in plate A and B read was at OD600nm.  C plate  

represents C. violaceum CV026 incubated without AHL and added 200 μl 20 μM 

resazurin (dissolved in dH2O) incubated for 30 min at room temperature in darkness 

and then fluorescence measured at λex = 560 nm, λem = 590 nm. 

A B C

A- C. violaceum ATCC 31532
B- C. violaceum CV026 with AI
C- C. violaceum CV026 without AI

A B C

Add 200 μl 96% ethanol

A B C
Fluorescence measured
at λex=560nm, λem=590nm

Add 200 μl resazurin, 30min, room temperature, darkness

A B
Add 100 μl supernatant to new plate

A B
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resazurin (dissolved in dH2O) was added, incubated for 30 min at room temperature 

in darkness and then fluorescence measured at λex = 560 nm, λem = 590 nm, using a 

FLUOstar® Omega multi-mode microplate reader. 

Inhibition of violacein production was calculated as inhibition percentages of the 

untreated bacteria as the equation below (Manner and Fallarero 2018): 

Inhibition % = [(untreated control OD600nm – treated sample OD600nm)/(untreated 

control OD600nm − media control OD600nm)] × 100% 

in which untreated control was the average of OD600nm of C. violaceum, media control 

was the average of OD600nm of LB broth, and treated sample was OD600nm of epoxy-

tigliane, ethanol, furanone and PMA treated C. violaceum.  Tested compounds were 

classified as highly actives (≥ 90% inhibition), moderately actives (40%-89% 

inhibition) and inactives (< 40% inhibition) according to the inhibitory activity on 

violacein production (Manner and Fallarero 2018). 

Bactericidal activity of tested compounds was presented as inhibition percentage of 

biofilm viability following the equation below (Manner and Fallarero 2018): 

Inhibition % = [(untreated control –treated sample)/(untreated control − media control)] 

× 100% 

The tested compound was considered as bactericidal active when the inhibition of 

bacterial viability > 40% (Manner and Fallarero 2018). 

3.2.6. Analysing bacterial biofilms 

3.2.6.1. Minimum biofilm eradication assays of chronic wound bacteria 

MBEC assays were performed according to Cruz et al. (2018).  Briefly, O/N cultures 

were prepared into TSB.  O/N cultures were then diluted to an OD600nm between 0.08 

and 0.1 in MH broth and 100 μl of adjusted culture added to the wells of a 96-well 
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microtiter plate.  Plates were sealed with parafilm and incubated aerobically at 37°C 

for 48 h, 30 rpm, to assist biofilm formation.  

Following incubation, the supernatants were carefully removed, and the biofilms were 

then exposed to epoxy-tiglianes (or ethanol controls).  For this, doubling dilutions of 

each epoxy-tigliane compound were prepared in sterile MH broth across a fresh 96-

well microtiter plate (n=3), with a starting concentration of 1024 μg/ml.  Biofilms 

exposed to epoxy-tiglianes were then incubated at 37°C for 24 h (30 rpm).  After 

incubation, the supernatants were carefully removed from the biofilms and 100 μl of 

MH added to each well.  Plates were then re-incubated at 37°C for a further 24 h, 30 

rpm.  Bacterial regrowth was detected by visual assessment after adding resazurin 

solution per well (0.01% in dH2O).  Each MBEC test for all three epoxy-tiglianes was 

performed as n=3 independent experiments (biological repeats) as well as three 

technical replicates, ethanol-equivalent and negative (untreated) controls. 

3.2.7. Data analysis  

MIC and MBEC values were exhibited as the mode of three biological repeats.  Zeta 

potential and zeta sizing line graphs were exported from Malvern software.  Graph Pad 

Prism® v. 9 (GraphPad Software Inc., La Jolla, USA) was used for statistical analysis.  

Graphical data for each experimental sample group were exhibited as mean ± SD.  The 

group-wise comparisons were analysed by parametric one-way ANOVA with 

Bonferroni or Dunnett’s multiple comparison tests, with P < 0.05 considered 

significant.  
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3.3. Results 

3.3.1. Antimicrobial activity of epoxy-tiglianes 

Bacterial inhibition studies have shown that prolonged application of 70% ethanol (16 

h) can kill microorganisms (Chambers et al. 2006).  To ensure that the antibacterial 

effects were due to the epoxy-tiglianes and not the presence of ethanol, alongside 

analysis of the antibacterial activity of the epoxy-tiglianes, MICs were determined for 

equivalent amounts of ethanol in the MH broth.  The MIC values of the bacterial strains 

tested in this chapter against ethanol-equivalent control were all higher than the highest 

concentration (512 μg/ml; Table 3.1). 

No MIC was obtained for any of the Gram-negative strains (with in tested range 0-512 

μg/ml) since the ethanol equivalent control may be positive at this concentration 

(Table 3.1).  In contrast, EBC-1013 exhibited the greatest antimicrobial activity 

against all three Gram-positive strains (MICs=16 μg/ml); activity by EBC-46 was 

much less effective (MICs ≤ 512 μg/ml) and that of EBC-147 (negative control) 

negligible (MICs could be higher than highest tested concentration 512 μg/ml).  

The MBEC results were also shown in Table 3.1.  The MBECs for Gram-positive 

strains treated by EBC-46 and EBC-1013 were all 2-128 times higher than the MICs.  

Interestingly, the MBEC results of EBC-46 (1-fold higher than MIC) and EBC-1013 

(4-fold higher than MIC) of S. aureus 1004A and S. aureus NCTC 12493 were quite 

different.  When compared with EBC-46 and EBC-147, EBC-1013 was the most 

effective compound (with lowest MBECs) in inhibition of Gram-positive biofilm 

regrowth.  Meanwhile, S. pyogenes was the most sensitive strain to all three epoxy-

tiglianes (EBC-46 at 512 μg/ml; EBC-1013 at 64 μg/ml; EBC-147 at 1024 μg/ml).  

Ethanol control for Gram-positive biofilms were all > 2048 μg/ml.  Although no MICs 

were obtained  for Gram-negative strains, the MBECs were all 4096 μg/ml for E. coli, 

P. aeruginosa and A.baumannii.  The MBECs for ethanol controls were > 4096 μg/ml 

for E. coli and A.baumannii.  The ethanol control for P. aeruginosa was 4096 μg/ml, 

which indicated the inhibition results may own to ethanol.  
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Table 3.1.  Minimum inhibitory concentration (MIC) (µg/ml) and minimum biofilm eradication concentration (MBEC) determinations 
(µg/ml) for epoxy-tiglianes against chronic wound infection bacteria.  n=3. 

- Invalid MICs;  The highest concentrations tested were shown in brackets 

ND: It was not possible to measure the MICs (or MBECs) because of the antimicrobial effect of ethanol at high drug concentrations 

Bacterial 
Strains Epoxy-

tiglianes 
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3.3.2. Bacterial membrane permeability effects of epoxy-tiglianes  

A cell permeabilisation assay was performed to assess the effect of epoxy-tiglianes on 

the integrity of the plasma membranes of chronic wound bacteria.  Isopropanol (70% 

v/v) increases bacterial cell membrane permeability (Stiefel et al. 2015) and was used 

as a positive control.  Chronic wound strains incubated with 70% isopropanol for 1 h 

showed no bacterial colony growth on the blood agar plates, which indicated 100% 

cell death.  Therefore, (70%) isopropanol-treated bacterial cells were referred to as 

dead cells in this study.  Bacterial cells treated with 70% isopropanol, epoxy-tiglianes 

and ethanol equivalent controls only (no Sytox Green) exhibited similar low 

fluorescence intensity values (< 2000 A.U. <10% difference), suggesting that the 

different treatments did not directly affect fluorescence intensity, even if 70% 

isopropanol and epoxy-tigliane treatment disrupted the structural integrity of the 

bacterial cells (data no shown).  Ethanol equivalent controls of all three epoxy-tiglianes 

were also tested in this study, with no significantly different fluorescence intensity 

changes observed when compared with the untreated controls (see Appendices 3.1 

and 3.2) showing that the ethanol solvent in the epoxy-tiglianes had no effect on the 

assay. 

The results of the permeability assays with Gram-positive chronic wound strains 

treated with epoxy-tiglianes demonstrated that both EBC-46 and EBC-1013 treatment 

(at 256 μg/ml and 32 μg/ml respectively) permeabilised the cell membrane of S. aureus 

when compared with the untreated controls (Figure 3.5 a and b; P < 0.05).  Moreover, 

both EBC-46 and EBC-1013 presented a dose-dependent increase in the fluorescence 

intensity with increasing epoxy-tigliane concentration (Appendix 3.1).  For EBC-46, 

maximal bacterial cell permeabilisation (equivalent to that of the 70% isopropanol-

treated cells; the positive control) was achieved at 512 μg/ml.  In contrast for EBC-

1013, maximal bacterial membrane permeabilisation comparable to the positive 

control was at a concentration of 64 μg/ml, which was 3-fold lower than that of EBC-

46.  EBC-147 showed no significant permeabilising effects on the Gram-positive 

bacterial cell membrane, even when tested at relatively high concentrations (128 and 

256 μg/ml) (Figure 3.5 c).  EBC-147 only demonstrated significant permeabilisation  
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Figure 3.5. Effect of epoxy-tiglianes on cell membrane permeabilisation of S. 

aureus 1004A (MRSA) and S. aureus NCTC 12493 (MRSA).  (a) EBC-46 (128 to 

512 μg/ml), (b) EBC-1013 (16 to 64 μg/ml) and (c) EBC-147 (128 to 512 μg/ml) were 

tested against S. aureus 1004A and S. aureus NCTC 12493.  Ethanol equivalent 

control (data not shown) and 70% isopropanol positive control were also 

tested.  Results are expressed as fluorescence intensity (A.U.).  * significantly 

different as compared to the untreated control (n=3; P < 0.05).  
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ability at 512 μg/ml when incubated with S. aureus 1004A.  However, the same 

significant effects were not seen in other strains e.g., S. aureus NCTC 12493.   

When Gram-negative chronic wound strains were tested against a range of epoxy-

tigliane concentrations (128-512 μg/ml), the results showed no obvious increase in 

fluorescence was observed for EBC-147 treated Gram-negative bacteria.  However, 

EBC-46 and EBC-1013 at the high concentration of 512 μg/ml showed significant 

effects on cell membrane permeabilisation of E. coli IR57 and P. aeruginosa PAO1 

(Figure 3.6 a and b; P < 0.05), with the exception of E. coli with EBC-46 (Figure 3.6 

c).  Interestingly, when comparing the two Gram-negative bacterial strains, P. 

aeruginosa PAO1 seemed more sensitive to epoxy-tigliane treatment at 512 μg/ml 

than E. coli IR57. 

3.3.3. Zeta potential and zeta sizing measurements for epoxy-tigliane 
treated chronic wound strains 

Zeta potential values of epoxy-tiglianes and PMA only (with no bacteria) were first 

tested using ELS (Figure 3.7 a and b).  EBC-1013 and PMA showed similar zeta 

potential values at -19.33 ± 0.78 mV and -21.47 ± 2.57 mV respectively.  EBC-46 was 

the most negatively charged compound with a mean zeta potential of -30.63 ± 1.56 

mV (Figure 3.7 a).  EBC-46 was also found to have a wider charge distribution in the 

applied electrolytic solution, which was distributed between -60 and -15 mV in 

negative range (Figure 3.7 b).  Epoxy-tiglianes and PMA only (again with no bacteria) 

samples were also tested for zeta sizing using DLS (Figure 3.7 c).  EBC-1013 (256 

μg/ml; 516.63 ± 13.78 nm) was found to demonstrate much larger particle sizes than 

EBC-46 and PMA (174.7 ± 22.93 nm and 213.93 ± 19.37 nm respectively) at the same 

concentration (Figure 3.7 c).  The effect of the epoxy-tiglianes on Gram-positive 

bacteria (S. aureus NCTC 12493) cell-surface charge was then determined by zeta 

potential measurements using ELS (Figure 3.8).  Untreated S. aureus had a negatively-

charged cell surface with a mean zeta potential of -40 ±0.12 mV (Figure 3.8 a) and 

the surface charge of S. aureus cells treated with EBC-1013 and PMA did not change 

significantly when compared with the untreated controls at test concentrations.  

Interestingly, EBC-46 treatment of S. aureus induced more positively charged cell  
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Figure 3.6.  Effect of epoxy-tiglianes on cell membrane permeabilisation of E. 
coli IR57 and P. aeruginosa PAO1.  (a) EBC-46, (b) EBC-1013 and (c) EBC-147 

were all tested in 128 to 512 μg/ml against E. coli IR57 and P. aeruginosa PAO1.  

Ethanol equivalent control (data not shown) and 70% isopropanol positive control 

were also tested.  Results are expressed as fluorescence intensity (A.U.).  * 

significantly different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.7.  Zeta potential and zeta sizing results of epoxy-tiglianes and PMA 
(with no bacteria).  (a) Mean zeta potential of EBC-46, EBC-1013 and PMA at 256 

μg/ml;(b) zeta potential distribution of EBC-46, EBC-1013 and PMA at 256 μg/ml; 

(c) Mean zeta sizing of EBC-46, EBC-1013 and PMA at 256 μg/ml.  Results are 

expressed as zeta potential (mV) and zeta sizing (nm), (n=3; P < 0.05).  
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Figure 3.8.  Mean zeta potential (a) and zeta potential distribution (b) of S. aureus 

NCTC 12493 (MRSA).  S. aureus NCTC 12493 was treated with EBC-46 at 1/8 MIC 

(64 μg/ml), EBC-1013 at 1/2 MIC (8 μg/ml), PMA at 64 μg/ml and ethanol equivalent 

control at 64 μm/ml. Results are expressed as zeta potential (mV).  * significantly 

different as compared to the untreated control (n=3; P < 0.05).  
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surface (Figure 3.8 a), however, ethanol showed same effect as EBC-46 on S. aureus 

cells (P < 0.05).  While no obvious differences were seen in the zeta potential 

distribution of different epoxy-tiglianes and PMA incubated cells (Figure 3.8 b).   

Similar to S. aureus, the untreated Gram-negative bacteria tested exhibited a 

negatively charged cell surface zeta potential ranging from -34 ± 0.81 mV (A. 

baumannii), 35 mV (E. coli) to -42 ± 0.75 mV (P. aeruginosa) (Figure 3.9 a1, b1 and 

c1).  Following EBC-1013 treatment, surface zeta potential of E. coli was significantly 

altered (P < 0.05) more negatively when compare with untreated control and ethanol 

control.  No effect was seen for EBC-46, PMA and ethanol treated E. coli (Figure 3.9 

a1).  Following EBC-46 treatment, whilst a significant decrease in zeta potential was 

observed for P. aeruginosa (Figure 3.9 b1), -43.6 ± 0.7 mV, other treatment (EBC-

1013, PMA and ethanol control) all showed different results with significantly more 

positively charged surface (P < 0.05).  Epoxy-tigliane (EBC-46 and EBC-1013) treated 

A. baumannii showed a more negative surface charge (P < 0.05) when compared with 

the untreated control.  These results may be due to the effects of ethanol (-39.47 mV 

±2.34), which also induced a significant alteration in the surface charge of the A. 

baumannii (Figure 3.9 c1).  Comparison of the zeta potential distribution of epoxy-

tigliane and PMA treated different Gram-negative strains, all showed no obvious 

differences (Figure 3.9 a2, b2 and c2), whilst only PAO1 presented two zeta potential 

peaks ranging between -76 mV and -12 mV (peaks were at 60 mV and 35 mV 

respectively) which were not seen in the other strains (Figure 3.9 b2). 

To further analyse these findings, sizing measurements (DLS) were carried out using 

the same samples.  Less zeta sizing was seen in the EBC-46 treated Gram-positive 

strain S. aureus (P < 0.05) when compared with untreated control, though this was not 

observed in EBC-1013 and PMA treatment.  Interestingly, EBC-1013 combined with 

Gram-negative strains E. coli, P. aeruginosa and A. baumannii induced significantly 

increased zeta sizes of the bacteria (1574.93 ± 640.23 nm, 1427.33 ± 514.91 nm and 

3841 ± 1036.62 nm respectively) (Figure 3.10 b, c and d).  These effects were not 

seen in the EBC-46 treated chronic wound strains (Figure 3.10 b, c and d).  However, 

bacterial aggregation was also evident with the ethanol-treated controls in Gram-

negative strains (P < 0.05), which were shown as increased zeta sizing.   
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Figure 3.9.  Mean zeta potential (a1, b1 and c1) and zeta potential distribution 

(a2, b2 and c2) of (a) E. coli IR57, (b) P. aeruginosa PAO1 and (c) A. baumannii 

V19.  Strains were treated with EBC-46, EBC-1013, PMA and ethanol equivalent 

control at 256 μm/ml.  Results are expressed as zeta potential (mV).  * significantly 

different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.10.  Mean zeta sizing of S. aureus NCTC 12493 (MRSA), E. coli IR57, 
P. aeruginosa PAO1 and A. baumannii V19.  (a) S. aureus NCTC 12493 (MRSA) 

untreated control, treated with EBC-46 at 1/8 MIC (64 μg/ml), EBC-1013 at 1/2 MIC 

(8 μg/ml), PMA at 64 μg/ml and ethanol equivalent control at 64 μm/ml. (b) E. coli 
IR57, (c) P. aeruginosa PAO1 and (d) A. baumannii V19 were treated with with EBC-

46, EBC-1013, PMA and ethanol equivalent control at 256 μm/ml.  Results are 

expressed as zeta potential (mV) and zeta sizing (nm)  * significantly different as 

compared to the untreated control (n=3; P < 0.05).  
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3.3.4. Epoxy-tigliane modify bacterial motility in P. aeruginosa  

EBC-46 and EBC-1013 at 256 μg/ml were tested for their effects on P. aeruginosa 

PAO1 swarming on swarming motility plates.  At 12 h incubation, EBC-1013 treated 

colonies developed dendritic “finger-shaped” outgrowths, not observed in the EBC-46 

treated or control plates.  The colonies subsequently spread rapidly (12-14 h), with the 

dendritic finger-shaped outgrowths becoming more noticeable after 14 h for EBC-

1013 treated colonies.  By 16 h however, the typical dendritic colony spreading 

patterns for swarming motility were detected on all plates, although for EBC-1013 

treated plates, these were longer, thinner branching fingers (Figure 3.11 a).  Surface 

area measurements of the PAO1 colonies showed a decrease in surface area following 

EBC-1013 treatment (at 16 and 18 h) compared to untreated and ethanol controls, 

however, this effect was only significant at 18 h (P <0.05) (Figure 3.11 b).  

3.3.5. Extracellular virulence factor production assay in P. aeruginosa  

As the swarming motility assay showed EBC-1013 was effective at 256 μg/ml, the 

effects of epoxy-tiglianes on the production of other virulence factors was also 

investigated at the same concentration.  EBC-1013 significantly reduced the amount 

of pyocyanin (P < 0.05) at the 24 h time point (Figure 3.12 a and b).  This effect 

became more dramatic after 48 h (P < 0.05), resulting in virtually total inhibition of 

pyocyanin production, compared with the untreated control (Figure 3.12 c).  No 

inhibition effect was seen for other epoxy-tiglianes and ethanol treated cells. 

As epoxy-tiglianes (like PMA) are known to be potent PKC activators, the assay was 

repeated using a PKC inhibitor, to determine whether PKC stimulation was involved 

in the observed antimicrobial activity.  For this, the PKC inhibitor BisI 

(bisindolylmaleimide I; 4 μM) was utilised in this assay alongside EBC-46 and EBC-

1013 (256 μg/ml) treatment for 24 h.  As with the previous results, EBC-1013 alone 

significantly reduced pyocyanin production after 24 h, while EBC-46 showed no 

effects at this time point (Figure 3.13 a).  The BisI+ control also significantly reduced 

pyocyanin production (by 19.2%), compared with the untreated control.  However, 
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Figure 3.11.  Swarming motility tests of epoxy-tiglianes effects on P. aeruginosa 
PAO1.  (a) effects of EBC-46, EBC-1013 and ethanol on P. aeruginosa swarming 

motility. Cells of PAO1 were spot inoculated on BM2 swarm medium agar plates.  (b) 

Surface area (cm
2
) of PAO1 colonies on BM2 swarm plates.  PAO1 was tested at 256 

μg/ml for EBC-46 and EBC-1013 for 12, 14, 16 and 18 h, ethanol equivalent control 

was also tested.  * significantly different as compared to the untreated control (n=3; P 

< 0.05).  
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Figure 3.12.  The effect of the EBC-46 and EBC-1013 at 256 μg/ml on pyocyanin production by P. aeruginosa PAO1 when compared to 

the negative untreated control and ethanol equivalent control.  Pyocyanin production following (a) and (b) 24 h treatment, (c) 48 h treatment.  

* significantly different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.13.  The effect of the epoxy-tiglianes (256 μg/ml) and PKC inhibitor 

bisindolylmaleimide I (BisI; 4 μM) individually and in combination on pyocyanin 

production by P. aeruginosa PAO1 after 24 h incubation.  * Indicates significant 

effects compared with the untreated negative control;  * Indicates significant effects 

compared with the BisI- control (n=3; P < 0.05). 
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for the dual treatments the results were far higher than this, essentially making this 

effect negligible on the overall results obtained.  The two compounds behaved very 

differently when treated with PKC inhibitor.  For EBC-1013 with BisI treatment, 

pyocyanin production was significantly reduced compared to the control, although the 

results were significantly higher (66.7%) than the EBC-1013 only treated samples 

(Figure 3.13 b) suggesting that PKC inhibition reduced the antimicrobial effects of 

this epoxy-tigliane on pyocyanin production.  In contrast, EBC-46 with BisI 

demonstrated an obvious decrease in pyocyanin production (40.9%) when compared 

with EBC-46 only treated samples, suggesting that PKC inhibition enhanced the 

overall antimicrobial effects of this epoxy-tigliane on pyocyanin production.   

The effect of the epoxy-tiglianes on other virulence factors was also investigated.  

Interestingly, both EBC-46 and EBC-147 appeared to stimulate production of 

rhamnolipids in the first 24 h of treatment (Figure 3.14 a and b) although this effect 

was no longer seen at 48 h (Figure 3.14 c).  Hence, rhamnolipid production of PAO1 

was not inhibited by EBC-1013 after 24 h treatment, although at 48 h, both EBC-46 

and EBC-1013 significantly inhibited rhamnolipid production (Figure 3.14; P < 0.05).  

No inhibition effects were seen for EBC-147 after 24 or 48 h (Figure 3.14 b and c).  

Analysis of protease production revealed that whilst the epoxy-tiglianes failed to 

inhibit protease production at 24 h (Figure 3.15 a and b), EBC-1013 alone was shown 

to significantly reduce protease production after 48 h (Figure 3.15 c; P < 0.05). 

In contrast to rhamnolipid and protease production, elastase production appeared to be 

important in the first 24 h, with elastase rapidly produced in this time frame (Figure 

3.16 a and b).  Only EBC-1013 demonstrated a significant reduction in elastase 

production at 24 h, while both EBC-46 and EBC-1013 also showed significant 

reduction at 48 h, where elastase production was seen to be reduced by >50% (Figure 

3.16 c).  Again, EBC-147 showed no significant effects on elastase production (Figure 

3.16) 

3.3.6. Violacein quantification assay for epoxy-tigliane quorum 

sensing inhibition test 
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Figure 3.14.  The effect of the different epoxy-tiglianes at 256 μg/ml on rhamnolipid production by P. aeruginosa PAO1 when compared 
to the negative untreated control and ethanol equivalent control.  Rhamnolipid production following (a) and (b) 24 h treatment, (c) 48 h 

treatment.  * significantly different as compared to the untreated control (n=3; P < 0.05).  

0.0

0.5

1.0

1.5

2.0

O
D

42
1

PAO1 48h virulence factor production: Rhamanolipid
n=3

Control
EBC-1013 
EBC-46 
EBC-147 
Ethanol equivalent 

Contro
l

EBC-10
13

EBC-46

EBC-14
7

Ethan
ol c

ontro
l

**

0.0

0.5

1.0

1.5

2.0

O
D

42
1

PAO1 24h virulence factor production: Rhamanolipid
n=3

Control
EBC-1013 
EBC-46 
EBC-147 
Ethanol equivalent 

Contro
l

EBC-10
13

EBC-46

EBC-14
7

Ethan
ol c

ontro
l

(a)

24 h 48 h(b) (c)

Control EBC-1013EBC-46 EBC-147 Ethanol control



 106 

  

Figure 3.15.  The effect of the different epoxy-tiglianes at 256 μg/ml on protease production by P. aeruginosa PAO1 when compared to 
the negative untreated control and ethanol equivalent control.  Protease production following (a) and (b) 24 h treatment, (c) 48 h treatment. 

* significantly different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.16.  The effect of the different epoxy-tiglianes at 256 μg/ml on elastase production by P. aeruginosa PAO1 when compared to the 
negative untreated controls and ethanol equivalent control.  Elastase production following (a) and (b) 24 h treatment, (c) 48 h treatment.  * 

significantly different as compared to the untreated control (n=3; P < 0.05).  
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C. violaceum strains were used as reporter bacteria to test the effects of epoxy-tiglianes 

on QS signalling.  The parent strain C. violaceum ATCC 31532 and its Tn5-mutant 

CV026 were employed in this QS study.  Violacein production by C. violaceum ATCC 

31532 in these studies followed a time-dependent manner.  In contrast to the furanone 

control, which showed significant QS inhibition, within all tested time points (24 h, 48 

h and 72 h), EBC-46, EBC-1013 and PMA significantly enhanced violacein pigment 

production of C. violaceum ATCC 31532 when compared with the untreated control 

(Figure 3.17).  Similar effects (with enhanced violacein production) with this reporter 

were also obtained following 72 h treatment times with EBC-147 incubation (Figure 

3.17 d).  The positive control, furanone, significantly inhibited violacein production at 

all test time-points 24, 48 and 72 h (Figure 3.17).   

C. violaceum CV026 lacks a cviI encoded AHL synthase and thus can only produce 

violacein in response to externally supplied AHL signal molecules (C4-AHL).  This 

reporter was therefore tested in parallel plates with and without the addition of external 

C4-AHL.  As with the wild-type strain, 24 h treatment with EBC-46, EBC-1013 and 

PMA all significantly increased violacein pigment production by C. violaceum CV026 

(tested with external AHL addition; Figure 3.18 a and b).  Moreover, parallel plates 

(without external AHL addition) to which 20 μM resazurin was added to evaluate 

bacterial growth showed after 24 h incubation, that both EBC-46 and EBC-1013 were 

able to significantly inhibit bacterial growth (Figure 3.18 c; P < 0.05).  Percentage 

inhibition of bacterial viability for EBC-46 (26.3%) was somewhat less that for EBC-

1013 (39.9%) (Figure 3.18 d).  As with C. violaceum ATCC 31532, furanone reduced 

violacein pigment production by C. violaceum CV026, with the resazurin fluorescent 

intensity results revealing viability inhibitory effects of up to 90% following treatment 

(Figure 3.18 d).  Although PMA also promoted violacein production, no growth 

inhibitory effects  were seen (Figure 3.18 d).  At 48 h, only EBC-1013 (but not EBC-

46 or EBC-147) stimulated violacein production in CV026 (Figure 3.19 a and b).  

Similarly, both EBC-46 and EBC-1013 significantly inhibited bacterial growth after 

48 h incubation, with EBC-46 (56.5%) and EBC-1013 (54.0%) inhibition of bacterial 

viability, respectively (Figure 3.19 c and d).  EBC-147 was the only tested compound 

showed violacein pigment production stimulation effect in CV026 at 72 h.  Furanone  
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Figure 3.17.  Effect of epoxy-tiglianes (24, 48 and 72 h treatment) on quorum 

sensing signalling of C. violaceum ATCC 31532.  Figure (a) is showing QS 

violacein production images of colour changes after 24 h, 48 h and 72 h treatment 

with EBC-46, EBC-1013, EBC-147, PMA or ethanol equivalent control at 256 μg/ml 

or 2(5H)-furanone (1.25 mg/ml).  Figure (b), (c) and (d) are showing colour changes 

that measured with OD at 595 nm for violacein production after 24 h, 48 h and 72 h.  

