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ABSTRACT 

Biofilm-associated infections (BAIs) account for up to 80% of human infections, often 

contributing to chronicity and antibiotic resistance. Biofilms, commonly found in chronic 

wounds and urinary tract infections (UTIs), create a diffusional barrier that limits 

antimicrobial penetration and provide a niche for dormant, antibiotic-tolerant bacteria. 

Novel antibiofilm agents, including the signalling molecule nitric oxide (NO) and the 

chelator tetrasodium ethylenediaminetetraacetic acid (T-EDTA), show promise due to 

their multifaceted effects, such as bactericidal activity, biofilm dispersal, and wound 

healing. Additionally, ultrasound (US)-mediated cavitation has emerged as a potential 

adjuvant therapy, enhancing antimicrobial penetration by physically disrupting the 

biofilm architecture. This study investigates the combination of chemical antibiofilm 

agents with US-mediated cavitation. NO-producing molecules propylamine 

propylamine NONOate (PA-NO) and spermine NONOate (SP-NO) and chelator T-

EDTA were evaluated against early-stage (24-hour) and mature (48-hour) 

Pseudomonas aeruginosa PAO1 biofilms. T-EDTA demonstrated consistent antibiofilm 

efficacy, reducing biofilm biomass by 57% (early-stage) and 64% (mature) after a 2-

hour exposure period. After the same treatment period, PA-NO was effective against 

early-stage biofilms (21% reduction) but had no effect on mature biofilms, whilst SP-

NO showed no efficacy against either model. Two cationic microbubble (MB) 

formulations, room-air-core (RAMB+s) and perfluorobutane-core (PFBMB+s), were 

tested for stability and cavitation activity. PFBMB+s exhibited superior stability and 

cavitation activity. When stimulated with US in the presence of ciprofloxacin, PFBMB+s 

combined with PA-NO achieved a 91.4% reduction in biofilm coverage, while T-EDTA 

showed reductions of 85.7% (without ciprofloxacin) and 88.2% (with ciprofloxacin). 

SP-NO remained ineffective in all conditions tested. These findings underscore the 
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potential of combining NO donors or T-EDTA with US-stimulated MBs. Findings from 

this study suggest that the combination of biofilm dispersal compounds with cavitation-

mediated approaches represent a promising strategy for addressing the challenges of 

BAIs, particularly through enhancement of antimicrobial delivery and efficacy. 
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IMPACT STATEMENT 

This thesis advances knowledge in the field of novel antibiofilm agents, specifically 

ultrasound-mediated therapies. It has significant implications in both academia and 

the wider society as this research aims to decrease the burden of antimicrobial 

resistance associated with biofilms and ultimately improve patient outcomes. 

Academic impact 

This research primarily advances knowledge in the field of ultrasound (US)-mediated 

antibiofilm therapies, specifically by co-administering US-responsive microbubbles 

(MBs) with signalling molecules nitric oxide (NO) donors (i.e., N-diazeniumdiolate; 

NONOates) PAPA NONOate (PA-NO) and spermine NONOate (SP-NO) or chelating 

agent tetrasodium ethylenediaminetetraacetic acid (T-EDTA). The results presented 

herein highlight the promise of a combinatorial therapy employing US-mediated 

cavitation, chemical antibiofilm agents, and conventional antibiotics. Specifically, T-

EDTA and PA-NO combined with US-stimulated MBs and ciprofloxacin produced the 

most significant biofilm dispersal effects (88.2% and 91.4%, respectively). Additionally, 

NONOates were characterized at wound-relevant temperatures (32-37 ÁC) and pH 

levels (5.5-8.5) allowing further insight into their clinical applicability and influencing 

future formulation considerations. 

Advances were also made in MB formulation, by directly comparing the stability and 

cavitation activity of both room-air-core and perfluorobutane-core MBs which helped 

to illustrate the effects of the filling gas in MBs for antibiofilm applications. Additionally, 

comparison of the cavitation profile of MBs prepared by two distinct methods of lipid 

film preparation (evaporating overnight vs. in a rotary evaporator for 40 minutes) 
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showed negligible difference and thus will improve the efficiency of future MB 

preparation methods by reducing the associated time burden. 

Societal impact 

In addition to the impact on the academic field, the research presented in this thesis 

has wider implications for public health. The novel combinatorial therapy combining 

US-mediated MBs, chemical antibiofilm agents, and a conventional antibiotic presents 

a promising alternative to current treatments, specifically in the context of chronic 

wound biofilms. Current treatment regimens include sharp debridement, which is an 

often painful and non-selective surgical procedure, to remove wound-residing biofilms. 

The present study investigates a non-invasive alternative which has shown promise in 

vitro; however, more research (particularly in vivo) is required to fully elucidate patient 

outcomes. The proposed therapy could re-shape recommended treatment regimens 

for biofilm-associated infections and have wider implications on AMR more broadly, by 

providing a drug-free adjuvant (i.e., cavitation) to which bacteria are less-likely to 

develop resistance to.  
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ĤĲШƚƨƚƣċŔŰĲĬЮ ................................ ................................ ................................ ............................  ΣΟ 

[ŔŊƨƖĲШΝΜШEǂċůƓũĲƚШŸŉШƣőĲШĤŔŸƓőǃƚŔĦċũШĲǭĲĦƣƚШŸŉШůŔĦƖŸĤƨĤĤũĲƚШы~7ƚбШĤũƨĲШĦŔƖĦũĲƚьШŸŰШĦĲũũШ

ůĲůĤƖċŰĲƚШыĤũċĦťШũŔŰĲƚьЯШƽőĲŰШĲǂƓŸƚĲĬШƣŸШƻċƖŔĲĬШƨũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚаШыΝьШ~ŔĦƖŸрƚƣƖĲċůŔŰŊШŸŉШ

ǰƨŔĬШċŰĬШыΞьШůŔĦƖŸĤƨĤĤũĲШƓƨƚőŔŰŊШƨƓŸŰШĲǂƓċŰƚŔŸŰШċŰĬШƓƨũũŔŰŊШƨƓŸŰШĦŸŰƣƖċĦƣŔŸŰЯШċƖĲШċƚƚŸĦŔċƣĲĬШ

ƽŔƣőШŰŸŰрŔŰĲƖƣŔċũШĦċƻŔƣċƣŔŸŰШŔŰĬƨĦĲĬШĤǃШũŸƽШŔŰƣĲŰƚŔƣǃШƨũƣƖċƚŸƨŰĬЮШ ƚǃůůĲƣƖŔĦċũШĦŸũũċƓƚĲШĦċƨƚŔŰŊШ

ыΟьШũŔƕƨŔĬШŢĲƣƣŔŰŊШċŰĬШыΠьШƚőŸĦťШƽċƻĲƚШŔŰĬƨĦĲĬШĤǃШŉŸƖĦĲŉƨũШ~7ШĦŸũũċƓƚĲЯШċƖĲШŸŉƣĲŰШĦċƨƚĲĬШĤǃШŔŰĲƖƣŔċũШ

ĦċƻŔƣċƣŔŸŰШŔŰĬƨĦĲĬШĤǃШƨũƣƖċƚŸƨŰĬШŸŉШċШŊƖĲċƣĲƖШŔŰƣĲŰƚŔƣǃЮ................................ .............................  ΣΠ 

[ŔŊƨƖĲШΝΝШ ШĬŔċŊƖċůШĬĲƚĦƖŔĤŔŰŊШĲċĦőШƣĲƖůШŉƖŸůШƣőĲШòŸƨŰŊрxċƓũċĦĲШĲƕƨċƣŔŸŰШыEƕƨċƣŔŸŰШΝьбШƽőĲƖĲШ

ÂċШŔƚШƣőĲШŔŰƣĲƖŰċũШƓƖĲƚƚƨƖĲЯШÂĤШŔƚШƣőĲШĲǂƣĲƖŰċũШƓƖĲƚƚƨƖĲШŉƖŸůШƣőĲШƚƨƖƖŸƨŰĬŔŰŊШǰƨŔĬЯШÂ̍ШŔƚШƣőĲШxċƓũċĦĲШ

ƓƖĲƚƚƨƖĲЯШƖШŔƚШƣőĲШĤƨĤĤũĲШƖċĬŔƨƚЯШċŰĬШ͚ШŔƚШĤƨĤĤũĲШƚƨƖŉċĦĲШƣĲŰƚŔŸŰЮ ................................ .............  ΣΤ 

[ŔŊƨƖĲШΝΞШ?ŔƚƚŸũƨƣŔŸŰШťŔŰĲƣŔĦƚШыƖċĬŔƨƚрƣŔůĲШĦƨƖƻĲьШŸŉШċŔƖШċŰĬШƓĲƖǰƨŸƖŸĤƨƣċŰĲШыÂ[7ьШĦŸƖĲШũŔƓŔĬр

ĦŸċƣĲĬШůŔĦƖŸĤƨĤĤũĲƚШŔŰШĬĲŊċƚƚĲĬШƽċƣĲƖЯШĦċũĦƨũċƣĲĬШŉƖŸůШƣőĲШEƓƚƣĲŔŰрÂũĲƚƚĲƣШĲƕƨċƣŔŸŰШыEƕƨċƣŔŸŰШ

ΞьЮШÑőĲШůŸĬĲũШƓƖĲĬŔĦƣĲĬШÂ[7~7ƚШƣŸШĤĲШǯƻĲШŸƖĬĲƖƚШŸŉШůċŊŰŔƣƨĬĲШůŸƖĲШƚƣċĤũĲШƣőċŰШÅ ~7ƚЮШ

~ŸĬŔǯĲĬШŉƖŸůШ[ĲƖƖċƖċШĲƣШċũЮШΞΜΜΤЮ ................................ ................................ .............................  ΣΥ 

[ŔŊƨƖĲШΝΟШEǂċůƓũĲШŉċƚƣШ[ŸƨƖŔĲƖШƣƖċŰƚŉŸƖůШы[[ÑьШƚƓĲĦƣƖċШĬĲůŸŰƚƣƖċƣŔŰŊШƣőĲШĲǭĲĦƣШŸŉШċĦŸƨƚƣŔĦШ

ĬƖŔƻŔŰŊШƓƖĲƚƚƨƖĲƚШŸŰШĦċƻŔƣċƣŔŸŰШƓƖŸǯũĲШċŰĬШƣőƨƚШ~7ШĤĲőċƻŔŸƨƖЮШÑĲƚƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШ

ƨũƣƖċƚŸƨŰĬрƚƣŔůƨũċƣĲĬШ ůŔĦƖŸĤƨĤĤũĲƚШ ы~7ƚьШ ĦŸċƣĲĬШ ƽŔƣőШ ƚƨƓĲƖƓċƖċůċŊŰĲƣŔĦШ ŔƖŸŰШ ŸǂŔĬĲШ

ŰċŰŸƓċƖƣŔĦũĲƚШƨƚŔŰŊШċШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃШŸŉШΝШ~cǍЯШΝΜΜШcǍШƓƨũƚĲШƖĲƓĲƣŔƣŔŸŰШŉƖĲƕƨĲŰĦǃЯШċŰĬШΞΜШ

ĦǃĦũĲƚЮШыċьШΝΜШťÂċШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃШŸŰũǃЯШŰŸШőċƖůŸŰŔĦШŉĲċƣƨƖĲƚШċƖĲШĲƻŔĬĲŰƣЮШыĤьШΟΜШťÂċШőċƖůŸŰŔĦШ

ĦŸůƓŸŰĲŰƣƚШċƓƓĲċƖЯШƽőŔĦőШŔƚШŔŰĬŔĦċƣŔƻĲШŸŉШƚƣċĤũĲШĦċƻŔƣċƣŔŸŰШŸŉШ~7ƚЮШыĦьШΣΜШťÂċШƚƨĤрШċŰĬШƨũƣƖċрШ

őċƖůŸŰŔĦШĦŸůƓŸŰĲŰƣƚШċƓƓĲċƖЮШыĬьШΝΠΜШťÂċШƚƨĤрШċŰĬШƨũƣƖċрőċƖůŸŰŔĦƚШċƖĲШƚƨƓƓƖĲƚƚĲĬШċŰĬШƣőĲШ

ĤƖŸċĬĤċŰĬШŰŸŔƚĲШũĲƻĲũШŔŰĦƖĲċƚĲƚЯШƽőŔĦőШŔƚШƨƚƨċũũǃШŔŰĬŔĦċƣŔƻĲШŸŉШŔŰĲƖƣŔċũШĦċƻŔƣċƣŔŸŰШċŰĬШĦŸũũċƓƚĲШŸŉШ

~7ƚЮШы ĬċƓƣĲĬШŉƖŸůШ]ƨШĲƣШċũЮь ................................ ................................ ................................ ... ΤΞ 



ΞΥ 
 

[ŔŊƨƖĲШΝΠШы ĬċƓƣĲĬШŉƖŸůШ7ċƖƖċƨĬШĲƣШċũЮЯШΞΜΝΡьШ ŔƣƖŔĦШŸǂŔĬĲШы §ьШċĦƣŔƻċƣĲƚШƓőŸƚƓőŸĬŔĲƚƣĲƖċƚĲШ

ыÂ?EьШċĦƣŔƻŔƣǃШĤǃШĤŔŰĬŔŰŊШƣŸШċШőĲůĲШƚŔƣĲШы[ĲьШŸŉШċШőĲůĲШŰŔƣƖŔĦШŸǂŔĬĲоŸǂǃŊĲŰШĤŔŰĬŔŰŊШыcр §ñьШƓƖŸƣĲŔŰЮШ

Â?EШƣőĲŰШċĦƣƚШƣŸШĬĲŊƖċĬĲШĦрĬŔр]~ÂЯШƽőŔĦőШƚŔŊŰċũƚШĬŔƚƓĲƖƚċũШŸŉШĤŔŸǯũůШĦĲũũƚЮ ...........................  ΥΟ 

[ŔŊƨƖĲШΝΡШ ШƚƨůůċƖǃШŸŉШ §ШĬŸŰŸƖШŉċůŔũŔĲƚЮШы ьШ§ƖŊċŰŔĦШŰŔƣƖċƣĲƚаШŊũǃĦĲƖǃũШƣƖŔŰŔƣƖċƣĲШы]Ñ ьШċŰĬШ

ŔƚŸƚŸƖĤŔĬĲШ ůŸŰŸŰŔƣƖċƣĲШ ыfÉ~ ьЮШ ы7ьШ ~ĲƣċũШ ŰŔƣƖŸƚǃũƚаШ ƚŸĬŔƨůШ ŰŔƣƖŸƓƖƨƚƚŔĬĲШ ыÉ ÂьЯШ ы9ьШ Éр

ŰŔƣƖŸƚŸƣőŔŸũƚШыÅÉ §ƚьЯШÉрŰŔƣƖŸрŊũƨƣċƣőŔŸŰĲШы]É §ьШċŰĬШÉрŰŔƣƖŸƚŸр рċĦĲƣǃũрĬЯШΝрƓĲŰŔĦŔũũċůŔŰĲШ

ыÉ  ÂьЯШċŰĬШы?ьШ рĬŔċǍĲŰŔƨůĬŔŸũċƣĲƚШы § §ċƣĲƚьаШƓƖŸƓǃũċůŔŰĲШƓƖŸƓǃũċůŔŰĲШыÂ Â ьШ § §ċƣĲШ

ыÂр §ьШċŰĬШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьЮ ................................ ................................ ...............  ΥΡ 

[ŔŊƨƖĲШΝΣШÑőĲШ § §ċƣĲШĬĲĦŸůƓŸƚŔƣŔŸŰШƓċƣőƽċǃЮШ ũƣőŸƨŊőШƓƖŸƣŸŰċƣŔŸŰШůċŔŰũǃШŸĦĦƨƖƚШŸŰШ§Ш

ċƣŸůƚШыƚƣƖƨĦƣƨƖĲƚШΞШċŰĬШΟьЯШĬĲĦŸůƓŸƚŔƣŔŸŰШƻŔċШċĦŔĬШĦċƣċũǃƚĲĬШőǃĬƖŸũǃƚŔƚШŸĦĦƨƖƚШŸŰũǃШŔŰШƣőĲШůŔŰŸƖШ

ÅΞ ыcь ы§ь §ШƣċƨƣŸůĲƖШыƚƣƖƨĦƣƨƖĲШΝьШŉŸũũŸƽŔŰŊШǯƖƚƣрŸƖĬĲƖШťŔŰĲƣŔĦƚШƣŸШƖĲũĲċƚĲШΞШůŸũĲƚШŸŉШŰŔƣƖŔĦШ

ŸǂŔĬĲШы §ьШŉŸƖШĲċĦőШΝШůŸũĲШŸŉШ § §ċƣĲЮ ................................ ................................ ...................  ΥΥ 

[ŔŊƨƖĲШ ΝΤШ Ш ǰŸƽĦőċƖƣШ ŔũũƨƚƣƖċƣŔŰŊШ ƣőĲШ ƽŸƖťǰŸƽШ ŉŸƖШ ĲǂƓĲƖŔůĲŰƣƚШ ċƚƚĲƚƚŔŰŊШ ƣőĲШ ĲǭŔĦċĦǃШ ŸŉШ

ċŰƣŔĤŔŸǯũůШċŊĲŰƣƚШĤǃШĦƖǃƚƣċũШƻŔŸũĲƣШƚƣċŔŰŔŰŊЮ ................................ ................................ ............  ΝΜΞ 

[ŔŊƨƖĲШ ΝΥШ Ш ǰŸƽĦőċƖƣШ ŔũũƨƚƣƖċƣŔŰŊШ ƣőĲШ ƽŸƖťǰŸƽШ ŉŸƖШ ĲǂƓĲƖŔůĲŰƣƚШ ċƚƚĲƚƚŔŰŊШ ƣőĲШ ĲǭŔĦċĦǃШ ŸŉШ

ċŰƣŔĤŔŸǯũůШċŊĲŰƣƚШĤǃШĦƖǃƚƣċũШƻŔŸũĲƣШƚƣċŔŰŔŰŊЮ ................................ ................................ ............  ΝΜΠ 

[ŔŊƨƖĲШΝΦШы ьШ ŔƣƖŔƣĲШĦŸŰĦĲŰƣƖċƣŔŸŰШыŰůŸũоƽĲũũьШƓƖŸĬƨĦĲĬШĤǃШÂ Â Ш § §ċƣĲШыÂр §бШĤũƨĲШĤċƖƚьШ

ċŰĬШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §бШƖĲĬШĤċƖƚьШĬĲƣĲƖůŔŰĲĬШĤǃШƣőĲШĦŸũŸƖŔůĲƣƖŔĦШ]ƖŔĲƚƚШċƚƚċǃШыƚċůƓũĲƚШ

ƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΡШ҄9ьЮШÑƽŸрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШŉŸƖШƚƣċƣŔƚƣŔĦċũШĦŸůƓċƖŔƚŸŰЮШÉƣċƣŔƚƣŔĦċũШ

ĬŔǭĲƖĲŰĦĲƚШċƖĲШŔŰĬŔĦċƣĲĬШĤǃаШйШӀШƓШӃШΜЮΜΡЯШййШӀШƓШӃШΜЮΜΝЯШйййШӀШƓШӃШΜЮΜΜΝЯШċŰĬШййййШӀШƓШӃШΜЮΜΜΜΝЮШШ

EƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШŔŰШƣƖŔƓũŔĦċƣĲШ

ыŰӀΟьЮШШÑőĲШťŔŰĲƣŔĦШĬĲŊƖċĬċƣŔŸŰШĦƨƖƻĲƚШŉŸƖШы7ьШÂр §ШċŰĬШы9ьШÉÂр §ШċƣШƓcШΡЮΡШыŸƖċŰŊĲШũŔŰĲьЯШΤЮΡШ

ыŊƖĲĲŰШũŔŰĲьЯШċŰĬШΥЮΡШыƓƨƖƓũĲШũŔŰĲьШыƚċůƓũĲƚШƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΞШ҄9ьЮ ................................ ..... ΝΜΤ 

[ŔŊƨƖĲШΞΜШÑŸƣċũШĤŔŸǯũůШĤŔŸůċƚƚШыĦƖǃƚƣċũШƻŔŸũĲƣьШŸŉШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШŊƖŸƽŰШŉŸƖШΞΠШőŸƨƖƚШ