* significantly different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.18.  Effect of epoxy-tiglianes (24 h treatment) on quorum sensing 

signalling of C. violaceum CV026 (with 0.5 μM C4-AHL addition).  Figure (a) is 

showing QS violacein production images of colour changes after 24 h treatment with 

EBC-46, EBC-1013, EBC-147, PMA, ethanol equivalent at 256 μg/ml or 2(5H)-

furanone (1.25 mg/ml).  Figure (b) is showing colour changes that  measured at OD595 

nm for violacein production after 24 h.  Figure (c) is showing cell viability that 

measured by colour changes after staining with resazurin (20 μM).  Fluorescence 

intensity measured at λex = 560 nm, λem = 590 nm.  Figure (d) is showing percent of 

viability inhibition of treated cells when compared to untreated control samples.  * 

significantly different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.19.  Effect of epoxy-tiglianes (48 h treatment) on quorum sensing 

signalling of C. violaceum CV026 (with 0.5 μM C4-AHL addition).  Figure (a) is 

showing QS violacein production images of colour changes after 48 h treatment with 

EBC-46, EBC-1013, EBC-147, ethanol equivalent at 256 μg/ml or 2(5H)-furanone 

(1.25 mg/ml).  Figure (b) is showing colour changes that measured at OD595 nm for 

violacein production after 48 h.  Figure (c) is showing cell viability that measured by 

colour changes after staining with resazurin (20 μM).  Figure (d)is showing percent 

of viability inhibition of treated cells when compared to untreated control samples.  

Fluorescence intensity measured at λex = 560 nm, λem = 590 nm.  * significantly 

different as compared to the untreated control (n=3; P < 0.05).  
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still inhibited pigment production at this time point (Figure 3.20 a and b).  At 72 h, 

all the tested compounds, especially PMA (93.4%), promoted bacterial growth when 

compared with the untreated control (Figure 3.20 c and d).   

The viability inhibition assay results indicated the bactericidal activity (> 40% 

inhibition of bacterial viability) of furanone at all tested time points.  EBC-46 and 

EBC-1013 all showed bactericidal effects after 48 h incubation.  The violacein 

production inhibition percentages of tested compounds were calculated and presented 

in Figure 3.21.  Furanone was classified as highly active (> 90% inhibition of 

violacein production) at all three time points.  However, this may be because of the 

viability inhibition effects of furanone as shown in resazurin assay.  In contrast, all 

three epoxy-tiglianes showed no active violacein production inhibition activity (< 40%) 

at all three time points (Figure 3.21). 
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Figure 3.20.  Effect of epoxy-tiglianes (72 h treatment) on quorum sensing 

signalling of C. violaceum CV026 (with 0.5 μM C4-AHL addition).  Figure (a) is 

showing QS violacein production images of colour changes after 72 h treatment with 

EBC-46, EBC-1013, EBC-147, ethanol equivalent at 256 μg/ml or 2(5H)-furanone 

(1.25 mg/ml).  Figure (b) is showing colour changes that measured at OD595 nm for 

violacein production after 48 h.  Figure (c) is showing cell viability was measured by 

colour changes after staining with resazurin (20 μM).  Figure (d) is showing percent 

of viability inhibition of treated cells when compared to untreated control samples. 

Fluorescence intensity measured at λex = 560 nm, λem = 590 nm.  * significantly 

different as compared to the untreated control (n=3; P < 0.05).  
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Figure 3.21. Inhibition of violacein production in  Chromobacterium violaceum ATCC 31532 and Chromobacterium violaceum CV026 by 
the epoxy-tiglianes treatment.  The threshold for highly active QSIs was set at ≥ 90% (dotted line) inhibition of violacein production.  The 

violacein production inhibition percentages of ATCC 31532 and CV026 were showed as circle dots on x-axis and y-axis, respectively.  The 

bactericidal compounds identified using the resazurin viability inhibition assay were also present in the graphs for comparison, n=3.   
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3.4. Discussion 

Chronic wounds contain densely aggregated colonies of bacteria often surrounded by 

an extracellular matrix and are characterised by tolerance and resistance to antibiotic 

agents (James et al. 2008) and may also be found in acute wounds, where they can also 

influence healing (Leaper et al. 2015).  The microbial species within chronic wound 

biofilms communicate with each other, either cooperatively and/or competitively, and 

establish complex (and functionally-adapted) ecosystems (Mihai et al. 2018).  Chronic 

wound biofilms can impair healing (Percival et al., 2011) and act as “reservoirs” of 

resistant organisms e.g., MRSA, P. aeruginosa, A. baumannii and E. coli (Domenico 

et al., 2017) and effective treatments to disrupt the wound biofilm are an important 

target in the management of chronic, non-healing skin wounds. 

The initial MIC results revealed that the epoxy-tiglianes (EBC-46 and EBC-1013) had 

some effect in inhibiting planktonic bacterial growth of Gram-positive bacteria, 

although the MIC values themselves were much higher than those of conventional 

antibiotics.  It was also clear that these effects were not observed against Gram-

negative bacterial strains.  These differences in MIC (and MBEC) results are likely 

due to the structural differences between the Gram-positive and negative cell wall (see 

Chapter 1 Section 1.3.1).  Gram-negative bacteria are surrounded by a thin 

peptidoglycan cell wall, which itself is surrounded by an OM containing LPS (Silhavy 

et al. 2010; Kleanthous and Armitage 2015).  The OM prevent the penetration of 

antimicrobial agents and thus reflected as high MIC results in this study. 

The importance of the interaction with the cell membrane was confirmed in the 

permeability assay, with all three epoxy-tiglianes showing the same distinct 

differences between Gram-positive and Gram-negative bacterial strains.  For example, 

the lowest effective concentration for the two S. aureus strains was 32 μg/ml (EBC-

1013), whereas for E. coli (EBC-1013) and P. aeruginosa (EBC-46 and EBC-1013) it 

was 512 μg/ml.  The antibacterial effects of the selected three epoxy-tiglianes however, 

varied depending on the length of side chains connected to C12 and C13 of the tigliane 

backbone, being highly related to their biological activity (Jonet et al. 2013; Cullen et 
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al. 2021).  Interestingly, the anti-microbial activity, in part, resembled the known 

biological activity, related to PKC activity.  However here, EBC-1013 having similar 

PKC-stimulating activity to EBC-46, was shown to possess more effective anti-

microbial activity.  In contrast, EBC-147, although structurally related to EBC-46, but 

with a short C12 ester chain (and low PKC activity), demonstrated minimal 

antimicrobial activity.  

To explore the mechanism of action of the epoxy-tiglianes on anti-bacterial activity, 

their effect on the net negative electrostatic charge on chronic wound bacterial cell 

surfaces was tested using ELS (Wilson et al. 2001).  Zeta potential measurements 

showed that the epoxy-tiglianes alone were all negatively-charged.  In the presence of 

bacterial cells (i.e. E. coli, P. aeruginosa and A. baumannii), the epoxy-tiglianes 

showed slightly increased electro-negativity of the cell surface, which could facilitate 

epoxy-tigliane interaction and binding with the bacterial lipid membrane as previously 

reported for negatively-charged antimicrobial nanoparticles (Ferreyra Maillard et al. 

2019).  The recently-described inhibitory effects of epoxy-tiglianes on established 

biofilms in a range of species (Powell et al. 2022; In press) may reflect the “repulsion” 

between the negative bacterial cell surface and the negatively-charged epoxy-tiglianes 

as previously described in studies with polyUAA nanoparticles (Hwang et al. 2012).  

The increases in zeta sizing estimations of the epoxy-tiglianes seemingly reflected 

aggregation of the compound and the bacterial cells (i.e. E. coli, P. aeruginosa and A. 

baumannii), DLS demonstrating a clear change in size between epoxy-tiglianes alone 

and the compounds bound to bacterial cells.   

Potential therapies to target virulence factor production of bacterial pathogens (and 

biofilms) have been proposed as an alternative therapeutic approach (Wu et al. 2019; 

Mok et al. 2020).  Many NACs, e.g., trans-cinnamaldehyde, gallic acid, catechin, 

ellagic acid, chlorogenic acid, quercetin, and kaempferol, have been shown to 

significantly inhibit expression of QS regulatory and virulence genes in P. aeruginosa 

at sub-inhibitory levels with no bactericidal effect (Yang et al. 2018; Ahmed et al. 

2019).  Moreover, whilst such QSIs can inhibit or reduce virulence factors production, 

they do not actually kill the bacteria, thus reducing the chances of development of 

resistance so often observed for antibiotics (Hentzer and Givskov 2003).  Having 
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demonstrated antimicrobial effects, and knowing of the observed anti-biofilm effects, 

the next step sought to study the ability of the epoxy-tiglianes to modify virulence 

factor production by bacteria.   

Surface motility is regarded as a virulence factor due to its role in early biofilm 

development; P. aeruginosa mutant strains with altered swarming motility having 

been shown to be defective in biofilm formation (Overhage et al. 2008; Ugurlu et al. 

2016).  In addition, bacterial motility plays an essential role in bacterial pathogenicity.  

P. aeruginosa has considerable flexibility in moving between planktonic and surface-

associated lifestyles and utilises surface motilities which include swarming, swimming, 

and twitching (Khan et al. 2020).  Surface motility assists bacteria in different 

environmental niches, to fight against extreme conditions, and withstand the 

immunological responses of the host.  Hence the NACs are becoming an important 

and new research area to inhibit the surface motility activity of bacteria.  Many 

compounds and extracts, including those such as phenolic compounds from grapes, 

zingerone from ginger root, and 2,5-piperazinedione extracted from different natural 

resources, are all regarded as motility inhibitors that inhibit bacterial motility 

(Musthafa et al. 2012; Kumar et al. 2015; Vazquez-Armenta et al. 2018).   

Swarming motility is a flagella and type IV pilus-dependent movement, powered by 

proton motive force, allowing bacterial cells to spread over a semi-solid surface 

(Schubiger et al. 2020).  Interestingly, the altered swarming motility in PAO1 induced 

by EBC-1013 treatment, has also been demonstrated by other phytochemicals such as 

Camellia nitidissima Chi Flowers, which (using real-time RT-PCR) was shown to 

result in down-regulation of the key QS regulatory genes lasR and rhlR (Yang et al. 

2018).   

The expression of virulence factors in P. aeruginosa is regulated by Las, Rhl and PQS 

(Figure 1.10).  The lasR–3-oxo-C12-AHL complex initiates transcription of target 

genes including those encoding virulence factors such as elastase, proteases, and 

exotoxin A, while rhlR–C4-AHL activates target genes, including those encoding 

elastase, proteases, pyocyanin, and siderophores (Rutherford and Bassler 2012).  PQS 

is responsible for activating the gene clusters phnAB and pqsABCDE, both of which 
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are required for the production of 4-hydroxy-2-alkylquinolones and PQS, which are 

known to influence the production of virulence factors, such as pyocyanin, 

rhamnolipids and elastase (Déziel et al. 2005; Reis et al. 2011; Yan and Wu 2019).   

The inhibition of pyocyanin production by EBC-1013 was striking and, may be of 

clinical benefit in chronic wounds.  Pyocyanin is a QS-controlled metabolite produced 

by P. aeruginosa and is involved in a variety of cellular processes detrimental to 

wound healing, including penetrating biological membranes, inducing host cell 

necrosis and inflammation, and mediating tissue damage (Lau et al. 2004b; Castañeda-

Tamez et al. 2018).  Previously, researchers have synthesised a series of N-

octaneamino-4-aminoquinoline derivatives to study their effects in reducing biofilm 

formation and pyocyanin production in P. aeruginosa through interference with the 

PQS signalling pathway (Aleksic et al. 2017; Aleksic et al. 2019).  Interestingly, the 

majority of the compounds tested showed significant effects in reducing pyocyanin 

production and, as with the epoxy-tiglianes, followed structure-activity relationships 

(SARs).  Among the three epoxy-tiglianes in this study, only EBC-1013 presented 

striking pyocyanin production inhibition activity at 256 μg/ml.  Further studies using 

more epoxy-tigliane structures are warranted in future to test for more SARs. 

Rhamnolipid, is a virulence factor important in mediating the swarming motility of P. 

aeruginosa; mutants defective in rhamnolipid synthesis producing irregular swarming 

phenotypes (Overhage et al. 2007; Overhage et al. 2008).  The alteration of swarming 

observed following EBC-1013 treatment was associated with an inhibition of  

rhamnolipid production.  This inhibition was only observed after 48 h, although  the 

swarming motility inhibition activity was apparent after 16 h.  This may be explained 

by the extensively overlapping P. aeruginosa QS pathways between Las and Rhl 

operons and the time-dependent expression of these QS genes (Figure 1.10) (Jack et 

al. 2018).  The virulence factor tests on pyocyanin and rhamnolipid production showed 

more noticeable inhibition effects throughout the time course of the experiment than 

those of protease and elastase and may therefore, reflect the epoxy-tiglianes (especially 

EBC-1013) differential inhibition of the Rhl and PQS QS systems to a greater extent 

than that of the Las system.  In addition, lasI-lasR and the rhlI-rhlR quorum-sensing 

systems can be regulated (directly or indirectly) by a number of transcriptional 
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regulators, thus making their expression extremely sensitive to environmental 

conditions, e.g., different nutritional conditions; addition of exogenous AHLs, mucin, 

DNA, sub-inhibitory concentrations of antibiotics, NaCl, and AI-2, and availability of 

iron and oxygen (Duan and Surette 2007).  Thus, in vivo, both the levels of AHL 

production and timing of the expression may vary significantly under different 

environmental growth conditions, especially during starvation, where increased AHL 

expression is observed in minimal or diluted media.  Interestingly, both las and rhl are 

expressed earlier during starvation conditions (in early to mid-log phase) compared to 

nutrient medium (in early stationary phase) (Duan and Surette 2007).  

Proteases are enzymes (aspartic, serine, cysteine, and metallo) that hydrolyse the 

amide bonds of the peptide units of polypeptides and proteins (Agbowuro et al. 2018).  

Proteases also play an important role in the pathogenicity of Pseudomonas spp., 

regulate protein synthesis, turnover, and function and control physiological processes 

such as cell signalling/migration, immunological defenses, wound healing, and 

apoptosis (Leung et al. 2000).  The protease-inhibiting effects of EBC-1013 may be 

crucial for disease prevention and may also be promising in therapeutic uses in chronic 

wound infections.  On the other hand, total protease production followed a time-

dependant manner in previous studies (Jack et al. 2018).  The findings here, observed 

the same total protease production pattern in P. aeruginosa, with highest production 

at the 24 h-time-point and reduced production after the 30 h-time-point (Jack et al. 

2018).  EBC-1013 started to show inhibition effects at 48 h, perhaps indicating that 

the effective mode of this compound may start at this time point to affect the Las and 

Rhl systems in P. aeruginosa (Waters and Goldberg 2019).  Interestingly, this time-

dependant manner was also seen in elastase production, although in this case, EBC-

1013 (24 h) started to show inhibition effects earlier than EBC-46 (48 h).  These 

findings also confirmed the subtle different antimicrobial actions of the two different 

epoxy-tigliane structures. 

QSIs act in a number of different ways including: inhibiting production of AHLs via 

disruption of the activity of AHL synthase, interfering with AHL binding and/or 

stability of their specific receptors or enzymatic degradation of AHLs (Kalia 2013).  

To explore the effect of epoxy-tiglianes on QS inhibition, their effect on violacein 
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production was studied using C. violaceum (Skogman et al. 2016).  Interestingly, both 

C. violaceum ATCC 31532 and CV026 exhibited enhanced QS signalling when treated 

with epoxy-tiglianes at both 24 and 48 h; this was despite their use at sub-inhibitory 

levels.  Previous studies on the effects of subinhibitory concentrations of antibiotics 

on QS have shown that increased AHLs may induce QS-mediated virulence, including 

chitinase production and biofilm formation (Liu et al. 2013; Deryabin and Inchagova 

2017).  However, previous biofilm formation studies of epoxy-tiglianes (EBC-46 and 

EBC-1013) with E. coli and P. aeruginosa revealed significantly increased biofilm 

inhibition with obviously increased DEAD:LIVE cell ratios within the resultant 

biofilms (Powell et al. 2022; In press).  Similar effects have previously been seen with 

b-lactam antibiotics, but only at temperatures suboptimal for C. violaceum growth 

(Deryabin and Inchagova 2017).  In this case, b-lactam antibiotics were thought to act 

as AHL-mimiking molecules due to particular structural similarities between 

pencillins and AHLs.  Another novel, QS inhibitor, QStatin (1-[5-bromothiophene-2-

sulfonyl]-1H-pyrazole), has been shown to bind to SmcR (a QS transcriptional 

regulator), thereby altering its transcription regulatory activity and having direct 

effects on virulence, motility/chemotaxis, and biofilm dynamics (Kim et al. 2018).  

Hence, certain antibiotics or antimicrobials, at sub-inhibitory concentrations, function 

as signalling molecules that may regulate the homeostasis of microbial communities 

(Linares et al. 2006).  Epoxy-tiglianes (particularly EBC-1013) may “stress” bacteria 

via increased growth pressure (directly killing cells), disrupt homeostasis (regulating 

motility and virulence factor production) in biofilms, and thus stimulate increased QS 

signalling expression (as seen via increased violaceum pigment production).  More 

studies on the effects of epoxy-tiglianes on P. aeruginosa QS signalling need to be 

performed, particularly in terms of identifying the specific QS pathways involved.  

Although epoxy-tiglianes and PMA were all PKC-activating compounds (Boyle et al. 

2014), the structural differences may lead to the different effect on violaceum 

production in the QS assays.  Whilst the bactericidal activity inhibition results revealed 

that epoxy-tiglianes (EBC-46 and EBC-1013 at 48 h) and furanone all inhibited 

bacterial viability > 40%, thus excluded from further testing (Skogman et al. 2016).  It 

is noteworthy that in contrast to the inhibition effect of furanone, epoxy-tiglianes and 

PMA all promoted violaceum pigment production.  Many papers have reported 
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pathogenic bacteria activate PKC pathways in human cells (Castrillo et al. 2001; 

Savkovic et al. 2003; Mittal et al. 2016), while the specific activities of PKC in 

bacterial strains are still unknown.  The precursors of PKC isotypes in E. coli have 

been revealed to show phospholipid- and calcium-dependent phorbol ester binding 

(Filipuzzi et al. 1993), which may explain the PKC-stimulating and bacterial viability 

promoting activity of PMA in QS experiments.  The PKC inhibitor (BisI) was shown 

to have a direct effect on pyocyanin production reducing the inhibitory effects of EBC-

1013 treatment.  Interestingly, in contrast, its effects with EBC-46 were apparently the 

opposite, with BisI promoting inhibition of pyocyanin production, when EBC-46 

treatment alone had no effect.  These results likely reflect the structure and bioactivity 

differences (e.g., SARs) of the different epoxy-tiglianes (see Section 1.2.2), 

demonstrating that more studies are necessary to fully understand epoxy-tigliane PKC 

and bacterial interactions.  

Development of potent QS inhibitors/quenchers appears to be the goal of much current 

AMR research.  Therefore, the efficacy of the epoxy-tigliane EBC-1013 with its 

combination of antimicrobial activity combined with QS disruption and interference 

with virulence factor production, may prove to be particularly useful clinically.   

3.5. Conclusion 

Data so far indicates that the epoxy-tiglianes are unconventional antimicrobials which 

have inhibitory effects on chronic wound bacterial planktonic and biofilm growth of 

Gram-positive bacteria, with no obvious growth effects observed for Gram-negative 

bacteria.  They are able to permeabilise bacterial cells, although generally at higher 

concentrations for the Gram-negative than the Gram-positive strains tested.  

Importantly, SARs were evident, with EBC-1013 shown to have the highest 

antimicrobial activity of the compounds tested.  Despite the apparent limited effects 

on growth of Gram-negative strains, the epoxy-tigliane EBC-1013 clearly had a 

significant inhibitory effect on a range of P. aeruginosa virulence factors, including 

swarming motility and virulence factor production, which could be beneficial for the 

treatment and disruption of chronic wound bacterial biofilms.  Interestingly however, 

QS signalling appeared to be significantly enhanced following treatment.  How this 
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relates to decreases in virulence factor production needs to be further explored.  EBC-

1013 may potentially offer a powerful new approach to the treatment and management 

of wound biofilms.  Further research is required to determine the precise mechanism 

of action.  
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4.1. Introduction 

4.1.1. The antibacterial mechanism of action of colistin on Gram-
negative bacteria 

Over the last two decades, the increase in the prevalence of MDR bacterial strains, as 

well as the paucity of novel antibiotics in the discovery pipeline, has been a huge 

challenge for effective treatment of infection in human beings and animals.  This has 

led to a resurgence in the use of conventional antibiotics such as polymyxins (Nang et 

al. 2019; Zając et al. 2019).  Colistin (COL), also known as polymyxin E, is regarded 

as a last-resort antibiotic to treat human infection by MDR and carbapenem-resistant 

Gram-negative bacteria e.g., carbapenem-resistant P. aeruginosa, A. baumannii, K. 

pneumoniae, E. coli, and other Enterobacteriaceae (El-Sayed Ahmed et al. 2020).  

Whilst the polymyxins (together with third, fourth, and fifth generation cephalosporins, 

glycopeptides, quinolones, and macrolides) are potentially clinically important 

antimicrobials, for many years, adverse effects including nephrotoxicity and 

neurotoxicity have limited their use (Lim et al. 2010; Spapen et al. 2011).  The review 

by Spapen et al. (2011) revealed that it is the cumulative COL dose that results in 

nephrotoxicity.  Whilst shortening the duration of treatment may decrease this 

incidence of nephrotoxicity, in hospitalised critically ill patients, prolonged treatment 

and nephrotoxicity of COL may develop (Doshi et al. 2011; Spapen et al. 2011).  

COL is mainly active against Gram-negative bacteria, with its primary target being the 

LPS of the OM where it exerts its antibacterial action by direct interaction with the 

lipid A component of the LPS.  In this model, COL is able to interact with the bacterial 

cell wall through electrostatic interactions between the cationic diaminobutyric acid 

(Dab) residues of COL and anionic phosphate groups on the lipid A moiety of LPS 

(El-Sayed Ahmed et al. 2020).  As previously discussed (Chapter 1, Section 1.3), the 

bacterial cell surface is negatively-charged due to LPS (Flemming et al. 2007).  COL 

is able to destabilise these LPS molecules by competitively displacing Mg+2 and Ca+2 

cations from the negatively-charged phosphate groups of the membrane lipids.  This 

allows access of the COL molecules to the bacterial surface, leading to disruption of 



 125 

the OM.  An alternative proposed mechanism involves the vesicle-vesicle contact 

pathway, where a COL dimer binds to anionic phospholipid vesicles after passing 

through the OM and then mediates contact between the periplasmic leaflets of the inner 

and outer membranes leading to phospholipid loss (Clausell et al. 2007; Dupuy et al. 

2018).  This pathway results in osmotic imbalance of the cells, leakage of intracellular 

contents, and ultimately, cell lysis (Kaye et al. 2016).  A third possible model is a 

generalised mechanism for bactericidal agents, in which the production of reactive 

oxygen species leads to the hydroxyl radical death pathway (Dupuy et al. 2018; El-

Sayed Ahmed et al. 2020).  In this model, as COL passes through the Gram-negative 

bacterial cell membrane, superoxides are generated, which are then converted to 

peroxides in the presence of superoxide dismutases.  These lethal hydroxyl radicals 

(•OH), superoxide (O2-), and hydrogen peroxide (H2O2) lead to oxidative stress 

(Sampson et al. 2012).  After this process, peroxide oxidizes ferrous iron (Fe2+) along 

with the formation of hydroxyl radicals, in a reaction known as the Fenton reaction 

(Brochmann et al. 2014).  Ultimately, accumulation of hydroxyl radicals at high 

concentrations, induces oxidative damage to DNA, lipids, and proteins leading to 

bacterial cell death (Sampson et al. 2012). 

4.1.2. Colistin resistance in Gram-negative bacteria 

The mechanism of resistance against COL in Gram-negative bacteria remains unclear 

(Zhang et al. 2021b) with Gram-negative bacteria gaining resistance through various 

distinct mechanisms.  Generally, the most common COL-resistant (COLR) 

mechanisms of Gram-negative bacteria involve the multi-tier upregulation of a number 

of regulatory systems (Fernández et al. 2013; Ayoub Moubareck 2020).  Intrinsic 

resistance to COL of some Gram-negative bacteria has been reported previously, for 

example, in Proteus mirabilis, Morganella morganii, Salmonella enterica and Serratia 

marcescens  (Kato et al. 2012; Merkier et al. 2013; Aquilini et al. 2014; Samonis et al. 

2014).  The natural resistance to COL is primarily due to the altered charge of the 

bacterial LPS in these strains, thus affecting the electrostatic interaction between 

positively-charged Dab residues on polymyxin and negatively-charged phosphate 

groups on lipid A of LPS (Velkov et al. 2010).  The PhoP-PhoQ regulatory system 

encoded by the phoP locus has been shown to mediate the shielding of phosphates on 
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lipid A with positively-charged groups, such as phosphoethanolamine (pEtN) and 4-

amino-4-deoxy-L-arabinose (L-Ara4N) (Olaitan et al. 2014; Ayoub Moubareck 2020), 

followed by a change in the initial binding site of COL; ultimately reducing the binding 

capacity of COL (Zhang et al. 2021b). 

Besides the LPS-binding pathway regulated by the PhoP-PhoQ system, other 

resistance mechanisms exist such as the K. pneumoniae anionic capsular 

polysaccharides, which when released from the cell surface, work as “bacterial 

decoys”, trapping/binding polymyxins, thereby decreasing the ability of the drug to 

reach the bacterial cell surface, making it less effective (Llobet et al. 2008).  More 

recent research on COLR K. pneumoniae (MIC > 16 mg/l) showed that the capsule of 

the COLR strain is harder and organised in several layers when compared with that of 

the COL-susceptible strain, and that this was directly associated with COL resistance 

and also in determining the genotype of the strains (Formosa et al. 2015; Janssen et al. 

2020).  

Previous studies have shown that efflux pumps can also contribute to COL resistance 

in Gram-negative bacteria such as A. baumannii (EmrAB), P. aeruginosa (MexAB-

OprM and MexXY-OprM) and K. pneumoniae (AcrAB) (Padilla et al. 2010; Goli et 

al. 2016; Lin et al. 2017).  Efflux pumps cooperate with the OM to allow antibiotic 

agents to be expelled out of the cell (Weinstein and Hooper 2005).  A study on the 

functions of efflux pump inhibitors in COLR E. coli showed that the combination of 

COL and efflux pump inhibitors (e.g., benzochromene derivative) was able to reduce 

the MIC from 32 μg/ml to 0.25 μg/ml (Sundaramoorthy et al. 2019).  

4.1.3. Emergence of mobile colistin resistance (mcr) gene-containing 
E. coli  

Since plasmid-mediated polymyxin resistance (known as mcr-1) was first reported in 

China in 2015, the worldwide increase of plasmid-mediated polymyxin resistance in 

Enterobacteriaceae, mainly mcr-1 (81%) and less commonly mcr-2 to -10, have been 

reported across Asia, Africa, Europe, North America, South America, and Oceania 

(Nang et al. 2019; Hussein et al. 2021).  To date, mcr-1 gene has been reported to have 
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spread widely in Enterobacter cloacae, E. coli, K. pneumoniae and Salmonella species 

isolated from humans, animals and the environment (Liu et al. 2016b; Quan et al. 2017; 

Hussein et al. 2021).  E. coli plays an essential role in the enterobacterial gene pool, as 

both a donor and/or as a recipient of resistance genes and thus can both acquire AMR 

genes from other bacteria and transfer its AMR genes to other bacteria (Poirel et al. 

2018).  This has been a matter of great concern due to great capacity of 

Enterobacteriaceae to accumulate other resistance genes, such as TetC, TetW, 

blaTEM-1, and aac(3)-II, mostly through horizontal gene transfer (Poirel et al. 2018; 

Nang et al. 2019; Song et al. 2021).   