ċŉƣĲƖШΝрőŸƨƖШƣƖĲċƣůĲŰƣШƽŔƣőШы ьШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §ьШċƣШƓcШΡЮΡЯШы7ьШΝΜΜШӓ~ШÂр §ШċƣШ

ƓcШΤЮΡЯШы9ьШΞΡΜШӓ~ШÂр §ШċƣШƓcШΤЮΡЯШы?ьШΡΜΜШӓ~ШÂр §ШċƣШƓcШΤЮΡЯШыEьШΝΜΜШӓ~ШÉƓĲƖůŔŰĲШ § §ċƣĲШ



ΞΦ 
 

ыÉÂр §ьШċƣШƓcШΤЮΡЯШы[ьШΞΡΜШӓ~ШÉÂр §ШċƣШƓcШΤЮΡЯШċŰĬШы]ьШΝΜΜШӓ~ШÂр §ШċƣШƓcШΥЮΡЮШÑőĲШƨŰƣƖĲċƣĲĬШ
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ƣőĲШƚŸŰŔĦċƣŸƖШƣŔƓШċƣШƣőĲШŊċƚрũŔƕƨŔĬШŔŰƣĲƖŉċĦĲШċŰĬШƚŸŰŔĦċƣŔŰŊШċƣШΤΜӖШŉŸƖШΟΜШƚĲĦŸŰĬƚЯШċŰĬШΟьШ

ůŔĦƖŸĤƨĤĤũĲƚШƽĲƖĲШŔůċŊĲĬШƨƚŔŰŊШũŔŊőƣШůŔĦƖŸƚĦŸƓǃЮШ?ƨƖŔŰŊШŉċĤƖŔĦċƣŔŸŰШŸŉШƓĲƖǰƨŸƖŸĤƨƣċŰĲШыÂ[7ьШ



ΟΝ 
 

ůŔĦƖŸĤƨĤĤũĲƚЯШƣőĲШƻŔċũШƽċƚШǰƨƚőĲĬШƽŔƣőШÂ[7ШƽŔƣőШċШŰĲĲĬũĲШыċƣШƚƣċŊĲШΞьЯШċƣШΜЮΝШůxоůŔŰШŉŸƖШΟΜШ

ƚĲĦŸŰĬƚШĤĲŉŸƖĲШƚŸŰŔĦċƣŔŸŰШċƚШƽĲũũШċƚШĦŸŰƣŔŰƨŸƨƚũǃШƣőƖŸƨŊőŸƨƣШƚŸŰŔĦċƣŔŸŰЮ ............................  ΝΟΥ 

[ŔŊƨƖĲШΞΥШы ьШ ШƚĦőĲůċƣŔĦШŔũũƨƚƣƖċƣŔŰŊШƣőĲШƚĲƣƨƓШŉŸƖШƨũƣƖċƚŸƨŰĬШыÖÉьШĲǂƓŸƚƨƖĲШыŉƖŸůШċШŉŸĦƨƚĲĬШΝЮΝШ

~cǍШƣƖċŰƚĬƨĦĲƖьШċŰĬШƓċƚƚŔƻĲШĦċƻŔƣċƣŔŸŰШĬĲƣĲĦƣŔŸŰШыÂ9?бШĤǃШċŰШƨŰŉŸĦƨƚĲĬШΤЮΡШ~cǍШƣƖċŰƚĬƨĦĲƖьЮШ

fĤŔĬŔҀШӓрƚũŔĬĲƚШĦŸŰƣċŔŰŔŰŊШΞΠрőŸƨƖШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШċŰĬШƣƖĲċƣůĲŰƣШƚŸũƨƣŔŸŰШƽĲƖĲШ

ƚĲċũĲĬШċŰĬШƓũċĦĲĬШŔŰƣŸШċШƚċůƓũĲШőŸũĬĲƖЮШы7ьШ ШƚĦőĲůċƣŔĦШŔũũƨƚƣƖċƣŔŰŊШƣőĲШƓŸƚŔƣŔŸŰШŸŉШƣőĲШÂ9?ШŔŰШƣőĲШ

ĦĲŰƣƖĲШŸŉШƣőĲШŉŸĦƨƚĲĬШƣƖċŰƚĬƨĦĲƖЮШы9ьШ ШĬŔċŊƖċůШőŔŊőũŔŊőƣŔŰŊШƣőĲШŉŸĦċũШƖĲŊŔŸŰШŔŰШƣőĲШĦőċŰŰĲũШƚũŔĬĲЯШ

ċŰĬШƣőĲШċĦŸƨƚƣŔĦШůċƓШŸŉШƣőĲШŉŸĦċũШƖĲŊŔŸŰЮШÑőĲШċĦŸƨƚƣŔĦШůċƓШŔƚШċĬċƓƣĲĬШŉƖŸůШuĲũũĲƖШĲƣШċũЮШΞΜΞΠЮ

................................ ................................ ................................ ................................ ................  ΝΠΟ 

[ŔŊƨƖĲШΞΦШ9őċƖċĦƣĲƖŔƚċƣŔŸŰШŸŉШΦаΝаΜЮΡШ?ÉÂ9а?ÉEÂ9аÂE]ΠΜÉрƚőĲũũĲĬШƖŸŸůШċŔƖШыÅ ~7ҼƚьШċŰĬШ

ƓĲƖǰƨŸƖŸĤƨƣċŰĲШ ыÂ[7~7ҼƚьШ ůŔĦƖŸĤƨĤĤũĲƚЮШ [ŸƖůƨũċƣŔŸŰƚШ ƽĲƖĲШ ċƚƚĲƚƚĲĬШ ĤǃШ ƕƨċŰƣŔŉǃŔŰŊШ ƣőĲШ

ċƻĲƖċŊĲШ~7Ш ьШĬŔċůĲƣĲƖШċŰĬШ7ьШĦŸŰĦĲŰƣƖċƣŔŸŰШŸƻĲƖШΝΞΜШůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲШыΞΜрΞΟШ҄9ьЮШ

EƖƖŸƖШĤċƖƚШċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШŸŉШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШŔŰШƣőƖĲĲШ

ŔŰĬĲƓĲŰĬĲŰƣШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮ ................................ ................................ ................................ . ΝΠΠ 

[ŔŊƨƖĲШ ΟΜШ 9őċƖċĦƣĲƖŔƚċƣŔŸŰШ ŸŉШ ΦаΝаΜЮΡШ ?ÉÂ9а?ÉEÂ9аÂE]ΠΜƚШ ƓĲƖǰƨŸƖŸĤƨƣċŰĲШ ůŔĦƖŸĤƨĤĤũĲƚШ

ыÂ[7~7ҼƚьШƚƨƚƓĲŰĬĲĬШŔŰШÂ7ÉШŸƖШΠӖШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьЮШ[ŸƖůƨũċƣŔŸŰƚШƽĲƖĲШċƚƚĲƚƚĲĬШĤǃШ

ьШĬŔċůĲƣĲƖШċŰĬШ7ьШĦŸŰĦĲŰƣƖċƣŔŸŰШŸƻĲƖШΝΞΜШůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲШыΞΜрΞΟШ҄9ьЮШEƖƖŸƖШĤċƖƚШ

ċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШŸŉШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШŔŰШƣőƖĲĲШŔŰĬĲƓĲŰĬĲŰƣШ

ƖĲƓũŔĦċƣĲƚШыŰӀΟьЮ ................................ ................................ ................................ ......................  ΝΠΡ 

[ŔŊƨƖĲШΟΝШÅĲƓƖĲƚĲŰƣċƣŔƻĲШĦċƻŔƣċƣŔŸŰШƓƖŸǯũĲƚШŸŉШÅ ~7ҼƚШċŉƣĲƖШƻċƖŔŸƨƚШŔŰĦƨĤċƣŔŸŰШƓĲƖŔŸĬƚШŔŰШĦŸŰƣċĦƣШ

ƽŔƣőШ ΠΥрőŸƨƖШ Â §ΝШ ĤŔŸǯũůƚЮШ Å ~7ҼƚШ ƽĲƖĲШ ĲǂƓŸƚĲĬШ ƣŸШ ƨũƣƖċƚŸƨŰĬШ ы ьШ ŔůůĲĬŔċƣĲũǃШ ċŉƣĲƖШ

ƓƖŸĬƨĦƣŔŸŰЯШы7ьШċŉƣĲƖШΣΜШůŔŰƨƣĲƚЯШŸƖШы9ьШċŉƣĲƖШΝΞΜШůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲЮШÖũƣƖċƚŸƨŰĬШ

ƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШ

ƖĲċĦőŔŰŊШċŰШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΝШ~ÂċШƓĲċťрƣŸрƓĲċťЮШÑőĲШƖĲĬШċƖƖŸƽƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċƖƣШŸŉШ

ƨũƣƖċƚŸƨŰĬШĲǂƓŸƚƨƖĲЮ ................................ ................................ ................................ ..............  ΝΠΤ 



ΟΞ 
 

[ŔŊƨƖĲШΟΞШÅĲƓƖĲƚĲŰƣċƣŔƻĲШĦċƻŔƣċƣŔŸŰШƓƖŸǯũĲƚШŸŉШÂ7ÉШыŰĲŊċƣŔƻĲШĦŸŰƣƖŸũьШċŉƣĲƖШƻċƖŔŸƨƚШŔŰĦƨĤċƣŔŸŰШ

ƓĲƖŔŸĬƚШŔŰШĦŸŰƣċĦƣШƽŔƣőШΠΥрőŸƨƖШÂ §ΝШĤŔŸǯũůƚЮШÂ7ÉрŸŰũǃШƚċůƓũĲƚШƽĲƖĲШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШы ьШ

ŔůůĲĬŔċƣĲũǃШċŉƣĲƖШċƓƓũŔĦċƣŔŸŰЯШы7ьШċŉƣĲƖШΣΜШůŔŰƨƣĲƚЯШŸƖШы9ьШċŉƣĲƖШΝΞΜШůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲЮШ

ÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШ

ƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШċŰШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΝШ~ÂċШƓĲċťрƣŸрƓĲċťЮШÑőĲШƖĲĬШċƖƖŸƽƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċƖƣШ

ŸŉШƨũƣƖċƚŸƨŰĬШĲǂƓŸƚƨƖĲЮ ................................ ................................ ................................ .......... ΝΠΥ 

[ŔŊƨƖĲШΟΟШ ĦŸƨƚƣŔĦШĲŰĲƖŊǃШыǂΝΜрΝΟШsьШƓƖŸĬƨĦĲĬШĤǃШĦċƣŔŸŰŔĦШƖŸŸůШċŔƖШůŔĦƖŸĤƨĤĤũĲƚШыÅ ~7ҼƚьШ

ĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШĲŔƣőĲƖШŔůůĲĬŔċƣĲũǃШċŉƣĲƖШċƓƓũŔĦċƣŔŸŰШƣŸШΠΥрőŸƨƖШÂ §ΝШĤŔŸǯũůƚШыƖĲĬьЯШΣΜШ

ůŔŰƨƣĲƚШ ċŉƣĲƖШ ċƓƓũŔĦċƣŔŸŰШ ыŊƖĲĲŰьЯШ ŸƖШ ΝΞΜШ ůŔŰƨƣĲƚШ ċŉƣĲƖШ ċƓƓũŔĦċƣŔŸŰШ ыĤũƨĲьЮШ EŰĲƖŊŔĲƚШ ƽĲƖĲШ

ƚĲƓċƖċƣĲĬШŔŰƣŸШőċƖůŸŰŔĦЯШƨũƣƖċőċƖůŸŰŔĦЯШċŰĬШĤƖŸċĬĤċŰĬШĦŸŰƣĲŰƣбШƣŸƣċũШĲŰĲƖŊǃШƽċƚШƣőĲШƚƨůШŸŉШƣőĲШ

ƣőƖĲĲШĦŸůƓŸŰĲŰƣƚЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШ

ΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШŸŉШƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮ

................................ ................................ ................................ ................................ ................  ΝΠΦ 

[ŔŊƨƖĲШΟΠШÂŸƽĲƖШыĬ7ШƖĲШìьШƻƚЮШƣŔůĲШыƚьШċŰĬШŉƖĲƕƨĲŰĦǃШы~cǍьШƻƚЮШƣŔůĲШыƚьШƽŔƣőШƓŸƽĲƖШƚƓĲĦƣƖċũШĬĲŰƚŔƣǃШ

ыĬ7ШƖĲШéΞоcǍьШŊƖċƓőƚШŉŸƖШĦċƣŔŸŰŔĦШƖŸŸůШċŔƖШůŔĦƖŸĤƨĤĤũĲƚШыÅ ~7ҼƚьШƽŔƣőШƣőĲШũŔƓŔĬШǯũůШƓƖĲƓċƖĲĬШĤǃШ

ы ЯШ9ЯШEьШƚƓŸŰƣċŰĲŸƨƚШĲƻċƓŸƖċƣŔŸŰШыũĲŉƣШŔŰШċШŉƨůĲШőŸŸĬШŸƻĲƖŰŔŊőƣьЯШċŰĬШĤǃШы7ЯШ?ЯШ[ьШŉċĦŔũŔƣċƣĲĬШ

ĲƻċƓŸƖċƣŔŸŰШыƓũċĦĲĬШŔŰШċШƖŸƣċƖǃШĲƻċƓŸƖċƣŸƖШŉŸƖШΠΜШůŔŰƨƣĲƚШċƣШΠΡШ҄9ьЮШÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШ

ƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШŉŸĦċũШċĦŸƨƚƣŔĦШ

ƓƖĲƚƚƨƖĲƚШŸŉШы ьШΜЮΡЯШы7ьШΝЮΜЯШċŰĬШы9ьШΞЮΜШ~ÂċШƓĲċťрƣŸрƓĲċťЮ ................................ ....................  ΝΡΝ 

[ŔŊƨƖĲШΟΡШÂŸƽĲƖШыĬ7ШƖĲШìьШƻƚЮШƣŔůĲШыƚьШċŰĬШŉƖĲƕƨĲŰĦǃШы~cǍьШƻƚЮШƣŔůĲШыƚьШƽŔƣőШƓŸƽĲƖШƚƓĲĦƣƖċũШĬĲŰƚŔƣǃШ

ыĬ7ШƖĲШéΞоcǍьШŊƖċƓőƚШŉŸƖШĦċƣŔŸŰŔĦШƓĲƖǰƨŸƖŸĤƨƣċŰĲШůŔĦƖŸĤƨĤĤũĲƚШыÂ[7~7ҼƚьШƽŔƣőШƣőĲШũŔƓŔĬШǯũůШ

ƓƖĲƓċƖĲĬШĤǃШы ЯШ9ЯШEьШƚƓŸŰƣċŰĲŸƨƚШĲƻċƓŸƖċƣŔŸŰШыũĲŉƣШŔŰШċШŉƨůĲШőŸŸĬШŸƻĲƖŰŔŊőƣьЯШċŰĬШĤǃШы7ЯШ?ЯШ[ьШ

ŉċĦŔũŔƣċƣĲĬШĲƻċƓŸƖċƣŔŸŰШыƓũċĦĲĬШŔŰШċШƖŸƣċƖǃШĲƻċƓŸƖċƣŸƖШŉŸƖШΠΜШůŔŰƨƣĲƚШċƣШΠΡШ҄9ьЮШÖũƣƖċƚŸƨŰĬШ
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ƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьШҼШ~7ƚШҼШÖÉЯШы?ьШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §ьШҼШ~7ƚШҼШÖÉЯШŸƖШыEьШ

ΞΡΜШӓ~ШƚƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьШҼШ~7ƚШҼШÖÉЮШ7ŔŸǯũůƚШƽĲƖĲШƚƣċŔŰĲĬШƽŔƣőШÉòÑ§ΦÑ~ШыŊƖĲĲŰбШċũũШ

ĤċĦƣĲƖŔċьШċŰĬШÂfШыůċŊĲŰƣċбШĬĲċĬШĤċĦƣĲƖŔċоůċƣƖŔǂШĲ?  ьЮШÉĦċũĲШĤċƖƚШƖĲƓƖĲƚĲŰƣШΝΜΜШӓ~ЮШы[ьШ~ĲċŰШ

ƓŔǂĲũШŔŰƣĲŰƚŔƣŔĲƚШŸŉШÉòÑ§ΦÑ~ШыŊƖĲĲŰШĤċƖƚьШċŰĬШÂfШƚŔŊŰċũШыůċŊĲŰƣċШĤċƖƚьШċŰĬШыEьШƣőĲШƖĲƚƓĲĦƣŔƻĲШ

ÂfоÉÑò§ΦШƖċƣŔŸƚЮШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEċĦőШƣƖĲċƣůĲŰƣШ ĦŸŰĬŔƣŔŸŰШƽċƚШ

ċƚƚĲƚƚĲĬШŔŰШƣőƖĲĲШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮШÑƽŸрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШ

ÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШ

ŸŉШƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮÖÉШĲǂƓŸƚƨƖĲШĦŸůƓƖŔƚĲĬШŸŉШċШΝЮΝШ~cǍШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃЯШΠΜΜШĦǃĦũĲƚШċƣШΞΜШ

cǍШÂÅ[ШƖĲċĦőŔŰŊШċШŉŸĦċũШƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΞЮΜШ~ÂċШыƨƚŔŰŊШċШƚƨƓƓũŔĲĬШƻŸũƣċŊĲШŸŉШ

ΟΟШéƓƓьШŉŸƖШΠΜШƚĲĦŸŰĬƚЮШfůċŊĲƚШƽĲƖĲШŸĤƣċŔŰĲĬШƨƚŔŰŊШċШΝΜҾШŸĤŢĲĦƣŔƻĲЯШƚĦċŰŰŔŰŊШċШƣŸƣċũШċƖĲċШŸŉШΠЮΟΤШ
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[ŔŊƨƖĲШ ΠΠШ ÅĲƓƖĲƚĲŰƣċƣŔƻĲШ ǰƨŸƖĲƚĦĲŰĦĲШ ůŔĦƖŸƚĦŸƓǃШ ŔůċŊĲƚШ ŸŉШ ΞΠрőŸƨƖШ ÂЮШ ċĲƖƨŊŔŰŸƚċШ Â §ΝШ

ĤŔŸǯũůƚШŉŸũũŸƽŔŰŊШƨũƣƖċƚŸƨŰĬШыÖÉьШĲǂƓŸƚƨƖĲШċŰĬШċШΞрőŸƨƖШŔŰĦƨĤċƣŔŸŰШċƣШΟΤШ҄9ШƽŔƣőШĲŔƣőĲƖШы ьШ

ƓőŸƚƓőċƣĲрĤƨǭĲƖĲĬШ ƚċũŔŰĲШ ыÂ7ÉьШ ŸŰũǃЯШ ы7ьШ ΜЮΞΡШ ӓŊоůxШ ĦŔƓƖŸǰŸǂċĦŔŰШ ы9fÂьШ ŸŰũǃЯШ ы9ьШ 9fÂШ ҼШ

ůŔĦƖŸĤƨĤĤũĲƚШы~7ƚьШҼШÖÉЯШы?ьШΠӖШƽоƻШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьШҼШ9fÂШҼШ~7ƚШҼШÖÉЯШыEьШΞΡΜШӓ~Ш

Â Â Ш § §ċƣĲШыÂр §ьШҼШ9fÂШҼШ~7ƚШҼШÖÉЯШŸƖШы[ьШΞΡΜШӓ~ШƚƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьШҼШ9fÂШҼШ~7ƚШ

ҼШ ÖÉЮШ 7ŔŸǯũůƚШ ƽĲƖĲШ ƚƣċŔŰĲĬШ ƽŔƣőШ ÉòÑ§ΦÑ~ШыŊƖĲĲŰбШ ċũũШ ĤċĦƣĲƖŔċьШ ċŰĬШ ÂfШ ыůċŊĲŰƣċбШ ĬĲċĬШ

ĤċĦƣĲƖŔċоůċƣƖŔǂШĲ?  ьЮШÉĦċũĲШĤċƖƚШƖĲƓƖĲƚĲŰƣШΝΜΜШӓ~ЮШы]ьШ~ĲċŰШƓŔǂĲũШŔŰƣĲŰƚŔƣŔĲƚШŸŉШÉòÑ§ΦÑ~ШыŊƖĲĲŰШ

ĤċƖƚьШċŰĬШÂfШƚŔŊŰċũШыůċŊĲŰƣċШĤċƖƚьШċŰĬШыcьШƣőĲШƖĲƚƓĲĦƣŔƻĲШÂfоÉÑò§ΦШƖċƣŔŸƚЮШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƣőĲШ

ƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEċĦőШƣƖĲċƣůĲŰƣШĦŸŰĬŔƣŔŸŰШƽċƚШċƚƚĲƚƚĲĬШŔŰШƣőƖĲĲШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮШ

ÑƽŸрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШ

ййййШ ӀШ ÂШ ӃШ ΜЮΜΜΜΝЯШ ċŰĬШ ŰŸШ ũċĤĲũШ ŔŰĬŔĦċƣĲĬШ ċĤƚĲŰĦĲШ ŸŉШ ƚŔŊŰŔǯĦċŰƣШ ĬŔǭĲƖĲŰĦĲЮÖÉШ ĲǂƓŸƚƨƖĲШ

ĦŸůƓƖŔƚĲĬШŸŉШċШΝЮΝШ~cǍШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃЯШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШƖĲċĦőŔŰŊШċШŉŸĦċũШƓĲċťрƣŸрƓĲċťШ

ċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΞЮΜШ~ÂċШыƨƚŔŰŊШċШƚƨƓƓũŔĲĬШƻŸũƣċŊĲШŸŉШΟΟШéƓƓьШŉŸƖШΠΜШƚĲĦŸŰĬƚЮШfůċŊĲƚШƽĲƖĲШ

ŸĤƣċŔŰĲĬШƨƚŔŰŊШċШΝΜҾШŸĤŢĲĦƣŔƻĲЯШƚĦċŰŰŔŰŊШċШƣŸƣċũШċƖĲċШŸŉШΠЮΟΤШůůШҾШΠЮΟΤШůůЮ ........................  ΝΥΦ 



ΟΣ 
 

[ŔŊƨƖĲШΠΡШ7ŔŸůċƚƚЯШƕƨċŰƣŔǯĲĬШĤǃШĦƖǃƚƣċũШƻŔŸũĲƣШƚƣċŔŰŔŰŊЯШŸŉШΞΠрőŸƨƖШĤŔŸǯũůƚШŉƖŸůШůŸŰŸĦƨũƣƨƖĲƚШŸŉШ

EЮШĦŸũŔШ9[ÑΜΤΟШыŸƖċŰŊĲШĤċƖƚьЯШEЮШŉċĲĦċũŔƚШ§]ΝÅ[ШыƓƨƖƓũĲШĤċƖƚьЯШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШыŊƖĲĲŰШĤċƖƚьЯШŸƖШ

ċШƣƖŔƓũĲрƚƓĲĦŔĲƚШĦƨũƣƨƖĲШĦŸŰƣċŔŰŔŰŊШċũũШƣőƖĲĲШƚƓĲĦŔĲƚШыƓŔŰťШĤċƖƚьЯШŊƖŸƽŰШŔŰШƣƖǃƓƣŔĦШƚŸǃШĤƖŸƣőШыÑÉ7ьЯШ

ΝΜΜӖШőƨůċŰШƨƖŔŰĲШыcÖьЯШΤΜӖcÖЯШŸƖШĦŸŰĬŔƣŔŸŰĲĬШcÖШы9cÖбШŔЮĲЮЯШőƨůċŰШƨƖŔŰĲШƨƚĲĬШƣŸШŊƖŸƽŰШ

ƨƖŸƣőĲũŔċũШĦĲũũƚШŔŰШċШΟ?ШƨƖŸƣőĲũŔƨůШŸƖŊċŰŸŔĬШůŸĬĲũьЮШ ŰШƨŰŔŰŉĲĦƣĲĬШĦŸŰƣƖŸũШƽċƚШċũƚŸШŔŰĦũƨĬĲĬШ

ыĤũċĦťШĤċƖƚьЮШ9ƖǃƚƣċũШƻŔŸũĲƣШċĤƚŸƖĤċŰĦĲШƽċƚШůĲċƚƨƖĲĬШċƣШΡΥΠШŰůЮШEƖƖŸƖШĤċƖƚШċƖĲШŔŰĬŔĦċƣŔƻĲШŸŉШƣőĲШ

ƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШΟШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШċŰĬШΠШ

ƣĲĦőŰŔĦċũШƖĲƓũŔĦċƣĲƚШыŰШӀШΝΞьЮ ................................ ................................ ................................ ... ΝΦΜ 

[ŔŊƨƖĲШΠΣШ?ŸƚĲрƖĲƚƓŸŰƚĲШĦƨƖƻĲƚШŉŸƖШĤƖŸƣőШůŔĦƖŸĬŔũƨƣŔŸŰШċƚƚċǃƚШƣŸШĬĲƣĲƖůŔŰĲШůŔŰŔůƨůШŔŰőŔĤŔƣŸƖǃШ

ĦŸŰĦĲŰƣƖċƣŔŸŰƚШы~f9ƚьШыƖĲĬШĦŔƖĦũĲƚьШŸŉШы ьШĦŔƓƖŸǰŸǂċĦŔŰШċŰĬШы7ьШƻċŰĦŸůǃĦŔŰШċŊċŔŰƚƣШEЮШŉċĲĦċũŔƚШ

§]ΝÅ[ЯШы9ьШĦŔƓƖŸǰŸǂċĦŔŰЯШċŰĬШы?ьШĦŸũŔƚƣŔŰШċŊċŔŰƚƣШÂЮШċĲƖƨŊŔŰŸƚċШÂ§ΝЯШċŰĬШыEьШĦŔƓƖŸǰŸǂċĦŔŰШ

ċŊċŔŰƚƣШċШƣƖŔƓũĲрƚƓĲĦŔĲƚШĦƨũƣƨƖĲШĦŸŰƣċŔŰŔŰŊШEЮШĦŸũŔШ9[ÑΜΤΟЯШEЮШŉċĲĦċũŔƚШ§]ΝÅ[ЯШċŰĬШÂЮШċĲƖƨŊŔŰŸƚċШ

Â §ΝЮ ................................ ................................ ................................ ................................ ...... ΝΦΞ 

[ŔŊƨƖĲШΠΤШ9ƖǃƚƣċũШƻŔŸũĲƣрƚƣċŔŰĲĬШĤŔŸůċƚƚШŸŉШΞΠрőŸƨƖШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШыŊƖŸƽŰШŔŰШ

ĦŸŰĬŔƣŔŸŰĲĬШ őƨůċŰШ ƨƖŔŰĲбШ 9cÖьШ ċŉƣĲƖШ ƣƖĲċƣůĲŰƣШ ƽŔƣőШ 9cÖШ ыŊƖĲǃШ ĤċƖбШ ƨŰƣƖĲċƣĲĬьЯШ ΠӖШ ƽоƻШ

ƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ бШŊƖĲĲŰШĤċƖьЯШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §бШĤũƨĲШĤċƖьЯШŸƖШΞΡΜШӓ~Ш

ƚƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §бШƖĲĬШĤċƖьЯШŉŸƖШΞШőŸƨƖƚШċƣШΟΤШ҄9ЮШ9ƖǃƚƣċũШƻŔŸũĲƣШċĤƚŸƖĤċŰĦĲШƽċƚШ

ůĲċƚƨƖĲĬШċƣШΡΥΠШŰůЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШ
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CHAPTER I: Introduction 

1.1 Introduction 

1.1.1 Antimicrobial resistance: a global issue 

Antimicrobial resistance (AMR) remains one of the leading threats to public health 

today, estimated to be associated with 4.95 million deaths, globally, in 2019 (1). The 

World Health Organisation (WHO) and other groups have re-emphasized the urgent 

need for global, coordinated action against AMR after óThe Review on Antimicrobial 

Resistanceô, commissioned by the UK government, forecast that AMR could kill 10 

million people per year by 2050 (2). Of particular concern is the growing number of 

bacteria resistant to commonly used antibiotics, including last-line antibiotics like 

carbapenems and vancomycin (3). 

AMR is not a novel concept by any means, with sulfonamide- and penicillin-resistant 

strains being reported in the 1930s and -40s; penicillin resistance was actually 

reported 3 years prior to the drug gaining clinical approval by the Food and Drug 

Administration (FDA) (4). Many bacteria self-produce antibiotic substances to improve 

cell survival and fitness in the wild, when competing with other bacteria in a population 

(5). Although these self-resistance mechanisms are incredibly useful for bacteria, it is 

unsurprising that they have developed resistance mechanisms over the years, in what 

is likely to have been a continuous process, since bacteria originally evolved antibiotics 

(6). These endogenous substances, although troublesome when considering the 

spread of AMR, provided a source of the majority of antibiotics in clinical use today 

(7). 
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1.1.1.1  Factors responsible for accelerating AMR 

AMR strains are not only found in humans, but also in animals, food, plants, and the 

environment (e.g., soil and water). The reason for accelerating AMR is multi-factorial, 

and both clinical and environmental factors must be considered. Misuse and overuse 

of antibiotics in both humans and animals is the most frequently highlighted driver of 

AMR; this may refer to the unnecessary prescription of antibiotics, prescribing the 

incorrect antibiotic, and/or a lack of patient compliance (8). Clinical awareness of AMR 

has improved in recent years, with the rising prominence of ñantimicrobial 

stewardshipò, which is a global initiative that aims to tackle resistance and improve 

patient outcomes (9). This has been achieved by improving understanding of 

antibiotics and raising awareness of AMR; however, a lack of knowledge and access 

to adequate medical facilities remains an issue, especially in low- and middle-income 

countries (LMICs).  

Whilst antibiotic use in high-income countries (HICs) remained at a relatively constant 

rate between the years 2000 and 2015, quantities of antibiotics used in LMICs 

continued to rise primarily owing to economic improvements (10). This directly impacts 

the global mapping of AMR as resistant species are reported to be of greater 

prevalence in LMICs (e.g., Iran, Mexico, and Russia) compared to HICs (Australia, 

USA, and Germany) (11). In addition to the growing amount of antibiotics available in 

LMICs, a lack of adequate diagnostic resources often results in the administration of 

an inappropriate or ineffective antibiotic for the causative pathogen. The 

socioeconomic burden associated with LMICs not only drives AMR by a continuing 

lack of awareness, but additionally the population in these countries may lack access 

to affordable medicines, clean water, effective sanitation, and good hygiene practices 

in both humans and animals (12,13). Limited sanitation and hygiene may lead to poor 
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infection and disease prevention/control in healthcare facilities, which thus 

perpetuates the threat of AMR globally (14). 

The impact that antibiotic use in agricultural settings has on AMR is often understated; 

however, it must be considered one of the most important contributing factors. 

Antibiotics are used to maintain animal health by administering sub-therapeutic 

concentrations in animal feed for growth promotion and disease prevention (15). 

These practices remain largely unregulated worldwide and this is of great concern as 

the substances used are the same as, or similar to, those used in humans; thus, 

resistance is likely to affect human health. Antibiotic residue (either the parent 

molecule or metabolites), antibiotic-resistant bacteria or resistance genes, are all 

considered environmental pollutants as they are easily transferred to humans directly 

via livestock products, and to the environment via waste that contaminates soil and 

water (16). Antibiotic pollution in water is of particular concern as if drinking water is 

contaminated, transfer of AMR to humans becomes a high risk (17). 

1.1.1.2  Origins of resistance 

Resistance in bacteria can be categorized as either natural or acquired. The term 

natural resistance can be used to describe naturally-occurring traits arising as a result 

of the biology of the cell and can be either intrinsic or induced. Intrinsic resistance is 

always expressed; some common examples include the presence of the outer 

membrane in Gram negative species and efflux pumps (18). Induced resistance refers 

to a temporary change in resistance as a result of some environment stressor, e.g. the 

presence of an antibiotic. An example of induced resistance is the presence of 

persister cells; these are bacteria that have entered a state of dormancy that confers 

resistance, as cellular processes have slowed dramatically (19). Acquired resistance 

occurs when a previously susceptible bacteria, becomes resistant to an antibiotic by 
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either a mutation in chromosomal DNA or by acquiring new DNA from other bacteria 

(20). Acquisition of new genetic material occurs by horizonal gene transfer where 

transposons transport DNA plasmids containing resistance genes between cells, 

which can then be integrated into the previously susceptible genome to increase 

antimicrobial tolerance (21). This has been observed in many species, including multi-

drug resistant (MDR) Neisseria gonorrhoeae, which has evolved to present fragments 

from the resistant penA gene encoding the primary ɓ-lactam drug target penicillin 

binding protein 2 (PBP2) (22). 

[ŔŊƨƖĲЮΤШ[ŸƨƖШťĲǃШůĲĦőċŰŔƚůƚШĤǃШƽőŔĦőШĤċĦƣĲƖŔċШƖĲƚŔƚƣШċŰƣŔĤŔŸƣŔĦƚаШыΝьШ?ƖƨŊШŔŰċĦƣŔƻċƣŔŸŰШрШĤċĦƣĲƖŔċũШĲŰǍǃůĲƚШĦőĲůŔĦċũũǃШ
ůŸĬŔŉǃШŸƖШĬĲŊƖċĬĲШċŰƣŔĤŔŸƣŔĦƚЯШƖĲŰĬĲƖŔŰŊШƣőĲůШŔŰċĦƣŔƻĲЯШыΞьШ~ŸĬŔǯĲĬШƣċƖŊĲƣШрШƣőĲШĤċĦƣĲƖŔċũШĬƖƨŊШƣċƖŊĲƣШƨŰĬĲƖŊŸĲƚШ
ƚƣƖƨĦƣƨƖċũШůŸĬŔǯĦċƣŔŸŰƚЯШƖĲĬƨĦŔŰŊШċŰƣŔĤŔŸƣŔĦШĤŔŰĬŔŰŊШċŰĬШĲǭŔĦċĦǃЯШыΟьШ ĦƣŔƻĲШĲǭũƨǂШрШĲǭũƨǂШƓƨůƓƚШĲǂƓĲũШċŰƣŔĤŔŸƣŔĦƚШŸƨƣШ
ŸŉШƣőĲШĦĲũũШƣŸШƓƖĲƻĲŰƣШŔŰƣƖċĦĲũũƨũċƖШċĦĦƨůƨũċƣŔŸŰЯШċŰĬШыΠьШ?ĲĦƖĲċƚĲĬШƨƓƣċťĲШрШċŰƣŔĤŔŸƣŔĦƚШċƖĲШƓƖĲƻĲŰƣĲĬШŉƖŸůШĲŰƣĲƖŔŰŊШ
ƣőĲШĦĲũũШƻŔċШƖĲĬƨĦĲĬШƓŸƖŔŰШĦőċŰŰĲũШċĦƣŔƻŔƣǃЮШÑőĲƚĲШůĲĦőċŰŔƚůƚШĦŸũũĲĦƣŔƻĲũǃШċũũŸƽШĤċĦƣĲƖŔċШƣŸШƚƨƖƻŔƻĲШċŰĬШƓƖŸũŔŉĲƖċƣĲШ
ĬĲƚƓŔƣĲШċŰƣŔĤŔŸƣŔĦШƣƖĲċƣůĲŰƣЮ 
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1.1.2 Molecular mechanisms of antibiotic resistance 

The underpinning mechanisms of antimicrobial resistance are often multifaceted and 

can be divided into four distinct groups: (i) drug inactivation, (ii) target modification, (iii) 

efflux pumps, and (iv) limiting drug uptake (Figure 1).  

1.1.2.1  Drug inactivation 

There are two primary mechanisms of bacterial-mediated drug inactivation: 

degradation of the antibiotic or chemical modification of the antibiotic. Chemical 

modification of the drug usually occurs via acetylation, phosphorylation, or 

adenylation. Acetyltransferase, phosphotransferase, and nucleotidyltransferase 

enzymes commonly act against aminoglycosides, such as gentamicin and 

streptomycin, by catalysing the modification at essential -OH and -NH2 moieties; this 

subsequently inhibits binding at the 16S ribosomal ribonucleic acid (rRNA) within the 

30S ribosomal subunit and thus protein synthesis is allowed to continue (23,24). 

The most common form of drug inactivation is by ɓ-lactamase enzymes produced by 

bacteria which act against ɓ-lactam antibiotics, such as penicillins, cephalosporins, 

and carbapenems. The ɓ-lactamases enzymes act to hydrolyse the ɓ-lactam ring, a 

moiety essential for binding that is present in all ɓ-lactams, causing the ring to open 

and therefore inhibiting binding to PBPs. As the most common mechanism of ɓ-lactam 

resistance in Gram-negative species, ɓ-lactamases have evolved to present more 

than 1300 distinct enzymes identified in clinical isolates producing penicillinases 

(which are active against penicillins), extended-spectrum ɓ-lactamases (ESBLs; which 

inactivate most penicillins and cephalosporins), and carbapenemases (which are 

active against all ɓ-lactams including monobactams and last-line carbapenems) (25ï

27). ɓ-lactamase inhibitors, such as clavulanic acid and avibactam, can be used in 
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combination with ɓ-lactams to prevent degradation of the drug by binding to 

penicillinases and ESBLs, thus allowing antibiotic efficacy to remain unaffected (28). 

Of particular concern, however, is the emergence of infections caused by 

carbapenem-resistant Enterobacteriaceae (CRE) species, which have been reported 

to be associated with a mortality rate of up to 71% (29,30). CRE strains produce 

carbapenemases which inactivate all ɓ-lactams and are not impacted by ɓ-lactamase 

inhibitors mainly due to a decreased membrane permeability or increased efflux, two 

mechanisms of resistance that are discussed later (31). 

1.1.2.2  Target modification 

Modification of the target site involves altering the antibiotic target by either mutations 

in the gene encoding the binding site or enzymatic alteration of the target (32,33). 

Antibiotic targets are usually essential proteins involved in key cellular processes 

necessary for viability; however, modification of these targets may allow cellular 

processes to continue whilst blocking the binding of antibiotics. For example, PBPs, 

the ɓ-lactam target, are transpeptidase enzymes involved in the production of 

peptidoglycan in the cell wall and can undergo mutations which inhibit antibiotic 

binding. Methicillin-resistant Staphylococcus aureus (MRSA) is known for achieving 

high-level ɓ-lactam resistance through expression of mecA, the gene responsible for 

encoding PBP2a, which has been shown to present an acylation rate constant that is 

three orders of magnitude lower than that of sensitive PBPs (34). MDR N. gonorrhoeae 

have been shown to transfer sequences of the penA gene encoding the primary ɓ-

lactam target PBP2 to susceptible strains; like in MRSA, this altered PBP reduces the 

rate of acylation by 10-fold thus conferring resistance (35). 

Glycopeptides (e.g., vancomycin) also inhibit cell wall synthesis but instead of 

targeting PBPs, they inhibit the production of peptidoglycan by binding to the peptidyl-
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D-Alanyl-D-Alanine (D-Ala-D-Ala) termini of peptidoglycan precursors (36). 

Glycopeptide-resistant Enterococcus faecalis often present a modified peptidoglycan 

precursor terminating in D-Alanyl-D-Lactate (D-Ala-D-Lac), causing a decreased 

binding affinity of the drug (37). Another example of target alteration can be found in 

fluoroquinolone-resistant bacteria where point mutations occur in the DNA gyrase 

genes (gyrA or gyrB) in Gram-negative bacteria (e.g., Acinetobacter baumannii and 

Pseudomonas aeruginosa), and the topoisomerase IV genes (parC or parE) in Gram-

positive species (e.g., Staphylococcus aureus and Streptococcus pneumoniae) 

(38,39). Mutations in these genes cause a change in the structure of DNA gyrase and 

topoisomerase IV binding sites, reducing the affinity of fluoroquinolones (e.g., 

ciprofloxacin) and allowing the continuation of nucleic acid synthesis. 