The mcr-1-plasmid gene encodes for a pEtN transferase, which upon the expression 

of the mcr gene, catalyses the addition of pEtN to the phosphate groups in lipid A, 

leading to increased cationic charge on bacterial LPS, and subsequent decreased 

affinity of COL towards LPS (Zhang et al. 2021b).  To date mcr-1 has been found 

carried on IncX4, IncI2, IncHI2, IncP, IncX and IncFII plasmids, but with a 

predominance of IncI2 (Li et al. 2017; Zhang et al. 2021b).  E. coli strains have also 

been detected with both chromosomally-located mcr-1 and plasmid-mediated blaNDM-

5 genes, suggesting the integration of this gene into the genome of some isolates (Lin 

et al. 2020).  Moreover, conjugation experiments showed that mcr-1 could be 

successfully transferred between different E. coli strains at high frequencies (10−1 to 

10−3 cells per recipient) as demonstrated by significantly increased COL MICs (8-16 

fold) in the transconjugants (Liu et al. 2016b).  Along with the rapid, worldwide spread 

of mcr-1, new variants of mcr-1 have been discovered in animals and humans in 

different countries, such as mcr-1.1 (on IncX4 plasmids in MDR E. coli isolated from 

rainbow trout) (Hassan et al. 2020), mcr-1.2 (on IncX4 plasmids in a KPC-3-producing 

K. pneumoniae from a surveillance rectal swab from a leukemic child) (Di Pilato et al. 

2016), mcr-1.6 (on IncP plasmids in a COLR Salmonella enterica serovar typhimurium 

isolated from a healthy individual) (Lu et al. 2017).  This high in-vitro rate of transfer 

of COLR mcr-1 into key human pathogens, such as E. coli, K. pneumoniae and P. 

aeruginosa, highlights the urgent need for alternative antibiotic treatments and 

necessity for continuous active global surveillance of clinical antibiotic-resistant 

pathogens (Liu et al. 2016b; Lin et al. 2020). 
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Another novel mcr variant, mcr-3 carrying E. coli strains, was also included in this 

chapter.  This mobile COLR gene was first identified in E. coli of pig origin coexisting 

with 18 additional resistance determinants on the 261-kb IncHI2-type plasmid pWJ1 

(Yin et al. 2017).  pWJ1 has a plasmid backbone similar to those of other mcr-1-

carrying plasmids (e.g., pHNSHP45-2) with the mcr-3 gene presenting 45.0% 

nucleotide sequence identity to mcr-1.  The mcr-3 gene product, MCR-3, showed 99.8 

to 100% identity to pEtN transferases found in other Enterobacteriaceae, and 32.5% 

similarity to the amino acid sequences of MCR-1.  Like MCR-1, the structure of the 

MCR-3 protein (Figure 4.1) was predicted to have two domains, with domain 1, a 

transmembrane domain and domain 2, a pEtN transferase (Yin et al. 2017).  A more 

recent report revealed a functional variant (Ah762) of MCR-3 in certain Aeromonas 

species.  The researchers observed a hinge linker,  Ah762 (termed Linker 59) that 

determines MCR resistance and facilitates the ability of inactive MCR variants to 

regain COL resistance (Xu et al. 2021).  

Figure 4.1.  Structure prediction for the mcr-1 and mcr-3 gene products, MCR-1 
and MCR-3, respectively.  Domain 1 was predicted to be a transmembrane domain, 

while domain 2 was predicted to be pEtN transferase.  (Yin et al, 2017; Reproduced 

with permission http://creativecommons.org/licenses/by/4.0/).  
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4.1.4. Aims and objectives  

Antimicrobial resistance is now recognised as one of the most important global threats 

to human health in the 21st century.  Current treatment plans for such infections are 

limited and invariably rely on COL to treat serious infections caused by 

carbapenemase-producing Enterobacteriaceae.  Thus, the aim of this study was to test 

the anti-bacterial and anti-biofilm properties of epoxy-tiglianes (EBC-46, EBC-1013 

and EBC-147) on COLR bacterial strains, specifically mcr-1 and mcr-3 plasmid-

mediated polymyxin resistant E. coli strains.  

The specific aims of these studies were: 

• To determine the antimicrobial properties of the epoxy-tiglianes on selected 

COLR E. coli using broth dilution MIC assays and possible synergistic effects 

when used in combination with conventional antibiotics using checkerboard 

assays. 

• To elucidate a mode of action for the epoxy-tiglianes on the bacterial cell 

surface of COLR E. coli using cell permeability assays and bacterial cell surface 

hydrophobicity assays via surface contact angle (SCA) testing. 

• To study the effects of epoxy-tiglianes (or in combination with COL) on 

biofilm formation and disruption using crystal violet (CV) assays, CLSM and 

COMSTAT image analysis. 
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4.2. Materials and Methods 

4.2.1. Preparation of epoxy-tiglianes and antibiotic solutions 

The preparation of epoxy-tiglianes and antibiotic solutions was as described in Section 

2.2.1.  The prototype compound EBC-46 and two semi-synthetic compounds (EBC-

1013 and EBC-147) were prepared at a nominal concentration of 20 mg/ml in ethanol 

as stock solutions.  Prior to use, all stock solutions were diluted as appropriate to 

produce the required working concentrations (8 μg/ml to 512 μg/ml).  The 

corresponding ethanol equivalent control was also tested as a control in each study.   

All antibiotics were purchased from Sigma-Aldrich Ltd., Dorset, U.K.  Stock solutions 

of antibiotics were made up as follows in sterile Milli-Q water (unless otherwise 

stated): colistin sulphate (COL; 1 mg/ml); flucloxacillin (FLU; 10 mg/ml); 

ciprofloxacin (CIP; 1 mg/ml in 0.1 M HCl); azithromycin (AZM; 10 mg/ml in 95% 

ethanol).  Stock solutions of antibiotics were filter-sterilised using a 0.2-micron 

hydrophilic Polyether sulfone membrane filter (Sigma-Aldrich Company Ltd., Dorset, 

U.K) and stored at -20°C until required.  For azithromycin test, a corresponding 

ethanol equivalent control was prepared as negative control. 

4.2.2. Bacterial strains and growth conditions 

The MDR strains studied in this chapter were: Methicillin Resistant S. aureus (MRSA) 

NCTC 12493 and NCTC 13143, A. baumannii V4 (Khan et al. 2012), Klebsiella 

pneumoniae NNMR 49.B (COLR) and P. aeruginosa 1006A (CIPR; Howell-Jones 

2007).  E. coli and K. pneumoniae strains were provided by the Department of Medical 

Microbiology and Infectious Disease in Cardiff University.  More information about 

the strains is presented in Table 4.1. 

All bacterial strains used in this study were stored as frozen stocks as described in 

Chapter 3 Section 3.2.2.  Single colonies of MDR strains were inoculated in 15-20 ml 

TSB (Oxoid) at 37°C in an aerobic environment under shaking at 180 rpm, for 16-  
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Table 4.1. Characteristics of colistin-sensitive (COLSens) and COLR (mcr) Enterobacteriaceae used in this study. 
 

Plasmid 

Designation 

COL 

Resistance 

Incompatibility 

Group 

Sequence Type 

(ST) 

Source Country of 

Origin 

Reference 

CX17    1193 Animal China This study 

CX17-34b PN16c mcr-1 Incl2  Chicken meat Thailand This study 

CX17-4b T145c mcr-1 IncX4  Swine faeces Thailand This study 

CX17-1b WJ1c mcr-3 IncHI2  Swine faeces China Yin et al 2017 

CX17-8b T145c mcr-3 IncY  Swine faeces Thailand This study 

HRS.18c  mcr-1.1  1081 Human Rectal Swab Laos This study 

HRS.1821c  mcr-3.20  46 Human Rectal Swab Laos This study 

FMM.1860c  mcr-3.21  58 Fly Laos This study 

NNMR 49.bc  mcr-1   Human Rectal Swab Nigeria This study 

aAll E. coli strains except NNMR 49.b (K. pneumoniae). 

bTransconjugants derived from transfer of mobile plasmid-encoded COLR (mcr) from the original wild-type host into CX17. 

cCOLR (mcr) plasmid-encoding farm isolates. 

Strain ID
a
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18 h.  For COLR E. coli mcr strain O/N broth cultures, 2-3 colonies were inoculated 

into LB broth at 37°C with COL (2 μg/ml).  

4.2.3. Analysing antibiotic susceptibility of multidrug resistant 

bacteria  

4.2.3.1. Minimum inhibitory concentration assays 

MIC assays were performed according to the procedure described in Chapter 3 Section 

3.2.3.1.  Stock solutions of the three epoxy-tiglianes (EBC-46, EBC-1013 and EBC-

147) were prepared in MH broth, with a starting concentration of 512 μg/ml.  

Antibiotic solutions were also prepared in MH broth using the following concentration 

ranges: COL (0.064 to 512 μg/ml); FLU (0.064 to 512 μg/ml); CIP (0.064 to 512 

μg/ml); AZM (0.064 to 512 μg/ml).  Ethanol equivalent controls for each test were 

prepared in parallel in MH broth at the same concentrations as those of the epoxy-

tiglianes (v/v).  Two-fold serial dilutions of each antimicrobial were prepared in a 

sterile flat-bottom 96-well microtitre plate.  Each MIC test was performed as n=3 

independent experiments, as well as n=3 technical replicates.  Ethanol-equivalent and 

negative (untreated) controls were also tested. 

4.2.4. Antimicrobial synergy testing by checkerboard assay 

Possible synergistic effects between the epoxy-tiglianes and antibiotics were tested by 

the checkerboard method, a two-dimensional array of serial concentrations of two test 

compounds, tested at the same time as previously described (Magi et al. 2015; Lee et 

al. 2019).  To create a checkerboard plate (Figure 4.2), a total of 50 μl of MH broth 

was distributed into each well of the microdilution plates.  The epoxy-tiglianes were 

then vertically serially diluted (2-fold; rows A to G) from ³ 3-fold MIC, or from 1024 

μg/ml if the MIC values were ≥ 128 μg/ml.  In parallel, the test antibiotic was serially 

diluted (2-fold; columns 1-9) from ³ 4-fold MIC in MH broth and then 50 μl of the 

diluted antibiotic was added into each well vertically.  Noteworthy, the actual MIC for 

the test epoxy-tigliane or antibiotic was included into the plate as a control (column 10 

and row H).  Bacterial O/N cultures were adjusted to OD600nm between 0.08 and 0.10 
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in PBS.  The adjusted bacterial cultures were then diluted ten-fold in MH broth before 

performing a further 1 in 20 dilution into the microtiter plates, resulting in a final 

bacterial concentration of approximately 5 × 105 CFU/ml.  A growth control (bacteria 

only) was included in the plate (column 11), as well as an uninoculated sterile control 

(column 12).  All the plates were incubated at 37°C for 16-20 h under aerobic 

conditions.  

As previously described (for the standard MIC), the lowest concentration of the 

combined treatment that completely inhibited bacterial growth as detected by eye was 

recorded.  Results were further interpreted by addition of resazurin to the assay as 

described above (Chapter 3 Section 3.2.3.1).  The combination therapies were assessed 

from the calculated fractional inhibitory concentration (FIC) index, which was 

determined as the inhibitory concentration of the combination therapy divided by that 

of the single antibiotic or epoxy-tigliane as defined in the equation below (Hall et al. 

1983).  The FIC index was determined from the lowest concentration of the 

combination of antibiotic and epoxy-tigliane permitting no visible bacterial growth 

(green wells in Figure 4.2).  For strains where the MIC of the epoxy-tiglianes 

was >512 μg/ml, then 1024 μg/ml was used as MIC of the epoxy-tigliane alone.   

The FIC index of antibiotic and epoxy-tigliane was interpreted as follows: the 

combination treatment was considered as synergistic when the ΣFIC was ≤ 0.5, 

indifferent when the ΣFIC was > 0.5 and < 2, and antagonistic when the ΣFIC was ≥ 

2. 

 

 

Where FICA is the MIC of drug A (tested antibiotic) in combination, divided by the 

MIC of drug A (tested antibiotic) alone and FICB the MIC of drug B (test epoxy-

tigliane) in combination divided by the MIC of drug B (test epoxy-tigliane) alone.  The 

results were recorded as mode values from n=3 biological repeats.  Differences in MIC 

of up to a 2-fold dilution were deemed acceptable. 

!
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Figure 4.2.  Layout of checkerboard assay plate set up to determine potential 

synergy between epoxy-tiglianes and various antibiotics.  Columns 1 to 9 contain 

2-fold serial dilutions of antibiotic, and rows A to G contain 2-fold serial dilutions of 

epoxy-tigliane.  Column 10 contains a serial dilution of epoxy-tigliane alone, while 

row H contains a serial dilution of antibiotic alone.  These controls are used to 

determine the MIC value for each test compound (MICA and MICB), which in turn are 

used to calculate the FIC index using the formula listed above, to assess for synergism, 

additive/indifference, or antagonism.  In this illustration, “no growth” is represented 

by white circles, and “growth” is represented by yellow circles.  The lowest MIC points 

is represented by green circles and determines the MIC points “A and B” in the formula 

listed above.  The growth control (column 11) is depicted as a yellow circle, the sterility 

control (column 12) is depicted as a white circle.  Results were further interpreted by 

using the resazurin assay and MIC values were recorded. 
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4.2.5. The effect of the epoxy-tiglianes on the bacterial cell surface 

4.2.5.1. Bacterial membrane permeability assay 

Cell permeabilisation analysis following epoxy-tigliane treatment was as previously 

described (Chapter 3 Section 3.2.3.2).  In this chapter, epoxy-tiglianes were tested in 

the concentration range of 128, 256 and 512 μg/ml, while COL treatment on E. coli 

mcr strains was tested in the concentration range of ½MIC to 4-folds MIC to determine 

the lowest concentration of COL that did not permeabilise the cell.  Combination 

treatments with this COL concentration and epoxy-tiglianes at 128, 256 and 512 μg/ml 

were also tested.  Isopropanol (70%) and 512 μg/ml ethanol equivalent (v/v) treated 

cells were performed as positive and negative controls respectively.  Results were 

recorded as mean values ± SD (n=3). 

4.2.5.2. Cell surface hydrophobicity of E. coli mcr strains 

SCAs of E. coli mcr strains were measured using the sessile drop method on bacterial 

lawns as described previously (Soon et al. 2012) with some modifications.  Bacterial 

O/N cultures were adjusted to OD600nm between 0.08 and 0.10 in MH broth.  Following 

that, 10 ml of adjusted culture was incubated with COL at ½MIC or with epoxy-

tiglianes at 256 μg/ml.  Combinations of COL at ¼MIC and epoxy-tiglianes at 256 

μg/ml were also tested.  An ethanol equivalent control (v/v) at 256 μg/ml was tested 

as a negative control.   

All the cells were incubated aerobically at 37°C for 1 h with shaking at 120 rpm.  The 

cells were then pelleted by centrifugation (3000 g, 5 min, 25°C) and washed twice 

with sterile Milli-Q water.  Cells were subsequently resuspended in 10 ml of Milli-Q 

water.  To evenly create bacterial lawns, a polyvinylidene difluoride membrane filter 

(PVDF; Durapore® Membrane Filter) of 0.22 μm pore size (Sigma-Aldrich Ltd., 

Dorset, U.K) was used in this study.  Firstly, the bacterial suspensions were filtered 

via negative pressure (20 mm Hg) for 10-15 mins, until the fluid had completely passed 

through the membrane.  Wet filters with retained cells were then air-dried under sterile 

conditions for 10 mins and then fixed on a 75 × 25 mm microscope glass slide (Sigma-
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Aldrich Ltd., Dorset, U.K) with double sided tape and air-dried for another 10 mins.  

Both hydrophobic and hydrophilic PVDF filters were initially tested, and (empty) 

PVDF filters without bacterial lawns were also prepared. 

A droplet of 5 μl Milli-Q water was deposited onto the centre of the bacterial lawns, 

and images were captured automatically with an Attension® Theta Lite contact meter 

(Biolin Scientific, Stockholm, Sweden).  For each sample, SCAs were measured over 

a 10 s interval (n > 3) and 20 images per second were acquired.  For these images, 

measurements of SCA (θ) and droplet volume (μl) were obtained at each time point.  

Means and standard deviations were calculated from SCAs obtained on these bacterial 

lawns.  Empty PVDF filters without bacterial lawns were also tested to compare with 

other treated samples (n=1). 

4.2.6. The effect of epoxy-tiglianes on bacterial biofilms of E. coli mcr 
strains  

4.2.6.1. Crystal violet assay  

A CV assay was utilised to quantify biofilm disruption following epoxy-tigliane-alone 

treated and COL/epoxy-tigliane “combined” treatments.  The CV assay on E. coli mcr 

strains was performed as previously described (Kragh et al. 2019) with some 

modifications.  Bacterial O/N cultures were firstly adjusted to OD600nm between 0.08 

and 0.10 in MH broth and then diluted 1:10 in fresh MH broth in 96-well microtiter 

plates (200 μl per well) for 24 h for further cultivation (20 rpm/min at 37°C) to build 

biofilms in the plates. 

After 24 h of incubation, 100 μl of the supernatants were removed.  COL or epoxy-

tigliane serial dilutions were prepared in a separate 96-well microtiter plate at a 

concentration range of 0.5-512 μg/ml (n=6) and 100 μl of each dilution transferred to 

the biofilm plates and incubated for another 24 h (20 rpm/min at 37°C).  Ethanol 

equivalent controls (n=6) were also tested.  Furthermore, combinations of COL and 

epoxy-tiglianes were also prepared as in the checkerboard assay in another separate 

96-well microtiter plate and then 100 μl transferred to the biofilm plates as above. 
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After incubation, supernatants were removed by inverting the plates over tissue and 

shaking out the liquid.  Then the plates were washed 3 times using 200 μl sterile dH2O 

in each well.  Subsequently, 125 μl of 0.01 % crystal violet (CV; Sigma-Aldrich Ltd., 

Dorset, U.K) solution was added to all wells containing completely dry biofilms.  After 

15 min, the excess CV was removed by washing twice with 200 μl sterile dH2O.  The 

plates were then dried upside down for 2-3 h.  Ultimately, the fixed CV was released 

by adding 200 μl 95% ethanol in the plates for 30 min.  Then, 125 μl of the solution 

was transferred to a new microtiter plate before absorbance detection at 590 nm via 

FLUOstar® Omega multi-mode microplate reader (BMG LABTECH).  Wells with 

sterile medium alone were used as blank controls.  All steps were carried out at room 

temperature.  Results were recorded as mean values ± SD and all assays were repeated 

at least three times per strain. 

4.2.6.2. Confocal laser scanning microscopy to visualise biofilm structures  

E. coli mcr strains were employed in a biofilm disruption assay.  Biofilms were 

established as described above (see Section 4.2.6.1).  Briefly, the O/N cultures were 

adjusted to OD600nm between 0.08 and 0.10 in MH broth and then diluted 1:10 in fresh 

MH broth in 96-well microtiter plates for 24 h, 20 rpm/min at 37°C to establish 

biofilms in the plates.  After biofilm formation, epoxy-tiglianes and ethanol equivalent 

controls were added at 256 μg/ml working concentrations.  COL concentrations were 

tested at 16 μg/ml for E. coli CX17 and 64 μg/ml for mcr-1 E. coli CX17(pPN16).  

Moreover, combination treatments of epoxy-tiglianes and COL were also tested.  The 

plates were then incubated for another 24 h, 20 rpm/min at 37 °C. 

The bacterial supernatants from the biofilms were gently removed.  LIVE/DEAD 

Baclight stain (BacLight Bacterial Viability Kit Invitrogen, Paisley, UK) was then 

diluted 1:1 (SYTO®9: propidium iodide; 7 μl of component A was added in 7 μl of 

component B).  Then14 μl of component A and B mixture was added to 1 ml PBS and 

mixed before adding 7 μl of the solution into each well.  LIVE/DEAD staining shows 

LIVE and DEAD cells as green and red, respectively.  Plates were incubated for 10 

mins, wrapped in foil to avoid light exposure.  A further 43 μl of PBS was then added 

to each well to keep the biofilms hydrated before visualisation by CLSM.   
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4.2.6.3. COMSTAT analysis of E. coli biofilms 

CLSM images were analysed using COMSTAT image analysis software (Heydorn et 

al. 2000).  Five CLSM Z-stack images were taken for each sample using an inverted 

CLSM (LSM800, Zeiss).  Settings used for CLSM imaging were as follows: zoom, x1; 

lens, x63; N.A. 1.40 oil immersion; line averaging, 1; scan speed, 400 Hz; resolution, 

1024 x 1024; step size, 0.79 μm and step number, 50.  Imaris (Bitplane, Concord, MA, 

USA) software was used for exporting and processing the images in tagged image file 

format.  The CLSM Z-stack images were quantified using COMSTAT software 

(Heydorn et al. 2000) to achieve the biofilm parameters of biomass volume, 

DEAD/LIVE bacteria ratio, surface roughness and mean thickness. 

4.2.7. Data analysis 

MIC values are presented as the mode of three biological repeats.  FIC indexes were 

presented as the median of the calculated FIC indexes.  Graph Pad Prism® (GraphPad 

Software Inc., La Jolla, USA) was used for statistical analysis.  Graphical data for each 

experimental sample group are presented as mean ± SD.  Group-wise comparisons 

were analysed by parametric one-way ANOVA with Dunnett’s multiple comparison 

tests, with P ≤ 0.05 considered significant.  CV results were analysed by two-way 

ANOVA with Tukey’s multiple comparison, with P ≤ 0.05 considered significant.  
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4.3. Results 

4.3.1. Epoxy-tigliane/antibiotic susceptibility testing of multidrug 
resistant bacteria 

As previously observed in chronic wound bacteria, no valid MICs were encountered 

for epoxy-tiglianes tested Gram-negative strains.  MICs either all higher than the 

highest tested concentration (512 μg/ml) or actually no MICs (Tables 4.2 and 4.3).  In 

contrast, MICs were determined for the Gram-positive strains tested, with values for 

S. aureus NCTC 13143 against epoxy-tiglianes similar to those of S. aureus NCTC 

12493 (MRSA) in Table 3.1 (Chapter 3 Section 3.3.1), with EBC-46 at 512 μg/ml, 

EBC-1013 at 32 μg/ml and EBC-147 > 512 μg/ml.  For all studied strains, only selected 

antibiotics (that they were resistant to) were tested.  The exception was S. aureus 

NCTC 12493 (tested against FLU at 0.5 μg/ml) which was used as a sensitive control 

compared to S. aureus NCTC 13143 (32 μg/ml).  Of the E. coli strains, only the 

recipient strain (CX17) was COL sensitive (MIC at 0.064 μg/ml).  All the E. coli mcr 

strains were COLR (≥ 4 μg/ml), except for the transconjugants CX17(pT145) and 

CX17(pWJ1) where COLR was measured at the breakpoint (2 μg/ml). 

4.3.2. Potentiation effect of epoxy-tiglianes and antibiotics against 
multidrug-resistant bacteria 

The results of checkerboard assays are indicated in Tables 4.2 and 4.3, with the 

median FIC index reported.  Unsurprisingly, the Gram-positive FLUsens S. aureus 

NCTC 12493 showed no synergistic effects with any of the tested epoxy-tiglianes and 

FLU (FIC index > 1).  However, neither was synergy observed for the FLUR S. aureus 

strain NCTC 13143.  In addition, none of the three Gram-negative strains showed 

synergistic effects, although K. pneumoniae NNMR 49.B (mcr-3) showed a low FIC 

index (near synergy) when treated by a combination of EBC-1013 with COL (FIC 

index = 0.508).   
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Table 4.2.  Minimum inhibitory concentration (µg/ml) for antibiotics against MDR bacteria and fractional inhibitory concentration index 
determinations for epoxy-tiglianes and antibiotic combinations against MDR bacteria. 

  
MIC (µg/ml)  FIC Index 

Strain  CIP AZM FLU  With EBC-46 With EBC-1013 With EBC-147 

S. aureus NCTC 12493 (MRSA)    0.5  1.024 1.125 1.063 

S. aureus NCTC 13143 (MRSA)    32  1.024 1.094 1.016 

A. baumannii V4   8   1.031 1.008 1.063 

P. aeruginosa 1006A  64    2.063 1.063 1.063 

FLU, flucloxacillin; CIP, ciprofloxacin; AZM, azithromycin. 

FIC index values were interpreted as follows: synergy (≤ 0.5), antagonism (≥ 2) and indifference (> 0.5 to < 2). 
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Further test combinations (epoxy-tiglianes with COL) were performed against a range of E. 

coli mcr strains (Table 4.3).  Of the eight tested strains, E. coli CX17 (the plasmid-free 

recipient strain), three of the transconjugant strains and two of the farm isolates showed 

synergy between EBC-1013 and COL (FIC indices < 0.5).  No significant interactions between 

EBC-46 (or EBC-147) and COL were noted, although CX17(pWJ1) showed ‘near’ synergy 

between EBC-46 and COL (FIC index = 0.508).  E. coli HRS.18 mcr-1.1 was the most sensitive 

strain with all three epoxy-tigliane/COL combinations tested, with all tests giving FIC indices 

≤ 0.625.  All the best combinations reflected the checkerboard assay results (Table 4.3), 

showing that the effective COL concentration was reduced (by at least 2-fold) when compared 

with the MIC values.  EBC-1013 was the most effective epoxy-tigliane compound, 

demonstrating antibacterial synergistic effects for 6 out of 8 strains in combination with COL 

at (clinically) very low concentrations (≤ 32 μg/ml). 

4.3.3. Effect of the epoxy-tiglianes and colistin on bacterial membrane 

permeability  

The permeability assay was performed on COL-treated E. coli strains to assess its effect on the 

integrity of the plasma membrane and to test the lowest concentrations of antibiotic and epoxy-

tigliane able to penetrate living bacterial cells.  Treatment of the COLsens recipient strain E. coli 

CX17 revealed that the lowest effective concentration of COL was 1 μg/ml (Figure 4.3 a).  

EBC-1013 (with no COL) treatment at all three concentrations (128, 256 and 512 μg/ml) also 

showed potent dose-dependent permeabilising ability when compared with the untreated 

control (P < 0.05; Figure 4.3 b).  Treatment using COL at just below efficacy (0.5 μg/ml) in 

combination with EBC-1013 showed significance (at all three concentrations) when compared 

with the untreated and EBC-1013 only controls (P < 0.05). 

Similar treatment of the COLR mcr-1 transconjugant E. coli strain CX17(pPN16) demonstrated 

that the lowest effective concentration of COL was 4 μg/ml (Figure 4.3 c), i.e., the MIC value.  

However, EBC-1013 (with no COL) treatment was only significant at the highest concentration 

tested of 512 μg/ml (Figure 4.3 d).  Treatment using COL at just below efficacy (2 μg/ml) in 

combination with EBC-1013 showed significance (at all three concentrations) when compared 

with the untreated and EBC-1013 only controls (P < 0.05).  Similar results were found on 

testing the two mcr-3 transconjugants strains CX17(pT145) and CX17(pWJ1) (Figure 4.4) and 
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the two farm isolates, HRS.18 mcr-1.1 and FMM.1860 mcr-3.21 (Figure 4.5) although the 

permeabilising concentration of COL alone was again strain-dependent varying between 2 to 

8 μg/ml (P < 0.05).  Again, a significant synergistic effect of the combination treatment was 

noted, which was much greater for the farm isolates showing significantly increased 

fluorescence intensity values almost equivalent to those of the positive control 70% 

isopropanol (Figure 4.5 b and d; P < 0.05). 

Ethanol equivalent/vehicle controls were tested for all the combination assays, with no 

permeabilisation effects detected when compared with the untreated controls.  The positive 

70% isopropanol control gave high fluorescence intensity value in every case, indicative of 

highly damaged cell membranes. 

4.3.4. Effect of epoxy-tiglianes and colistin on cell surface hydrophobicity of 
E. coli mcr strains 

The effect of epoxy-tiglianes and COL on bacterial surface hydrophobicity of E. coli mcr 

strains was studied using a SCA assay.  Both hydrophilic and hydrophobic PVDF filters were 

initially tested for up to 10s.  The SCA change of 5 μl Milli-Q water droplets in 10s range on 

bare (biofilm-free) hydrophilic and hydrophobic PVDF filters is presented in Figure 4.6.  An 

obvious change in SCA for the hydrophilic filters (Figure 4.6 a) starting from 62.7º ± 3.8 and 

dropping to 25.8º ± 1.9 (n=3) could be seen during the 10 s time range, with the SCA remaining 

within the hydrophilic range (< 90º).  In contrast, the SCA change on hydrophobic filters 

(Figure 4.6 b) showed almost no change from 108.5º to 108.4º (n=1), with the SCA staying 

within the hydrophobic range (> 90º). 

Differences in hydrophobicity were further studied utilising E. coli mcr strains.  No significant 

change was seen for the mean SCA between 0-10 s using the hydrophobic filters (Appendices 
4.1 and 4.2).  Only COL alone showed a significantly increased cell surface hydrophobicity, 

but then only at the 0 s time point.  Changes in SCA were, therefore, only performed using 

hydrophilic PVDF filters.  Thus, the hydrophilic Duapore® membranes were utilised in 

subsequent experiments as they provided a “readily-wettable” substrate and facilitated the 

filtration of E. coli suspensions (Soon et al. 2012). 
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Table 4.3.  Minimum inhibitory concentration (μg/ml) for COL against E. coli and fractional inhibitory concentration index 
determinations for epoxy-tiglianes and COL against E. coli mcr strains.  Best (lowest effective) combinations (μg/ml) of COL and epoxy-
tiglianes from the checkerboard assay are also shown. 