1.1.2.3  Efflux pumps 

Efflux pumps are transmembrane proteins which are responsible for removing toxins, 

including antibiotics from inside the bacterial cell. Efflux pumps are present in all 

bacteria, but they are most relevant in Gram-negative species as they work 

synergistically with the outer membrane to produce many intrinsically resistant strains 

(40). Some strains of P. aeruginosa, for example, host a high concentration of MDR 

efflux pumps, which have been reported as a major driver of resistance to gentamicin, 

tobramycin, and tetracycline (41). The production of efflux pumps are usually regulated 

by a repressor gene, which can become upregulated after mutation resulting in pump 

overexpression as a method of acquired resistance. For example, in N. gonorrhoeae, 

point mutations in the MtrR repressor cause an increased expression of the MtrCDE 

pump causing resistance to ɓ-lactams, tetracyclines, and azithromycin (42). 
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1.1.2.4  Limiting drug uptake 

Antibiotic efficacy often relies on cellular uptake by crossing the bacterial cell envelope 

to reach the target site, thus different envelope components and structures can result 

in varying efficacy. Owing to the presence of the outer membrane (Figure 2), Gram-

negative bacteria have intrinsic resistance to many antimicrobials as influx and uptake 

is much slower compared to Gram-positive species (43). The outer membrane 

contains an outer leaflet of lipopolysaccharides (LPS) and an inner leaflet of 

phospholipids which allows the transport of hydrophobic antibiotics (e.g., gentamicin) 

by diffusion, whilst hydrophilic compounds (e.g., ɓ-lactams) enter the cell via porin 

channels (44). Porin channels are proteins which allow the uptake of essential 

nutrients but are also the primary route of cellular entry by hydrophilic antibiotics (up 

to a certain size exclusion limit which varies between species) in Gram-negatives (45). 

Gram-negative species have some intrinsic resistance to large molecule antibiotics, 

such as vancomycin, owing to this size exclusion threshold of the porin channels (46). 

As porins are the primary route of entry for hydrophilic antibiotics, mutations in the 

genes encoding porins will directly affect susceptibility. Porin-mediated resistance can 

[ŔŊƨƖĲЮΥЮÉĦőĲůċƣŔĦШőŔŊőũŔŊőƣŔŰŊШƣőĲШƓƖŔůċƖǃШůĲůĤƖċŰĲШĦŸůƓŸŰĲŰƣƚШŸŉШ]ƖċůрƓŸƚŔƣŔƻĲШċŰĬШ]ƖċůрŰĲŊċƣŔƻĲШĤċĦƣĲƖŔċЮ 
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occur by two mechanisms: reduced expression of porin genes resulting in porin loss, 

or mutated porin genes which alters channel selectivity. Some E. coli strains have 

developed resistance to last-line carbapenems via mutations in genes encoding 

OmpC porins, thus altering the selectivity and reducing the diffusion of carbapenems 

into the cytoplasm (47). Multi-drug resistant K. pneumoniae often exhibit a loss of 

OmpK35 and OmpK36 porins which decreases ɓ-lactam susceptibility whilst 

decreasing bacterial fitness as nutrient transport is also restricted (48,49). Another 

primary mechanism responsible for limiting drug uptake is the production of biofilms, 

as bacterial cells embed themselves in an extracellular matrix (ECM; the structure 

surrounding embedded microbes) thus reducing overall permeability of antibiotics. 

1.1.3 The bacterial biofilm 

Approximated to be responsible for 80% of all chronic and recurrent microbial 

infections in humans (50), bacterial biofilms remain a major global health concern due 

to both their innate tolerance and acquired resistance to antimicrobial therapy, immune 

responses, and other external factors (51). The bacterial biofilm can be defined as a 

sessile community of microorganism aggregates dispersed throughout an ECM which 

is primarily composed of extracellular polymeric substances (EPS) and host tissue 

debris; the ECM acts as a protective barrier that shields embedded bacteria from 

external stresses (52). Biofilms can develop and thrive in many environments, even 

under extreme conditions, and are not just associated with human infections. The 

negative impacts of biofilms are important to consider in many industries such as food 

and drink (53), petrochemical (54), and shipbuilding (55), but they can also play an 

integral role in farming fruits and vegetables (56) and the protection of marine 

ecosystems (57), for example. 
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1.1.3.1  Lifecycle and structure 

The development of a biofilm is a dynamic process that can be described in four steps: 

initial cellular adhesion, early biofilm formation, maturation, and dispersal (Figure 3). 

Initial adhesion of planktonic bacteria is thought to be initiated by a sensing of 

environmental conditions and begins via reversible van der Waals binding to an abiotic 

or biotic surface (58,59). This initial attachment can become more robust as 

irreversible interactions (e.g., ionic, hydrogen, or hydrophobic) begin to form, allowing 

the bacteria to further anchor themselves to the surface (60). Early biofilm formation 

is initiated as the primary colonising bacteria continue to grow, divide, and aggregate. 

It is at this stage where the synthesis of EPS commences, beginning the formation of 

the ECM, as EPS encapsulates bacterial cells (61). In these early stages, biofilm cells 

also begin to develop antimicrobial tolerance as specific resistance genes are 

[ŔŊƨƖĲЮΦЮÑőĲШŉŸƨƖШůċŔŰШƚƣċŊĲƚШŸŉШƣőĲШĤŔŸǯũůШũŔŉĲШĦǃĦũĲаШыΝьШ7ċĦƣĲƖŔċШċƣƣċĦőůĲŰƣШрШŔŰĬŔƻŔĬƨċũШĤċĦƣĲƖŔċũШĦĲũũƚШċĬőĲƖĲШƣŸШċШ
ƚƨƖŉċĦĲбШыΞьШEċƖũǃШĬĲƻĲũŸƓůĲŰƣШрШċƣƣċĦőĲĬШĤċĦƣĲƖŔċШĤĲŊŔŰШƣŸШŉŸƖůШůŔĦƖŸĦŸũŸŰŔĲƚШƚƨƖƖŸƨŰĬĲĬШĤǃШċŰШĲǂƣƖċĦĲũũƨũċƖШůċƣƖŔǂбШ
ыΟьШ~ċƣƨƖċƣŔŸŰШрШƣőĲШĤŔŸǯũůШĬĲƻĲũŸƓƚШŔŰƣŸШċШƚƣƖƨĦƣƨƖĲĬЯШĦŸůƓũĲǂШĦŸůůƨŰŔƣǃШŸŉШĤċĦƣĲƖŔċбШыΠьШ?ŔƚƓĲƖƚċũШрШĦĲũũƚШċƖĲШ
ƖĲũĲċƚĲĬШŉƖŸůШƣőĲШůċƣƨƖĲШĤŔŸǯũůШƣŸШĦŸũŸŰŔǍĲШŰĲƽШƚƨƖŉċĦĲƚЯШƖĲƚƣċƖƣŔŰŊШƣőĲШĦǃĦũĲЮШÑőŔƚШƓƖŸĦĲƚƚШőŔŊőũŔŊőƣƚШƣőĲШĬǃŰċůŔĦШ
ŰċƣƨƖĲШŸŉШĤŔŸǯũůШŉŸƖůċƣŔŸŰШċŰĬШŔƣƚШƖŸũĲШŔŰШĤċĦƣĲƖŔċũШƚƨƖƻŔƻċũШċŰĬШƓĲƖƚŔƚƣĲŰĦĲЮ 
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upregulated (62). Biofilm maturation occurs as multiple layers of cells begin stacking 

on top of each other, producing structures containing macro-colonies of cells 

intersecting with channels to aid the supply of nutrients and other important signalling 

molecules (60). The final stage of biofilm development is dispersal as individual cells 

or aggregates detach in response to endogenous signals or external stresses, such 

as nutrient insufficiency, mechanical (shear) stress, or endogenously-produced or 

exogenously-added dispersal agents (63). For P. aeruginosa, the best-studied biofilm-

forming microbe, the primary mechanism of dispersal involves the important 

messenger molecule cyclic diguanylate (c-di-GMP), which acts as a switch-signal 

between motility and sessility (Figure 4) (64). A correlation has been drawn between 

high concentrations of ci-di-GMP and biofilm formation, and between low 

concentrations and biofilm dispersal (65). As the c-di-GMP system is the most 

abundant second messenger signalling system in bacteria, this mechanism of 

dispersal is thought to be conserved in other bacteria, but this remains contested in 

the literature (66). 

[ŔŊƨƖĲЮΧЮÑőĲШƖŸũĲШŸŉШĦǃĦũŔĦрĬŔр]~ÂШыĦрĬŔр]~ÂьШŔŰШĤċĦƣĲƖŔċũШƚŔŊŰċũũŔŰŊЮШ?ŔŊƨċŰǃũċƣĲШĦǃĦũċƚĲШы?]9ƚьШƚǃŰƣőĲƚŔǍĲƚШĦр
ĬŔр]~ÂШŉƖŸůШƣƽŸШ]ÑÂШůŸũĲĦƨũĲƚЯШƽőŔũĲШƓőŸƚƓőŸĬŔĲƚƣĲƖċƚĲШыÂ?EƚьШĬĲŊƖċĬĲƚШŔƣШŔŰƣŸШƓ]Ɠ]ЮШEũĲƻċƣĲĬШĦрĬŔр]~ÂШ
ũĲƻĲũƚШƓƖŸůŸƣĲШĤŔŸǯũůШŉŸƖůċƣŔŸŰШċŰĬШƚĲƚƚŔũŔƣǃЯШƽőŔũĲШƖĲĬƨĦĲĬШũĲƻĲũƚШŉċƻŸƨƖШůŸƣŔũŔƣǃЯШŔũũƨƚƣƖċƣŔŰŊШƣőĲШĦĲŰƣƖċũШƖŸũĲШŸŉШ
ĦрĬŔр]~ÂШŔŰШƣőĲШƣƖċŰƚŔƣŔŸŰШĤĲƣƽĲĲŰШƓũċŰťƣŸŰŔĦШċŰĬШĤŔŸǯũůШũŔŉĲƚƣǃũĲƚЮ 
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Each biofilm community is unique, and its structure is dependent on multiple factors 

including bacterial strain, hydrodynamic environment, and surface type (67). For 

example, comparing in-vitro single-species P. aeruginosa and Klebsiella pneumoniae 

biofilms it has been shown that K. pneumoniae biofilms are much thicker than P. 

aeruginosa (100 and 29 Õm thick, respectively) and present entirely different 

architectures (68). In-vitro P. aeruginosa biofilms are known for having a distinct, 

mushroom-shaped architecture, interspersed with fluid-filled channels for nutrient 

supply. However, in vivo this is not always the case, as seen with biofilm aggregates 

from cystic fibrosis (CF) lung mucus and chronic wound infections that present a flatter 

architecture (Figure 5). Biofilm architecture and bacterial localisation in the biofilm, 

directly influence the concentration gradients of primary nutrients and oxygen 

experienced by each cell (69). Bacteria located at the deepest layers of biofilms 

(closest to the point of attachment), are subject to greater deprivation of nutrients and 

[ŔŊƨƖĲЮΨЮĬċƓƣĲĬШŉƖŸůШыÉċƨĲƖШĲƣЮċũдЮΞΜΞΞьШÑőĲШƻċƖŔĲƣǃШŸŉШĤŔŸǯũůШċƖĦőŔƣĲĦƣƨƖĲƚШŔƚШőŔŊőũŔŊőƣĲĬШőĲƖĲШĦŸůƓċƖŔŰŊШĤŸƣőШŔŰцƻŔƣƖŸЮ
ċŰĬШŔŰцƻŔƻŸЮƚƣƖƨĦƣƨƖĲƚбШŸƖŔŊŔŰċũШůŔĦƖŸƚĦŸƓĲШŔůċŊĲƚШċƖĲШƚőŸƽŰШŸŰШƣőĲШũĲŉƣШċŰĬШċШƚĦőĲůċƣŔĦШĬŔċŊƖċůШŔƚШƚőŸƽŰШŸŰШƣőĲШ
ƖŔŊőƣЮШыċьШ~ƨƚőƖŸŸůрũŔťĲШƚƣƖƨĦƣƨƖĲШŸŉШÂдЮċĲƖƨŊŔŰŸƚċЮĤŔŸǯũůШŔŰЮƻŔƣƖŸЮŔŰШċШǰŸƽШĦĲũũЮШÑőĲШŔůċŊĲШƚőŸƽƚШ][ÂрũċĤĲũũĲĬШĤċĦƣĲƖŔċũШ
ĦĲũũƚШыŊƖĲĲŰьЮШыĤьШ~ƨĦƨƚрĲůĤĲĬĬĲĬШĤŔŸǯũůШċŊŊƖĲŊċƣĲƚШŸŉШÂдЮċĲƖƨŊŔŰŸƚċЮŉƖŸůШ9[ШũƨŰŊЮШыĦьШìŸƨŰĬрĲůĤĲĬĬĲĬШĤŔŸǯũůШ
ċŊŊƖĲŊċƣĲƚШŸŉШÂдЮċĲƖƨŊŔŰŸƚċЮШÑőĲШŔůċŊĲƚШƚőŸƽШĤċĦƣĲƖŔċũШĦĲũũƚШыƖĲĬьШċŰĬШőŸƚƣШ?  ШыĤũƨĲьЮ 
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oxygen. This is one reason for the dynamic character of the biofilm lifecycle, as cells 

being starved of nutrients may initiate dispersal before entering sessility again 

elsewhere. This may be of particular concern when considering biofilms present inside 

the body since bacterial cells, if left untreated, may use systemic flow to relocate 

elsewhere in the body and establish a new site of infection. 

1.1.3.2  Mechanisms of resistance 

A prominent feature of the biofilm is its ability to innately tolerate antimicrobial 

intervention, with a reported 100- to 1000-fold increased tolerance compared to 

planktonic bacteria (70). This can have many detrimental effects on disease morbidity 

such as prolonging infection and colonisation of medical devices, but also has 

implications in drinking water distribution, food processing and metalworking, for 

example (71). AMR in biofilms is multi-factorial, ranging from the protective effects of 

EPS to the presence of persister cells that reduce susceptibility to treatment and 

initiate recolonisation (Figure 6). One source of resistance arises from the protective 

effects of the biofilm ECM, which produces a diffusion barrier limiting the transport of 

antimicrobial molecules or immune cells to the bacterial target (72). Biofilm cells 

located deep inside the biofilm structure are more robustly protected by the ECM, 

whilst cells near the top will likely be more exposed to external stresses (Figure 6). 

The ECM can also be considered a chemical barrier as the anionic matrix can 

sequester cationic antibiotics, such as cationic antimicrobial peptides and 

aminoglycosides (73ï75).  
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Although the ECM provides one physicochemical mechanism for AMR in biofilms, 

many other biofilm processes can also increase antimicrobial tolerance, and in species 

such as P. aeruginosa, may be considered more responsible for AMR (76). Cells 

located near the base of the biofilm have also been shown to present lower growth 

rates compared to those closer to the external surface (77); this lower metabolic 

activity may become problematic when applying antibiotics that target bacterial cellular 

processes, such as macrolides and quinolones. Biofilm-forming species, such as P. 

aeruginosa, have also been reported to upregulate membrane associated efflux 

pumps, which are responsible for the removal of bacteriotoxic material from inside the 

bacterial cell (78). 

[ŔŊƨƖĲЮΩЮÂƖŸƓŸƚĲĬШůĲĦőċŰŔƚůƚШŸŉШĤŔŸǯũůрůĲĬŔċƣĲĬШċŰƣŔůŔĦƖŸĤŔċũШƖĲƚŔƚƣċŰĦĲШы ~ÅьЮШÑőĲШĤŔŸǯũůШŔƚШĦŸůƓŸƚĲĬШŸŉШ
ĤċĦƣĲƖŔċũШĦĲũũƚШыĦŔƖĦũĲƚШċŰĬШƖŸĬƚьШĲŰĦċƓƚƨũċƣĲĬШĤǃШƣőĲШĲǂƣƖċĦĲũũƨũċƖШƓŸũǃůĲƖŔĦШƚƨĤƚƣċŰĦĲƚШыEÂÉьШůċƣƖŔǂШыĤƖŸƽŰШũŔŰĲШ
ƚƨƖƖŸƨŰĬŔŰŊШůċƣƖŔǂьЮШ7ċĦƣĲƖŔċũШĦĲũũƚШŰĲċƖШƣőĲШƚƨƖŉċĦĲШыŸƖċŰŊĲШĦŔƖĦũĲƚШċŰĬШƖŸĬƚШŸŰШǃĲũũŸƽШĤċĦťŊƖŸƨŰĬьШůċǃШĤĲШƣċƖŊĲƣĲĬШ
ĤǃШƚŸůĲШċŰƣŔĤŔŸƣŔĦƚШыƖĲĬШƚƣċƖƚьбШőŸƽĲƻĲƖЯШĦĲũũƚШƖĲƚŔĬŔŰŊШĬĲĲƓШŔŰШƣőĲШƚƣƖƨĦƣƨƖĲШыŊƖĲĲŰШĦŔƖĦũĲƚШċŰĬШƖŸĬƚьШċƖĲШƽŔƣőŔŰШċШ
ůŔĦƖŸĲŰƻŔƖŸŰůĲŰƣШыĤũƨĲШĤċĦťŊƖŸƨŰĬьШƽőŔĦőШċŰƣŔĤŔŸƣŔĦƚШƚƣƖƨŊŊũĲШƣŸШƣċƖŊĲƣЮШÑőŔƚШůċǃШĤĲШĬƨĲШƣŸШƣőĲŔƖШĬĲĲƓШũŸĦċƣŔŸŰЯШċƚШ
ċŰƣŔĤŔŸƣŔĦƚШőċƻĲШĬŔǭŔĦƨũƣǃШĬŔǭƨƚŔŰŊШƣőƖŸƨŊőШƣőĲШEÂÉЯШċŰĬШƣőĲШĦĲũũƚШőĲƖĲШƓƖĲƚĲŰƣШƚũŸƽĲƖШŊƖŸƽƣőШƖċƣĲƚЮШÂĲƖƚŔƚƣĲƖШĦĲũũƚШыĤũƨĲШ
ĦŔƖĦũĲƚьШůċǃШċũƚŸШĤĲШƓƖĲƚĲŰƣШƽŔƣőŔŰШƣőĲШƓŸƓƨũċƣŔŸŰШƣőċƣШċƖĲШƓƖŸƣĲĦƣĲĬШŔŰШċШůĲƣċĤŸũŔĦċũũǃШƕƨŔĲƚĦĲŰƣШƚƣċƣĲШƖĲĦċũĦŔƣƖċŰƣШƣŸШ
ċŰƣŔĤŔŸƣŔĦШƣƖĲċƣůĲŰƣЮ 
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Genetic adaptation in biofilm bacteria can occur in response to environmental 

stressors, such as extreme temperatures, pH, cell density, and nutrient deficiency (79). 

Defence genes, known as sigma factors, that encode important catalysts (e.g., 

superoxide dismutase) and DNA repair enzymes (e.g., RNA polymerase, sigma S; 

RpoS) responsible for cell protection may become upregulated (80). RpoS, reportedly 

presented in Escherichia coli and P. aeruginosa, is a sigma factor that is responsible 

for regulating transcription and is induced by increased cell density during biofilm 

growth (81).  

An additional mechanism of AMR in biofilms is the presence of persister cells. 

Persister cells are dormant variants of regular cells that constitute approximately < 1% 

of the bacterial population in a biofilm (82). They possess tolerance to antimicrobials 

by entering a quiescent state which limits antimicrobial effects that normally target cell 

growth (79). When an antibiotic is applied, planktonic and most biofilm-residing cells 

are targeted and eradicated. The natural host immune response will then target 

planktonic persister cells, but those residing in the biofilm are protected by the ECM. 

After treatment is removed, remaining persister cells repopulate the biofilm, 

highlighting one mechanism for recurrent infection. The diffusion barrier and the 

presence of persister cells in biofilms provides one explanation for recalcitrant 

infections commonly observed in the clinic, e.g. cystic fibrosis (CF) lung, urinary tract 

infections (UTIs), and chronic wound infections. 

1.1.4 The chronic wound 

A wound is the damaging of tissue arising from trauma, such as a cut, burn, or surgery. 