 MIC 

(µg/ml) 
 FIC Index  Best (lowest effective) Combinations (µg/ml) 

COL  COL+EBC-46 COL+EBC-1013 COL+EBC-147  COL+EBC-1013 COL+EBC-46 COL+EBC-147 

CX17 0.064  0.563 0.266 1.016  0.008 32 0.008 256 0.016 512 

CX17(pPN16) mcr-1  4  0.625 0.313 1.016  1 64 1 256 1 512 

CX17(pT145) mcr-1  2  1.031 0.625 1.008  1 16 0.5 512 1 512 

CX17(pWJ1) mcr-3  2  0.508 0.375 1.031  0.5 32 0.5 256 0.5 512 

CX17(pT145) mcr-3  4  0.532 0.375 1.016  1 16 0.5 256 0.5 512 

HRS.18 mcr-1.1 4  0.625 0.375 0.563  1 16 0.5 512 1 512 

HRS.1821 mcr-3.20 4  1.008 0.563 1.031  1 256 0.5 512 2 512 

FMM.1860 mcr-3.21 4  1.008 0.375 1.008  1 16 0.5 256 0.5 512 

NNMR 49.B mcr-1 4  0.625 0.508 1.056  0.5 256 0.5 256 1 512 

aAll E. coli strains except NNMR 49.b (K. pneumoniae). 

COL, colistin sulphate. 

FIC index values were interpreted as follows: synergy (≤ 0.5), antagonism (≥ 2) and indifference (> 0.5 to <2); Blue shaded areas show apparent synergy.

E. coli Strain
a
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Figure 4.3.  Cell permeabilisation assay showing the effect of (a, c) colistin and 

(b, d) colistin+EBC-1013 treatment on COLsens E. coli CX17 and COLR E. coli 

CX17(pPN16) mcr-1.  (a) Colistin tested at 2-fold MIC, 3-fold MIC and 4-fold MIC 

values for E. coli CX17 and (b) at just below efficacy (at 0.5 μg/ml; 4-fold MIC) in 

combination with EBC-1013 (at 128, 256 and 512 μg/ml).  (c) Colistin tested at 

½MIC, MIC and 1-fold MIC for E.coli CX17(pPN16) mcr-1 and (d) at just below 

efficacy (2 μg/ml; ½MIC) in combination with EBC-1013 (at 128, 256 and 512 

μg/ml).  Ethanol equivalent and 70% isopropanol positive controls were also tested.  

Results are expressed as fluorescence intensity (A.U.). *represents significantly 

different compared to the untreated control; *represents significantly different 

compared to the EBC-1013 (with no colistin) control (n=3; P < 0.05).  
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Figure 4.4.  Cell permeabilisation assay showing the effect of (a, c) colistin and 

(b, d) colistin+EBC-1013 treatment on COLR E. coli CX17(pT145) mcr-3 and 

CX17(pWJ1) mcr-3.  (a) Colistin was tested at ¼MIC, ½MIC and MIC values for E. 

coli CX17(pT145) mcr-3 and (b) at just below efficacy (at 1 μg/ml; ¼MIC) in 

combination with EBC-1013 (at 128, 256 and 512 μg/ml).  (c) Colistin was tested at 

½MIC, MIC and 1-fold MIC for E. coli CX17(pWJ1) mcr-3 and (d) at just below 

efficacy (2 μg/ml; ½MIC) in combination with EBC-1013 (at 128, 256 and 512 

μg/ml).  Ethanol equivalent and 70% isopropanol positive controls were also tested.  

Results are expressed as fluorescence intensity (A.U.). *represents significantly 

different compared to the untreated control; *represents significantly different 

compared to the EBC-1013 (with no colistin) control (n=3; P < 0.05).  
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Figure 4.5.  Cell permeabilisation assay showing the effect of (a, c) colistin and 

(b, d) colistin+EBC-1013 treatment on COLR E. coli HRS.18 mcr-1.1 and E. coli 

FMM.1860 mcr-3.21.  (a) Colistin was tested at ½MIC, MIC and 1-fold MIC values 

for E. coli HRS.18 mcr-1.1 and (b) at just below efficacy (at 2 μg/ml; ½MIC) in 

combination with EBC-1013 (at 128, 256 and 512 μg/ml).  (c) Colistin was tested at 

½MIC, MIC and 2 times MIC for E. coli FMM.1860 mcr-3.21. and (d) at just below 

efficacy (4 μg/ml; MIC) in combination with EBC-1013 (at 128, 256 and 512 μg/ml).  

Ethanol equivalent and 70% isopropanol positive controls were also tested.  Results 

are expressed as fluorescence intensity (A.U.). *represents significantly different 

compared to the untreated control; *represents significantly different compared to the 

EBC-1013 (with no colistin) control (n=3; P < 0.05).  
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The effect of COL and the three epoxy-tiglianes (at 256 μg/ml) on COLsens E. coli 

CX17 was tested (Figure 4.7); the concentrations selected being based on the optimum 

combinations from the checkerboard assay (Table 4.3).  The control experiments 

performed on hydrophilic filters revealed an initial SCA of 26.9 ± 3.0°, which 

decreased to 11.5 ± 3.1° after 10 s.  Following droplet deposition on epoxy-tigliane 

treated bacterial lawns prepared on PVDF filters, the SCA also changed as a function 

of time over 10 s, although no significant difference was obtained between the 

untreated control and epoxy-tigliane treated E. coli CX17.  Similarly, combination 

treatment of COL and epoxy-tiglianes (Figure 4.8) also showed no obvious difference 

in SCA between untreated controls and treated E. coli CX17 bacterial lawns.  In 

contrast, testing of the COLR E. coli CX17(pPN16) mcr-1 using COL (2 μg/ml) and 

epoxy-tigliane (256 μg/ml) exposure (tested individually) considerably increased the 

SCAs of bacterial lawns during the first 2 s (0-2 s) (Figure 4.9 a and b), with EBC-
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Figure 4.6.  Contact angle (º) measurements on untreated polyvinylidene fluoride 

(PVDF) filters.  (a) hydrophilic filter at 0 s and 10 s (n=3).  (b) hydrophobic filter at 

0 s and 10 s (n=1).  
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1013 and EBC-46 significantly increasing the SCA at 0 s (Figure 4.9 c; P < 0.05).  

Despite this though, only the COL treated bacterial lawn demonstrated increased cell 

surface hydrophobicity over the whole 10 s time period (Figure 4.9 d; P < 0.05).  The 

SCA results of the combination treatments showed that COL at ¼MIC (1 μg/ml), 

COL+EBC-1013 (64 μg/ml), COL+EBC-46 (256 μg/ml) and COL+EBC-147 (512 

μg/ml) all increased SCAs for E. coli CX17(pPN16) mcr-1 (Figure 4.10 a and b), but 

this was only significant for the epoxy-tiglianes at 0 s (Figure 4.10 b and c), and not 

as a mean over 0-10 s (Figure 4.10 d).  

Further testing of other COLR strains CX17(pT145) mcr-3 (Figure 4.11), HRS.18 

mcr-1.1 (Figure 4.12) and HRS.1821 mcr-3.20 (Figure 4.13) gave more promising 

results.  Higher SCAs were demonstrated by COL (2 μg/ml; ½MIC) and epoxy-

tiglianes (256 μg/ml) at the 0 s time point and also as a mean over 0-10 s, all of which 

were significant (with the exception of COL-treated HRS.1821 mcr-3.20).  The results 

indicate that EBC-1013 was the only epoxy-tigliane, unlike EBC-46 and EBC-147, 

shown to be able to increase cell surface hydrophobicity (P < 0.05) 

4.3.5. Effect of epoxy-tiglianes and colistin on biofilm disruption of E. 

coli mcr strains using crystal violet assays.  

The recipient strain E. coli CX17 (n=3) showed that the 24 h biofilms were disrupted 

and inhibited by COL ≥ 4 μg/ml (Figure 4.14 a and b; P < 0.05) which was 6-fold 

higher than the MIC value, whilst EBC-46 (Figure 4.14 c and d), EBC-1013 (Figure 

4.14 e and f) and the ethanol equivalent control (Appendix 4.3 a and b) demonstrated 

no obvious antibacterial effects within the test range (0-512 μg/ml).  The COLR mcr-

1 carrying E. coli CX17(pPN16) showed that the 24 h biofilms were disrupted and 

inhibited by COL ≥ 128 μg/ml which was 5-fold higher than the MIC 
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Figure 4.7.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes and colistin only.  (a) E. coli CX17 was treated by 

colistin (0.032 μg/ml; ½MIC), EBC-1013, EBC-46 and EBC-147 (256 μg/ml), and ethanol equivalent controls.  (b) Contact angle (°) change 

during 10 s test time.  (c) Contact angle (°) at the 0 s timepoint.  (d) Mean contact angle (°) change between 0-10 s. (n=3).  

  

Contro
l

Colis
tin

 0.
03

2 µ
g/m

l

EBC-1
01

3 2
56

 µ
g/m

l

EBC-4
6 2

56
 µ

g/m
l

EBC14
7 2

56
 µ

g/m
l

Eth
an

ol c
ontro

l
0

20

40

60

80

C
on

ta
ct

 a
ng

le
 º

CX17 at 0s hydrophilic

Contro
l

Colis
tin

 0.
03

2 µ
g/m

l

EBC-1
01

3 2
56

 µ
g/m

l

EBC-4
6 2

56
 µ

g/m
l

EBC14
7 2

56
 µ

g/m
l

Eth
an

ol c
ontro

l
0

20

40

60

80

C
on

ta
ct

 a
ng

le
 º

CX17 after 10s hydrophilic

0 2 4 6 8 10
0

20

40

60

Time (s)

C
on

ta
ct

 a
ng

le
 º

CX17 hydrophilic

Control
Colistin 0.032 µg/ml
EBC-1013 256 µg/ml
EBC-46 256 µg/ml
EBC-147 256 µg/ml
Ethanol control

Control
26.9o ± 3.0

Colistin 
29.8o ± 5.4

EBC-1013
32.4o ± 9.0

EBC-46 
26.4o ± 2.2

EBC-147 
27.9o ± 6.7

Ethanol control
28.1o ± 1.4

Contact angles (°) of E. coli CX17
(a)

(b) (c) (d)
At 0 s Mean between 0-10 s0-10 s

0 2 4 6 8 10
0

20

40

60

Time (s)

C
on

ta
ct

 a
ng

le
 º

CX17 hydrophilic

Control
Colistin 0.032 µg/ml
EBC-1013 256 µg/ml
EBC-46 256 µg/ml
EBC-147 256 µg/ml
Ethanol control



 150 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 4.8.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes and colistin combinations.  (a) E. coli CX17 was 

treated by colistin alone (0.016 μg/ml; ¼MIC) and colistin+EBC-1013 (0.008 and 32 μg/ml respectively), colistin+EBC46 (0.008 and 256 μg/ml 

respectively) and colistin+EBC147 (0.016 and 512 μg/ml respectively), and ethanol equivalent controls.  (b) Contact angle (°) change during 10 

s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean contact angle (°) change between 0-10 s (n=3). 
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Figure 4.9.  Contact angle (°) measurements of E. coli CX17(pPN16) mcr-1 treated by epoxy-tiglianes and colistin only.  (a) E. coli 

CX17(pPN16) mcr-1 was treated by colistin (2 μg/ml; ½MIC), EBC-1013, 46 and 147 (256 μg/ml), and ethanol equivalent controls.  (b) Contact 

angle (°) change during the 10 s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean of the contact angle (°) change between 0-10 s. * 

significantly different as compared to the untreated control (n=3; P < 0.05). 
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Figure 4.10.  Contact angle (°) measurements of E. coli CX17(pPN16) mcr-1 treated by epoxy-tiglianes and colistin combinations.  (a) E. 

coli CX17(pPN16) mcr-1 was treated by (controls) of colistin (1 μg/ml; ¼MIC), colistin+EBC-1013 (1 and 64 μg/ml respectively), colistin+EBC46 

(1 and 256 μg/ml respectively), colistin+EBC147 (1 and 512 μg/ml respectively), and ethanol equivalent controls.  (b) Contact angle (°) change 

during the 10 s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean contact angle (°) change between 0-10 s.  * significantly different 

as compared to the untreated control (n=3; P < 0.05). 
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Figure 4.9.  Contact angle (°) measurements of E. coli CX17(pPN16) mcr-1 treated by epoxy-tiglianes and colistin only.  (a) E. 

coli CX17(pPN16) mcr-1 was treated by colistin (2 μg/ml; ½xMIC), EBC-1013, 46 and 147 (256 μg/ml), and ethanol equivalent controls. 

(b) Contact angle (°) change during the 10 s test time. (c) Contact angle (°) at the 0 s time point. (d) Mean of the contact angle (°) change 

between 0-10 s. * significantly different as compared to the untreated control (n=3; P < 0.05).  

Figure 4.11.  Contact angle (°) measurements of E. coli CX17(pT145) mcr-3 treated by epoxy-tiglianes and colistin only.  (a) CX17(pT145) 

mcr-3 was treated by colistin (2 μg/ml; ½MIC), EBC-1013, 46 and 147 (256 μg/ml), and ethanol equivalent controls.  (b) Contact angle (°) change 

during 10 s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean contact angle (°) change between 0-10 s.  * significantly different as 

compared to the untreated control (n=3; P < 0.05). 
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Figure 4.12.  Contact angle (°) measurements of E. coli HRS.18 mcr-1.1 treated by epoxy-tiglianes and colistin only.  (a) E. coli HRS.18 

mcr-1.1 was treated by colistin (2 μg/ml; ½MIC), EBC-1013, 46 and 147 (256 μg/ml), and ethanol equivalent controls.  (b) Contact angle (°) 

change during the 10 s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean contact angle (°) change between 0-10 s.  * significantly 

different as compared to the untreated control (n=3; P < 0.05). 
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Figure 4.13.  Contact angle (°) measurements of E. coli HRS.1821 mcr-3.20 treated by epoxy-tiglianes and colistin only.  (a) E. coli 

HRS.1821 mcr-3.20 was treated by colistin (2 μg/ml; ½MIC), EBC-1013, 46 and 147 (256 μg/ml), and ethanol equivalent controls.  (b) Contact 

angle (°) change during the 10 s test time.  (c) Contact angle (°) at the 0 s time point.  (d) Mean of the contact angle (°) change between 0-10 s.  * 

significantly different as compared to the untreated control (n=3; P < 0.05). 
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Figure 4.14.  Biofilm disruption assay of 24 h E. coli CX17 biofilms treated for 24 

h with COL, EBC-46 or EBC-1013 (0-512 μg/ml).  (a) COL; (c) EBC-46; and (e) 

EBC-1013.  Significant biofilm disruption (P < 0.05) is indicated by wells highlighted 

in red following CV staining.  No bacteria blank control is indicated by wells 

highlighted in black.  Corresponding graphs (b), (d) and (f) showing absorbance values 

at OD590nm.  * significantly different as compared to the untreated control (n=6; P < 

0.05).  
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value (Figure 4.15 a and b).  However, as with the results of the recipient strain CX17, 

EBC-46 (Figure 4.15 c and d), EBC-1013 (Figure 4.15 e and f) and the ethanol 

equivalent control (Appendix 4.3 c and d) showed no obvious antibacterial effects 

within the testing range (0-512 μg/ml; P < 0.05). 

Epoxy-tiglianes and COL combinations were also tested for anti-biofilm effects 

against 24 h E. coli CX17 biofilms (Figure 4.16) and E. coli CX17(pPN16) mcr-1 

(Figure 4.17) biofilms.  No evidence of an interaction between COL and EBC-46 (P > 

0.05) was seen in the CV biofilm formation assay for E. coli CX17.  It is interesting to 

observe the effective COL concentration was obviously 2-fold less (16 vs 8 μg/ml) 

when combined with EBC-46 at ≥ 8 μg/ml (P < 0.05; Figure 4.16 a).  This reduction 

(which might have been expected) with EBC-46 was not seen at 256 and 512 μg/ml.  

This may have arisen because of discrepancies/inconsistencies in the CV staining 

method itself.  Moreover, no evidence of an interaction between COL and EBC-1013 

(P > 0.05) was detected for E. coli CX17 biofilm, although the effective working 

concentration of COL decreased 2-fold (8 vs 2 μg/ml) when combined with EBC-1013 

(4-128 μg/ml).  Similarly, the combination treatment with E. coli CX17(pPN16) mcr-

1 EBC-1013 at > 256 μg/ml (Figure 4.16 b) showed no real effect/trend.  No evidence 

of an interaction between COL and ethanol (P > 0.05) were seen in disruption of E. 

coli CX17 biofilms (data not shown). 

Similarly, with the COLR strain, combination treatments with epoxy-tiglianes and 

COL demonstrated that there was no obvious interactions between EBC-46 and COL 

in disrupting E. coli CX17(pPN16) mcr-1 biofilms (Figure 4.17 a).  The effective 

concentration of COL was reduced 2-fold (from 64 to 32 μg/ml) when combined with 

EBC-46 was ≥ 1 μg/ml (P < 0.05; Figure 4.17 a).  On the other hand, the effective 

concentration of COL was reduced 2-fold from 32 to 16 μg/ml when EBC-1013 was 

≥ 8 μg/ml (P < 0.05; Figure 4.17 b).  As with the COLSens E. coli CX17, there was no 

evidence of an interaction between COL and ethanol (P > 0.05).  It is interesting to 

note that the biofilm volume of the COLSens E. coli CX17 and COLR E. coli 

CX17(pPN16) mcr-1 were very different, which was reflected by the absorbance scale 

in Figure 4.16 and 4.17.  COLSens E. coli biofilms had a greater volume giving a 

maximum OD590nm of 0.5 compared to 0.4 for COLR E. coli CX17(pPN16) mcr-1. 
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Figure 4.15.  Biofilm disruption assay of 24 h E. coli CX17(pPN16) mcr-1 biofilms 

treated for 24 h with COL, EBC-46 or EBC-1013 (0-512 μg/ml).  (a) COL; (c) 

EBC-46; and (e) EBC-1013.  Significant biofilm disruption (P < 0.05) is indicated by 

wells highlighted in red following CV staining.  No bacteria blank control is indicated 

by wells highlighted in black.  Corresponding graphs (b), (d) and (f) showing 

absorbance values at OD590nm.  *significantly different as compared to the untreated 

control (n=6; P < 0.05).
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Figure 4.16.  Heatmap of crystal violet staining of a biofilm disruption assay of 24 h E. coli CX17 biofilms treated for 24 h.  (a) E. coli 

CX17 biofilms were treated with combinations of colistin (0-128 μg/ml) and EBC-46 (0-512 μg/ml).  (b) E. coli CX17 biofilms were treated with 

combinations of colistin (0-128 μg/ml) and EBC-1013 (0-512 μg/ml).  Significant biofilm disruption (P < 0.05) is indicated by wells highlighted 

in red following CV staining when compared with untreated control.  Absorbance values were measured at OD590nm (n=3; P < 0.05).   
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Figure 4.17.  Heatmap of crystal violet staining of a biofilm disruption assay of 24 h E. coli CX17(pPN16) mcr-1 biofilms treated for 24 
h.  (a) E. coli CX17(pPN16) mcr-1 biofilms were treated with combinations of colistin (0-128 μg/ml) and EBC-46 (0-512 μg/ml).  (b) E. coli 

CX17(pPN16) mcr-1 biofilms were treated with combinations of colistin (0-128 μg/ml) and EBC-1013 (0-512 μg/ml).  Significant biofilm 

disruption (P < 0.05) is indicated by wells highlighted in red following CV staining when compared with untreated control.  Absorbance values 

were measured at OD590nm (n=3; P < 0.05).    
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4.3.6. Confocal laser scanning microscope imaging and COMSTAT 

image analysis of epoxy-tiglianes and colistin treated E. coli biofilms 

The effect of the epoxy-tiglianes, COL and their combinations on E. coli CX17 and 

CX17(pPN16) mcr-1 biofilms was studied using CLSM and COMSTAT image 

analysis (Figures 4.18 to 4.21).  Images in Figure 4.18 show that both EBC-46 and 

EBC-1013 (at 256 μg/ml) greatly increased the DEAD (red) to LIVE (green) cell ratio 

when compared with the untreated and ethanol equivalent controls.  While COL alone 

(at 16 μg/ml) in Figure 4.18 also demonstrated biofilm disruption effects, these were 

not as potent as EBC-46 and EBC-1013.  The combination of COL and epoxy-tigliane 

treatment showed significant effects on 24 h E. coli CX17 biofilms, with obviously 

reduced LIVE cells (green) and increased DEAD cells.  The highly increased 

DEAD/LIVE cell ratios being indicative of the potent anti-biofilm effects of the 

combination treatments (Figure 4.19 a and b; P < 0.05).  COMSTAT image analysis 

(Figure 4.19) also demonstrated significantly decreased biomass volume (and biofilm 

thickness) after treatment with EBC-46 and EBC-1013 which was potentiated in 

combination with COL (Figure 4.19 a and d; P < 0.05).  Biofilm surface roughness 

(roughness coefficient; Figure 4.19 c), also significantly increased (P < 0.05) after the 

combined treatment of EBC-46 and COL, while EBC-46 only treated biofilms showed 

no significant changes.  Ethanol showed no obvious effect on E. coli CX17 biofilms 

(Figure 4.18).  However, combined ethanol and COL appeared to significantly disrupt 

biofilms (Figure 4.18 and 4.19; P < 0.05), which may be due to the anti-biofilm effect 

of COL at 16 μg/ml. 

CLSM (Figure 4.20) and COMSTAT analysis (Figure 4.21) revealed the ability of 

epoxy-tiglianes and COL in disrupting established COLR E. coli CX17(pPN16) mcr-

1 bacterial biofilms with obvious reductions in biofilm biomass volume (Figure 4.21 
a).  The combinations (EBC-46+COL and EBC-1013+COL) showed similar biomass 

reduction effect as epoxy-tigliane alone (Figure 4.21 a).  Results for E. coli 

CX17(pPN16) mcr-1 (Figure 4.21 b) also showed that the combination treatment of 

both epoxy-tiglianes presented similar effect as epoxy-tigliane alone by increasing the 

DEAD/LIVE cell ratios, although less effectively to that of the COLsens E. coli CX17 

(Figure 4.19 b; P < 0.05).  Both combination treatments and the EBC-1013 only
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Figure 4.18.  CLSM imaging of biofilm disruption assay of 24 h E. coli CX17 biofilms.  E. coli CX17 biofilms were treated for 24 h with 

EBC-46, EBC-1013 or ethanol equivalent controls (at 256 μg/ml) alone and in combination with colistin (16 μg/ml).  (Scale bar = 20 μm).  CLSM 

3D imaging: 3D view (Top Left); side-on view (Bottom Left); Green channel only (LIVE cells; Top Right); Red channel only (DEAD cells; 

Bottom Right). 
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Figure 4.19.  COMSTAT image analysis of CLSM of biofilm disruption assay (Figure 4.18) of 24 h E. coli CX17 biofilms.  E. coli CX17 

biofilms were treated for 24 h with epoxy-tiglianes EBC-46 or EBC-1013 (256 μg/ml), alone and in combination with colistin (16 μg/ml) alongside 

untreated and ethanol equivalent controls (means ± SD).  (a) Biofilm biomass volume (μm3/μm2), (b) DEAD/LIVE cell ratio, (c) roughness 

coefficient (Ra*) and (d) biofilm thickness (μm).  * significantly different as compared to the untreated control (n=3; P < 0.05). 
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Figure 4.20.  CLSM imaging of biofilm disruption assay of 24 h E. coli CX17(pPN16) mcr-1 biofilms.  E. coli CX17(pPN16) mcr-1 biofilms 

were treated for 24 h with EBC-46, EBC-1013 or ethanol equivalent controls (at 256 μg/ml) alone and in combination with colistin (64 μg/ml).  

(Scale bar = 20 μm).  CLSM 3D imaging: 3D view (Top Left); side-on view (Bottom Left); Green channel only (LIVE cells; Top Right); Red 

channel only (DEAD cells; Bottom Right). 
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Figure 4.21. COMSTAT image analysis of CLSM of biofilm disruption assay (Figure 4.20) of 24 h grown E. coli CX17(pPN16) mcr-1 

biofilms.  E. coli CX17(pPN16) mcr-1 biofilms were treated for 24 h with epoxy-tiglianes EBC-46 or EBC-1013 (256 μg/ml), alone and in 

combination with colistin (64 μg/ml) alongside untreated and ethanol equivalent controls (means ± SD).  (a) Biofilm biomass volume (μm
3
/μm

2
), 

(b) DEAD/LIVE cell ratio, (c) roughness coefficient (Ra*) and (d) biofilm thickness (μm).  * significantly different as compared to the untreated 

control (n=3; P < 0.05). 
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treatment of E. coli CX17(pPN16) mcr-1 biofilms increased biofilm surface roughness 

(Figure 4.21 c; P < 0.05).  Moreover, significantly reduced biofilm thickness was 

observed for both epoxy-tigliane only and combination treatments (Figure 4.21 d; P 

< 0.05).  The CLSM images and COMSTAT results for CX17(pPN16) biofilms 

indicating that epoxy-tigliane alone was able to disrupt established biofilm formation 

and the combination treatments (with COL) may also “synergistically” increased 

reduced biofilm thickness and killed bacteria (Figure 4.21). 

4.4. Discussion 

MDR bacterial infections are becoming an increasingly common and serious problem 

for public health, particularly for chronic wound and cancer patients (Cattaneo et al. 

2018; Wei et al. 2019; Moghadam et al. 2020).  AMR in MDR strains commonly 

includes acquisition of extra-chromosomal genetic elements via horizontal gene 

transfer (Hiramatsu et al. 2001) (Section 1.5.4.2) and can involve efflux pumps 

(Section 1.5.4.6), low cell wall permeability effects (important in Gram-negatives), 

secretion of degrading enzymes and target modification.  As previously reported, 

Gram-positive MRSA, penicillin-resistant pneumococci, and vancomycin-resistant 

enterococci are the most commonly identified pathogens (Cornaglia 2009) with the 

most reported Gram-negative MDR bacteria being carbapenem-resistant 

Enterobacteriaceae, carbapenem-resistant P. aeruginosa, A. baumannii and extended-

spectrum beta-lactamase-producing Enterobacteriaceae (Bassetti et al. 2019; Vivas et 

al. 2019).  

MDR bacterial isolates have been identified in a range of human diseases from chronic 

leg wounds to critically ill hospitalised patients (Bassetti et al. 2019).  Recently, 

resistance rates for MDR bacterial isolates from chronic cutaneous wounds of S. 

aureus 92.0% (161/175) to penicillin, 58.3% (102/175) to erythromycin, and 50.9% 

(89/175) to clindamycin; and for E. coli, 68.1% (47/69) to ampicillin, 68.1% (47/69) 

to CIP, 60.9% (42/69) to levofloxacin were reported (Guan et al. 2021).  The estimate 

is that by 2050, no effective antibiotic will be available to treat MDR pathogen 

infections, if no new drugs are developed or discovered (VivasRoberto et al. 2019).  

Thus, studies in this Chapter were specifically directed to determine whether epoxy-
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tiglianes alone (or in combination with conventional antibiotics) may potentially 

inhibit MDR bacterial strains, especially Gram-negative MDR bacteria and COLR mcr 

gene carrying E. coli strains. 

The overexpression of mcr-1 induced by L-arabinose has been shown to inhibit 

planktonic cell growth rate and viability and significantly alter cell structural integrity, 

(noted by marked changes in cell thickness and density, complete loss of ‘bacilli’ 

morphology and emergence of empty ‘ghost’ cells), indicating that increased mcr-1 

expression levels in E. coli may be associated with a significant fitness burden of the 

cell in vitro (Yang et al. 2017).  These mcr-1 effects on cell viability and membrane 

permeability were also confirmed by Li et al. (2020).  Interestingly, loss of mcr-1 not 

only increased cell viability under high osmotic stress conditions, but also increased 

resistance of E. coli to hydrophobic antibiotics e.g., gentamicin, kanamycin and 

rifampicin (Li et al. 2020).  These observed results may also due to fact that expression 

of mcr-1 lead to the modification of LPS and disrupt of the permeability of LPS-

phospholipid bilayer, and therefore decrease the resistance to hydrophobic antibiotics.  

On the other hand, the hydrophilic antibiotics (e.g., ampicillin, nalidixic acid, 

spectinomycin, or ciprofloxacin) traverse the OM through porin channels, and thus 

were not affected (Li et al. 2020).  Although definite CD signal changes were not 

observed for LPS and EBC-46 interactions in Chapter 2, the hydrophobic long side- 

chain (C12 and C13 easter) of EBC-1013 may disrupt the OM of mcr-1 carrying E. 

coli strains. 

Previously studies showed that antibiotic adjuvant effects with antimicrobial plant 

extracts provide an alternative strategy that can be employed in treating infectious 

diseases of MDR bacteria (Tagousop et al. 2018; Etemadi et al. 2021; Magryś et al. 