Acute wounds can be defined as wounds that repair themselves following a timely and 

orderly healing process, ending with both functional and anatomical restoration (83); 

most acute wounds will heal within 5-10 days. The healing process is continuous but 
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can be described in four stages, which temporally overlap in their progression: 

coagulation and haemostasis, inflammation, proliferation, and remodelling (Figure 7) 

(84).  

Coagulation and haemostasis begin immediately upon wounding, primarily to protect 

the vascular system to ensure uncompromised function of vital organs; to control 

bleeding, vasoconstriction and fibrin clot formation takes place (85). The coagulation 

cascade is activated to initiate platelet aggregation and clot formation. The clot not 

only limits blood loss, but also provides a matrix for cell migration in subsequent 

phases of the wound healing process (83). During the later stages of coagulation, the 

stage begins with the principle aim of establishing an immune barrier against 

pathogens. In the early inflammatory phase (24-36 hours post-wounding), neutrophils 

[ŔŊƨƖĲЮΪЮы ĬċƓƣĲĬШŉƖŸůШxŔШĲƣЮċũдЮΞΜΜΤьШÑőĲШƽŸƨŰĬШőĲċũŔŰŊШĦǃĦũĲШтШƣőĲШůċŢŸƖШĦĲũũƚШċŰĬШƣőĲŔƖШƖŸũĲƚШċƖĲШũŔƚƣĲĬШĤĲũŸƽШĲċĦőШ
ƚƣċŊĲЮШ ŉƣĲƖШƽŸƨŰĬŔŰŊЯШőċĲůŸƚƣċƚŔƚШŸĦĦƨƖƚШƽŔƣőŔŰШůŔŰƨƣĲƚШƣŸШŉŸƖůШċШǯĤƖŔŰШĦũŸƣЮШfŰǰċůůċƣŔŸŰШŉŸũũŸƽƚЯШƽőĲƖĲĤǃШ
ŔŰǰċůůċƣŸƖǃШĦĲũũƚШůŔŊƖċƣĲШƣŸШƣőĲШƽŸƨŰĬШƚŔƣĲШƣŸШĬĲĦŸŰƣċůŔŰċƣĲШƣőĲШċƖĲċбШƣőŔƚШƚƣċŊĲШũċƚƣƚШƨƓШƣŸШŸŰĲШƽĲĲťЮШÑőĲŰШ
ƓƖŸũŔŉĲƖċƣŔŸŰШƣċťĲƚШŸƻĲƖЯШċũũŸƽŔŰŊШƖĲрĲƓŔƣőĲũŔǍċƣŔŸŰШċŰĬШċŰŊŔŸŊĲŰĲƚŔƚШƣŸШŸĦĦƨƖШŔŰШƣőĲШƽŸƨŰĬĲĬШċƖĲċШƽőŔĦőШĦċŰШũċƚƣШƨƓШƣŸШ
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infiltrate the wound site to prevent infection by phagocytosing foreign material and 

bacteria (86); this is of paramount importance as wounds with a bacterial imbalance 

will not heal appropriately (87). In the later stages of the inflammatory phase (48-72 

hours post-wounding), macrophages and lymphocytes migrate to the wound site to 

continue phagocytosis and to prepare for production of ECM components, 

respectively. Once the immune response is successfully in place, tissue repair is 

allowed to begin in the proliferation stage (typically beginning 3 days post-wounding 

and lasting for about 2 weeks) by the formation of granulation tissue (88). This stage 

is characterised by fibroblast migration and the production of new ECM components 

to replace the temporary network of fibrin and fibronectin (89). Angiogenesis and re-

epithelialisation of the wound site are key objectives during this stage, which take 

place via proliferation of endothelial cells and fibroblasts. The final stage in successful 

wound repair is remodelling, which fully restores physiological function to the tissue by 

developing new epithelium and the formation of scar tissue; this step can last up to a 

year or more (90). 

Wound chronicity is caused by the unsuccessful completion of the wound healing 

process; typically, failure to transition from the inflammation stage to the proliferative 

stage (91). A wound can be considered chronic if it fails to heal and regain functional 

integrity after 1 month. Major types of chronic wounds include diabetic foot ulcers 

(DFUs), pressure injuries, and venous stasis ulcers (92). In 2017/18, it is estimated 

that up to 7% of adults in the UK have a chronic wound, costing the NHS up to Ã8.3bn 

annually in staff costs, wound care, and treatment (93). Many factors both 

independently and in combination can be responsible for impaired healing, including 

insufficient oxygenation, age, venous insufficiency, stress, underlying diseases (e.g., 

diabetes, fibrosis, and keloids), certain medications (e.g., chemotherapy and 
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glucocorticoid steroids), or the presence of infection (84). The factor most relevant to 

the present research is infection in which pathogenic microorganisms, which are 

normally prevented from causing infection by the skinôs many defence mechanisms 

(e.g., barrier, pH, antimicrobial peptides, and squamous cell shedding), colonise the 

wound via the compromised epidermis (94). Responsible pathogens include 

Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, and 

Acinetobacter species. In normal wound healing, the inflammatory response is 

responsible for decontaminating the wound to allow successful repair; however, 

ineffective decontamination can lead to an arrested inflammation stage that allows 

bacteria to form biofilms and further wound chronicity (84). 

1.1.4.1  The role of biofilms in chronic wounds 

The wound provides a warm, moist, nutrient-rich environment, which is ideal for 

bacterial colonisation and subsequent biofilm formation. It has been reported that over 

90% of chronic wounds contain biofilm-residing microorganisms, which greatly 

increases disease morbidity and mortality (95). This can be compared to only 6% of 

acute wounds that are biofilm-containing (96). As wound chronicity develops, 

pathogenic bacteria become the dominant microflora over commensal 

microorganisms; a diverse population consisting of multiple species of bacteria 

develops over time, usually hosting 12-20 unique microorganisms, although up to 60 

have been reported (97).  

The presence of AMR mechanisms associated with biofilms prevent the wound from 

healing successfully, by stalling at the inflammation stage as the host immune 

response attempts to remove foreign microorganisms. Successful biofilm growth in 

wounds is aided by the presence of nutrient and oxygen gradients, creating different 

microenvironments within the biofilm structure. This directly influences bacterial 
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growth with cells deep within the biofilm presenting reduced growth rates, as nutrient 

and oxygen concentrations are much lower compared to near the surface (98). As in-

vivo biofilms are polymicrobial, they are likely to contain both aerobic and anaerobic 

species which can thrive in a microenvironment boasting their preferred environmental 

conditions (e.g., Clostridioides species are anaerobic pathogens and therefore prefer 

hypoxic regions) (99). The discussed factors present an explanation for why chronic 

wound infections are difficult to treat, consequently current treatment strategies remain 

limited. 

1.1.4.2  Current treatment strategies for chronic wound infections 

A wound hygiene framework can be broken into four stages: cleanse, debride, 

refashion wound edges, and dress (100). Cleansing the wound and the peri-wound 

skin involves removal of superficial tissue, biofilm and surrounding planktonic bacteria, 

and foreign debris from the wound environment using antiseptic solutions (such as 

chlorhexidine gluconate (101) or hypochlorous acid (102)). Debridement can include 

surgical, sharp, mechanical, and ultrasonic, but all involve the physical removal of all 

foreign material such as biofilm, necrotic tissue, and debris from the wound bed in 

order to aid the healing process (103). Re-engineering the wound edges is an 

essential step involving the removal of callus, hyperkeratotic debris, and senescent 

cells (ceased from cell division) from the wound edge to expose healthy tissue. Finally, 

the wound should be treated with topical antibiofilm and/or antimicrobial agents before 

being suitably dressed to prevent recolonisation and manage exudates (100). 

Systemic antibiotics should be used in the case of clinically invasive infection or 

osteomyelitis (infection of the bone); however, topical antibiotics are preferred for non-

deep-seeded infections (104). Instead of applying antimicrobial or antibiofilm agents 

directly to the wound, wound dressings containing a bioactive agent are commonly 
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used. Topical administration of antimicrobials allows delivery of high, localised 

concentrations of drug, with little systemic absorption and therefore decreased toxicity. 

The most commonly used antimicrobial agents in the clinic are polyhexamethylene 

biguanide (PHMB) (105), sustained release iodine (106), and silver (107). PHMB is a 

biocide that is reported to have both antibacterial and antibiofilm effects on a broad 

spectrum of microorganisms, including Staphylococcus aureus, Candida albicans, and 

P. aeruginosa (108). Povidone iodine is an antiseptic agent that allows the sustained 

release of iodine, which has also shown antibacterial and antibiofilm effects on a broad 

spectrum of bacteria and fungi (109). Nanocrystalline silver dressings are commonly 

used for chronic wound management, as they have been shown to have anti-infective 

properties in vitro but their efficacy in vivo is less clear (110). Using the aforementioned 

antimicrobials invariably reduces wound contamination, but antibiotics such as the 

aminoglycoside gentamicin, are required to eradicate more persistent infections (109). 

If a biofilm has been identified in the wound, surgical or sharp debridement is a 

requirement to degrade biofilm structures and expose bacteria to 

antimicrobial/antibiotic therapies (111). Whilst surgical and sharp debridement has 

been shown to be an effective method to aid wound healing and improve the response 

to antimicrobials, it is often reported as being painful and non-selective, damaging off-

target tissue. Furthermore, the presence of persister cells that can quickly repopulate 

the wound bioburden after debridement, highlighting the urgent need for novel 

antibiofilm strategies to eradicate infection and promote the healing of chronic wounds. 
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1.1.5 Other clinically relevant biofilm infections 

1.1.5.1  Urinary tract infections (UTIs) 

Urinary tract infections (UTIs) are one of the most prevalent human bacterial 

infections, responsible for up to 40% of all nosocomial infections (112), which arise 

from bacterial colonisation of the urinary tract. UTIs can be categorised depending on 

the location of the infection; for example, cystitis is infection of the lower urinary tract 

or the bladder, whilst pyelonephritis is infection of the upper urinary tract or the kidneys. 

Cystitis often presents symptoms such as painful urination, pain in the suprapubic 

region, and haematuria, whilst infections of the upper urinary tract are often associated 

with fever, flank pain, chills, and nausea (113). Treatment of uncomplicated infections 

(i.e., cystitis) normally involves a single course of antibiotics; however, more 

complicated and recurrent infections may require a longer course or multiple courses 

of antibiotic intervention (114). 

Bacterial biofilms play a pivotal role in UTI pathogenesis, owing to their inherent 

antimicrobial tolerance, and are observed in catheter-associated UTIs (CAUTIs) and 

on the urothelium. In the United States, CAUTIs cause up to 80% of all reported 

complicated UTIs, which are responsible for more serious outcomes like secondary 

bloodstream infections and mortality (115). The most frequent uropathogens include 

uropathogenic E. coli (UPEC), Enterococcus spp., Klebsiella pneumoniae, Proteus 

mirabilis, and P. aeruginosa (116). P. mirabilis is of particular concern in CAUTIs due 

to their ability to form crystalline biofilms which can cause catheter encrustation and 

blockage, leading to urine retention (117). Patients that experience urine retention and 

reflux are at a greater risk of infections of the upper urinary tract and septicaemia. A 

lesser discussed pathogenic mechanism of UTIs is the presence of biofilm fragments 

on the urothelial cells. As uropathogens migrate from the urethra to the bladder, 
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expression of species-specific pili and adhesins results in colonization and invasion of 

uroepithelial cells (116). The invading bacteria can then form intracellular bacterial 

communities (IBC), i.e. biofilms inside the uroepithelial umbrella cells, resulting in 

persistence of infection in the face of immune response and exogenous antimicrobials 

(118). 

1.1.5.2  Cystic fibrosis (CF) 

Cystic fibrosis is a life-limiting disease caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene and is characterised by 

inflammation and chronic bacterial infection (119). A dysfunctional CFTR protein, 

responsible for transporting salt (specifically chloride ions) in and out of cells, can 

cause damage in the gastrointestinal tract, the liver, the pancreas, and the lungs. The 

CF lung often presents abnormally thick mucus, which provides an optimal foundation 

for bacterial biofilm formation (120). In healthy lungs, inhaled bacteria are cleared from 

the airways via mucociliary clearance, where bacteria are directed towards the mucus 

that coats the respiratory tract, whilst any remaining pathogens are destroyed by 

phagocytic cells (121). In CF patients, the dehydrated nature of the mucus inhibits 

effective coating of the airways thus compromising mucociliary clearance (122).  

As previously discussed (Section 1.1.4.1), bacterial biofilms are associated with a 

non-resolving inflammatory response; the CF lung is a primary example of this, 

causing accelerated lung disease and early mortality (123). In-vivo biofilms obtained 

from the CF lung were observed to be mostly in aggregates of size < 20 Õm, and were 

dominated by P. aeruginosa, although S. aureus is also commonly found (124,125). 

Achieving a suitable dose of antibiotic to the lung, whether by inhalation, systemic, or 

oral delivery, is very challenging owing to the high concentration required for biofilm 
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eradication (126). One emerging mechanism for improving the delivery of antibiotics 

to biofilm-residing cells involves using the physical effects of ultrasound. 

1.1.6 Ultrasound-mediated drug delivery 

Sound can be defined as a pressure wave propagating through a physical elastic 

medium. This pressure wave originates from mechanical vibrations that transfer their 

physical energy to the medium they contact, allowing sound to propagate or be 

reflected. Ultrasound (US) refers to soundwaves with a frequency greater than the 

upper limit of human hearing, i.e. approximately 20 kHz (127). Apart from displaying a 

greater frequency, the fundamental nature of ultrasound waves remains identical to 

sound waves perceptible to the human ear. In the generation of US, pressure waves 

are typically produced by a piezoelectric transducer, which converts electrical energy 

into acoustic energy (128). Historically, the primary utility of ultrasound in a clinical 

setting has been in biomedical imaging, allowing visualisation of internal structures by 

transmitting ultrasound waves inside the body and detecting the reflected waves to 

generate an image. This can be achieved thanks to the deep penetrative ability of 

ultrasound. The use of microbubbles (MBs) as contrast agents in diagnostic imaging 

is a popular technique that creates an acoustic impedance mismatch between fluids 

in which MBs are suspended and the surrounding tissues, to increase the magnitude 

of reflected ultrasound waves that are detected by a receiving probe (129). The 

combination of MBs and US is not only used in diagnostics, but also therapeutic 

applications have been shown to be effective ï with a significant focus on drug delivery 

enhancement. By harnessing the unique properties of US, increased bioavailability 

and spatiotemporal control of a drug can be attained.  
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1.1.6.1  Microbubble fundamentals 

MBs are echogenic spherical particles comprised of an outer shell, commonly 

composed of biocompatible materials such as phospholipids, polymers, surfactants, 

or proteins, which surrounds a gaseous core (i.e., the filling gas; Figure 8) (130). MBs 

are typically sized in the range 1 ï 10 Õm; however, this largely depends on MB 

composition and fabrication method. Upon US exposure, MBs can begin to oscillate 

by volumetric expansion and contraction as the pressure experienced by the bubble 

increases and decreases periodically (Figure 9). Exposure to low-intensity ultrasound 

typically yields a stable, periodic oscillation over many US cycles ï this is often known 

as non-inertial cavitation and is contrasted with inertial cavitation observed at higher 

acoustic intensities. Inertial cavitation is characterised by a loss of periodic oscillation 

and results in violent MB collapse, due to the increased inertial forces imparted by the 

surrounded fluid during MB contraction (131). During non-inertial cavitation, the MB 

can physically disrupt nearby tissues by driving a steady motion of the proximal fluid 

(known as cavitation microstreaming), and by direct pushing and pulling of the surface 

during expansion and contraction. Upon collapse, more violent events can occur, 

including liquid jetting and shockwave generation, which have increased physical and 
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chemical perturbation effects (Figure 10). The physical effects of MB cavitation have 

been shown to enhance permeability of many biological barriers, including biofilms, 

therefore making them an interesting drug delivery vehicle or adjuvant. 

1.1.6.2  Microbubble fabrication methods 

Probe sonication is the most commonly used method of MB production. It involves 

applying high intensity, low frequency ultrasound to a liquid dispersion of MB shell 

constituents (e.g., such as phospholipids dispersed in PBS) to promote the 

encapsulation of the gas(es) present in the surrounding environment, i.e. typically the 

headspace of a vial. Sonication produces a large number of MBs rapidly (<30 

seconds), but these generally have a broad size distribution (diameter: 1-20 Õm) (132). 

Further post-production steps, such as filtration and centrifugation, can be employed 

to remove larger bubbles (diameter >10 Õm) (133); a step which is crucial for 

intravascular applications, as MBs larger than the diameter of the capillaries in which 
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they reside could cause embolism (134). For non-vascular applications such as topical 

administration, a strict size limit is less important as there is minimal risk of vascular 

embolism; however, a narrow MB size distribution is still preferable as it provides more 

uniform response to ultrasound as well as consistent dosing for drug-loaded MBs 

(135). 

Microfluidic devices have become an increasingly popular MB production method in 

recent years, due to their flexibility in design, allowing production of a range of sizes 

and types of MBs and other classes of micro- and nano-particulate systems (including 

stimuli-responsive systems). Microbubbles produced by these methods most 

commonly use a óT-junctionô architecture whereby a stream of gas is focused through 

an orifice by two lateral streams of an aqueous medium; this destabilises the gas-liquid 
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interface, which then causes individual bubbles to ópinch-offô from the gas stream 

(136ï139). The ability of microfluidic techniques to produce MB populations of low size 

dispersity is widely reported (140ï142), with the caveats of low yield, lack of scalability, 

and high labour intensity and expense owing to the requirement of specialised 

hydraulic pumps and the short lifespan of devices (i.e., devices often clog due to 

impurities). 

Mechanical agitation is another commonly used method for MB fabrication, which 

involves vigorous shaking of a vial containing MB shell constituents with a gas-filled 

headspace. This method is used in the manufacturing of clinically approved contrast 

agents, such as DefinityÈ (Lantheus Medical Imaging, MA, USA). The advantages of 

mechanical agitation include the ability to produce a high number of MBs rapidly, 

minimised risk of sample contamination compared to tip sonication as there is no direct 

contact with the sample (thus more suitable for sterile applications), and also a 

reduced risk of heating; however, similar to sonication, agitation also generates a MB 

population of high size dispersity (143). High shear emulsification is also a commonly 

used manufacturing technique, primarily used for the fabrication of polymer-coated 

MBs, in which the coating polymer is dissolved in an appropriate solvent and then 

emulsified by high shear mixing with an immiscible liquid (e.g., an aqueous solution) 

(144). The solvent is then evaporated, and the mixture is freeze-dried to produce gas-

filled MBs. 

1.1.7 MB stability 

1.1.7.1  Static 

MB stability is an extremely important property to characterise, as a stable MB 

suspension (i.e., a suspension in which MBs remain at a relatively constant size and 



ΣΣ 
 

concentration over time) can be manufactured, transported, stored, and used for 

treatment effectively. Conversely, in unstable MB suspensions, the mean MB size may 

vary significantly over time and deviate from the one that would respond most 

effectively to ultrasound stimulation during treatment; additionally, the reduction in MB 

concentration over time means that the suspension may be too dilute at the time of 

treatment, and drug delivery efficiency may be compromised as premature loss of MBs 

may result in off-target drug distribution. The stability of MBs is influenced by a range 

of factors including MB size, concentration, shell composition, gas content, and the 

suspending medium (145,146). Stability can be considered in two approaches: the 

stability of a single isolated MB and the stability of a population of MBs. 

First, when assessing the stability of a single MB, surface tension must be considered. 

Surface tension (ʎ) exists at the liquid-gas interface between the MB core and the 

surrounding liquid, and acts tangentially to the MB surface to pull the MB shell inwards 

(Figure 11) (147). This surface tension causes a pressure drop across the bubble 

interface (ȹP; known as the Laplace pressure), which can be described by the Young-

Laplace equation: 

Equation 1: The Young-Laplace equation 
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Where, Pa is the internal bubble pressure, Pb is the pressure from the surrounding 

medium, and r is the bubble radius. This equation, first described by Laplace in 1806 

(148), tells us that the Laplace pressure can be reduced by decreasing the surface 

tension at the gas-liquid interface or by increasing the bubble radius. Larger MBs are 

inherently more stable, as a decreased Laplace pressure less readily drives gas from 

the MB core into the surrounding medium. The Laplace equation also supports the 
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widely adopted addition of surfactants and emulsifiers (such as PEGylated 

compounds) to MB formulations, as these act to reduce surface tension at the gas-

liquid interface, thereby decreasing the Laplace pressure and improving MB stability.  

A mathematical model of bubble dissolution (i.e., the process in which the gas in a MB 

core dissolves in the surrounding liquid) has been well-established and was first 

described by Epstein and Plesset in 1950 (149): 

Equation 2: Epstein-Plesset equation 
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Where dr/dt is the change in MB radius over time, D is gas diffusivity, KH is Henryôs 

constant, B is ideal gas constant, T is temperature, f is gas saturation fraction of the 

surrounding medium, MW is the molecular weight of the encapsulated gas, ů is surface 
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tension, and ɟ is density of the suspension medium. This equation again highlights the 

relationship between MB stability and bubble size, as smaller MBs have a higher rate 

of dissolution and are thus less stable. Gas diffusivity (i.e., how quickly gas molecules 

move from areas of higher pressure to those of lower pressure) is also an important 

factor to consider, as using a heavy gas with low diffusivity can decrease the rate of 

dissolution markedly. This has been well-documented and modelled in work by Ferrara 

et al. who used the Epstein-Plesset model (Equation 2) to predict and compare the 

dissolution profiles of room-air-core (RAMBs) and perfluorobutane-core MBs 

(PFBMBs). They showed that PFBMBs have a lifetime that is 5 orders of magnitude 

greater than RAMBs (Figure 12) (150). Although useful, the Epstein-Plesset model is 

limited by its assumption that MB stability is independent of concentration (i.e., it 

assumes a singular MB existing in isolation). 

In practice, MB stability is affected by neighbouring bubbles via both coalescence and 

Ostwald ripening. Ostwald ripening is a particle dispersionôs coarsening process in 
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which larger particles grow at the expense of smaller particles (151). This can be 

explained by the Young-Laplace equation (Equation 1), which postulates that smaller 

MBs have greater internal pressure and this results in their gas content diffusing into 

larger MBs (152,153). Additionally, if neighbouring MBs contact each other, their 

coating layers may fuse causing a mass transfer of encapsulated gas to form one 

larger bubble; this is known as coalescence. There are a few physical forces which 

may be involved in bubble coalescence: (i) the surface tension force of the bubble 

shell (acting to prevent coalescence), (ii) the hydrodynamic forces generated by 

bubble motion and the associated liquid flow (acting to either promote or prevent 

coalescence depending on the direction of force), and (iii) the van der Waals-Lifshitz 

force between MBs that acts to attract neighbouring MBs (acting to promote MB 

coalescence) (154). After a combination of van der Waals-Lifshitz and hydrodynamic 

forces have brought neighbouring MBs close enough, if their respective Laplace 

pressures are equilibrated and surface tension is low enough, the MBs will coalesce 

to form one larger MB. The effects of hydrodynamic and van der Waals-Lifshitz forces 

become more pronounced in higher-concentration suspensions thus increasing the 

rate of bubble coalescence; however, in more concentrated MB suspensions, the 

effects of Ostwald ripening are diminished, as there is a reduced gas saturation of the 

surrounding liquid (155). Thus far, MB stability has only been considered in the 

absence of external forces. If ultrasound is included, this introduces acoustic pressure 

as an external force, which will impact on MB stability. 

1.1.7.2  MB stability upon exposure to ultrasound 

The stability of MBs when exposed to ultrasound is dependent on the same factors as 

óstaticô stability, such as MB shell composition and filling gas. However, ultrasound-

related parameters (e.g., driving frequency and acoustic pressure) also play an 
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important role. MB destruction under ultrasound exposure occurs by three 

mechanisms: fragmentation, acoustic dissolution, and static dissolution (156). 

Fragmentation is the process by which larger MBs break into two or more smaller MBs 

when cavitating on a timescale of microseconds. An oscillating bubble is at its most 

stable state when it maintains spherical symmetry; however, during cavitation 

symmetry is often lost resulting in bubble instability (156). Bubble instability during 

ultrasound exposure was defined by Plesset and Mitchell (157): 

Equation 3: Plesset and Mitchell equation 

Ὑ ḙ
Ὑ

ρπ
 

Where, Rthreshold is the threshold radius below which a bubble becomes unstable and 

Rmax is the maximum radius of a bubble during ultrasound exposure. This equation 

describes that a bubble becomes unstable if it contracts to less than a tenth of its 

maximum radius, owing primarily to non-spherical distortions to the MB shape.  

The rate of dissolution for a óstaticô bubble has previously been described (Equation 

2); however, during ultrasound exposure, the oscillating pressure and movement of 

the gas-liquid interface also play important roles. As a bubble contracts, the Laplace 

pressure changes as the pressure inside the bubble increases dramatically, thus 

increasing the rate of gas dissolution from the MB to the surrounding liquid (158). 

Conversely, as the bubble expands gas moves from the surrounding liquid into the MB 

core; the equilibrium of these opposing events is dependent on the shell dynamics. 

This interplay of gas exchange during oscillation highlights the critical influence of both 

shell properties and external acoustic conditions on microbubble stability and 

dissolution, underscoring the importance of optimising MB formulation. 
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1.1.8 Methods of detecting and characterising cavitation intensity 

As bubbles undergo cavitation, the volumetric changes of the bubble elicit inertial 

forces on the surrounding fluid causing changes in pressure which can be detected as 

acoustic waves by a transducer. Depending on how the probe detects cavitation, 

methods can be separated into two distinct groups: active cavitation detection (ACD) 

and passive cavitation detection (PCD). ACD is a method of cavitation detection 

involving a single transducer both emitting ultrasound waves and receiving echoes 

from the cavitation nuclei (159). PCD is the most commonly applied method of 

cavitation detection, whereby one transducer is emitting US whilst a separate 

transducer (i.e., the detector) is used to capture acoustic emissions produced by 

cavitation (160). 

The amplitude and frequency of the detected wave is dependent on the periodicity and 

stability of the bubble oscillations, and the relationship between the acoustic content 

of the echoes and the cavitation profile (i.e., how a MB population cavitates, on 

average, throughout an US exposure period) has been well-documented. Separating 

the acoustic emissions by frequency can provide valuable insight into the cavitation 

profile of the nuclei. For example, echoes at harmonic frequencies may indicate linear 

oscillations during non-inertial cavitation, sub-harmonic and ultraharmonic frequencies 

often represent non-linear oscillation during non-inertial cavitation, whilst broadband 

noise can be indicative of inertial cavitation and bubble collapse (161,162). As 

previously discussed, non-inertial cavitation is usually associated with sustained 

(mechanically ógentleô) MB oscillations, whereas inertial cavitation is accompanied by 

events such as bubble collapse that are regarded as mechanically more óviolentô (163ï

165). Recorded time series of acoustic emissions are primarily processed and 

presented in three ways: time-domain (amplitude vs. time), frequency-domain 
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(amplitude vs. frequency), and time-frequency (frequency vs. time). This allows 

analysis of the cavitation profile by assessing the amplitude of oscillations to determine 

if MBs are cavitating and how intensely, whether MBs are stable under exposure to 

ultrasound, and also the mode of cavitation (inertial or non-inertial) by visualising the 

frequency of the echoes (Figure 13; (166)).  

1.1.9 Clinical applications of MBs 

Whilst numerous studies have assessed the suitability of MBs for therapeutic 

applications, with many reaching clinical trials, concerns over patient safety associated 

with thermal effects have limited their application clinically (167); however, many MB 

formulations are approved for clinical use as ultrasound imaging contrast agents. MBs 
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are administered via intravenous (IV) injection and allow imaging of the cardiovascular 

system, until the gas is eliminated in the lungs (168). MBs can be formulated for 

delayed phase imaging (i.e., a method that includes a delay after contrast agent 

administration) as they accumulate in specific organs, such as in the liver, where some 

MBs remain echogenic after being phagocytosed by Kupffer cells (169). LevovistÈ 

MBs (Schering AG) are the first generation of US contrast agents, with a fatty acid 

shell and a core of 0.1% palmitic acid mixed with air. LevovistÈ has been used for 

sonographic evaluation of the liver and heart (170,171); however, they had limited 

application owing their limited stability (172). OptisonÈ MBs (GE Healthcare) are 

comprised of an octafluoropropane (C3F8) gas core encapsulated by an albumin shell. 

Albumin-shelled MBs are known for their in-vivo stability and organ specificity, owing 

to their previously mentioned ability to cavitate after being phagocytosed by Kupffer 

cells in the liver (169). The use of heavy gases, such as octafluoropropane, as the 

filling gas in MB formulations continued, as they show a much-improved stability profile 

compared to air-filled MBs. DefinityÈ (Bristol-Meyers-Squibb) MBs are another 

octafluoropropane-core MB formulation that uses a lipid shell instead of albumin; they 

have shown high stability in vivo and have been used to image left ventricular function 

(173). Another example of a heavy gas-cored MB is SonoVueÈ (Bracco), which uses 

sulfur hexafluoride (SF6) as the filling gas encapsulated by a phospholipid shell (174). 

Owing to the low solubility of SF6, SonoVueÈ are highly stable in blood, showing 

cavitation even at low acoustic pressures (e.g., 50 kPa) (175). SonazoidÈ (GE 

Healthcare) MBs are PFB-core, lipid-shelled MBs used for both real-time vascular 

imaging and delayed phase imaging of liver cells and tumours for 10-60 minutes 

(169,176). As a broad range of MB filling gases and shell constituents are clinically 

approved for contrast imaging, and therefore considered safe for systemic 
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administration, it is hoped that translation to the clinic for topical application (i.e., for 

the treatment of wound-associated biofilm infections or other superficial conditions) 

would be facilitated. 

1.2 Literature review 

1.2.1 Novel antibiofilm agents 

Research that is focussed on developing novel antibiofilm agents may be separated 

into two groups: i) prevention of biofilm formation and ii) disruption of an already-

established biofilm. Although both are of paramount importance, very often prevention 

is not an option. The literature discussed here primarily deals with the latter, as often 

patients entering the clinic will already present chronic wound infections containing 

biofilms; in fact, one meta-analysis reported that ~78% of all chronic wounds contained 

biofilms (177). 

Briefly, most novel biofilm inhibition strategies are concerned with modifying the 

surface of an implantable medical device to prevent biofilm formation. This is usually 

achieved by re-engineering the surface material or coating the surface with an 

antibiofilm agent. Common strategies include the use of bacteria-repelling and 

antiadhesive surfaces, bioactive materials with antibacterial properties, 

nanostructured materials, and enzymes mediating biofilm disruption (178). 

Whilst some novel antibiofilm agents show great promise, they cannot be evaluated 

alone but must be considered in combination with antibiotic therapy. If dispersed 

bacterial cells are left untreated, they will likely relocate and seed infection in new 

areas. Fleming et al. reported lethal septicaemia in mice after glycoside hydrolase-

mediated biofilm dispersal in a skin wound; this was dependent on bacterial motility 

and wound size, with survival rates decreasing dramatically for larger wounds (179).  
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Agents concerned with disrupting already-established biofilms can be roughly 

separated into three groups: i) enzymes, ii) antibiofilm peptides, and iii) dispersal 

molecules. Often antibiofilm strategies attempt to mimic endogenous processes, for 

example applying extracellular enzymes that act to degrade specific components of 

the EPS such as proteins, extracellular DNA (eDNA), and exopolysaccharides, 

therefore making the bacteria more susceptible to antimicrobials and host immune 

responses.  

1.2.1.1  Antibiofilm enzymes 

Biofilm exoproteins are vital components of the EPS providing, surface adhesion and 

stability to the ECM (180); therefore, their degradation via proteases can cause 

significant biofilm dispersal. Staphylococcal proteases remain the most 

comprehensively researched, with literature having identified three efficacious 

secreted proteases, namely aureolysin, staphopain A and staphopain B (SspA and 

SspB, respectively). Aureolysin is a staphylococcal metalloprotease that has shown 

great promise as an antibiofilm agent, acting by degrading biofilm-associated protein 

(Bap) and clumping factor b, two important surface proteins mediating biofilm 

formation (181,182). Loughran et al. reported ~80% dispersal of 24-hour S. aureus 

biofilms grown in tryptic soy broth (TSB) supplemented with salt and glucose (183), 

whilst Mootz et al. reported ~55% and ~20% biomass reduction by SspA and SspB, 

respectively, against 12-hour S. aureus biofilms grown in unsupplemented TSB (184). 

The biofilm matrix of P. aeruginosa is primarily composed of three exopolysaccharides: 

alginate, Psl, and Pel (185), which can be targeted by enzymes like Ŭ-mannosidase 

and trypsin. Banar et al. used trypsin, a pancreatic serine protease that has shown 

antibiofilm effects on multiple species (186), and reported an ~80% biomass reduction 

in 24-hour P. aeruginosa biofilms grown in TSB (187). 
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Deoxyribonucleases (DNase) are responsible for the degradation of eDNA which 

functions to provide structural scaffolding and can aid adhesion, aggregation, and 

horizontal gene transfer (which can be important in sharing AMR genes between 

organisms) (188,189). DNase I has been highlighted as an effective antibiofilm agent 

in multiple species including P. aeruginosa, S. aureus, and C. albicans (190ï192). 

Although DNase I therapy has been reported to be effective against a range of both 

Gram-positive and Gram-negative species, its efficacy is dependent on biofilm age, 

with a reported decreasing efficacy as the biofilm matures (193). For example, DNAse 

I has been reported to lose efficacy on Staphylococcus epidermidis biofilms (grown in 

TSB supplemented with 0.25% glucose) after 12 hours growth (194), on P. aeruginosa 

biofilms (grown in minimal media) after 80 hours growth (191), and on Vibrio cholerae 

biofilms (grown in LB broth) after 72 hour growth (195). 

Lastly, the antibiofilm effects of glycoside hydrolase (GH) enzymes (capable of 

degrading exopolysaccharides) have been studied. Exopolysaccharides are another 

major component of the EPS and are important for biofilm formation and maintenance 

by providing structural stability, physical and chemical defence against antimicrobials 

and host immune cells, and a source of carbon during nutrient starvation (197). 

Alginate lyase, an enzyme responsible for degrading the key ECM component 

alginate, has been reported to completely eliminate biofilm-residing cells in 20-hour P. 

aeruginosa biofilms grown in LB broth. In combination with tobramycin (198), Ŭ-

amylase is another glycoside hydrolase enzyme that has been reported to have 

efficacy against multiple species; it acts against the biofilm matrix by degrading 

glycosidic linkages between important exopolysaccharides. Bradford et al. reported a 

~90% biomass reduction against methicillin-resistant S. aureus (MRSA) grown in TSB 

citrate for 18 hours (199). Fleming et al. instead reported an ~80% reduction in 
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biomass of a dual-species biofilm consisting of P. aeruginosa and S. aureus grown in 

wound-like medium (50% bovine plasma, 45% Bolton broth, and 5% laked horse 

blood) for 48 hours (200). 

Although many enzymatic antibiofilm therapies have shown efficacy in vitro, there are 

some limitations that should be noted. The primary challenge with therapeutic 

enzymes is their in-vivo stability, owing to both their natural instability and the host 

immune response (201). The delivery vehicle must be formulated to ensure enzyme 

stability and also allow sufficient contact between the enzyme and the target biofilm to 

elicit suitable effects ï generally enzymes show poor retention in biofilms (202). 

1.2.1.2  Antibiofilm peptides 

Synthesised antibiofilm peptides are derivatives of endogenously-produced host 

defence peptides (HDPs), which are part of the innate immune response acting to kill 

planktonic microbes (203). They have shown efficacy in modulating the immune 

response and have also demonstrated enhanced antibiofilm activity (204). An 

important feature of HDPs is their dual action of antimicrobial (through electrostatic 

membrane disruption) and antibiofilm effects, potentially limiting the requirement of 

combination therapy with antibiotics. For example, De La Fuente-N¼¶ez et al. reported 

antibiofilm peptide ñpeptide 1018ò to have potent antibiofilm efficacy against a broad 

spectrum of species at concentrations much lower than required for antimicrobial 

effects (205). They observed ~90% removal against single species P. aeruginosa, 

Acinetobacter baumannii, and methicillin-resistant S. aureus biofilms (grown for 48 

hours in BM2 minimal media) after 23 hours of peptide 1018 treatment (205). LL-37, 

a human cathelicidin peptide, is a widely-reported antimicrobial peptide exhibiting 

efficacy against both Gram-negative and -positive bacteria (206). LL-32 has also 

shown efficacy in biofilm prevention in multiple species (207,208); however, 
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eradication of established biofilm remains under-reported in the literature. It is 

suspected that biofilm heterogeneity may be less of an issue for HDPs, as dispersal 

will uncover deep-seeded cells, therefore decreasing the nutrient gradient, and will 

possibly upregulate metabolic activity restoring the antibiotic target. Also, the 

modulation of the host immune response acting to supress inflammation may be 

particularly useful considering that, as previously discussed, arrested inflammation is 

a primary driver of the chronic wound (209). 

Antibiofilm peptides show promise due to their broad spectrum of activity and 

multifactorial mechanism, including antimicrobial, antibiofilm, and anti-inflammatory 

effects; however, they do present some limitations which may hinder clinical 

translation. Although in-vitro results show potential, there remains some concern 

regarding their activity and stability under physiological conditions due to their 

susceptibility to proteolytic degradation (210). Other limitations include cytotoxicity and 

the associated high production cost (211). The cited studies also apply treatment for 

relatively long periods of time (e.g., 24 hours), whilst other methods of biofilm 

disruption may act within shorter timeframes (e.g., such as those using 

ethylenediaminetetraacetic acid; EDTA). Overall, antibiofilm peptides provide an 

interesting treatment strategy; however, future work should consider ex-vivo and in-

vivo studies to aid translation to the clinic. 

1.2.1.3  Dispersal molecules 

Biofilm dispersal is a vital stage of the biofilm life cycle, involving degradation of the 

ECM and causing sessile bacteria to return to a planktonic mode. One interesting 

antibiofilm strategy is to mimic this process by applying exogenous dispersal signalling 

molecules or to directly degrade the EPS using dispersal molecules. These dispersal 
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agents can be split into three groups based on their mechanism of action: i) anti-matrix 

molecules, ii) sequestration molecules, and iii) dispersal signals. 

Anti-matrix molecules actively target and degrade the biofilm ECM. One such type are 

rhamnolipids, which are biosurfactants endogenous to Pseudomonas species and are 

important during biofilm maturation to maintain fluid channels and cellular migration 

(212). At concentrations ranging from 0.05-2% w/v, rhamnolipids have been shown to 

disperse in-vitro biofilms in multiple species, including P. aeruginosa, S. aureus, 

Bacillus subtilis, and Listeria monocytogenes (213ï215). Rhamnolipids are under-

studied, so efficacy remains contested; however, Silva et al. reported a ~24% 

reduction in in-vitro S. aureus biofilm mass (grown in nutrient broth and skim milk for 

48 hours) after 2-hour treatment at 37 ÁC (213); other studies, however, have reported 

much greater efficacy. For example, Wood et al. reported ~98% reduction in biomass 

when 48-hour Desulfovibrio vulgaris biofilms were treated with P. aeruginosa-derived 

rhamnolipids for 2 hours (216). 

Other anti-matrix molecules include polyamines spermidine and norspermidine, which 

have been reported to inhibit biofilm formation in S. aureus and B. subtilis (217). 

Contrary to this, biofilm formation was reportedly promoted by spermidine and 

norspermidine in the same species in another study (218); the mechanism for this 

remains unclear. Hasan et al. recently published data suggesting that spermidine may 

facilitate AMR in Pseudomonas aeruginosa via charge-mediated outer membrane 

interactions, which may provide one potential explanation for the conflicting reporting 

(219). 