2021).  Synergistic effects are indicated by an increase in inhibitory activity of the 

combination treatment with natural compounds e.g., turmeric aqueous extract and 

chitosan, have shown a synergistic inhibition effect on MRSA, AmpC-producing 

Enterobacteriaceae and CRE strains (Etemadi et al. 2021).  Moreover, combination 

therapy has also been shown to prevent or delay the emergence of microbial resistance 

(Magryś et al. 2021).   
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The initial findings of the checkerboard assay revealed the synergistic effects of EBC-

1013 and COL combination in inhibiting the growth of COLR E. coli mcr strains.  The 

effective concentrations of COL showed a 1- to 3-fold reduction, suggesting that EBC-

1013 could be a promising candidate for use as an adjuvant to potentiate COL in 

targeting the bacterial OM of Gram-negative bacteria (Bialvaei and Samadi Kafil 

2015).  In contrast, epoxy-tiglianes failed to demonstrate potentiation with other 

antibiotics (e.g., CIP, AZM and FLU) all showing an FIC index > 1, against a range 

of MDR strains.  This proved to be the case, despite the fact that S. aureus NCTC 

13143 and NCTC 12493 were both sensitive to EBC-1013 (with MICs of 16 and 32 

μg/ml respectively).  Only the mcr carrying K. pneumoniae and E. coli strains gave 

FIC indexes < 0.5 when COL was combined with EBC-1013 (E. coli mcr strains).  FIC 

indexes were between 0.5 and 1 when COL was combined with EBC-46 (both K. 

pneumoniae and E. coli strains).  These differences could arise from the fact that 

expression of mcr significantly affects cell fitness and viability (Yang et al. 2017; Li 

et al. 2020), with the effective combination treatment inducing increased fitness 

burden and altered cell membrane permeability (Li et al. 2020).  On the other hand, 

the other antibiotics (except COL) tested here have different mechanisms of action.  

CIP and other quinolones target a subunit of the essential bacterial enzyme DNA 

gyrase and DNA topoisomerase, thus potently inhibiting DNA replication of Gram-

negative bacilli bacteria, such as E. coli, Salmonella spp., Shigella spp., and Neisseria, 

and some Gram-positive bacteria (Campoli-Richards et al. 1988; Thai et al. 2020).  

AZM shares the same mechanism of action as other macrolide antibiotics, targeting 

bacterial protein synthesis (Parnham et al. 2014) and FLU (as for other beta-lactams), 

inhibits cross linking of the linear peptidoglycan polymer, thus affecting synthesis of 

the bacterial cell wall (Menezes et al. 2019).  Interestingly, the effect of the epoxy-

tiglianes on bacterial cell charge (zeta potential) was small, becoming slightly more 

negatively charged following EBC-1013 treatment.  Whether this change alone was 

sufficient to facilitate interaction of COL with the bacterial cell wall through 

electrostatic interactions, leading to disruption of the OM, remains to be confirmed 

(El-Sayed Ahmed et al. 2020). 

The cell permeability assay results confirmed the ability of the EBC-1013 and COL 

combination treatment to disrupt bacterial cell membrane integrity.  Moreover, all 
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three EBC-1013 and COL test combinations were generally able to cause membrane 

disruption of the E. coli strains, regardless of COL resistance status.  However, for the 

EBC-1013 only tests, E. coli mcr-1 appeared to possess a more inherent resistance than 

the mcr-3 isolates, since the cell permeability effects were observed only at 512 μg/ml 

for CX17(pPN16) mcr-1, but 2-fold lower (128 μg/ml) for both CX17(pT145) mcr-3 

and CX17(pWJ1) mcr-3.  Mcr-1 mediated cell permeability studies by Li et al. (2020) 

showed that a deletion mutant Δmcr-1 of pHNSHP45 demonstrated decreased 

resistance to COL and also resulted in a significant change of cell permeability.  The 

permeability test findings in this chapter also confirmed previous finding (Yang et al. 

2017) and the hypothesis above that the expression of mcr-1 in E. coli may lead to the 

modification of bacterial LPS, and thus the EBC-1013 and COL in-combination 

treatment helps the disruption of the LPS-phospholipid bilayer. 

Biofilm formation represents a major problem in human disease (as discussed in 

Chapter 3) and offers several fitness advantages to enable the survival of bacterial 

strains.  Comparative analysis of P. aeruginosa, S. aureus, and E. coli showed that cell 

surface hydrophobicity is correlated in biofilm consortia (Mirani et al. 2018).  

Accordingly, the cell surface hydrophobicity change after epoxy-tigliane and COL 

combination treatment were studied in this chapter.  Initial studies demonstrated that 

the reliable acquisition of SCA and cell surface hydrophobicity measurements were 

time-dependent and highly related to the membrane filter composition, with no 

obvious SCA change detected on hydrophobic PVDF filters in the 10s-time range 

(Soon et al. 2012).  In that case, the hydrophilic filters were utilised in this study. 

Alteration of cell surface hydrophobicity and cell morphology in response to treatment 

with various antimicrobials has been reported for several bacterial strains (Furneri et 

al. 2003; Kustos et al. 2003; Wojnicz and Jankowski 2007; Lee and Lee 2019), with 

untreated E. coli strains generally shown to possess a hydrophilic cell surface (Lajhar 

et al. 2018; Mirani et al. 2018).  Based on contact angle assay results, considerable 

variations were observed in COL and epoxy-tigliane treated COLSens and COLR E. coli 

strains in this study.  Initially, no SCA changes were observed for COLSens E. coli 

exposed to either COL or epoxy-tigliane alone or COL and epoxy-tigliane in 

combination.  However, COL (1/2MIC) and EBC-1013 (256 μg/ml) exposure increased 
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the SCA of COLR E. coli mcr strains.  Interestingly the results of previous 

hydrophobicity studies in Gram-negative bacteria have been highly variable.  Some 

have described increased cell surface hydrophobicity after antibiotic treatment at sub-

inhibitory concentrations e.g., F. nucleatum (treated by penicillin or amoxicillin), T. 

denticola (treated by doxycycline, metronidazole or tetracycline), P. gingivalis 

(treated by metronidazole; Lee and Lee 2019) and COLR A. baumannii (treated by 

COL; 32 mg/ml; Soon et al. 2012).  In contrast, other studies have shown the opposite 

results, with metronidazole exposure reducing cell surface hydrophobicity of F. 

nucleatum (Lee and Lee 2019) and P. aeruginosa and S. aureus becoming more 

hydrophilic after the treatment with isothiocyanates (Borges et al. 2015).  These 

conflicting results may reflect the influence of individual antibiotic and antimicrobial 

agents on different bacterial strains.  The cationic amphipathic COL molecule provides 

an initial binding site for electrostatic interactions with the bacterial surface through 

negatively charged phosphoester moieties on lipid A of LPS (El-Sayed Ahmed et al. 

2020).  Thus, alteration to the bacterial outer membrane, including the complete loss 

of LPS in COLR A. baumannii due to mutations in the genes (lpxA, lpxC and lpxD) 

involved in lipid A biosynthesis (Moffatt et al. 2010), was shown to affect the 

interaction between COL and the LPS.  These altered interactions may change the 

physicochemical properties of the cell surface, such as cell surface hydrophobicity 

(Soon et al. 2012).   

Bacterial cell surface hydrophobicity levels may vary with experimental parameters 

e.g., temperature and growth phase.  Cell surface hydrophobicity may alter as a 

function of bacterial growth phase, because of the dynamic nature of outer-membrane 

components that continually develop throughout growth (Di Bonaventura et al. 2008; 

Soon et al. 2012; Di Ciccio et al. 2015).  Despite this, a reproducible surface effect on 

the COLR E. coli mcr strains was observed, especially on the mcr-3 carrying COLR E. 

coli strains.  EBC-1013 significantly increased cell surface hydrophobicity of two mcr-

3 carrying COLR E. coli (a transconjugant and a human wild-type strain), with the 

effect significant for the 10 s of the experiment.  For the two mcr-1 carrying COLR E. 

coli, the significant effect was only seen with the human isolate.  To date, functional 

differences between mcr-1 and mcr-3 have only been reported in one previous study, 

which  showed that MCR-3 seemed to be more thermostable than MCR-1 (Li et al. 
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2018) so the different cell surface effect of mcr-1 and mcr-3 still remain poorly 

understood.  The cell surface hydrophobicity changes noted here, provide an insight 

into the functional cellular differences between mcr-1 and mcr-3 in mediating cell 

surface properties.   

Bacterial cell surface charge and hydrophobicity play an important role in the initial 

steps of microbial adhesion in biofilm formation (Di Bonaventura et al. 2008).  Hence, 

the next goal of the study was to determine the direct effect of the epoxy-tigliane 

molecules +/- COL on E. coli biofilms.  Initial studies employed the CV assay in a 

checkerboard assay to determine the anti-biofilm effects of epoxy-tiglianes +/-COL.  

Due to time constraints, biofilm formation assays were only performed on the COLsens 

recipient E. coli and E. coli (pPN16) mcr-1.  The CV assay results failed to show any 

synergistic inhibition effect on biofilms between epoxy-tiglianes and COL.  However, 

the CV assay is a “crude” assay especially when two antimicrobials are tested.  The 

washing steps in the assay may also affect the results accuracy.  As disruption of 

established E. coli (isolated from chronic wounds) biofilms has previously been 

described, the anti-biofilm effects were expected for the combination treatment 

(Powell et al. 2022; In press).  The effect of the acquisition of resistance on 

susceptibility to biofilm disruption by the combination treatment was characterised 

using CLSM. 

Previous studies on COLsens E. coli (MIC at 1 μg/ml) biofilms showed that COL 

treatment significantly changed biofilm morphology including reduced biofilm 

thickness, biofilm mass and increased DEAD:LIVE cell ratio in a concentration-

dependent manner (Klinger-Strobel et al. 2017).  It is noteworthy that exposure to COL 

may rapidly trigger the emergence of COL resistant clones, the effective anti-biofilm 

concentration of COL increasing up to 3-fold MIC (from 1 to 8 μg/ml) for the 

laboratory strain and 7-fold MIC (from 0.0625 to 8 μg/ml) for the clinical isolates 

(Klinger-Strobel et al. 2017).  Thus, the use of COL should be applied with caution. 

This biofilm disruption effect and dramatically increased effective COL concentration 

was confirmed here with CLSM and COMSTAT image analysis.  For the COLsens E. 

coli CX17 biofilm, the effective anti-biofilm concentration of COL was 12-fold 

increased than MIC (from 0.064 to 256 μg/ml).  For the E. coli CX17(pPN16) biofilm, 
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the effective COL concentration increased 6-fold more than the MIC (from 4 μg/ml to 

256 μg/ml).  The surface interactions of epoxy-tiglianes with the lipopolysaccharide-

1,2-dipalmitoyl-3-phosphatidyl-ethanolamine bilayer membrane of Gram-negative 

pathogens have been reported before (Powell et al. 2022; In press).  Here the 

potentiation of the antimicrobial activity of COL with the epoxy-tiglianes (EBC-46 

and EBC-1013) reflected the results observed in planktonic MIC, checkerboard and 

permeability studies.  CLSM and COMSTAT results revealed that epoxy-tiglianes 

may “synergistically” work with COL in disrupting the biomass structure of E. coli 

CX17(pPN16) biofilms, though epoxy-tigliane alone also showed biofilm disruption 

effect.  More recent studies using nanoparticle diffusion have demonstrated that 

epoxy-tigliane treatment results in increased pore size within the treated biofilms and 

decreased mechanical strength (Powell et al. 2022; In press).  In addition to this matrix 

disruption, the most striking effect was the dramatic increase in dead cell numbers in 

the EBC1013+COL-treated biofilms; a finding likely reflecting the enhanced outer 

membrane permeability that was observed in planktonic systems.  As COL exposure 

was shown to rapidly trigger the emergence of highly resistant clones (Klinger-Strobel 

et al. 2017), the synergistic effect of the epoxy-tiglianes (most notably EBC-46 and 

EBC-1013) in combination with COL in E. coli biofilm disruption could be beneficial 

in reducing the COL concentrations in difficult-to-treat and recurrent infections. 

More currently, in a calf-disbudding model, EBC-1013 exhibited rapid resolution of 

wound infection at day 14 and increased wound closure.  Furthermore, reorganisation 

of collagen architecture within treated chronic wound sites was also seen, as well as 

resolution of chronic inflammation at day 28 (Powell et al. 2022; In press).  The 

significant effects of EBC-1013 on re-epithelialisation and differentiation likely reflect 

its essential role in wound healing, especially on these ‘non-dressed’ open wounds.  

Current data suggests that the epoxy-tigliane (EBC-1013) has a multifactorial mode of 

action that targets different phases of the wound healing process.  Powell et al. (2022; 

In press) proposed that EBC-1013 targets both biofilm disruption and innate immune 

activation in the treatment of chronic wounds.  Although further studies are needed, 

the current dermal healing model in animals showed the effect of EBC-1013 in 

disrupting/inhibiting established biofilms and inducing an acute inflammatory 

response to facilitate wound healing, combining resolution of inflammation, 
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promotion of extracellular matrix production and keratinocyte differentiation.  

Furthermore, toxicity studies have shown that it is a safe, topical treatment candidate. 

4.5. Conclusion 

This chapter has demonstrated that epoxy-tiglianes (most notably EBC-1013) may be 

used to effectively enhance the antimicrobial activity of COL against a range of COLR 

E. coli.  The checkerboard, cell membrane permeability and hydrophobicity assays 

demonstrate that the EBC-1013 and COL combined therapy acts synergistically on the 

outer membranes of COLR E. coli.  These evident differences between planktonic and 

biofilm systems were particularly evident in the COLR E. coli biofilms where 

potentiation was observed in the CLSM images and COMSTAT analysis.  As EBC-

1013 is proposed as a safe, topical treatment candidate in animal models in previous 

studies, the targeted use of EBC 1013 in combination with COL may dramatically 

decrease the dosage of COL which needs to be employed in the topical treatment of 

infected chronic wounds.  
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5.1. Introduction 

5.1.1. Periodontal and peri-implant diseases  

Dental plaque is composed of over 500 bacterial species that naturally colonise the 

tooth surface.  They may also invade the juxtaposed gingival tissue, resulting in strong 

host inflammatory responses, which ultimately can lead to periodontal disease (Rosan 

and Lamont 2000; Kinane et al. 2017).  Periodontal diseases (which include gingivitis 

and periodontitis) affect about 20-50% of the global population in both developed and 

developing countries and the distribution of periodontal disease has been shown to 

increase with age (Nazir 2017; Nazir et al. 2020).   

Nowadays, dental implants have become more common methods for replacing missing 

teeth.  The good clinical performance of dental implants has been attributed to their 

firm osseointegration which is defined as defined as a direct structural and functional 

connection between ordered, living bone and the surface of a load-carrying dental 

implant.  The competition between infectious pathogens versus the hosts’ own 

endogenous tissues that seek to grow onto the implant surfaces via osteogenesis affect 

the osseointegration process.  Thus, it is essential to reduce the risk of biofilm 

associated complications after dental implant surgeries (Kinane et al. 2017).  Mucositis 

is a common complication of implant treatment, which is a reversible inflammatory 

reaction in the soft tissues surrounding a functioning implant.  Another common 

complication, peri-implantitis is a biofilm‐mediated, infectious disease occurring in 

tissues around dental implants, characterised by soft-tissue inflammation and 

progressive loss of supporting bone (Schwarz et al. 2018).  A recent 30-year 

retrospective study showed cumulative implant survival rates > 90% after 15, 20 and 

25 years follow-up, however, peri-implantitis may compromise implant longevity 

(Jemt 2018).  Many studies have shown strong evidence that there is an increased risk 

of peri-implantitis in patients who have a history of chronic periodontitis (Casado et 

al. 2015; Ferreira et al. 2018; Saremi et al. 2019), poor oral hygiene (Renvert et al. 

2018), and lack of regular maintenance care after implant surgery (Frisch et al. 2020).  

Potential risk factors/indicators such as smoking and diabetes may also  potentially 

lead to peri-implantitis (Yu et al. 2019; Alqahtani et al. 2020).  
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5.1.2. Oral pathogens of periodontal disease and peri-implantitis 

Previous clinical and experimental studies have revealed that the transmission of 

periodontopathic bacteria from periodontal sites to dental implants may impact on 

osseointegration and result in morbidity and eventual implant failure (Sumida et al. 

2002; Kocar et al. 2010; Sato et al. 2011; Aoki et al. 2012).  A long-term follow-up 

study (range: 21-26 years) assessed the occurrence and diagnosis of peri-implant 

mucositis and peri-implantitis in 86 patients, which amounted to 54.7% and 22.1%, 

respectively (Renvert et al. 2018).   

It has been noted that there is an increased risk of developing peri-implantitis in 

patients who have a history of chronic periodontitis  (Renvert et al. 2014; Schwarz et 

al. 2018).  Clinical studies have also demonstrated the high similarity in colonised 

pathogens between periodontal diseases and peri-implantitis (Sumida et al. 2002; 

Cortelli et al. 2013; Waal et al. 2017).  More recently, many studies have focused on 

the precise characterisation of diversity of the oral microbiota associated with 

periodontal and peri-implant disease, using bacterial 16s rRNA sequencing for 

microbial identification (Faveri et al. 2015; Apatzidou et al. 2017).  The results of these 

studies suggest that though there are similarities in the microflora, the diversity of the 

microbial community of both diseases might not be as similar as previously thought.  

The debate on the specific role of virulent species in periodontal disease has lasted 

decades and is still not yet resolved (Nazir 2017).  Among the microbial complexes, 

the “orange” complex, consisting of anaerobic Gram-negative species such as 

Prevotella intermedia, Prevotella nigrescens, Prevotella micros, and Fusobacterium 

nucleatum was first proposed to be implicated in the aetiology of periodontal disease 

(Socransky et al. 1998; Mohanty et al. 2019).  Subsequently, the “red” complex (see 

Section 1.6.3) which includes Porphyromonas gingivalis, Treponema denticola, and 

Tannerella forsythia (formerly Bacteroides forsythus) has been recognised as the most 

important pathogenic consortium (Suzuki et al. 2013).  Other Gram-negative bacteria, 

such as Aggregatibacter actinomycetemcomitans (A.a) have also been reported to be 

closely associated with aggressive or progressive periodontal diseases (Velusamy et 

al. 2013; Gholizadeh et al. 2017).  The more recent model of periodontal and peri-
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implant disease is the “polymicrobial synergy and dysbiosis” model.  This model 

combines the theories from the past including the “polymicrobial disruption of 

homeostasis” and the “keystone pathogen hypothesis”.  This model assumes that 

periodontal diseases are triggered by a dysbiotic community shaped progressively by 

the presence of “keystone pathogens” such as P. gingivalis.  These “keystone 

pathogens” may colonise to the physical disruption surface and develop into the 

commensal community by immune subversion, and then lead to the progressive 

change of the microbiota into a more inflammophilic community.  These 

inflammophilic communities can maintain dysbiosis and subsequent disease (Lasserre 

et al. 2018). 

5.1.3. Oral pathogenic biofilms on titanium surfaces and therapeutic 

strategies 

Oral pathogens are able to colonise a variety of different oral surfaces, including the 

enamel, cementum or mucosa, or artificial substrates e.g. titanium and denture acrylic 

(Neppelenbroek 2015; Ingendoh-Tsakmakidis et al. 2019).  Employing the processes 

described in Section 1.5.1, oral bacteria co-aggregate with one another in complex 

cell-cell interactions, forming intricate 3-dimensional biofilms consisting of typical 

“corn cob” forms, “bristle brush” forms, or other structures to form mature oral 

biofilms.  These mature biofilms are surrounded by an extracellular matrix consisting 

of exopolymers (Do et al. 2013).  A mature dental biofilm is dominated by bacteria 

but may also include other microorganisms e.g. yeasts, bacteriophage and viruses 

(Larsen and Fiehn 2017).  The microbiome of peri-implantitis sites has been shown to 

be characterised by a commensal-depleted and pathogen-enriched population, 

containing pathogens that relate to periodontal inflammation (Sanz-Martin et al. 2017).  

Mature oral biofilms also contain functionally organised porous layers and water 

channels which act as a primitive circulatory system, allowing for the exchange of 

nutrients and waste-products with the bulk fluid phase (Garrett et al. 2008).   

At present, titanium and its alloys are commonly used as the dental implant materials 

because of their excellent biocompatibility, mechanical strength and machinability 

(Pałka and Pokrowiecki 2018).  Apart from mechanical debridement, one of the main 
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management strategies for titanium implant-associated peri-implant disease is the use 

of locally-applied antiseptics and/or antibiotics in patients with moderate to severe 

disease progression, especially when periodontal pockets depths have progressed to 

>5 mm (Günther et al. 1997).  Many current studies have proposed that the 

development of antibacterial strategies, such as titanium antibacterial or antimicrobial-

releasing coated surfaces, may be a promising strategy to prevent the onset and 

progression of peri-implantitis (Vilarrasa et al. 2018; Carinci et al. 2019).  Although 

clinical efficacy is not documented, controlled-release systems, based upon fibres, 

gels, and beads have all been described in an attempt to maintain local antibiotic levels 

during peri-implantitis treatment (Mombelli et al. 2001). Other antibiotic strategies for 

periodontal diseases management were discussed in Section 1.6.5.  

In this Chapter, epoxy-tiglianes (EBC-1013, EBC-46 and EBC-147) were 

investigated.  Their anti-bacterial effects on periodontal and peri-implant oral 

pathogens and their potential utility in the prevention and treatment of periodontal 

diseases and peri-implantitis was studied, to identify a lead candidate for clinical 

development. 

5.1.4. Aims and objectives 

Studies in chronic wound and MDR bacteria (Chapter 3 and 4) have shown that the 

epoxy-tiglianes possess inhibitory effects upon the growth of planktonic bacteria and 

the formation of biofilms.  Therefore, the hypothesis of this study was that the 

antibacterial effects of epoxy-tiglianes may be apparent against oral bacteria, and may 

modify their biofilm growth on titanium implant surfaces.  

The specific aims of these studies were: 

• To determine the antimicrobial susceptibility of selected oral bacterial strains 

to the epoxy-tigliane compounds using the broth dilution MIC and Minimum 

Bactericidal Concentration (MBC) assays as well as growth curve assays. 
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• To attempt to elucidate a mode of action for the epoxy-tiglianes against oral 

bacteria using a cell permeability assay. 

• To determine the anti-biofilm properties of the epoxy-tiglianes against oral 

bacteria using the MBEC assay by means of: 

1). Standard microtiter plates (to optimise the experiment protocol);  

2). The Calgary ‘peg’ Device (Innovotech Biofilm Inoculator plates) including: 

Uncoated ‘peg’ plates; Titanium oxide (TiO2)-coated ‘peg’ plates; Hyaluronic 

acid (HA)-coated ‘peg’ plates 

• To quantify the anti-biofilm effects of epoxy-tiglianes using biofilm formation 

assays and CLSM/COMSTAT analysis.  

• To determine the efficacy of epoxy-tiglianes against established oral biofilms 

on titanium surfaces using scanning electron microscopy (SEM). 

5.2. Materials and Methods 

5.2.1. Preparation of epoxy-tiglianes 

The preparation of epoxy-tiglianes and antibiotic solutions was as described in Section 

2.2.1.  Prior to use, all stock solutions were diluted as appropriate to produce the 

required working concentrations (8 μg/ml to 1024 μg/ml).  The corresponding ethanol 

equivalent control was also tested as a control in each study.   

5.2.2. Bacterial strains and growth conditions 

The bacterial strains employed were Streptococcus mutans DSM 20523 (ATCC 

25175) (Salli et al. 2020), Aggregatibacter actinomycetemcomitans DSM 8324 

(ATCC 33384) (Collins et al. 2016), P. gingivalis NCTC 11834 (ATCC 33277) and 
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P. gingivalis W50 (Ng et al. 2019).  All bacterial strains used in this study were stored 

as frozen stocks as described in Chapter 3 Section 3.2.2.  Bacterial colonies of S. 

mutans and A.a were maintained on blood agar (BA, Lab M) supplemented with 5% 

horse blood (TCS Biosciences Ltd), TSB (Lab M), brain heart infusion (BHI) broth 

(Oxoid) or MH broth (Lab M) and grown microaerophilically (5% CO2) at 37°C.  P. 

gingivalis strains were maintained on fastidious anaerobe agar (FAA, Thermo 

Scientific) supplemented with 5% horse blood or in fastidious anaerobe broth (FAB, 

Thermo Scientific) and grown anaerobically (10% CO2, 10% H2, 80% N2) at 37°C. 

5.2.3. Analysing oral bacterial susceptibility against epoxy-tiglianes 

5.2.3.1. Minimum inhibitory concentration and minimum bactericidal 

concentration assays 

MICs were performed according to the procedure described in Section 3.2.3.1.  Stock 

solutions of EBC-46, EBC-147 and EBC-1013 were prepared in MH broth (S. mutans 

and A.a) or FAB (P. gingivalis), with a starting concentration of 1024 μg/ml.  Ethanol 

equivalent controls were prepared in parallel in MH broth or FAB at the same 

concentrations (v/v).  Two-fold serial dilutions of these antimicrobials were prepared 

in a sterile flat-bottom 96-well microtitre plate.   

O/N (S. mutans), 48 h (A.a) and 72 h (P. gingivalis) bacterial cultures (n=3) were 

adjusted to on OD600nm between 0.08 and 0.10 (S. mutans and A.a) in PBS, equivalent 

to 0.5 McFarland, (ca. 108 colony forming units; CFU/ml).  Due to the much slower 

growth of the P. gingivalis strains, these were adjusted to OD600nm at 0.8 (mid-

exponential phase) in FAB.  The adjusted bacterial cultures were then diluted 1 in 10 

in MH broth (S. mutans and A.a) or FAB (P. gingivalis), before performing a further 

1 in 20 dilution into the microtiter plates containing the EBC serial dilutions.  Plates 

were incubated microaerophilically at 37°C for 16-20 h (S. mutans), 48 h (A.a) or 

anaerobically for 72 h (P. gingivalis).  Subsequently, using a visual assessment, all 

wells containing non-growing planktonic P. gingivalis bacteria were sampled with a 

sterile loop.  Samples were transferred to and spread onto FAA (Thermo Scientific) 
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plates with 5% horse blood, and incubated anaerobically at 37°C for 72-96 h to 

determine the MBC. 

MIC values for each epoxy-tigliane were determined as the lowest concentration at 

which there was no visible growth.  Since EBC-1013 and EBC-46 have low solubility, 

bacterial growth in the plates was confirmed by addition of resazurin solution and 

followed by visual assessment (Section 3.2.3.1).   

The MBC experiments were performed for P. gingivalis strains.  The MBC was 

defined as the lowest concentration of epoxy-tiglianes where no growth was recorded 

on the FAA plates.  Each MIC and MBC test for all three epoxy-tiglianes was 

performed as independent experiments (n=3 biological repeats) as well as three 

technical replicates, ethanol-equivalent and negative (untreated) controls. 

5.2.4. Growth kinetics of oral bacteria 

The O/N cultures of oral strains were incubated and diluted as described in Section 

5.2.3.1.  P. gingivalis samples did not undergo this final dilution step.  Adjusted 

cultures were then diluted (1 in 20) in 96-well microtitre plates in epoxy-tiglianes, 

prepared at their respective 2-fold MIC to ¼ MIC values (µg/ml) or ethanol-equivalent 

controls in their respective broths.  For P. gingivalis plates, an anaerobic environment 

was generated by the addition of AnaeroGen™ (Thermo Scientific™ Oxoid™) to 16 

vacant wells in the microtitre plates as previously described by Eini et al, (2013).  The 

lid was sealed with silicone grease (SGM494, ACC® silicones) and the plates were 

wrapped in parafilm.  Oxygen elimination was monitored by including an anaerobic 

indicator test strip (Anaerotest®, Merck) in the plate: a colour conversion from blue 

to white confirming the absence of oxygen.  S. mutans and A.a were incubated 

microaerophilically.  Growth curves were monitored in a FLUOstar® Omega multi-

mode microplate reader at 37°C 24 h (S. mutans), 48 h (A. a) or 72 h (P. gingivalis).  

Measurements were recorded hourly at OD600nm after shaking at 200 rpm for 20 s. 

5.2.5. The effect of the epoxy-tiglianes on the bacterial cell membrane 

permeability  



 182 

Cell permeabilisation analysis following epoxy-tigliane treatment was as previously 

described (Section 3.2.3.2) with the following modification.  Briefly, cultures of S. 

mutans (O/N) and A.a (48 h) were used to inoculate BHI in triplicate (1 in 200 dilution) 

and incubated statically at 37°C, 5% CO2 for 3-4 h.  Cultures of P. gingivalis (72 h) 

were used to inoculate FAB in triplicate (1 in 200 dilution) and incubated statically at 

37°C, anaerobically for a further 48 h.  Cells were collected after centrifugation at 

1100 g at 4°C for 10 mins (ALC PK120R centrifuge) and the supernatant discarded.  