Sequestration molecules provide a mechanism of biofilm disruption which interacts 

with important secondary messengers, metabolites, and nutrients required for biofilm 
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survival. An example molecule is lactoferrin, which disrupts the biofilm by chelating 

iron ions from the biofilm ECM, which are essential throughout the biofilm lifecycle 

(220). Lactoferrin has been shown to inhibit in-vitro biofilm growth in many species, 

including P. aeruginosa, E. coli, and Staphylococcus epidermidis (221); however, the 

efficacy of dispersal of existing biofilm remains inconclusive (222).  

EDTA is an extensively studied sequestration molecule that acts to disrupt biofilm 

structures by chelating important divalent cations, such as Ca2+, Mg2+, and Fe2+, which 

are essential for biofilm matrix stability (223). EDTA, including edetate forms like 

tetrasodium EDTA (T-EDTA) and disodium EDTA (D-EDTA), have been reported as 

being effective antibiofilm agents against a range of species, including Haemophilus 

influenzae, P. aeruginosa, and S. epidermidis, inducing up to 50% biofilm removal 

(224ï226). It should also be noted that T-EDTA appears to show stronger 

antimicrobial effects compared to D-EDTA, although the mechanism for this remains 

unclear (227). EDTA is currently used in the clinic for various applications, including 

systemic indications such as lead poisoning (228), and also implantable device 

coatings (229). For example, 4% w/v T-EDTA is currently approved by Health Canada 

as an effective coating of central venous access devices to prevent surface biofilm 

formation (227). Liu et al. reported complete eradication of biofilm in both Gram-

positive and -negative species, including S. epidermidis, S. aureus, Enterococcus 

faecalis, P. aeruginosa, and E. coli grown in LB broth for 24 hours (227). One 

interesting observation reported was the difference in time-kill profiles for 4% w/v T-

EDTA treatment between Gram-positive and Gram-negative species; total eradication 

was observed after 3 hours in Gram-negative bacteria whilst up to 24 hours was 

required in Gram-positives, although lower concentrations showed greater efficacy 

against Gram-positives. The greater susceptibility of Gram-positive species to lower 
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concentrations of EDTA was most likely owed to enhanced diffusion of drug through 

the cell membrane owing to the lack of an outer membrane; however, the mechanisms 

explaining the longer required contact times remain unclear. Its relatively broad 

spectrum of activity, as well showing both antibiofilm and antimicrobial efficacy, makes 

EDTA (specifically T-EDTA, owing to its superior efficacy) an interesting candidate for 

integrating into both current care regimens and novel therapies. 

The final group of molecules to be discussed are those which promote biofilm dispersal 

by acting as a dispersal signal. Intracellular secondary messenger bis-(3ǋ-5ǋ)-cyclic 

dimeric GMP (c-di-GMP) has been highlighted as a key molecule in the biofilm lifecycle 

in many species, with increased concentrations (mediated by diguanylate cyclaseôs; 

DGCs) upregulating biofilm formation and decreased concentrations (mediated by 

phosphodiesteraseôs; PDEs) promoting dispersal (Figure 4) (64,230,231). Under most 

conditions, c-di-GMP forms a complex with c-di-GMP receptors responsible for the 

transition between bacterial motility and sessility; for example, Chatterjee et al. 

reported a molecular mechanism in P. fluorescens in which high levels of c-di-GMP 

bind to surface protein LapD and related protease enzyme LapG (232). Once bound, 

LapG cannot degrade cell surface-bound adhesin LapA thus promoting cell adhesion. 

Additionally, Borlee et al. reported that c-di-GMP promoted the production of key matrix 

component Psl, in P. aeruginosa (233), whilst Lee et al. reported c-di-GMP-mediated 

production of another key matrix polysaccharide Pel (234); although the underlying 

mechanisms remain unclear. Considering this, high levels of c-di-GMP are associated 

with bacterial sessility (i.e., biofilm state), whilst low levels often indicate motility (i.e., 

planktonic state). This process can be controlled directly by, for example, adding 

exogenous PDEs to biofilms, which has been shown to promote dispersal in E. coli 

biofilms (235). What is more common, however, is an indirect approach by applying 
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the endogenous signalling molecule nitric oxide (NO), which has been shown to 

downregulate c-di-GMP expression and therefore promote a dispersal event (236).  

1.2.2 Nitric oxide as an antibiofilm agent 

NO is a highly conserved, reactive, lipophilic, and radical molecule that plays an 

integral signalling role, not only in the biofilm lifecycle but in many biological processes. 

NO is also known as endothelial-derived relaxing factor (EDRF) due to its vasodilating 

properties, responsible for modulating vascular tone and blood pressure. Notably, 

nitrate donor therapy (e.g., glyceryl trinitrate (GTN) and isosorbide mononitrate 

(ISMN)) is currently used to treat angina and pulmonary hypertension in the clinic 

(237). 

1.2.2.1  Mechanism of action and rationale 

At low concentrations (pico-nanomolar) NO can mediate physiological processes, but 

at high concentrations (micromolar) it can elicit cytotoxic effects (238). This 

concentration-dependent relationship is present in biofilms; as the biofilm continues 

maturation, low amounts of endogenous NO have been detected in the core of biofilm 

structures, acting as an indirect dispersal signal (239). The exact signalling pathway 

is still not completely understood; however, there are some accepted theories in 

species including, P. aeruginosa (240) and Shewanella woodyi (241). The most 

commonly accepted mechanism for NO-mediated dispersal has been elucidated from 

S. woodyi. It involves the binding of NO to a heme nitric oxide/oxygen binding protein 

(H-NOX), which binds to and upregulates PDE (causing c-di-GMP degradation) and 

therefore activates biofilm dispersal (Figure 14). Li et al. suggested that a comparable 

mechanism exists in P. aeruginosa, using the membrane-bound protein, NO-induced 

biofilm dispersion locus A (NbdA), as a means of reducing c-di-GMP concentration and 
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therefore triggering a dispersal event (242). Biochemical studies showed that NbdA 

can boast PDE activity and reported impaired dispersal in strains lacking NbdA. 

Another pathway has been hypothesised in P. aeruginosa, whereby bacterial motility 

is increased via NO-mediated interactions that upregulate rhamnolipid and pili 

synthesis (242). The exact mechanism of action remains unknown.  

The effect of exogenous NO on biofilms, via both free NO gas and NO donors, has 

been studied extensively and it appears unlikely that resistance to NO therapy would 

develop, as reported by Privett et al. (243). Also, increased concentrations of 

endogenous NO have been reported during the wound healing process (244), 

highlighting a further benefit of NO-mediated treatment of a chronic wound infection 

(245). 

1.2.2.2  Free NO 

Gaseous NO (gNO) has been clinically approved by the USA Food and Drug 

Administration (FDA) since 1999 and by the European Medicine Evaluation Agency 

and European Commission since 2001. Historically, inhaled NO (iNO) has been used 

as a vasodilator to treat pulmonary hypertension in both adults and neonates 

(246,247); however, many studies have considered gNO as both an antimicrobial and 

[ŔŊƨƖĲЮΤΧЮы ĬċƓƣĲĬШŉƖŸůШ7ċƖƖċƨĬШĲƣЮċũдЯШΞΜΝΡьШ ŔƣƖŔĦШŸǂŔĬĲШы §ьШċĦƣŔƻċƣĲƚШƓőŸƚƓőŸĬŔĲƚƣĲƖċƚĲШыÂ?EьШċĦƣŔƻŔƣǃШĤǃШĤŔŰĬŔŰŊШ
ƣŸШċШőĲůĲШƚŔƣĲШы[ĲьШŸŉШċШőĲůĲШŰŔƣƖŔĦШŸǂŔĬĲоŸǂǃŊĲŰШĤŔŰĬŔŰŊШыcр §ñьШƓƖŸƣĲŔŰЮШÂ?EШƣőĲŰШċĦƣƚШƣŸШĬĲŊƖċĬĲШĦрĬŔр]~ÂЯШƽőŔĦőШ
ƚŔŊŰċũƚШĬŔƚƓĲƖƚċũШŸŉШĤŔŸǯũůШĦĲũũƚЮ 
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antibiofilm agent primarily indicated for CF patients. Bactericidal effects of gNO have 

been reported both in vitro using clinical strains of S. aureus, MRSA, E. coli, and P. 

aeruginosa from CF patients (248,249), and in vivo using a rabbit wound model (250). 

After treating with intermittent exposure to high-dose short-duration 160 ppm gNO, a 

>5-log reduction in bacterial load was reported in vitro using MRSA and E. coli strains 

from nosocomial pneumonia patients, and a resistant strain of P. aeruginosa from a 

CF patient (248). Since 2012, a number of clinical trials assessing iNO as a treatment 

modality against CF infections have taken place. It has since been concluded that iNO 

is safe and non-toxic for both healthy adults and CF patients (251,252). A significant 

mean reduction in colony-forming units (CFU) of all bacteria and fungi has been 

reported after treatment of CF patients in a phase I clinical trial (252). Mean forced 

expiratory volume was also increased after treatment, indicating improvement in 

functional respiratory performance; however, antibiofilm effects had not been 

assessed as an outcome of any trial up to this point. Howlin et al. were the first to 

report clinical trial data assessing the biofilm (253). Low-dose iNO in combination with 

tobramycin was used to treat P. aeruginosa infections in CF patients; a significant 

reduction in biofilm aggregates was detected in patient sputum post-treatment. Biofilm 

dispersal assessment was carried out by image analysis, from fluorescence in-situ 

hybridisation and confocal scanning laser microscopy, and by optical density 

measurements; crystal violet assays were omitted from this study.  

Currently, the use of gNO in the clinic, although efficacious, is associated with a high 

cost and limited patient access; thus, alternative methods of NO delivery are of great 

interest. The use of NO-generating systems (i.e., NO donors) is the most common 

alternative to gNO. 
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1.2.2.3  NO donors 

NO donors provide a flexible, highly-programmable method of producing NO in situ. 

NO donor molecules can degrade to liberate NO either spontaneously, or in response 

to some external trigger (e.g., enzymes or reducing agents). A number of NO donor 

families exist based on chemical structure and therefore the associated mechanism of 

degradation (Figure 15). 

The first family of NO donors to gain popularity were the organic nitrates (Figure 15A), 

namely FDA-approved drugs GTN and ISMN, which show degradation in the presence 

of P450 enzymes and thiols in vivo (254). Historically, GTN and ISMN have been used 

to treat angina and anal fissures; however, resistance to nitrates has been reported 

with continuous use (255). This is caused by a tolerance to the activating enzyme and 
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ůŸŰŸŰŔƣƖċƣĲШыfÉ~ ьЮШы7ьШ~ĲƣċũШŰŔƣƖŸƚǃũƚаШƚŸĬŔƨůШŰŔƣƖŸƓƖƨƚƚŔĬĲШыÉ ÂьЯШы9ьШÉрŰŔƣƖŸƚŸƣőŔŸũƚШыÅÉ §ƚьЯШÉрŰŔƣƖŸр
ŊũƨƣċƣőŔŸŰĲШ ы]É §ьШ ċŰĬШ ÉрŰŔƣƖŸƚŸр рċĦĲƣǃũрĬЯШ ΝрƓĲŰŔĦŔũũċůŔŰĲШ ыÉ  ÂьЯШċŰĬШ ы?ьШ  рĬŔċǍĲŰŔƨůĬŔŸũċƣĲƚШ
ы § §ċƣĲƚьаШƓƖŸƓǃũċůŔŰĲШƓƖŸƓǃũċůŔŰĲШыÂ Â ьШ § §ċƣĲШыÂр §ьШċŰĬШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьЮ 
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clearly highlights issues in treating chronic illness. The antibiofilm effect of organic 

nitrates remains under-reported in the literature; however, Abbas et al. reported 

significant inhibition of in-vitro S. aureus biofilms after GTN treatment (256). It should 

be noted that this study assessed the ability to inhibit biofilm formation, not the 

disruption of an already-established biofilm. Rosenblatt et al. reported eradication of 

P. aeruginosa biofilm in vitro using a combination of dextrose and GTN; however, the 

study used CFU counts of dispersed cells as an outcome metric, and therefore the 

biofilm was not assessed directly (257). 

Another clinically relevant NO donor is FDA-approved sodium nitroprusside (SNP) 

(Figure 15B), which belongs to the NO donor family of metal nitrosyls; SNP is used 

clinically to rapidly reduce blood pressure in hypertensive emergencies. SNP 

degradation usually takes place photolytically, requiring light for activation (258); 

however, this is not relevant for many physiological applications. Although the 

mechanism for NO release in vivo is not fully understood, it is thought to occur 

enzymatically (259). The antibiofilm efficacy of SNP is well-reported, for example 

Barraud et al. (2006) showed 500 nM SNP to reduce the ratio of P. aeruginosa biofilm 

to planktonic cells 10-fold after 24-hour treatment in vitro; a potentiation of 

antimicrobial effect of tobramycin was also reported (260). SNP has also been shown 

to effectively disperse multi-species biofilms containing Gram-negative, Gram-

positive, and yeast microbes, showing an average biomass reduction of 63%; this was 

assessed by fluorescence microscopy image analysis using SYTO9TM as a biofilm 

stain (261). Although SNP is clearly an efficacious antibiofilm agent, cellular toxicity is 

a well-reported issue due to the release of cyanide as a by-product of decomposition 

(262). Other limitations include its photo-instability and high potency, making dose 

titration challenging (263). 
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S-nitrosothiols (RSNOs) (Figure 15C) are a family of NO donors which boast complex 

decomposition chemistry, with NO release occurring via many mechanisms including 

light, heat, transition metals, and enzymes (264). The most common examples are S-

nitroso-glutathione (GSNO) and S-nitroso-N-acetyl-d, 1-penicillamine (SNAP). GSNO 

has been reported to disperse P. aeruginosa (PAO1) biofilms in vitro and prevent the 

formation of biofilms by multiple species including P. aeruginosa, MRSA, and 

Acinetobacter baumannii on indwelling catheters (260,265). Lee et al. (2020) reported 

GSNO-conjugated poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) to exhibit 

antimicrobial and antibiofilm effects in MRSA-infected cutaneous wounds; however, 

antibiofilm efficacy was only qualitatively assessed, so it cannot be considered robust 

(266). Wound healing effects of GSNO were also noted to facilitate an 80% reduction 

in wound size over 8 days of daily treatment. SNAP is another widely studied RSNO 

molecule, which has exhibited antibiofilm effects in vitro. Barraud et al. (2009) reported 

a percentage removal of 38% and 29% for Serratia marcescens and Vibrio cholerae 

biofilms, respectively, measuring absorbance of crystal violet-stained biofilm (261). 

Results published by Marvasi et al. agreed with Barraud et al.ôs findings by reporting 

up to 30% biomass reduction after SNAP treatment of E. coli, Salmonella enterica and 

Listeria innocua biofilms in vitro (267). RSNOs have shown notable antibiofilm effects 

and low toxicity; however, their complex decomposition mechanism makes in-vivo 

stability unpredictable. 

Throughout the last decade the NO donor family of N-diazeniumdiolates (NONOates) 

(Figure 15D) have dominated the literature on emerging antibiofilm approaches. 

NONOates are a series of compounds which contain a X-[N(O)NO]- (i.e., diolate) 

moiety, where X represents various amine and polyamine backbones. They have 

become increasingly popular due to their reportedly predictable and tuneable half-life, 
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and relatively simple decomposition mechanism. They degrade spontaneously at 

physiological pH and temperature to produce up to 2 moles of NO per mole of 

NONOate, with first order release kinetics (Figure 16) (268); this decomposition is 

acid-catalysed and is reportedly almost instantaneous at pH 5 (269). Toxicity from 

NONOates, originating from the decomposition by-product amine backbone, can be 

easily minimised by assessing the off-target interactions of the amine by-product. 

Historically, NONOate research has focused on cardiovascular indications; however, 

Jardeleza et al. (2011) published data showing that 125-1000 ÕM diethylenetriamine 

(DETA) NONOate (DETA-NO; half-life = 20 hours at pH 7.4 and 37 ÁC) reduced in-

vitro S. aureus biofilm biomass by an average of 54% after 24 hours of treatment; this 

was assessed by confocal laser scanning microscopy (CLSM) and SYTO9TM staining 

(270). NONOates with shorter half-lives have also been investigated, such as 

methylamine hexamethylene methylamine (MAHMA) NONOate (MA-NO; half-life = 2 

min at pH 7.4 and 37 ÁC) and PROLI NONOate (PR-NO; half-life = 1.8 sec at pH 7.4 

and 37 ÁC). Barnes et al. (2013) reported a 37% and 17% reduction in PAO1 biofilms 

after 1 hour of treatment with MA-NO and PR-NO, respectively; like Jardeleza et al. 

[ŔŊƨƖĲЮΤΩЮÑőĲШ § §ċƣĲШĬĲĦŸůƓŸƚŔƣŔŸŰШƓċƣőƽċǃЮШ ũƣőŸƨŊőШƓƖŸƣŸŰċƣŔŸŰШůċŔŰũǃШŸĦĦƨƖƚШŸŰШ§ШċƣŸůƚШыƚƣƖƨĦƣƨƖĲƚШΞШċŰĬШΟьЯШ
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ǯƖƚƣрŸƖĬĲƖШťŔŰĲƣŔĦƚШƣŸШƖĲũĲċƚĲШΞШůŸũĲƚШŸŉШŰŔƣƖŔĦШŸǂŔĬĲШы §ьШŉŸƖШĲċĦőШΝШůŸũĲШŸŉШ § §ċƣĲЮ 
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(2011), biofilm dispersal was measured using CLSM and SYTO9TM staining (271). The 

greater dispersal effect seen from MA-NO is suspected to be owed to its longer half-

life, therefore sustaining the release of NO over prolonged periods of time. A range of 

NONOates with half-lives <1 hour, such as diethylamine NONOate (DEA-NO; half-life 

= 2 min at pH 7.4 and 37 ÁC), propylamine propylamine (PAPA) NONOate (PA-NO; 

half-life = 15 min at pH 7.4 and 37 ÁC), and Spermine NONOate (SP-NO; half-life = 39 

min at pH 7.4 and 37 ÁC) have been assessed as antibiofilm agents. PA-NO and SP-

NO at 200 ÕM have been reported to successfully disperse 8-hour P. aeruginosa PAO1 

biofilms (grown in R2A) in vitro, showing ~30% reduction in biomass after 30 min of 

treatment (272). Zhu et al. reported that 200 ÕM SP-NO reduced 6-hour P. aeruginosa 

PAO1 biofilms (grown in M9) by 90% after 15-min treatment in vitro; biofilm was 

assessed by CV staining and subsequent absorbance measurements (273). Cai et al. 

(2020) reported that 250 ÕM SP-NO caused 60% reduction in 24-hour P. aeruginosa 

PAO1 biofilms (grown in M9) after 2 hours of treatment in vitro (274). After 1 hour 

treatment there was no significant change in biomass, showing that sustained 

exposure to NO may be important for inducing a dispersal event; biofilm dispersal was 

assessed by CV staining in this study. It is common to see conflicting reporting 

regarding the efficacy of NONOates in vitro; one cause of this is the lack of a standard 

biofilm model across different research laboratories. The studies discussed above 

used varying biofilm growth methods with growth times ranging from 6 hours to 24 

hours, incubation temperatures ranging from room temperature to 37 ÁC, various 

growth media (mostly low-nutrient media, such as M9 and R2A) and various methods 

of biofilmôs characterisation. The variability in growth conditions would be expected to 

yield a large variability in biofilm structure (e.g., differences in biofilm maturity and 

lower biomass in low-nutrient media) and thus wide-ranging effects of NO on the 
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biofilms. Regardless, it is clear to see the potential advantages of NO therapy as an 

antibiofilm strategy, especially in chronic wounds; however, most studies report < 60% 

biomass reduction. The reduced ability of drugs to penetrate through the biofilm and 

reach embedded bacteria remains a primary limiting factor. The use of ultrasound-

mediated microbubble therapy in combination with NO donors (namely NONOates) 

may provide an effective and novel strategy to enhance biofilm dispersal and combat 

chronic wound infections by both aiding delivery of NO to biofilm cells and potentiating 

antibiotic efficacy. 