Cells were then washed twice by resuspension in 5% BHI followed by repeated 

centrifugation at 1100 g at 4°C for 10 mins.  The supernatant was discarded.  Finally, 

the cell pellets were resuspended in 1:20 (v/v) of the original culture volume.  Optical 

densities were adjusted to 0.8 (± 0.02) at 600 nm in 5% BHI.  For the positive control, 

bacterial cells from 1 ml of adjusted culture were collected by centrifugation at 8800 

g at 4°C for 5 mins, resuspended in 1 ml 70% isopropanol and kept at 37°C for 1 h.  

Isopropanol treated cells were then collected by centrifugation at 8800 g at 4°C for 5 

mins, washed twice with 5% BHI at 1000 g at 4°C for 5 mins, and resuspended in 1 

ml 5% BHI.   

Adjusted cells were added and incubated as described in Section 3.2.3.2.  Microtitre 

plates were then tested for fluorescence in a FLUOstar® Omega multi-mode 

microplate reader (BMG LABTECH) at excitation 485 nm and emission at 550 nm.  

Results were recorded as mean values ±SD (n=3).   

5.2.6. Analysing epoxy-tiglianes effect on oral bacterial biofilms 

5.2.6.1. Minimum biofilm eradication assays  

MBEC assays were performed according to Cowley et al. (2015).  The O/N cultures 

were incubated and diluted as described in Section 5.2.3.1.  Then, 200 μl of adjusted 

culture was added to the wells of a 96-well microtiter plate.  Plates were sealed with 

parafilm and incubated statically at 37°C with 5% CO2 for 48 h (S. mutans) or 72 h 

(A.a) or 96 h anaerobically for P. gingivalis.  For P. gingivalis, spent medium was 

replaced with 100 μl of fresh FAB after 48 h to assist biofilm formation.  
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Following incubation, the supernatants were carefully removed, and the biofilms were 

then exposed to epoxy-tiglianes (or ethanol controls).  For this, doubling dilutions of 

each epoxy-tigliane were prepared in sterile MH broth or in sterile FAB for P. 

gingivalis across a fresh 96-well microtiter plate (n=3), with starting concentrations of 

1024 (S. mutans and P. gingivalis) or 4096 μg/ml (A.a).  These were then added to the 

prepared/washed biofilm plate.  Biofilms exposed to epoxy-tiglianes were then 

incubated statically at 37°C with 5% CO2 for 24 h (S. mutans and A.a) or anaerobically 

(P. gingivalis).  After incubation, the supernatants were removed from the biofilms 

and 200 μl of MH broth (S. mutans and A.a) or FAB (P. gingivalis) were added to each 

well.  Plates were then re-incubated statically at 37°C for a further 24 h (S. mutans and 

A.a) with 5% CO2 or anaerobically for P. gingivalis.  Bacterial regrowth was 

determined after addition of resazurin solution 30 µl per well (0.01% in dH2O), by 

visual assessment.  Each MBEC test for all three epoxy-tiglianes was performed as 

independent experiments (n=3 biological repeats) as well as three technical replicates, 

ethanol-equivalent and negative (untreated) controls. 

5.2.6.2. Minimum biofilm eradication assays using MBEC Assay®’s Biofilm 

Inoculator 

The MBEC Assay® were also performed using biofilm inoculator plates (Innovotech, 

Inc., Edmonton, Canada), previously named the Calgary Biofilm Device (CBD) (Ceri 

et al. 1999), which has been used since the 1990s (Ceri et al. 1999).  The MBEC 

Assay® contains a two-part, reaction container with a 96-peg-lid that can be coated 

with or without titanium dioxide (TiO2) or hydroxyapatite (HA).  The 96-peg-lid is 

designed to sit in the wells of the bottom microtitre plate and can also fit into a standard 

96-well microtiter plate.  Biofilms can be established on the pegs under the same 

incubation conditions as used for other assays (Ceri et al. 1999; Olson et al. 2002).  

Established biofilms on the peg-lid are transferred to a fresh, standard 96-well 

microtiter plate for antimicrobial efficacy testing (Olson et al. 2002).  The lid pegs of 

the biofilm inoculator that are pre-coated with HA or TiO2 can alter biofilm growth 

conditions for fastidious microorganisms.  For this assay, S. mutans and P. gingivalis 

biofilms were grown on the plain, HA or TiO2 coated lid pegs using the same method 

as above (Section 2.4.1), but with a few key adaptations.  
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For this assay, 200 μl of adjusted culture was inoculated into the corresponding base 

of the Biofilm Inoculator and the lid fitted, so that the pegs became submerged in the 

medium.  The plates were then incubated at 37°C with 5% CO2 for 48 h (S. mutans) 

or 96 h anaerobically for P. gingivalis (replacing spent medium with 100 μl of fresh 

FAB after 48 h) to allow biofilm formation on the pegs.  Then the peg lid with coated 

biofilms was exposed to antimicrobial treatment, and transferred to a new 96-well base 

plate containing the EBC doubling dilutions (as described above 2.4.1, but using 150 

μl volumes per plate).  After 24 h incubation, the lid was transferred to a 96-well 

microtiter plate containing 200 μl MH broth (S. mutans) or FAB (P. gingivalis) and 

incubated for another 24 h as described in Section 2.4.1 to look for bacterial regrowth.  

Bacterial regrowth was determined following rezasurin addition as described above. 

5.2.6.3. Confocal laser scanning microscopy to visualise oral biofilm structures  

S. mutans, A.a and P. gingivalis (NCTC 11834) were employed in biofilm formation 

assays.  S. mutans O/N cultures were diluted to 0.05 (OD600nm; equivalent to 107 

CFU/ml) in BHI broth (Russo et al. 2013).  A.a was diluted to OD600nm equal to 0.5 in 

BHI and P. gingivalis was diluted to OD600nm equal to 0.8 in FAB.  All adjusted 

cultures were then diluted 1 in 10 in BHI broth (S. mutans and A.a) or FAB (P. 

gingivalis) in Greiner glass bottom optical 96-well plates (Sigma-Aldrich Company 

Ltd., Dorset, U.K).  Plates were incubated microaerophilically in 5% CO2, statically at 

37°C for 24 h (S. mutans), 48 h (A.a) or anaerobically at 37°C for 96 h (P. gingivalis) 

with EBCs (or ethanol controls).  For P. gingivalis biofilms, replacing 50 μl of 

supernatant medium with 50 μl of fresh FAB with or without epoxy-tiglianes after 48 

h.  EBC-46 and EBC-147 were used at working concentrations ranging from 64 to 512 

μg/ml, and EBC-1013 in the range from 16 to 256 μg/ml.  Ethanol equivalent controls 

at the highest concentration (512 μg/ml) were also performed, alongside untreated 

controls. 

After biofilm formation, the supernatants from the biofilms were gently removed and 

5 μl of LIVE/DEAD Baclight stain (BacLight Bacterial Viability Kit Invitrogen, 

Paisley, UK; diluted 5 μl SYTO® 9 component A, 5 μl propidium iodide component 

B in 1 ml PBS) was added into each well.  Plates were incubated for 10 min and 



 185 

wrapped in foil to avoid light exposure.  A further 45 μl of PBS was then added to each 

well to keep the biofilms hydrated before visualisation by CLSM. 

5.2.6.4. Comstat analysis 

Five CLSM Z-stack images were taken for each sample using an inverted Leica SP5 

CLSM (LIVE/DEAD® staining depicts LIVE and DEAD cells as green and red, 

respectively).  Settings used for CLSM imaging were as follows: zoom, x1; lens, x63; 

N.A. 1.40 oil immersion; line averaging, 1; scan speed, 400 Hz; resolution, 512 x 512; 

step size, 0.79 μm and step number, 95 (for S. mutans); step size, 0.89 μm and step 

number 90 (for A.a); 0.89 μm and step number 90 (for P. gingivalis).  LAS-X software 

was used for exporting the images in tagged image file format.  CLSM images were 

then processed using Imaris software (Bitplane, Concord, MA, USA) as maximum 

intensity images.  The CLSM Z-stack images were quantified using COMSTAT 

software (Heydorn et al. 2000) to achieve the biofilm parameters of bio-volume, mean 

thickness, surface roughness and DEAD/LIVE bacteria ratio. 

5.2.6.5. Scanning electron microscopy to visualise oral biofilm structures on 

titanium discs  

Growth of S. mutans and P. gingivalis biofilms was monitored on the surface of 

titanium discs.  For this, sterile titanium discs (5 mm diameter x 3 mm thick; 

Goodfellow Cambridge Ltd) were placed in 96-well microtiter plate.  The O/N cultures 

were incubated as described in Section 5.2.3.1.  Then, 200 μl of adjusted O/N culture 

was added to the wells of a 96-well microtiter plate each containing a titanium disc.  

The 96-well microtiter plate was incubated at 37°C with 5% CO2 for 24 h (S. mutans) 

or 96 h anaerobically for P. gingivalis (replacing spent medium with 100 μl of fresh 

FAB after 48 h) to allow biofilm formation on the titanium discs.  Half the supernatant 

was then removed and replaced with fresh BHI or FAB ± EBC (final concentration at 

256 μg/ml v/v).  The plate was then further incubated statically for 24 h at 37°C in 5% 

CO2 (S. mutans) or anaerobically (P. gingivalis) prior to analysis.  Duplicate plates 

were produced for each experiment (as well as n=3 replicates).  Biofilm disruption was 
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then analysed using one set of plates for drop count assays and the second set for SEM 

imaging of the titanium surfaces. 

The supernatant was removed from each well and the biofilms on the titanium discs 

fixed in a 2.5% glutaraldehyde (Agar scientific) solution in PBS for 1.5 h at 4°C.  The 

samples were then washed 4 times using sterile dH2O prior to being immersed in water 

(100 µl) and freeze-dried.  The discs were sputter-coated with gold prior to imaging 

using a TESCAN, VEGA3 scanning electron microscope at 5.0 kV.  Sterile titanium 

disc (n=3) controls were also performed. 

5.2.6.6. Bacterial drop counts  

Same growth conditions and treatments were followed in Section 5.2.6.5 except the 

biofilm fixation step (by 2.5% glutaraldehyde solution), the supernatant was removed 

from each well and plate drop counts performed adapted from Miles & Misra (1938).  

Each disc was gently washed once in PBS, then aseptically transferred to a universal 

tube containing 5 ml (S. mutans) or 1 ml (P. gingivalis) PBS.  The tubes were agitated 

for 30 s on a vortex mixer and placed in a sonicating water bath for 5 min, followed 

by re-agitation on the vortex mixer for 2 min.  Each bacterial suspension in the tube 

was serially diluted using 1 in 10 dilutions (100 to 10-7) and then 20 μl drops of each 

dilution pipetted in triplicate onto blood agar or FA agar plates and left for air dry, 

prior to being incubated for 48 h (S. mutans, 37°C, 5% CO2) or 72-96 h (P. gingivalis, 

37°C, anaerobically).  The CFU count was recorded from the agar plate which had the 

highest number of clear and discrete colonies (>1 colony). Counts (CFU/ml) for each 

dilution were then determined using the following formula: 

CFU/ml = mean of three drop counts × 50 × 5 ml PBS × dilution factor (S. mutans) 

CFU/ml = mean of three drop counts × 50 × 1 ml PBS × dilution factor (P. gingivalis) 

5.2.7. Data analysis  
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MIC values are presented as the mode of three biological repeats.  Graph Pad Prism® 

(GraphPad Software Inc., La Jolla, USA) was used for statistical analysis.  Graphical 

data for each experimental sample group are presented as mean ± SD.  Group-wise 

comparisons were analysed by parametric one-way ANOVA with Dunnett’s multiple 

comparison tests, with P ≤ 0.05 considered significant.  Prior to analysis of the Comstat 

data of DEAD/LIVE/ ratios for A.a, outliers were removed (ROUT 0.2% were used) 

and the data transformed to normal distribution using y=cos(Y).  

5.3. Results 

5.3.1. Microbiological characterisation of epoxy-tiglianes 

The susceptibility test of oral strains against ethanol equivalent control showed that 

A.a DSM 8324 and P. gingivalis W50 were the most sensitive strains to ethanol 

treatment, resulting in a MIC value at 512 μg/ml, while no valid MIC and MBC values 

of the other oral bacterial strains were observed with highest tested concentration at 

1024 μg/ml (Table 5.1).  This test ensured that any antibacterial effects seen in the 

MIC assays were due to the epoxy-tiglianes and not the presence of ethanol.  

All three epoxy-tiglianes were tested against selected oral strains, Gram-positive (S. 

mutans DSM 20523) and three Gram-negative (A.a DSM 8324, P. gingivalis NCTC 

11834 and P. gingivalis W50) strains (Table 5.1).  Epoxy-tiglianes were found to 

inhibit growth of S. mutans with MICs ≤ 1024 μg/ml obtained.  However, for the 

Gram-negative strain A.a, no valid effect was recorded (all MICs at 512 μg/ml), since 

the ethanol equivalent control may also showed effects at this concentration.  

Interestingly, the other two Gram-negative strains P. gingivalis NCTC 11834 and P. 

gingivalis W50 were sensitive to all tested epoxy-tiglianes, with MICs ≤ 1024 μg/ml 

(NCTC 11834) or ≤ 256 μg/ml (P. gingivalis W50).  Of the epoxy-tiglianes, EBC-46 

showed antimicrobial activity against oral strains at 128 or 256 μg/ml.  EBC-1013 was 

the most effective compound against S. mutans and P. gingivalis strains, with MIC 

values obtained ranging between 4-32 μg/ml.  In contrast, EBC-147 only showed MICs 

at relatively high concentrations (512 and 1024 μg/ml) against all tested oral bacteria, 

except P. gingivalis W50 (256 μg/ml).   
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Table 5.1. Minimum inhibitory concentrations (µg/ml) and minimum 

bactericidal concentrations (µg/ml) for epoxy-tiglianes against oral bacteria.  

- Invalid MICs;  The highest concentrations tested were shown in brackets 

ND: It was not possible to measure the MICs because of the antimicrobial effect of 

ethanol at high drug concentrations 
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5.3.2. Characterisation of oral bacterial growth curves  

The results of growth curves in Figure 5.1 revealed typical bacterial growth for the S. 

mutans controls, with an initial lag phase of about 6 h, followed by an exponential 

phase (6-10 h) and a stationary phase (10-24 h).  Figure 5.1a shows that EBC-46 at 

MIC value (256 μg/ml) and ½ MIC value (128 μg/ml) slightly delayed lag phase (0-7 

h).  Much reduced exponential growth phases were also apparent when comparing 

MIC and ½ MIC treatments to the untreated and ethanol controls.  None of the growth 

curves with EBC-46 were smooth (instead undulating considerably over time) 

suggesting that either precipitation of the compound (causing “cloudiness”) or 

aggregation of the bacterial cells had occurred.  In comparison, EBC-1013 failed to 

show large antimicrobial effects when tested at ½ MIC (16 μg/ml), with no apparent 

effects on growth when compared with the controls (Figure 5.1 b).  At the MIC (32 

μg/ml), EBC-1013 induced a delay in the lag- and exponential phases of growth with 

a reduced overall growth observed at 12-24 h.  For EBC-147 at a concentration of 128 

μg/ml, no growth inhibitory effects could be observed but a slight decrease occurred 

at 256 μg/ml (Figure 5.1 c) showing only weak antimicrobial activity for this 

compound. 

Untreated control growth curves for A.a showed an 11 h lag phase and 17 h (11-28 h) 

exponential phase, while those following epoxy-tiglianes treatment (at both tested 

concentrations) revealed no significant growth inhibition effects (Figure 5.2).   

The growth curves for P. gingivalis showed that all three epoxy-tiglianes were able to 

inhibit bacterial growth in a dose-dependent manner (Figure 5.3).  Growth curves for 

P. gingivalis (untreated) controls showed 9 h lag phase and 18 h (9-27 h) exponential 

phase.  EBC-46 at MIC (128 μg/ml) totally inhibited bacterial growth with no sign of 

re-growth within the 72 h test period (Figure 5.3 a).  EBC-46 at ½ MIC (64 μg/ml) 

also delayed the lag phase and exponential phase of bacterial growth compared with 

the controls, although no apparent antibacterial effects were seen after 32 h, when the 

curve reached equivalence to the untreated control.  EBC-1013 treatment showed 

* Invalid results since the ethanol control may be effective at this concentration 
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comparable effects to those of EBC-46, although only at 2-fold MIC (32 μg/ml; 

complete growth inhibition) and 1-fold MIC (16 μg/ml; delayed growth for the first  

  

Figure 5.1.  The effect of epoxy-tiglianes on the growth of S. mutans DSM 20523 

(24 h) in MH broth.  (a) EBC-46 at MIC (256 µg/ml), ½ MIC (128 µg/ml) and ethanol 

equivalent control (256 µg/ml); (b) EBC-1013 at MIC (32 µg/ml), ½ MIC (16 µg/ml) 

and ethanol equivalent control (32 µg/ml) and (c) EBC-147 at ¼ MIC (256 µg/ml) 

and 1/8 MIC (128 µg/ml) and ethanol equivalent control (256 µg/ml).  Absorbance 

was measured at OD600nm (n=3). 
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Figure 5.2.  The effect of epoxy-tiglianes on the growth of A. 

actinomycetemcomitans DSM 8324 (32 h) in ΒHΙ broth.  (a) EBC-46; (b) EBC-

1013 and (c) EBC-147 at 256 µg/ml and 128 µg/ml. Ethanol equivalent control at 256 

µg/ml. Absorbance was measured at OD600nm (n=3). 
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Figure 5.3.  The effect of epoxy-tiglianes on the growth of P. gingivalis NCTC 11834 

(72 h) in FAB.  (a) EBC-46 at MIC (128 µg/ml), ½ MIC (64 µg/ml) and ethanol 

equivalent control (128 µg/ml); (b) EBC-1013 at 2-fold (32 µg/ml), 1-fold MIC (16 

µg/ml) and ethanol equivalent control (128 µg/ml); (c) EBC-147 at ½ MIC (512 µg/ml), 

¼ MIC (128 µg/ml) and ethanol equivalent control (512 µg/ml).  Absorbance was 

measured at OD600nm (n=3). 
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32 h).  Similarly, EBC-147 at ½ MIC (512 μg/ml) fully inhibited bacterial growth 

(Figure 5.3c) while at ¼ MIC (256 μg/ml), the lag phase time was extended to 40 h. 

5.3.3. The effect of epoxy-tiglianes on bacterial membrane 

permeability  

To assess the integrity of the plasma membranes of oral bacteria and to test whether 

epoxy-tiglianes could penetrate living oral bacterial cells, a cell permeability assay 

was performed.  The results of permeability assays with Gram-positive oral bacteria 

(S. mutans) demonstrated that EBC-46 and EBC-1013 treatment at 1-fold MIC (512 

μg/ml and 64 μg/ml respectively) was potent in permeabilising the bacterial cell 

membrane when compared to the untreated controls (Figure 5.4 a and b; P < 0.05), 

while at the MIC, no permeabilisation was evident.  Higher concentrations of EBC-46 

and EBC-1013 (2-fold MIC) were also tested (Appendix 5.1 a1 and b1), which all 

presented potent effects in S. mutans cell membrane permeabilisation.  In contrast, 

EBC-147 showed no permeabilising effects on S. mutans at either the MIC or 1-fold 

MIC (Figure 5.4 c; P > 0.05).  No effects were seen even at high concentration (1024 

μg/ml; 2-fold MIC) for EBC-147 against S. mutans (Appendix 5.1 c1). 

Epoxy-tiglianes tested against A.a at both MIC (512 μg/ml) and ½ MIC (256 μg/ml) 

showed no significant change in fluorescence intensity (Figure 5.4).  Interestingly, 

two other Gram-negative oral bacteria (P. gingivalis NCTC 11834 and P. gingivalis 

W50) showed significant permeabilisation effects with both EBC-46 and EBC-1013 

when tested at 1-fold MIC, although not at MIC (Figure 5.5).  Higher concentrations 

of epoxy-tiglianes were also tested in permeabilisation assays against P. gingivalis 

NCTC 11834 and P. gingivalis W50 (Appendix 5.2).  EBC-46 and EBC-1013, at 

relatively high concentrations (1024 μg/ml and 256 μg/ml respectively), showed 

similar permeabilisation effects as the positive control (70% isopropanol).  EBC-147 

only at the highest test concentration of 1024 μg/ml showed obvious effect in 

permeabilising P. gingivalis cell membrane (Appendix 5.2 c1 and c2; P < 0.05), no 

evident permeabilisation effects were seen at the lower concentrations (256 and 512 

μg/ml) in the P. gingivalis experiments (Figure 5.5 c).   
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Figure 5.4.  The effect of epoxy-tiglianes on cell membrane permeabilisation of 

S. mutans DSM 20523 and A. actinomycetemcomitans DSM 8324.  (a) EBC-46, (b) 

EBC-1013 and (c) EBC-147 were all tested at MIC to 1-fold MIC concentrations 

against S. mutans DSM 20523; at 256 and 512 µg/ml against A. 

actinomycetemcomitans DSM 8324.  Ethanol equivalent control (data not shown) and 

70% isopropanol positive control were also tested.  Results are expressed as 

fluorescence intensity (A.U.).  * represents significantly different compared to the 

untreated control (n=3; P < 0.05). 
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Figure 5.5.  Effect of epoxy-tiglianes on cell membrane permeabilisation of P. 

gingivalis NCTC 11834 and P. gingivalis W50.  (a) EBC-46, (b) EBC-1013 and (c) 

EBC-147 were tested at MIC and 1-fold MIC values against P. gingivalis NCTC 

11834 and W50 (EBC-147 tested at ½ MIC and ¼ MIC against P. gingivalis NCTC 

11834).  Ethanol equivalent control (data not shown) and 70% isopropanol positive 

control were also tested.  Results are expressed as fluorescence intensity (A.U.).  * 

represents significantly different compared to the untreated control (n=3; P < 0.05). 
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5.3.4. Minimum biofilm eradication concentration assays 

MBEC assays were used to determine the minimal concentration of the selected 

epoxy-tiglianes at which there was no biofilm regrowth (Table 5.2).  MBEC assays 

were initially carried out in standard 96-well microtiter plates to optimise the method.  

The MBEC breakpoints for ethanol equivalent controls were all > 1024 μg/ml, 

invalidating the MBEC at this concentration.  The breakpoints of EBC-46 and EBC-

1013 for S. mutans (48 h) biofilms were 1024 μg/ml and 64 μg/ml respectively and 

were 1- to 2-fold higher than the MICs; with EBC-147 having no valid MBEC (> 1024 

μg/ml) EBC-147 MBEC result on microtiter plate for A.a was the lowest (512 μg/ml) 

compared with EBC-46 and EBC-1013.  However, EBC-147 MBEC result for A.a 

may not be valid since it was same as the MIC result.  MBEC results of all three epoxy-

tiglianes for the two P. gingivalis strains on microtiter plate were same for EBC-1013 

and EBC-147 (16 and 1024 μg/ml respectively), while EBC-46 treated P. gingivalis 

NCTC 11834 strain MBEC breakpoint was 2 times higher than the P. gingivalis W50 

strain.  

MBEC assays were also carried out in peg plates with and without surface coatings, 

the results of which are summarised in Table 5.2.  As expected, almost all the MBEC 

values obtained were higher than the MICs (Table 5.1) against the same epoxy-

tiglianes.  In general, in comparison to EBC-46 (MBEC breakpoint range 256-512 

μg/ml) and EBC-147 (MBEC breakpoint range ≥ 1024 μg/ml), EBC-1013 exhibited 

the greatest antimicrobial effects against all three tested oral strains (S. mutans and two 

P. gingivalis strains) with an MBEC breakpoint range between 8-1024 μg/ml.  On the 

uncoated peg-plate, EBC-1013 treated S. mutans and the two P. gingivalis strains in 

particular, all showed the lowest MBECs.  Surprisingly, P. gingivalis (NCTC 11834) 

treated with EBC-1013 on uncoated peg-plate exhibited an MBEC of 8 μg/ml, being 

identical to the MIC and MBC values obtained for this strain (Table 5.1).  The TiO2 

or HA coated peg-plates were tested with S. mutans and two P. gingivalis strains.  A.a 

was not tested on TiO2 or HA coated peg-plates since the MBEC results on microtiter 

plate were high (≥512 μg/ml) or invalid.  EBC-1013 remained the most effective 

(MBEC 256, 32 and 128 μg/ml respectively) compound against these three tested 

strains on the TiO2 coated peg-plates. 
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Table 5.2.  Minimum biofilm eradication concentration (µg/ml) assays for 

epoxy-tiglianes against oral bacteria.  Minimum biofilm eradication 

concentration assays were operated in either standard 96-well microtitre plates, peg 

plates, TiO2-coated peg plates or HA-coated peg plates. 

- Invalid MBECs; The highest concentrations tested were shown in brackets 

ND: It was not possible to measure the MBECs because of the antimicrobial effect of 
ethanol at high drug concentrations 
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5.3.5. Confocal laser scanning microscopy of oral bacterial biofilm 

formation studies 

CLSM imaging of epoxy-tigliane-treated S. mutans biofilms was performed at 

concentrations of 32-512 μg/ml (Figure 5.6 and Appendix 5.3); the concentration of 

256 μg/ml corresponding to the MIC of EBC-46, 3-fold MIC of EBC-1013 and ¼MIC 

of EBC-147 against S. mutans.  Imaging results from S. mutans biofilm formation 

assays demonstrated that biofilm morphology was altered by epoxy-tigliane treatment 

at a concentration of 256 μg/ml (Figure 5.6 a and Appendix 5.3).  EBC-46 treatment 

resulted in a slightly disorganised biofilm structure and decrease in biofilm thickness 

at MIC (256 μg/ml) (Figure 5.6 a) which was not seen at ½ MIC (128 μg/ml), although 

at 1-fold MIC (512 μg/ml), no substantial biofilm formation occurred at all (Appendix 

5.3).  In contrast, EBC-1013 treatment resulted in a dose-dependent response at ≥ 64 

μg/ml (Figure 5.6 a and Appendix 5.3).  This was characterised by a marked decrease 

in biofilm density/thickness and increase in dead (red) cells, evident particularly at 256 

μg/ml (Figure 5.6 a).  These effects were not observed at lower concentrations, < 64 

μg/ml (Appendix 5.3).  EBC-147 showed no obvious effect on S. mutans biofilm 

formation within the given test range (Figure 5.6 a and Appendix 5.3).  

Unsurprisingly, the COMSAT analysis data was found to match the CLSM imaging 

results (Figure 5.6 b and Appendix 5.4).  EBC-1013 at 3-fold MIC (256 μg/ml) 

significantly decreased biomass volume and increased DEAD/LIVE cell ratio (P < 

0.05).  Although a decrease in biofilm thickness and an increase in biofilm surface 

roughness were also apparent in CLSM images, these were not significant (P > 0.05) 

in COMSTAT analysis.  EBC-46 showed no obvious biofilm inhibition effect at 256 

μg/ml but significant effects at 512 μg/ml (Appendix 5.3 and 5.4).  In these 

experiments the ethanol controls at the highest test concentration (512 μg/ml) had no 

demonstrable effect on S. mutans biofilm formation when compared with the untreated 

control. 

A.a (having no valid MIC with any of the epoxy-tiglianes; Table 5.1) was utilised as 

a Gram-negative bacterial control, with biofilms established under the same conditions 
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as those used for S. mutans.  CLSM images of LIVE/DEAD-stained A.a biofilms 

demonstrated homogeneous growth in the untreated control (Figure 5.7 a).  



 200 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.  Effect of Epoxy-tiglianes on S. mutans biofilm formation.  (a) CLSM 3D imaging (aerial and side views) with LIVE/DEAD
®
 

staining of S. mutans DSM 20523 biofilms grown for 24 h at 37°C in BHI broth with epoxy-tiglianes (256 µg/ml) and ethanol control (512 µg/ml), 

scale bar at 50 µm.  (b) Corresponding COMSTAT image analysis of the biofilm CLSM z-stack images.  * represents significantly different 

compared to the untreated control (n=3; P < 0.05).  
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Figure 5.7.  Effect of Epoxy-tiglianes on A. actinomycetemcomitans biofilm formation.  (a) CLSM 3D imaging (aerial and side views) with 

LIVE/DEAD
®
 staining of A. actinomycetemcomitans DSM 8324 biofilms grown for 48 h at 37°C in BHI broth with epoxy-tiglianes (256 µg/ml) 

and ethanol control (512 µg/ml), scale bar at 50 µm.  (b) Corresponding COMSTAT image analysis of the biofilm CLSM z-stack images.  * 

represents significantly different compared to the untreated control (n=3; P < 0.05).  
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EBC-1013 was found to inhibit A.a biofilm growth at 256 μg/ml by increasing the 

intercellular spaces within the biofilm structure (Figure 5.7 a).  COMSTAT analysis 

data revealed that EBC-1013 significantly reduced biomass and biofilm thickness (P 

< 0.05; Figure 5.7 b) and showed a significantly increased DEAD/LIVE cell ratio and 

surface roughness following treatment.  In contrast, EBC-46 (256 μg/ml) showed no 

obvious effects on the A.a biofilm structure (Figure 5.7b). 

P. gingivalis (NCTC 11834) was treated with EBC-46 within the ½ to 2 times MIC 

range (64 to 256 μg/ml) and EBC-1013 within the 1- to 3-fold MIC range (16 to 64 

μg/ml; Figure 5.8 a and Figure 5.9 a).  CLSM revealed that EBC-46 treated P. 

gingivalis biofilms showed a potent anti-biofilm effect at 1-fold MIC (256 μg/ml), 

with almost no biofilm formation visible (Figure 5.8 a).  A clear reduction in biofilm 

thickness at ≥ MIC (128 μg/ml) was also noted (Figure 5.8 a).  These observations 

were reflected by the COMSTAT analysis showing a significant reduction in biofilm 

volume (at ≥ ½ MIC) and biofilm thickness (at ≥ MIC), as well as a significant increase 

in biofilm surface roughness (at ≥ MIC) and DEAD/LIVE cell ratio at ≥ 1-fold MIC 

(P < 0.05; Figure 5.8 b).  It was apparent that the P. gingivalis biofilms treated with 

EBC-1013 at 2- and 3-fold MIC became loose and disrupted, especially the upper part 

of the biofilms (Figure 5.9 a).  EBC-1013 at 3-fold MIC (64 μg/ml) was able to 

potently inhibit P. gingivalis biofilm formation, with a significant increase in biofilm 

surface roughness and DEAD/LIVE cell ratio, and significant reduction in biomass 

volume and thickness (Figure 5.9 b).  The ethanol controls at the highest test 

concentrations (256 μg/ml; Figure 5.8) and at 64 μg/ml (Figure 5.9) demonstrated no 

effects on P. gingivalis biofilm formation.   

5.3.6. Biofilm disruption assays on titanium discs 

SEM images of sterile (5 mm diameter x 3 mm thick) titanium discs revealed the 

polished disc surface with no bacterial contamination.  SEM images of epoxy-tiglianes 

treated S. mutans (24 h) and P. gingivalis NCTC 11834 (96 h) biofilms on titanium 

surfaces were taken after incubation, and corresponding drop-counts performed 

simultaneously (Figure 5.10).  
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Figure 5.8.  Effect of EBC-46 on P. gingivalis NCTC 11834 biofilm formation.  (a) CLSM 3D imaging (aerial and side views) with 

LIVE/DEAD
®
 staining of P. gingivalis NCTC 11834 biofilms grown for 96 h at 37°C in FAB with EBC-46 treatment at ½ MIC, MIC and 1-fold 

MIC (64, 128 and 256 µg/ml) and ethanol control (256 µg/ml), scale bar at 50 µm.  (b) Corresponding COMSTAT image analysis of the biofilm 

CLSM z-stack images.  * represents significantly different compared to the untreated control (n=3; P < 0.05).  
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Figure 5.9.  Effect of EBC-1013 on P. gingivalis NCTC 11834 biofilm formation.  (a) CLSM 3D imaging (aerial and side views) with 

LIVE/DEAD
®
 staining of P. gingivalis NCTC 11834 biofilms grown for 96 h at 37°C in FAB with EBC-1013 treatment at 1- to 3-fold MIC (16, 

32 and 64 µg/ml) and ethanol control (256 µg/ml), scale bar at 50 µm.  (b) Corresponding COMSTAT image analysis of the biofilm CLSM z-stack 

images.  * represents significantly different compared to the untreated control (n=3; P < 0.05).  
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Figure 5.10.  S. mutans DSM 20523 (24 h) and P. gingivalis NCTC 11834 (96 h) biofilms established on titanium discs treated with epoxy-

tiglianes and ethanol control (256 μg/ml).  (a) Bacterial cell counts (CFU/ml) of S. mutans.  (b) Bacterial cell counts (CFU/ml) of P. gingivalis 

treated by EBC-1013 (16-64 μg/ml) and EBC-46 (64-256 μg/ml).  * represents significantly different as compared to the untreated control (n=3; 

P < 0.05).  (c) SEM imaging for S. mutans (8KX) treated by epoxy-tiglianes and ethanol equivalent control at 256 μg/ml.  P. gingivalis (treated 

by EBC-1013 16-64 μg/ml and ethanol equivalent control at 64 μg/ml; 5KX) on titanium discs.  Scale bar, 20 μm. 
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Compared to the other two epoxy-tiglianes at 256 μg/ml, the drop count results showed 

that EBC-1013 treatment had the most pronounced effect, significantly inhibiting the 

established S. mutans biofilms on the titanium disc surfaces (< 105 CFU/ml; P < 0.05; 

Figure 5.10a).  EBC-46 also significantly disrupted the established S. mutans biofilms 

(< 106 CFU/ml; P < 0.05) in comparison to the untreated and ethanol equivalent 

controls.   

For P. gingivalis, the drop counts revealed the significant effect of EBC-1013 (at ≥ 16 

μg/ml; within the 1- to 3-fold MIC range) and EBC-46 (at ≥ 128 μg/ml; ≥ MIC) against 

established biofilms on the titanium disc surfaces (Figure 5.10 b).  As in the biofilm 

formation assay, EBC-147 showed no inhibition effects on the established S. mutans 

biofilms on the titanium surfaces (Figure 5.10 a and c).  SEM images on titanium 

surfaces with P. gingivalis biofilms treated by EBC-1013 were also taken (Figure 5.10 
c).  EBC-1013 showed a dose-dependent mode of action in disruption of P. gingivalis 

biofilms on titanium surfaces and significantly affected the biofilm structures 

especially at ≥ 16 μg/ml (Figure 5.10 c). 

5.4. Discussion 

Oral biofilms are highly organised multi-microbial communities, with dental plaque 

considered one of the main risk factors for periodontal disease, being able to invade 

the periodontal tissues inducing marked inflammatory responses in the host, finally 

leading to periodontal disease and peri-implantitis (Rosan and Lamont 2000; Persson 

and Renvert 2014; Schwarz et al. 2018).  In 2017, the American Academy of 

Periodontology and the European Federation of Periodontology collaborated to 

publish the new definition on peri-implant diseases as “a plaque-associated 

pathological condition occurring in tissues around dental implants, characterised by 

inflammation in the peri-implant mucosa and subsequent progressive loss of 

supporting bone” (Berglundh et al. 2018).  Eradication of these oral biofilms is a 

primary step in the treatment of periodontal or peri-implant disease (Patil et al. 2020).  

In this chapter, the inhibitory effects of the epoxy-tiglianes upon the growth of 
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planktonic bacteria and the formation of biofilms were assessed and the potential use 

of epoxy-tiglianes in periodontal and peri-implant diseases will be discussed.  

A surgical approach may be best suited to treat peri-implantitis (Khan et al. 2020), 

although topically applied antibiotics or antiseptics are also routinely used as local 

periodontal or peri-implant diseases management methods (Mombelli and 

Samaranayake 2004; Figuero et al. 2014).  The two-year clinical study demonstrated 

that local antiseptic treatment (0.2% chlorhexidine digluconate solution) in 

conjunction with mechanical debridement with plastic curettes significantly improved 

the bleeding on probing sites and reduced peri-implant probing pocket depth compared 

with the control groups (Schwarz et al. 2008).  In an in vitro study, 0.12% NaOCl, 

0.2% chlorhexidine and 3% H2O2 were all able to show lethal effects on the peri-

implantitis associated microbiota, moreover, the combination treatments such as 

photodynamic therapy with 3% H2O2 or 0.2% chlorhexidine, showed enhanced 

treatment outcomes (Rismanchian et al. 2017).  In addition, there has been an 

increasing worldwide interest in the use of NACs from plant extracts in the 

management of oral diseases including caries, periodontitis, and peri-implantitis 

(Karygianni et al. 2014; Karygianni et al. 2019).  The main focus of this chapter is to 

to identify the NACs (e.g. epoxy-tiglianes) that can inhibit the growth of oral 

pathogens and disrupt the formation of microbial biofilm which may potentially lead 

to the development of oral diseases.  The susceptibility testing MIC and MBC 

experiments in this chapter revealed that all epoxy-tiglianes treated oral pathogens 

MIC susceptibility breakpoints were ≤ 1024 μg/ml.  Although the MIC values were 

unconventionally high (same as discussed in chapter 3 and 4), EBC-1013 was the most 

effective compound when compared with EBC-46 and EBC-147 and presented the 

lowest MIC breakpoints against all four of oral pathogens.  Since EBC-1013 showed 

pronounced antibacterial activity against S. mutans, A.a and P. gingivalis, it could 

potentially be used in conjunction with surgical debridement (plaque removal) or in 

post-surgery management of infection in these difficult-to-treat conditions (Xu et al. 

2020; Günther et al. 2022).   

The Gram-positive oral pathogen S. mutans is considered as one of the most cariogenic 

microorganisms in dental biofilm due to its ability to use dietary carbohydrate, 
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especially sucrose, to produce important virulence factors such as extracellular 

polysaccharides, and also, because of their acid-producing and aciduric properties 

(Forssten et al. 2010; Zhou et al. 2018).  The growth curves in this chapter 

demonstrated that both EBC-46 and EBC-1013 at MIC (256 and 32 μg/ml, 

respectively) were able to inhibit or delay planktonic S. mutans growth.  Whilst, as 

expected, EBC-147 at 256 μg/ml showed no obvious inhibitory effects since the MIC 

of EBC-147 (1024 μg/ml) against S. mutans was 4 times higher than the tested 

concentration.  These results confirm the data from Chapter 3 on chronic wound 

infection bacteria studies where the antibacterial effects are EBC-1013 >> EBC-46 > 

EBC-147. 

A.a is a Gram-negative facultative anaerobic bacillus.  It is considered as a significant 

pathogen in periodontal disease (Gholizadeh et al. 2017; Abdullah et al. 2021) and 

peri-implantitis (Hultin et al. 2002; Sahrmann et al. 2020).  Previous studies have 

revealed that A.a can synthesise a number of virulence factors such as leukotoxin, 

enzymes and LPS, which can modulate the activity of host defenses and cause 

aggressive and chronic inflammatory conditions of the periodontal tissue (Gholizadeh 

et al. 2017; Chang and Brown 2021).  Moreover, A.a has also been shown to contribute 

significantly to the tenacious oral biofilm formation and pro-inflammatory responses 

of the bone resorption associated with progressive periodontitis (Abdullah et al. 2021).  

All assays used in this chapter showed no obvious anti-bacterial effects between A.a 

and any of the test epoxy-tiglianes.  The growth curves of EBC-1013 against A.a at 

both tested concentrations seemed to increase the growth of A.a when compared with 

the controls, but the large error bars indicate this was not significantly different.  

However, the results in Chapter 2 proved that EBC-46 and EBC-1013 have limited 

water solubility.  Especially EBC-1013, when adding to water or broth at a 

concentration exceeding 128 μg/ml, the solutions appeared cloudy, suggesting 

aggregation or precipitation.  The aggregated bacteria and precipitated EBC-1013 thus 

may cause the increased optical density values.   

P. gingivalis belongs to the phylum Bacteroidetes and is a nonmotile, Gram-negative, 

rod-shaped, anaerobic, pathogen (Fiorillo et al. 2019).  P. gingivalis strains can 

synthesise several proteolytic enzymes that may be involved in host colonisation, 
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perturbation of the immune system, and tissue destruction which can cause active 

chronic periodontitis lesions (Grenier et al. 2001).  P. gingivalis displayed a metabolic 

plasticity that can utilise both protein non-proteinaceous (such as the 

monocarboxylates pyruvate and lactate, and human serum component) substrates as 

the source for energy production, proliferation, colonization and biofilm formation 

(Moradali and Davey 2021).  The results from the chronic wound bacteria studies 

(Chapter 3) showed that the epoxy-tiglianes had limited effects on Gram-negative 

bacteria.  However, this does not appear to be the case with planktonic P. gingivalis 

bacterial growth.  Instead, EBC-1013 showed potent antimicrobial effects in all the 

assays, maybe because of the slower anaerobic growth of P. gingivalis.  EBC-1013 

remained the most effective at inhibiting P. gingivalis growth and at the lowest 

concentrations. 

The effectiveness of SYTOX Green Stain for bacterial viability assessment has been 

tested by many researchers (Roth et al. 1997; Lebaron et al. 1998; Jusuf et al. 2021; 

Delisle-Houde et al. 2021).  SYTOX Green Stain binds to nucleic acids of membrane-

compromised bacteria, leading to a more than 500-fold enhancement in fluorescence 

intensity (absorption and emission maxima at 502 and 523 nm, respectively).  This 

was also evident in this study, with membrane-compromised bacteria found to be > 

10-fold brighter than intact bacteria.  Both EBC-46 and EBC-1013 showed 

pronounced permeabilisation activity at 1-fold MIC for S. mutans and both P. 

gingivalis NCTC 11834 and P. gingivalis W50 strains, which was not seen with A. a.  

Many studies have proved that the outer membrane of Gram-negative bacteria to 

provides a formidable barrier (Delcour 2009; Kleanthous and Armitage 2015; May 

and Grabowicz 2018).  The outer membrane of Gram-negative bacteria is an 

asymmetric hydrophobic lipid bilayer with pore-forming proteins of specific size-

exclusion properties, which enables the outer membrane to play an important role as a 

selective barrier (Delcour 2009).  It is therefore essential to penetrate the bacterial cell 

envelope to produce a significant impact on the susceptibility of the Gram-negative 

bacteria antibacterial agents (Savage 2001; May and Grabowicz 2018).  The 

permeabilisation results suggested that EBC-46 and EBC-1013 may permeabilise oral 

bacterial membranes and then inhibit the growth of planktonic bacteria.  Other 
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inhibition mechanisms of epoxy-tiglianes (especially EBC-1013) may also involve in 

these inhibition activities as have been proved in Chapter 3. 

Oral biofilms are known to be associated with and contribute to many oral and 

systemic diseases (Neppelenbroek 2015).  Although previous studies have shown that 

they are impossible to totally eliminate, the eradication of these pathogenic biofilms is 

still an essential step to manage periodontal disease and peri-implantitis (Thomas and 

Nakaishi 2006).  The MBEC data demonstrated that regrowth of oral bacterial biofilms 

following treatment with both EBC-46 and EBC-147 occurred at relatively high 

concentrations (≥ 128 and 512 μg/ml respectively).  In contrast, (with the exception of 

A.a) EBC-1013 showed pronounced biofilm inhibition activity at concentrations as 

low as 16 μg/ml).  Moreover, all the tested oral strains in this chapter generated 

biofilms on TiO2 and hydroxyapatite coated surfaces that were more robust (and 

recalcitrant to antimicrobial treatment) than those on uncoated surfaces.  Thus, 

effective inhibition of biofilm growth could be crucial in periodontal disease treatment.   

Local sustained-release systems were discussed in Section 1.6.5, which can provide a 

safe and convenient way of drug administration (Joshi et al. 2016).  Epoxy-tiglianes 

may be locally and topically applied in pockets in periodontal disease patients in 

future, thus it is essential to maintain effective concentration in the oral environment.  

Local delivery system with commercial hydroxypropyl cellulose as a carrier for slow 

release of green tea catechin into the subgingival pocket have been reported to improve 

treatment of periodontitis (Hirasawa et al. 2002).  A newly developed double-layer 

nanofiber mat composed of a chitosan/ poly(ethylene) oxide nanofiber layer with 30% 

ciprofloxacin, and a poly (ε-caprolactone) nanofiber layer with 5% metronidazole have 

been proved to keep the antimicrobial concentrations released from the nanofiber mats 

above the MICs against the periodontal pathogens for up to 7 days (Zupančič et al. 

2019).  More recently, 40% beta-cyclodextrin microparticle has been reported to be a 

potential local Meloxicam-controlled release system of anti-inflammatory drug for 

periodontitis treatment (Rein et al. 2020).  All these results proposed the possibility of 

clinical use of epoxy-tiglianes in periodontitis treatments with maintained high 

effective concentrations. 



 
211 

CLSM imaging and COMSTAT analysis confirmed the potent anti-biofilm activity of 

epoxy-tiglianes (particularly EBC-1013) in the S. mutans, A.a and P. gingivalis 

biofilm formation assay, with large numbers of aggregated dead cells observed within 

S. mutans biofilm following treatment and highly disrupted biofilm structures in P. 

gingivalis biofilms.  On the other hand, CLSM and COMSTAT results showed that 

EBC-46 and EBC-147 may present anti-biofilm effects only at relatively higher 

concentrations (256 and 512 μg/ml).  Same as other antibacterial agents such as 0.1% 

chlorhexidine (Vitkov et al. 2005), epoxy-tiglianes also presented distinguished 

disruption effect in oral biofilms as shown in this chapter.  The partial effectiveness of 

antimicrobial agents, their possible side effects and toxicity, and potentially increased 

drug-resistance have drawn considerable attention of scientists in search of natural 

bioactive molecules, which can effectively treat periodontitis and maintain good oral 

health (Shahzad et al. 2015; Heta and Robo 2018; Wang et al. 2018; Ngemenya et al. 

2019).   

Previous research has suggested that combined antimicrobial agents/antibiotic 

treatments may be successful in eradicating infections involving P. gingivalis bacterial 

biofilms, such as periodontitis in the short term  (Asahi et al. 2012).  The effect of 

naturally extracted antimicrobial agents, such as green tea catechin (Gartenmann et al. 

2019) and green tea polyphenols (Ramasamy 2015), have revealed that these 

antimicrobial agents may potentially act as an adjunct to scaling and root planing in 

periodontitis therapy.  Meanwhile, as the synergy effects of epoxy-tiglianes and 

colistin combination have been proved in COLR E. coli studies in Chapter 4, the potent 

anti-biofilm effects of EBC-46 and EBC-1013 against P. gingivalis biofilms may also 

facilitate the treatment effects of local delivery and systemic use of antibiotics.   

It has been reported that materials and biomaterials, such as dental implants, in the oral 

cavity can directly or indirectly interact with the more than 500 recognised bacterial 

species (Sumida et al. 2002; Aoki et al. 2012; Allegrini et al. 2014; Giulio et al. 2016).  

The clinical studies revealed that the bacterial species in supra- and subgingival 

biofilms that can attach to the titanium implant surface, for example red complex 

bacteria (Section 1.6.3), are highly related to the peri-implant health (Shibli et al. 

2008).  Peri-implantitis affects 1:3 of the patients and 1:5 of all implants  (Kordbacheh 
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Changi et al. 2019) and has a detrimental impact on quality of life.  The development 

of antibacterial strategies, such as antibacterial-coated titanium surfaces, were 

believed to be a promising strategy to prevent the onset and progression of peri-

implantitis (Vilarrasa et al. 2018).  Clearly the surface-coated (TiO2 or HA) peg plates 

showed that S. mutans and P. gingivalis strains were able to build more firmly-attached 

biofilms on these surfaces than on uncoated plastic.  Also, the SEM images of S. 

mutans and P. gingivalis biofilms on titanium discs were taken to determine the 

efficacy of epoxy-tiglianes against established oral biofilms on titanium surfaces, 

which also proved the anti-biofilm effects of epoxy-tiglianes (EBC-1013) against S. 

mutans and P. gingivalis biofilms. 

This in vitro study presents certain limitations that should be addressed.  Firstly, it is 

known that dental plaque in the oral cavity forms a multispecies biofilm (Zijnge et al. 

2010).  While many studies testing antibiotics or antimicrobial agents against multi-

species oral biofilms have been done previously (Karygianni et al. 2016;  Chathoth et 

al. 2021;  Jeong et al. 2021), only single-species biofilms were tested here.  Ideally 

future work would include the use of multispecies oral biofilms.  Secondly, only four 

oral strains (S. mutans, A.a and two P. gingivalis strains) were tested here.  Future 

work should consider the use of more oral pathogens such as other red complex strains 

T. denticola, and T. forsythia (Suzuki et al. 2013), although both are extremely difficult 

to grow in the laboratory.  As EBC-1013 has shown an inhibition effect in virulence 

factor production in P. aeruginosa (Chapter 3), it would be useful to further test the 

effect of epoxy-tiglianes in P. gingivalis virulence factors gene expression, such as the 

genes responsible for adhesion, invasion and host colonisation (fimA, hagA, hagB) and 

tissue damage (rgpA, rgpB, kgp) (Kumbar et al. 2021).  Also Candida species (Vila et 

al. 2020) should be included particularly as they have been shown to have synergistic 

or antagonistic relationships with oral bacteria (Montelongo-Jauregui and Lopez-Ribot 

2018), such as intimately communicating with S. mutans in a complex bidirectional 

interaction (Huffines and Scoffield 2020).  Lastly, although the in vivo (intratumoral 

injection) studies phase I dose-escalation study using EBC-46 (Panizza et al. 2019) 

has given guidance on its safety, tolerability, preliminary efficacy, and 

pharmacokinetics in humans, more clinical randomised control trials are needed to 
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assess the efficacy of the epoxy-tiglianes in periodontal disease and peri-implantitis 

management. 

5.5. Conclusions 

Periodontal disease and peri-implantitis have a detrimental impact on quality of life. 

Although the standard treatment is surface debridement of these chronic bacterial 

induced infections, non-surgical methods have also been proposed, including the 

topical use of antibiotics and locally sustained-released antimicrobial agents.  Recent 

reviews have demonstrated the poor long-term outcome of these approaches and new 

therapies are urgently needed.  In general, epoxy-tiglianes tested in this study exhibited 

pronounced inhibitory effects upon the growth of planktonic oral bacteria and biofilm 

formation.  Epoxy-tiglianes also disrupted established biofilms on titanium surfaces 

with EBC-1013 shown to have the most effective antimicrobial activity in 

permeabilising the oral bacteria plasma membrane, inhibiting bacterial growth and 

disrupting the biofilm formation.  EBC-46 also presented bacterial inhibition effects 

but only when used at relatively high concentrations (≥ 256 μg/ml).  In contrast, EBC-

147 showed low antimicrobial activity and then at high concentrations (≥ 1024 μg/ml).   

Interestingly, epoxy-tiglianes showed limited antimicrobial effects on Gram-negative 

strains when tested against chronic wound bacteria in Chapter 3.  However, in oral 

pathogen studies here, all three epoxy-tiglianes were found to exhibit substantial 

antimicrobial activity against the Gram-negative bacterium P. gingivalis.  The results 

in this chapter indicate the potential local use of epoxy-tiglianes in the management of 

periodontal and peri-implant disease.  Furthermore, experimental approaches using 

epoxy-tiglianes as slow-release surface coatings could be utilised to inhibit oral 

pathogen attachment to the titanium abutments or dental implants. 

 

 

 



 

 

 

Chapter 6  

General Discussion 

 

 

 

 

 

 

 

 

 

 



 
214 

6.1. General discussion 

In nature, plants have evolved sophisticated mechanisms to combat bacteria (both 

physical and chemical), which include anti-oxidant generation, inhibition of QS-

controlled virulence, and RNA interference to inhibit gene expression (Adonizio et al. 

2008; Samoilova et al. 2014; Muhammad et al. 2019).  The use of antimicrobial 

adjuvants and agents from plant extracts, therefore, represents an exciting (and largely 

un-exploited) field of research with potential to prolong the use of existing antibiotics 

or produce NACs to overcome the current challenges of antibiotic resistance 

associated with the emergence of MDR bacteria (Hemaiswarya et al. 2008; 

Mikulášová et al. 2016).   

Prior to my starting this work, the antibacterial effects of 21 novel epoxy-tigliane 

compounds were tested (in MIC assays), which led to the selection of the diterpene 

ester EBC-46 (tigilanol tiglate) and the newly-described semi-synthetic epoxy-tigliane 

structures EBC-1013 and EBC-147 as prototype anti-microbial agents for further 

testing in these studies (L.C. Powell, personal communication).  This Ph.D. thesis 

consequently investigated the antibacterial and anti-biofilm effects of these three 

epoxy-tiglianes, as well as the mechanisms of action of the EBC-46 and EBC-1013.  

This work sought to better understand the observed ability of both EBC-46 and EBC-

1013 to treat and resolve established cutaneous infections in previous animal models 

(Powell et al. 2022; In press).   

The initial studies in this thesis sought to investigate putative interactions between the 

epoxy-tiglianes and the lipid component of the bacterial cell membrane (LPS and LTA) 

utilising CD spectra analysis.  Unfortunately, this work was hampered by the low 

solubility of the compounds.  Despite the greater aqueous solubility of EBC-147, its 

limited availability (low stock levels), ruled out further CD spectra analysis of this 

compound.  Furthermore, the low solubility of EBC-1013 (determined by UV/Vis 

solubility studies of the epoxy-tiglianes in ethanol/water) and its high turbidity (even 

at low concentrations; 280 μM) also precluded CD spectroscopic analysis of EBC-

1013.  Hence, CD spectral analysis was only performed with EBC-46.  The CD 

spectral analysis of EBC-46 recorded in the presence of LPS or LTA in TBS showed 
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no discernible difference to those without LPS or LTA.  Even in the presence of Ca+ 

ions, no definite CD signal changes were observed between EBC-46 and LPS and/or 

LTA that could indicate interactions.  The CD spectroscopic analysis described the 

conformation of the cyclopentenone ring and the olefine group in the C12 sidechain 

of EBC-46, while these groups may not involve in LPS/LTA interactions and showed 

no definite CD signal changes.  Within the limits of CD spectroscopy, the interactions 

between EBC-46 and LPS and/or LTA were not observed.  A useful technique which 

has previously been employed by our laboratory, ITC may be able to better define the 

thermodynamic parameters of intermolecular interactions in situ of the epoxy-tiglianes 

(Prozeller et al. 2019).  Unfortunately however, ITC requires high volumes of the 

compounds and my limited supply of epoxy-tiglianes prevented its use here.   

Whilst other complementary techniques have been developed to study interactions at 

the bacterial cell surface (e.g. molecular dynamics simulations; MDS) where 

biologically relevant models are available to model the potential interactions of 

antimicrobial “candidate” therapies with Gram-positive and Gram-negative cell 

membranes (Chakraborty et al. 2020), this requires considerable expertise in designing 

and running these analyses on high performance computing systems which was 

beyond the scope of this Ph.D.  Interestingly, a recent study, employed MDS to 

characterise the interaction of epoxy-tigliane structures (EBC-46, EBC-1013 and 

EBC-147) and PMA with the lipopolysaccharide-1,2-dipalmitoyl-3-phosphatidyl-

ethanolamine (LPS-DPPE) bilayer membrane of P. aeruginosa (mimicking the PAO1 

bacterial OM) (Powell et al. 2022; In press).  These results highlight the potential 

ability of epoxy-tiglianes to interact with the cell membrane components of Gram-

negative bacteria.  However, the diversity in the lipid composition of different bacteria 

and the use of simple membranes may limit the use MD simulation (Wang et al. 2016) .  

Although MD simulations are able to predict how atoms move with time and can 

capture snapshots of biomolecular processes, importantly, these simulated molecules 

are not wholly representative of bacterial membranes in vivo, and may not truly reflect 

results obtained with standardised, interpretable whole bacteria assays e.g. MIC 

(Marrink et al. 2019).  Whilst advancement in artificial intelligence and machine-

learning since the start of the thesis has meant that interactions at the cell surface can 

be studied in greater detail, these in silico models are at best hypothetical and testing 
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will always involve in vivo analysis alongside MDS (Fisch et al. 2019).  This 

technology may in the future provide a better understanding of a whole plethora of 

interactions at the cell surface. 

The importance of the structural assembly of the bacterial cell OM and these 

interactions at the cell-surface were clearly evident in later studies within the thesis 

where, in chronic wound bacteria, colistin-resistant mcr-carrying E. coli strains and 

oral pathogens, the potent antimicrobial effects of both EBC-46 and EBC-1013 were 

clearly demonstrated in MIC tests, especially against MDR Gram-positive bacteria 

such as MRSA, S. pyogenes and S. mutans.  In these studies, the ability to analyse 

similar epoxy-tigliane structures with known differences in biological activity (e.g. 

PMA-stimulation) demonstrated the structure-activity effects of the hydrophobic side-

chains (connected to C12 and C13 of the EBC-1013 tigliane backbone) in mediating 

the observed in vitro bioactivity of the epoxy-tigliane esters.  This bioactivity had been 

shown to increase with increasing side-chain length (Cullen et al. 2021; Powell et al. 

2022; In press).  In previous studies, phytochemicals have been shown to inhibit 

bacterial growth through interactions with bacterial membranes (Araya-Cloutier et al. 

2018).  Researchers have shown in phytochemicals such as phenylpropanoids, 

flavonoids and coumarins, that the side-chain position on the aromatic rings, side chain 

lengths, and the side-chain moiety, all influence the observed bioactivities (Yazaki et 

al. 2009).  The MIC results for tested Gram-positive strains in this study were all ≤ 32 

μg/ml for EBC-1013, ≤ 512 μg/ml for EBC-46, and ≥ 512 μg/ml for EBC-147 with 

unsurprisingly, the side-chain lengths of the three compounds following the same trend 

(EBC-1013 > EBC-46 > EBC-147).   

In the studies by Powell et al (2022; In press), screening of the antimicrobial activity 

of EBC-1013 showed that it exhibited the greatest antimicrobial effects of the three 

epoxy-tigliane compounds tested and demonstrated clear differences between Gram-

positives (with rapidly induced permeability evident within 1 h) and Gram-negative 

strains (with no permeability effects being seen for the epoxy-tigliane treated Gram-

negative chronic wound or mcr-carrying E. coli strains at concentrations at < 128 

μg/ml).  The differences observed likely reflect the OM of the Gram-negative strains 

which provides an effective barrier against epoxy-tigliane induced permeability.  In 
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the studies of oral bacteria, the results for the Gram-negative P. gingivalis were an 

exception to this (with all three epoxy-tigliane MICs being ≤ 1024 μg/ml), and with 

loss of OM integrity following epoxy-tigliane (particularly EBC-1013) treatment 

occurring at relatively low concentrations (32 μg/ml).  Transmission electron 

microscopy showed that P. gingivalis ATCC 33277 (a fimA type 1 strain) displays 

long, delicate fimbriae and OM vesicles at the cell surface (Kerr et al. 2014); OM 

vesicles being produced by all Gram-negative bacteria.  Moreover, studies on the 

flagella filament protein FliC and membrane-associated proteins in E. coli (Manabe et 

al. 2013) have revealed that the deletion or overexpression of certain cell envelope 

proteins (e.g. those encoded by tolA, tolQ, tolR, tolB, and pal) may lead to a vesicle-

overproducing phenotype, which can result in OM instability (Baker et al. 2014).  Such 

an alteration in OM structure may potentially facilitate epoxy-tigliane penetration 

(increased detergent intolerance) and killing effects (leakage of periplasmic contents).  

Another factor that may be responsible for this susceptibility to epoxy-tigliane 

treatment in P. gingivalis is their slow growth rate, observed even though incubated 

with nutrient-rich broth (such as FAB) and an appropriate incubation environment.  

The fastidious nature of these strains may explain their vulnerability to epoxy-tigliane 

treatment. 

The ultrastructural components of the bacterial surface confer bacterial cell surface 

properties, i.e. surface charge and hydrophobicity.  These cell surface properties, 

regulate the interaction of bacteria with antimicrobial agents such as epoxy-tiglianes 

and understanding the EBC-induced alterations of the cell-surface was undertaken in 

an attempt to better understand the effects on the individual structures.  Initial studies 

analysing the zeta potential of the negatively-charged epoxy-tigliane molecules 

revealed the ability of EBC-46 and EBC-1013 to induce strain-specific changes in cell 

surface charge in chronic wound bacteria, e.g. the E. coli cell surface was more 

negatively-charged after EBC-1013 treatment while P. aeruginosa showed the 

opposite results, which may reflect the contrasting functional groups on the individual 

bacterial surfaces (Hamadi et al. 2008; Vadillo-Rodríguez et al. 2021) with surface 

hydrophilicity typically found to be linked to high numbers of (OH-(C-O-C)) and (C-

(O.N)) and hydrophobicity with (C-(C,H)) functional groups.  A survey of functional 

groups associated with the E. coli cell surface revealed that a high proportion of the 
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carbon peak was made up of (C-(C, H)) (Hamadi et al. 2008).  The researchers also 

found that (O=C) functional groups had a good correlation with electrophoretic 

mobility (at pH 7), indicating that the electrophoretic mobility becomes more negative 

as the number of (O=C) functional groups increases. 

The importance of the ability of the epoxy-tiglianes to interact with and alter the cell-

surface of the bacterial OM was particularly evident in the mcr E. coli (described in 

Chapter 5).  In COL sensitive cells, colistin initially targets the anionic phosphate 

groups of the lipid A moiety of LPS on the E. coli OM via electrostatic interactions, 

then inserts its hydrophobic terminal acyl fat chain, resulting in disruption and 

expansion of the cell membrane (OM) monolayer which then leads to cell death 

(Janssen and van Schaik 2021).  This reduces the net negative charge of the outer 

membrane, thereby affecting colistin binding and preventing loss of integrity and 

disruption of the cell membrane.  Modification of lipid A with the 4-amino-4-deoxy-

l-arabinose (l-Ara4N) moiety is required for resistance to colistin in E. coli (Yan et al. 

2007).  In E. coli, the mcr gene encodes a membrane-associated enzyme, such as the 

Mcr-1 protein, pEtN transferase, that catalyses the modification of the pEtN moiety on 

lipid A (Hu et al. 2016).  The addition of pEtN to lipid A conferring resistance to 

colistin, decreases the negative charge and impedes the electrostatic interactions 

between lipid A and colistin (Hu et al. 2016; Liu et al. 2016; Gerson et al. 2020; 

Janssen and van Schaik 2021).  The striking potentiation/synergy of EBC-1013 and 

colistin against mcr E. coli from a wide variety of sources demonstrated the potential 

utility of the agent in the topical treatment of cutaneous wounds. 

In Chapters 3 to 5, the effects of the changes in a range of biofilm models were studied 

including: on biofilm formation, the treatment of established biofilms and also on 

biofilms which attempted to mimic in vivo conditions e.g. growing on titanium and 

HA substrates (see Chapter 5).  No single model is ideal, although the use of a range 

of models (and conditions) confirmed that the changes we had observed at the bacterial 

cell surface were reflected in changes in biofilm formation and biofilm disruption.  In 

other experiments from our laboratory, we have demonstrated that, a large part of the 

anti-biofilm effect is related to changes in the EPS matrix in EBC-1013 treated 

biofilms (Powell et al. 2022; In press).  In defining the biofilm structure and effects of 
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anti-biofilm compounds, complimentary studies in our laboratories have established 

multiple (nano) particle tracking (MPT) for the first time, to study the physical and 

mechanical changes of AMR bacterial biofilms and to quantify the effects of antibiotic 

treatment (Powell et al. 2021).  MPT has now been used to analyse changes in the pore 

structure of the biofilm, facilitating analysis of the effects of EBC-1013 and 

demonstrating reduced biomechanical strength of the biofilm (making disruption 

easier) and increased porosity (enabling the diffusion of antimicrobial therapies).  It 

was clear that EBC-1013 treatment of the biofilms induced changes of > 30-fold 

increase in biofilm porosity (L.C. Powell, personal communication) that would clearly 

be advantageous in the treatment of chronic wound infections (Powell et al. 2021). 

The discovery that many pathogenic bacteria utilise cell-to-cell communication (QS) 

systems to regulate their population density, virulence factor production and biofilm 

formation, makes QS an attractive target for the design and development of novel 

antimicrobial compounds (Kalia et al. 2015; Ugurlu et al. 2016; Rekha et al. 2017).  

The biofilm disruption and swarming motility alteration effects were observed by 

EBC-1013 treated cells, in this thesis, QS process was hypothesised as another 

possible target of epoxy-tiglianes.  QS signalling pathways of P. aeruginosa, LasIR, 

RhlIR and PQS (Section 1.5.4.4), have been reported to mediate many bacterial 

activities including biofilm formation and virulence factor production (Ng and Bassler 

2009; Guo et al. 2014; Jack et al. 2018).  It was anticipated that all three QS systems 

would be similarly affected by the epoxy-tiglianes as motility, biofilm formation, and 

virulence factor production of P. aeruginosa were all observed to be inhibited.  

Increased AHL signalling at the same time as down-regulation of other virulence 

factors perhaps suggests that this suppression of P. aeruginosa virulence factor 

production may also be via a pathway that is independent of LasIR and RhlIR, perhaps 

at a post-transcriptional level as previously described for other QS antagonists (Miller 

et al. 2015) or alternatively, with the 2-heptyl-3-hydroxy-4-quinolone PQS operon or 

integrated QS systems (IQS) more directly involved.  

The challenges of the study of virulence factor production were evident in Chapter 3.  

These experiments highlighted the complex and time-dependent character of virulence 

factor production by P. aeruginosa with optimal (maximum) production of AHLs at 
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24 h (equivalent to late exponential/early stationary growth phase).  The time-

dependent character of virulence factor production was also demonstrated previously 

(Jack et al. 2018).  The time-dependent mode of action of the epoxy-tiglianes was also 

observed in the P. aeruginosa swarming motility and virulence production assays, with 

EBC-1013 only starting to affect swarming morphology at 12-14 h post-treatment and 

the effects on pyocyanin, elastase production maximal at 48 h.  In rhamnolipid and 

protease production, no inhibition effects were noted after 24 h incubation, but obvious 

inhibition effects were apparent after 48 h.  The inhibition of QS responses is 

dependent upon the existing growth status of the bacterial population and the addition 

time of the QSI.  In previous study, the effect of early (0 h) addition of the flavonoid 

naringenin had a more than 5 times greater effect on pyocyanin and elastase production 

than late (4 h) addition (Hernando-Amado et al. 2020).  Thus, the bacterial population 

status change may explain the time-dependent mode of action of the epoxy-tiglianes 

that we observed in QS study. 

In this thesis, the biosensor C. violaceum ATCC 31532 and CV026 strains 

demonstrated that epoxy-tiglianes may regulate QS through affecting violacein 

production.  The reason for upregulated violacein pigment production may relate to 

enzymes involved in the violacein biosynthesis pathway (Hirano et al. 2008).  As 

discussed in Section 1.5.4.4, QS is a cell-population and cell-density related 

phenomenon (Abisado et al. 2018).  AHL production increases along with the growth 

of the cell population, which involves enzymatic oxidation of two molecules of L-

tryptophan (Mizuno and Jezeski 1961).  In Chromobacterium, CviI synthase catalyses 

conversion of fatty acids or S-adenosyl methionine into AHLs and results in the 

formation of a stable protein–ligand complex on binding with cytoplasmic CviR.  This 

protein–ligand complex regulates the transcription of the vio operon (vio ABCDE) 

through connecting to its promoter site (Kothari et al. 2017).  VioE has been shown to 

play an essential role in continuous violacein pigment biosynthesis (Hirano et al. 2008).  

Consequently, enhanced violacein production may arise due to the increased 

expression of the genes regulating glucose metabolism through the pentose phosphate 

pathway, thus leading to more erythrose-4-phosphate to participate in tryptophan 

biosynthesis, which is the precursor for violacein synthesis (Kothari et al. 2017).  

Therefore, the induced production of violacein pigment in C. violaceum by epoxy-
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tiglianes may be indicative of the fact that the compounds were acting on the 

Chromobacterium CviIR QS system and is a direct evidence of QS interference.   

Whilst these results, with upregulated QS and inhibited virulence factor production 

suggests that only a few genes in the QS regulon may be affected by EBC-1013, 

ongoing studies employing RNAseq in the laboratory are addressing this.  Also as 

EBC-1013 was found to have a direct effect on swarming motility and virulence factor 

production by P. aeruginosa, it would be useful to revisit its direct effect on QS 

signalling in Pseudomonas sp. as previously performed by Jack et al. (2018).  The QS 

experiments in this study showed inconclusive results and time-permitting would have 

warranted further investigation.  Whether the violacein results obtained were an 

artefact of directly testing the epoxy-tiglianes on C. violaceum strains and not on P. 

aeruginosa is still unclear and would need to be looked at more closely.  In addition, 

quantitative PCR to test the direct effects of epoxy-tiglianes on expression of the lasIR, 

and rhlIR systems in P. aeruginosa would enable direct effects to be definitively 

examined (Jack et al. 2018).  As both EBC-46 and EBC-1013 are strong activators of 

PKC, the results of this study suggest the involvement of PKC activity in the epoxy-

tigliane antimicrobial mechanism, but further studies are required to elucidate the 

direct effects of PKC (and PKC inhibitors e.g., BisI) on the bacterial strains utilised in 

this study.  The different findings using BisI between both compounds are also of 

particular interest.  

The finding that the effects of the EBC-1013 appeared principally via direct effects on 

the biofilm matrix, and also via modulation of QS, may ultimately be important in 

clinical applications.  Recent research has shown inhibiting the secretion of virulence 

factors, e.g. pyocyanin, does not produce the same selective pressures that have given 

rise to the development of antibiotic resistance, as it does not affect the natural survival 

and propagation of the target pathogens (Dickey et al. 2017).  EPS and QS alteration 

may, therefore, provide a novel and clinically-useful therapy against bacterial 

infections and delay the rise of antibiotic resistance in the future. 

The potential for the epoxy-tiglianes to potentiate the effectiveness of antibiotics 

against MDR bacteria and bacterial biofilms was an important part of these studies.  
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The selective pressure of colistin use in animal husbandry has led to the high 

prevalence of mcr genes in farming; mediated by similar IncX4 or IncI2 plasmids in 

China (Liu et al. 2019).  These plasmids show high similarity to those found in clinical 

isolates, and represent a huge threat to the public health and food safety (Liu et al. 

2019).  The emergence and spread of mcr gene-carrying E. coli strains, is a major 

threat to the effectiveness of the last-resort antibiotics, the polymyxins, which are still 

utilised in the treatment of multidrug- and carbapenem-resistant Gram-negative 

bacterial infections (Cattaneo et al. 2018; Wei et al. 2019; Taati Moghadam et al. 2020).  

Thus, this thesis sought to investigate the activity and effectiveness of EBC-1013 

against MDR and also mcr-carrying organisms.   

In the initial studies, epoxy-tigliane treatment showed no potentiation effects for a 

range of MDR bacterial strains in combination with (relevant) antibiotics including 

AZM, CIP and FLU.  Synergistic effects were only seen in a number of the colistin-

resistant mcr-carrying (K. pneumoniae and E. coli) strains.  This significant synergy 

was apparent for EBC-1013 (and to a lesser extent with EBC-46) and colistin 

combinations.  This may give the opportunity to reduce selective pressures in chronic 

wounds, in which the use of colistin is becoming common place in an attempt to disrupt 

the wound biofilm (Zhu et al. 2017; Park et al. 2020).  The synergy effect may occur 

via a number of mechanisms such as: inhibition of antibiotic modification (King et al. 

2014), inhibited target modification (Boudreau et al. 2015), or inhibited efflux-pump 

activity (Van Bambeke et al. 2006).  Here increased uptake of the antibiotic due to 

increased permeabilisation of the altered bacterial OM LPS would appear to be a likely 

mechanism (Stowe et al. 2015; Wei et al. 2021).  The findings here suggest a possible 

future adjuvant therapeutic approach for COLR E. coli strain infection.  Interestingly, 

both EBC-46 and EBC-1013 in combination with colistin significantly increased 

DEAD:LIVE cell ratios in COLR mcr-carrying E. coli biofilms, indicating that use of 

epoxy-tiglianes and colistin combinations in COLR E. coli biofilm-related infections 

is a promising therapeutic.   

Interestingly, the biofilm inhibition effects of epoxy-tiglianes alone and in 

combination with colistin were seen in a variety of biofilm models including the 

MBEC and the CLSM/COMSTAT analysis.  Initially, the chronic wound bacteria, 
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COLR E. coli (and oral pathogen) biofilm models were established by incubating O/N 

cultures in microtiter plates for 24-72 h.  These biofilm models were relatively simple, 

and the growth conditions were easy to control, with the added advantage of being 

able to analyse the anti-biofilm effects of epoxy-tiglianes or their synergistic effects.  

Whilst these models are reproducible and significant biofilm disruption (decreased 

biomass/volume, increased surface roughness and increased DEAD:LIVE cell ratio) 

were observed, these were all “mono-species” biofilms.  For example, in the studies 

towards clinical applications in dentistry (where S. mutans or P. gingivalis biofilms 

were established on titanium surfaces) both EBC-1013 (and EBC-46) were shown to 

impair bacterial adherence and S. mutans biofilm formation.  However, these biofilm 

models fail to mimic the complicated multi-species in vivo bacterial communities seen 

in human disease e.g. periodontal pockets or  chronic wound biofilms (Zhou et al. 2018; 

Yung et al. 2021).   

The effect of culture conditions may alter the structural and mechanical properties of 

P. aeruginosa biofilms, where EPS production is influenced by hydrodynamic shear 

(Horswill et al. 2007).  Thus, biofilm models established under hydrodynamic shear 

(e.g. flow systems or constant-depth film fermentation conditions) may in the future 

be used here to more thoroughly analyse biofilm architecture and strength after epoxy-

tigliane treatment (Paramonova et al. 2009).  The use of flow cells allows direct, 

microscopic investigation of biofilm attachment, growth, detachment, and cellular 

interactions (Sternberg and Tolker-Nielsen 2006) and may employ distinct nutrient 

conditions.  Despite these failings however, the biofilm/CLSM model used here 

provided important structural and functional information about biofilm matrices.  

Ongoing work is combining CLSM and biofilm matrix/EPS staining to compare 

epoxy-tigliane effects on biofilm architecture, to provide a better understanding of how 

alteration of specific biofilm components contributes to the observed changes in 

biomass (Schlafer and Meyer 2017).  Selective staining of treated biofilms to identify 

the exact parts of the biofilm scaffold targeted by the epoxy-tiglianes, will improve 

our mechanistic understanding of the anti-biofilm properties of the compounds.   

Throughout the thesis the experiments were employed concentrations of epoxy-

tiglianes which are considerably higher than those conventionally observed in 
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antibiotic usage and a significant clinical concern is whether these concentrations 

would be suitable for application topically at sites of disease.  Eukaryotic cell toxicity 

have not been considered in this thesis, but has been the subject of extensive 

investigation in relation to EBC-46 (now licensed for use in veterinary medicine).  The 

first in-human Phase I clinical trial of EBC-46 intratumoural injection determined the 

safety profile, tolerability, pharmacokinetics, and preliminary antitumour efficacy of 

the compound (Panizza et al. 2019).  These studies have shown that the lipophilic 

epoxy-tigliane structures bind to the wound/tumour surface, with doses of up to 3 g 

being applied topically being unrecordable in the local vasculature via high-pressure 

liquid chromatography.  Moreover, direct intra-tumoral injection was found to be well-

tolerated and human dosing studies failed to identify a maximum tolerated dose 

(Panizza et al. 2019).  Recent studies in two distinct models of dermal healing (calf 

acute thermal injuries and mice chronic diabetic wounds; 50 μl of 0.3 mg/ml in days 

1, 8 and 15) have shown that not only is EBC-1013 well-tolerated (with no documented 

side effects), but the agent is able to reduce infection and induce wound healing 

associated with inflammatory cell recruitment and keratinocyte differentiation (Powell 

et al, 2022; In press).  More recent veterinary studies in equine wounds have employed 

similar concentrations of EBC-1013 (300 µg/ml) to those employed here (P. Reddell, 

personal communication). 

The data in this thesis indicates the potential use of EBC-1013 in the topical treatment 

for hard-to-treat wounds, with multi-functions in inhibiting planktonic bacteria growth 

and disrupting/inhibiting bacterial biofilms.  Epoxy-tiglianes are currently in 

preclinical studies for human applications and early clinical development as a 

veterinary product (Powell et al., 2022; In press).  Greater understanding of the 

structure/activity relationships of these compounds will be facilitated by the extensive 

library of natural and semi-synthetic epoxy-tigliane analogues which we have used in 

part in this study (Cullen et al. 2021).   

6.2. Future work 

The research results during this Ph.D. study have demonstrated the ability of epoxy-

tiglianes, specifically EBC-1013 and EBC-46, to inhibit the growth of planktonic 
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bacteria, impair bacterial adherence and biofilm formation and highlights their effect 

on the bacterial cell surface; affecting biofilm formation in a range of substrates in two 

contrasting, but similar diseases i.e. chronic wound healing and periodontal disease.  

However, in addition to these in vitro mechanistic and function studies, further studies 

remain to be undertaken to better understand their mechanism of action and realise the 

potential of this class of compounds.  Unfortunately, some of these experiments were 

unable to be completed due to the effects of the pandemic on my available laboratory 

time. 

The biofilm models used in this Ph.D. study were all single strain biofilms, however, 

the observation of a wide range of natural microorganisms has revealed the fact that 

the majority of natural biofilms are actually formed by multiple bacterial species 

(Yang et al. 2011; Zhou et al. 2018).  The validation of the anti-biofilm effects of 

epoxy-tiglianes in multi-species biofilm models (including chronic wound biofilms 

and oral biofilms) would be more relevant to the in vivo environment.  The role of 

PKC in inhibiting pyocyanin production, which is likely controlled by an (as yet 

unspecified) aspect of QS sensing signalling in P. aeruginosa, requires further study.   

The permeability and hydrophobicity assays showed that the epoxy-tigliane 

compounds interact with the bacterial OM.  Modification of the bacterial cell surface 

in epoxy-tigliane treated bacteria has not yet been considered. Atomic force 

microscopy (AFM) would allow study of living bacterial strains in their natural 

environment and, may provide further clarification of the observed membrane 

structural changes.  Furthermore, such studies might provide useful information on 

their effects on bacterial adhesion, and initial attachment to abiotic or biotic surfaces 

(Dufrêne 2014; Grzeszczuk et al. 2020).   

The structure-function relationship of the epoxy-tiglianes and their anti-bacterial 

effects are little understood.  The assays and techniques utilised in this thesis could 

therefore be valuable in future testing other new anti-bacterial compounds.  A number 

of other semi-synthesised or synthesised EBC-46 analogues, with varied biochemical 

properties, have been produced and tested (Cullen et al. 2021).  Even though their 

MICs might have been unpromising in initial testing (L.C. Powell, personal 
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communication), further analysis of this group of test compounds in biofilm rather 

than planktonic assays, e.g. MBEC and virulence assays, could unveil more 

compounds with distinctly anti-biofilm functions and/or targeting of QS signalling 

pathways. 

6.3. Conclusion 

The work in this study has demonstrated, for the first time, that the hypothesised 

antimicrobial efficacy of the epoxy-tiglianes is real.  It has been shown that EBC-1013 

is able to directly modify the bacterial cell surface (e.g. inducing permeabilisation and 

changes in surface hydrophobicity), modifying key virulence factors (including 

swarming motility, pyocyanin, rhamnolipid, protease and elastase production) and 

biofilm formation.  Novel antimicrobial agents from nature, which are able to target 

both bacterial pathogens and biofilms, and also stimulate an innate host immune 

response (via PKC stimulation in PMNLs), represent an exciting dual treatment 

strategy for combating infections of AMR bacteria (Powell et al., 2022; In press).   

This work has been supported by the completed animal studies (see above) and is now 

moving towards human clinical studies and provides a useful example of research 

translation from laboratory research into clinical therapy in patients.  EBC-1013 is 

currently in the early clinical stage for veterinary applications and in formal preclinical 

development for humans in a range of difficult to manage wounds, including chronic 

non-healing ulcers, traumatic acute wounds, infected wounds and burns. 
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Appendix 2.1.  Chemical equations of previously characterised epoxy-tiglianes.  

Compounds 25 and 26 were previously analysed by UV absorbance and CD 
spectroscopy by Snatzke et al. (1977).  Differences to EBC-46 are highlighted by red 
circles, with the C12 and C13 side chains of the tigliane backbone are replaced by 

acetyl groups.  In case of 25, C20 has an additional acetyl group and compound 26 is 
missing a hydroxyl group at C5. 
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Appendix 2.2.  Comparison of absorption spectra of EBC-46 (a) and EBC-147 
(b) in ethanol (black lines) and TBS (red lines).  Data are redrawn from Figures 2.2 
and 2.5 with an extended wavelength range to highlight shifts of absorbance bands 

upon changing solvent polarity.  Note the increase in apparent absorbance for EBC-
46 in TBS in the visible range indicating turbidity.  Absorbance scales of the right-
hand panels are 50-fold magnified over those of the left-hand panels. 

(a)

(b)
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Appendix 3.1.  Effect of epoxy-tiglianes on cell membrane permeabilisation of S. 

aureus 1004A (MRSA) and NCTC 12493 (MRSA).  (a) EBC-46, (b) EBC-1013 and 
(c) EBC-147 were tested against S. aureus 1004A and S. aureus NCTC 12493. Ethanol 
equivalent control and 70% isopropanol positive control were also tested.  Results are 

expressed as fluorescence intensity (A.U.) * significantly different as compared to the 
untreated control (n=3; P < 0.05).  
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Appendix 3.2.  Effect of epoxy-tiglianes on cell membrane permeabilisation of E. 
coli IR57 and P. aeruginosa PAO1.  (a) EBC-46, (b) EBC-1013 and (c) EBC-147 were 

all tested in 128 to 512 μg/ml against E. coli IR57 and P. aeruginosa PAO1. Ethanol 
equivalent control (data not shown) and 70% isopropanol positive control were also 
tested.  Results are expressed as fluorescence intensity (A.U.) * significantly different 

as compared to the untreated control (n=3; P < 0.05).  
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Appendix 4.1.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes and colistin only on hydrophobic filters.  (a) 

E. coli CX17 was treated by colistin (0.032 μg/ml; 1/2 MIC), EBC-1013, 46 and 147 (256 μg/ml), and  ethanol equivalent controls. (b) Contact 

angle  (°) change during 10s testing time. (c) Contact angle  (°) at the 0s. (d) Mean of the contact angle  (°) change between 0-10s. (n=3). 
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Appendix 4.2.  Contact angle (°) measurements of E. coli CX17 treated by epoxy-tiglianes and colistin only on hydrophobic filters.  (a) 

E. coli CX17 was treated by colistin (2 μg/ml; 1/2 MIC) and EBC-1013, 46 and 147 (256 μg/ml) treated E. coli CX17(pPN16) mcr-1, and  ethanol 

equivalent controls. (b) Contact angle  (°) change during 10s testing time. (c) Contact angle  (°) at the 0s. (d) Mean of the contact angle  (°) 

change between 0-10s. (n=3). 
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Appendix 4.3.  Crystal violet test results of E. coli CX17 and CX17(pPN16) 

treated by ethanol equivalent control (0-512 μg/ml).  (a) and (c) 24h E. coli biofilms 

were built in 96-well plate and then incubated with ethanol equivalent control (0-512 

μg/ml) for another 24h. Ethanol treated biofilms were stained by crystal violet. Red 

frame showed blank controls. (b) and (d) Crystal violet stain were dissolved in 95% 

ethanol.  Absorbance values were measured at OD590 nm (n=6; P < 0.05).  
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Appendix 5.1.  Effect of epoxy-tiglianes on cell membrane permeabilisation of S. mutans DSM 20523 and A. actinomycetemcomitans 

DSM 8324.  Both strains were tested at 8-1024 μg/ml concentration range, with ethanol equivalent control and 70% isopropanol positive control.  

Results are expressed as fluorescence intensity (A.U.).  * represents significantly different as compared to the untreated control (n=3; P < 0.05). 
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Appendix 5.2.  Effect of epoxy-tiglianes on cell membrane permeabilisation of P. gingivalis NCTC 11834 and W50.  Both strains were 

tested at 16-1024 µg/ml concentration range, with ethanol equivalent control and 70% isopropanol positive control.  Results are expressed as 

fluorescence intensity (A.U.).  * represents significantly different as compared to the untreated control (n=3; P < 0.05). 
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Appendix 5.3.  Effect of Epoxy-tiglianes on S. mutans DSM 20523 biofilm 

formation.  CLSM 3D imaging (aerial and side views) with LIVE/DEAD
®
 staining 

of S. mutans DSM 20523 biofilms grown for 24 h at 37°C in BHI broth following 

epoxy-tiglianes treatment (32-512 µg/ml), scale bar at 50 µm.  
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Appendix 5.4.  Effect of Epoxy-tiglianes on S. mutans biofilm formation.  

Corresponding COMSTAT image analysis of the biofilm CLSM z-stack images: (a) 

Biomass volume (μm
3
/μm

2
); (b) Dead/Live ratio; (c) Roughness coefficient (Ra*) and 

(d) Biofilm thickness (μm) (* P < 0.05; n=3).   
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