1.2.3 Ultrasound-mediated antibiofilm interventions 

The use of ultrasound as an antibiofilm therapy has been of growing interest in recent 

years. As previously described (Section 1.1.6.1), the physical disruption of biofilm via 

cavitating MBs near a biofilm surface has shown great efficacy as both a standalone 

therapy and in combination with other adjuvants, such as antibiotics or biofilm 

dispersal agents. Ultrasound exposure without application of exogenous cavitation 

nuclei has shown variable results, with both in-vitro and clinical studies often reporting 

little or no effect on bacterial load, although in-vivo studies have often observed 

improved wound healing in chronic wounds (275).  

1.2.3.1  The antibiofilm effects of ultrasound alone 

Ultrasonic debridement provides an alternative to painful and non-selective sharp 

debridement (as discussed in Section 1.1.4.2), by employing low-frequency US (<100 

kHz) and relying on cavitation (i.e., the formation and subsequent expansion and 

contraction) of nuclei within the wound exudate. Many clinical studies report an 

improvement in wound healing, e.g. Murphy et al. reported a significant reduction in 

wound size after ultrasonic debridement and usual care (weekly cleansing, 
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conservative debridement, and redressing) compared to those who received only 

usual care, but bacterial load was not assessed (276). Additionally, Ennis et al. 

observed that 41% of wounds healed after ultrasonic debridement compared to 14% 

in a sham group (277). However, most studies do not report a significant reduction in 

bacterial load, e.g. Escandon et al. observed a reduction in venous leg ulcer size after 

ultrasonic debridement, but reported no significant effect on S. aureus or P. aeruginosa 

amounts (278). In contrast, Mori et al. reported both wound healing and antibiofilm 

effects after ultrasonic debridement of pressure ulcers, observing mean reductions of 

biofilm area by 65% compared to 39% in the untreated group (279). In-vitro work often 

reports similar effects, with both Dong et al. (S. epidermidis biofilms) and Keller et al. 

(S. aureus and P. aeruginosa biofilms) showing no significant dispersal effects after 

treatment with US alone (280,281). 

One primary difference between clinical and in-vitro studies is the driving frequency of 

the therapeutic US source; clinical ultrasonic debridement studies often use low-

frequency US (5-35 kHz) whilst in-vitro experiments often employ high frequency 

ultrasound (0.5-1 MHz). This is likely owed to ultrasonic debridement relying on the 

formation of cavitation nuclei in situ within wound exudate, a process that is more 

effective at lower frequencies (282), whilst in-vitro studies often included exogenous 

cavitation nuclei (which are more responsive at greater US frequencies) and thus 

werenôt relying on the spontaneous formation of cavitation nuclei. One exception to 

this lack of efficacy comes from the combination of low frequency US and antibiotics, 

as multiple studies have indicated that whilst US alone has minimal effects on the 

biofilm matrix, it may enhance antimicrobial susceptibility of individual cells. The 

working theory is that low frequency US (<100 kHz) enhances membrane permeability 

and thus improves antimicrobial efficacy, as reported by Runyan et al. and Mortazavi 
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et al. (283,284). Clearly, regardless of ultrasound parameters, antimicrobial and 

antibiofilm effects of US alone are inconsistent; however, the addition of exogenous 

cavitation nuclei (e.g., MBs) has been reported to dramatically improve outcomes. 

1.2.3.2  Biofilm dispersal effects of ultrasound combined with exogenous 

cavitation nuclei and antibiotics 

The reduced permeability of biofilms to antibiotics has been previously discussed 

(Section 1.1.3.2); however, exposure to cavitating particles (e.g., MBs) near the 

biofilm surface has been shown to disrupt the matrix and enhance delivery of 

antibiotics. Dong et al. have reported the potential of phospholipid-shelled, 

perfluoropentane-core MBs to significantly reduce the biomass of S. epidermidis 

biofilms after exposure to ultrasound (5 minutes of 1 MHz pulsed US, at an intensity 

of 0.5 W/cm2 and 50% duty cycle); the observed reduction in biomass was 90% 

compared to the untreated control (280). They also reported in an earlier study that 

the inclusion of MBs with US and vancomycin, decreased the total number of viable 

cells in the S. epidermidis biofilm by ~45% compared to those treated with vancomycin 

alone (285). It was therefore hypothesized that the inclusion of cavitation enhanced 

both antibiofilm and antimicrobial effects by increasing matrix permeability and thus 

allowing the delivery of vancomycin to cells residing within deeper layers of the biofilm, 

as observed in other studies (286,287). 

Plazonic et al. also reported improved antibiotic efficacy of sub-inhibitory gentamicin 

against 24-hour P. aeruginosa biofilms after treatment with phospholipid-shell, room 

air-core MBs and US (the most optimal parameters were two 5-minute exposures of 1 

MHz of pulsed US, 100 kHz pulse-repetition frequency (PRF), 25% duty cycle, and 

0.25 MPa peak-negative pressure, separated by a 60 minute interval) (288). They 
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observed an additional 0.78 log reduction in viable cells after treatment compared to 

gentamicin only (which only showed a 0.4 log reduction). Whilst this provides 

additional evidence of cavitation-mediated antibiotic potentiation, further work is 

required to increase bactericidal effects to a more clinically viable range (e.g., 3-log; 

99.9% reduction), although perhaps increasing the acoustic pressure may improve 

efficacy. Interestingly, antibiofilm effects of cavitation have been linked to total acoustic 

energy (and thus focal acoustic pressure); for example, Keller et al. observed a direct 

correlation between total acoustic energy emitted by MBs and magnitude of biofilm 

reduction against S. aureus and P. aeruginosa biofilms. Thus, increasing the focal 

acoustic pressure beyond values used by Plazonic et al. may improve bactericidal 

effects. 

1.2.3.3  The promise of adjuvant therapy containing microbubbles, 

ultrasound and antibiofilm dispersal agents 

Although MBs and US have shown promise in improving antibiotic efficacy against 

biofilms, there remains scope to further improve bactericidal effects. One method of 

improving efficacy is to include a chemical antibiofilm agent into the adjuvant therapy 

to target the biofilm specifically; however, this approach remains underreported, owing 

to its novelty. One example of this method was reported by Xiu et al. who used room 

air-core MBs containing antibiotic piperacillin and catalytic antibiofilm agent Fe3O4 

nanoparticles in its shell to treat P. aeruginosa biofilms (289,290). They observed a 

complete eradication of 24-hour P. aeruginosa PAO1 biofilm (grown in LB) and ~5-log 

reduction in viable cells after exposure to US (1.0 W/cm2 and 100 cycles). The 

hypothesised mechanism was multifaceted including physical perturbation via 

cavitation, thus enhancing penetration of both antibiotic piperacillin and Fe3O4. This 

would allow the bactericidal effects of piperacillin whilst iron oxide would act to catalyse 
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the production of hydrogen peroxide, and therefore promote ROS-mediated matrix 

degradation (291). Another example of this was reported by LuTheryn et al. who 

assessed the antibiofilm and bactericidal effects of phospholipid-shell, NO-loaded MBs 

(NOMBs) with ultrasound (40 seconds of 0.9 MHz pulsed US at 20% duty cycle and 

500 PRF, reaching a focal peak-to-peak acoustic pressure of 0.5 MPa) and sub-

inhibitory gentamicin against 24-hour P. aeruginosa PAO1 biofilms; a ~99.9% 

reduction in biofilm biomass was observed after treatment with NOMBs whilst only an 

81.3% reduction was reported from room air MBs (292). A significant improvement in 

bactericidal effects was also observed after treatment with NOMBs compared to the 

room air equivalent, as reported by one other study (293). 

As previously mentioned, whilst NOMBs have shown promise (292,293), issues 

associated with the stability of NO gas may limit its applicability in the clinic. One 

method of improving the control of NO delivery in MBs, could include the co-

administration of NO donors with MBs; however, this remains unexplored in the 

context of biofilm management. Two studies investigated the use of either NO release 

agonist (Acetylcholine; ACh)-loaded MBs or spermine NONOate (SP-NO)-loaded MBs 

for cardiovascular applications (294,295). They loaded liposomes with either ACh or 

SP-NO and subsequently decorated the surface of phospholipid-shell, 

perfluoropropane-loaded MBs via biotin-avidin linkages. Zhao et al. instead reported 

the use of MBs loaded with NO precursor L-arginine for sensitising 

chemoimmunotherapy against tumours (296). This highlights a gap in knowledge and 

justifies the present study, which assesses the efficacy of co-administering NO donors 

and MBs against biofilms, particularly in the context of chronic wounds. 
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1.3 Research aim and objectives 

The principal aim of this research is to develop an effective antibiofilm therapy by 

combining both physical perturbation and chemically-induced dispersal of the biofilm.  

The objectives of this project were to: 

(i) evaluate the antibiofilm effects of candidate dispersal compounds (NONOates 

and T-EDTA) in wound-relevant pH and temperature; 

(ii) characterise a formulation of ultrasound-responsive gas microbubbles in terms 

of its stability, interaction with biofilms, and ultrasound response. This will also 

enable selection of the most suitable ultrasound parameters;  

(iii) identify the best performing combination therapy comprised of an antibiofilm 

agent, microbubble-based cavitation nuclei, and a clinically-relevant antibiotic, 

in terms of antibiofilm and bactericidal efficacy against single-species models; 

and  

(iv) determine therapeutic efficacy of candidate antibiofilm agents against more 

complex biofilm models. 

2 CHAPTER II: NONOate candidate selection for prospective co-

administration with an ultrasound-responsive agent 

2.1 Introduction 

Chronic wounds, such as diabetic foot ulcers and pressure sores, present a significant 

healthcare burden due to their slow healing and high susceptibility to infection (297). 

For example, in 2017/18 the UKôs National Health Service (NHS) managed more than 

3.8 million wounds, spending over Ã5 billion on unhealed wounds in one year only 

(93). A major contributing factor to poor healing is the presence of biofilms, which are 

complex microbial communities encased in a protective extracellular matrix composed 
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of extracellular polymeric substances (EPS) (298). Biofilms in wounds disrupt the 

normal wound healing process by causing chronic inflammation and preventing 

progression to the subsequent stages of healing (299). Moreover, biofilms result in 

increased tolerance to antimicrobial agents, which occurs primarily by two 

mechanisms: 1) presenting a diffusion barrier that shields pathogens from both the 

host immune response and antimicrobial treatments, and 2) decreasing cellular 

metabolism thus downregulating many important antibiotic targets (300,301).  

One potential therapeutic approach that has gained attention in recent years involves 

the use of the endogenous signalling molecule nitric oxide (NO). NO plays a vital role 

in various physiological processes, including wound healing, immune response 

modulation, and biofilm dispersal (244,302,303). The exact mechanism underpinning 

NO-mediated dispersal remains under-reported; however, Barraud et al. attributed this 

to enhanced phosphodiesterase (PDE) activity, which decreases cyclic di-GMP (c-di-

GMP) levels in Pseudomonas aeruginosa (236). As c-di-GMP levels are paramount in 

controlling the transition between bacterial motility and sessility, decreasing its 

concentration can promote a return of biofilm-residing bacteria to a planktonic state, 

thus enhancing antibiotic efficacy.  

Antimicrobial and antibiofilm effects have been reported following exposure to 

exogenous gaseous NO (248ï250,252,253). However, its clinical applicability is 

limited owing to a poor stability profile, with a half-life of < 6 s in aqueous solutions that 

is likely to reduce further in conditions that are relevant to in-vivo applications (304). 

Owing to this poor stability profile, the interest in NO-releasing compounds like N-

diazeniumdiolates (NONOates), which produce NO following pH-dependent 

decomposition, has grown in recent years. This is mainly due to the possibility of 

controlling NO release from these compounds, thus providing a potential modality to 
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mitigate issues associated with limited NO stability. However, the efficacy of 

NONOates against biofilms, particularly mature biofilms found in chronic wounds, 

remains underreported in the literature. Cai and Webb reported a ~60-70% biomass 

reduction in P. aeruginosa PAO1 biofilms (grown statically in M9 media for either 24- 

or 72-hours) following a 2-hour treatment with 250 ÕM Spermine NONOate (SP-NO) 

(274). Zhu et al. instead reported a 90% biomass reduction in P. aeruginosa PAO1 

biofilms (grown upon shaking in M9 media for 24 hours) after 15 minutes of exposure 

to 200 ÕM SP-NO. Although these results reveal the potential of NONOates in 

antibiofilm treatment, many of the previous studies cannot be directly compared owing 

to a lack of harmonisation in the methodologies used. Additionally, the use of nutrient-

deficient growth media and limited consideration of wound-relevant pH and 

temperatures, and of their effects on NO release from NONOates, highlight an area 

that merits further research. 

Here, the antibiofilm effects of two candidate NONOates (SP-NO and PAPA NONOate 

(PA-NO)) and the potentiation of antibiotic efficacy following NO ñpre-treatmentò were 

assessed in wound-relevant pH and temperature environments for the first time. The 

experimental conditions evaluated included different levels of pH (which is variable 

throughout the wound healing cycle) and temperature (which appears lower than 

physiological in wounds). Treatment efficacy was also evaluated in biofilms cultured 

for both 24- and 48-hours, to assess applicability in mature biofilms. Findings from this 

study can contribute towards the development of novel antibiofilm agents, suitable for 

adjuvant therapy with clinically relevant antibiotics against wounds of varying 

chronicity. The research presented in this Chapter will suitably characterise candidate 

antibiofilm agents, in terms of biofilm dispersal effects and synergy with an antibiotic, 



ΦΥ 
 

for subsequent co-administration with US-stimulated MBs and a clinically-relevant 

antibiotic in a future Chapter (Chapter 4). 

2.2 Statement of objectives 

This Chapter will characterise the effect of pH on the degradation profile of candidate 

NONOates  and assess their antibiofilm efficacy against both early-stage (24-hour) 

and mature (48-hour) P. aeruginosa biofilms, at wound-relevant temperature and pH 

levels. Additionally, the antibiofilm effects of chelator tetrasodium 

ethylenediaminetetraacetic acid (T-EDTA) will be assessed, to explore an antibiofilm 

agent with a mechanism distinct from NO. This Chapter will also evaluate the 

antimicrobial effects of a conventional antibiotic against biofilm-residing bacteria, after 

pre-treatment with candidate NONOates or T-EDTA.  

2.3 Materials and methods 

2.3.1 Selection of NONOate candidates 

Spermine NONOate (SP-NO) and propylamine propylamine (PAPA) NONOate (PA-

NO) (Cambridge Biosciences, UK) were selected for initial studies due to their 

favourable half-life characteristics (15 and 39 min, respectively, at 37 ÁC and pH 7.4) 

(305,306) and the previously reported efficacy as antibiofilm agents (272,274,307). 

Vials containing NONOate powder were flushed with nitrogen after use and stored at 

-80 ÁC. Once opened, vials were discarded after 1 month to account for the limited 

stability of these compounds after exposure to air and moisture. 
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2.3.2 NONOate characterisation 

2.3.2.1  Griess assay 

A nitric oxide colorimetric assay kit (Abcam, UK) containing assay buffer, nitrate 

standard, nitrate reductase, enzyme cofactor, enhancer, and Griess reagents was 

used to confirm pH-dependent release of NO from candidate NONOates. Reagents 

were prepared and stored according to the manufacturerôs instructions. NONOate 

stock solutions (2.5 mM) were prepared in 0.01 M sodium hydroxide (NaOH) and kept 

on ice (~4 ÁC) during experiments, ensuring that the final concentrations fell within the 

assay range (1-10 nmol/well). Buffer solutions (MES buffer (pH 5.5), PBS (pH 7.5), or 

TAPS buffer (pH 8.5) (Sigma-Aldrich, USA) were adjusted to the desired pH at 35 ÁC 

using 1 M NaOH or HCl (Sigma-Aldrich, USA). Fresh 1 mM nitrate standards were 

prepared on the day of the experiment and used within 4 hours of preparation. For 

negative controls, 85 ɛL of buffer solution was added to wells of a flat-bottom, 

transparent 96-well microplate (Corning, Netherlands). Test samples consisted of 

NONOate in pH-adjusted buffer, incubated for 30 minutes before 85 ɛL aliquots were 

added to the microplate. 

For all wells (standards, controls, and tests), 5 ɛL of nitrate reductase and enzyme 

cofactor were added, followed by a 60-minute incubation at room temperature. Next, 

5 ɛL of enhancer was added, followed by 10 minutes of incubation, then 50 ɛL each 

of Griess reagent R1 and R2 were added. Absorbance was measured at 540 nm using 

a microplate reader (SPARK, Tecan). Mean absorbance values were calculated from 

duplicates, and the blank-corrected mean values were plotted to generate a standard 

curve. Nitrite concentration was determined using the slope of the linear calibration 

curve. All experiments were conducted in triplicate, yielding six absorbance values per 

condition tested. 
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2.3.2.2  Determination of NONOate degradation kinetics via UV-visible 

spectroscopy 

To determine the degradation profile of candidate NONOates, UV-visible spectroscopy 

was used to detect the presence of intact NONOate. For degradation kinetics analysis, 

250 ÕM PA-NO or SP-NO was prepared in MES buffer (pH 5.5), PBS (pH 7.5), or TAPS 

buffer (pH 8.5) (Sigma-Aldrich, USA). Immediately after preparation, 200 ÕL of each 

solution was transferred into three wells of a UV-transparent 96-well microplate 

(Thermo Fisher Scientific, USA). Absorbance was measured at 250 nm for PA-NO and 

252 nm for SP-NO at 5-minute intervals, for 4 hours at 32 ÁC (305,306). 

2.3.3 Bacterial species and culture conditions 

P. aeruginosa (PAO1) was grown on Lysogeny broth (LB) agar (Sigma-Aldrich, USA) 

plates by streaking a glycerol stock of PAO1 and incubating at 37 ÁC for 18-24 hours. 

Plates were placed in the refrigerator (4-6 ÁC) and were considered viable for up to 3 

weeks. To grow an overnight broth culture, a sterile inoculating loop was used to select 

three identical colonies from the plate and inoculate 5 mL of LB broth; this was 

statically incubated overnight at 37 ÁC. 

2.3.3.1  Biofilm growth conditions 

P. aeruginosa PAO1 biofilms were grown in sterile, transparent, flat-bottom, 96-well 

microtiter plates (Corning, Netherlands) by inoculating each well with 150 ÕL of culture 

diluted to an initial inoculum of ~1 x 105 CFU/mL. Each single replicate consisted of 

six wells and each condition was carried out in triplicate; therefore, eighteen wells were 

prepared for each condition. All peripheral wells were filled with 200 ɛL sterile water to 

prevent differential growth across the plate due to evaporation. Plates were incubated 

for 24 or 48 hours at 37 ÁC to allow successful biofilm growth. 
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2.3.4 Evaluating antibiofilm efficacy of treatments 

2.3.4.1  Crystal violet assay 

Crystal violet (CV) was used as a method to quantify total biomass as it stains both 

live and dead cells, as well as negatively charged surface molecules and 

polysaccharides in the biofilm matrix (308,309). After biofilm growth, planktonic 

bacteria were gently removed using a multichannel micropipette, without disrupting 

the biofilm. Wells were washed once with sterile water to remove any remaining 

planktonic bacteria before adding 150 ɛL of control or treatment solution. Untreated 

control biofilms were exposed to LB broth only and treatment wells were treated with 

NONOate in 1:1 LB broth and the relevant buffer solution for the desired pH (MES, 

PBS, or TAPS) or with 4% w/v T-EDTA (Sigma-Aldrich, USA). NONOate solutions were 

assessed at a range of concentrations and pH levels (5.5, 7.5, and 8.5). Plates were 

then incubated for 2 hours at 32 or 37 ÁC. Control and treatment solutions were then 

gently removed from the wells and washed once with sterile water.  

150 ɛL of 0.1% (v/v) CV (Sigma-Aldrich, USA) was then added to all wells containing 

biofilm and left for 30 min. CV was then removed from the wells, which were washed 

2-3 times with sterile water to ensure no excess stain remained in the wells. Plates 

were then inverted on paper towel to remove excess liquid from the wells and left on 

the bench overnight to air-dry. 

To quantify biofilm biomass, bound CV was solubilised by adding 150 ɛL of 30% (v/v) 

acetic acid to all stained wells and left at room temperature for 30 min. 100 ɛL from all 

stained wells was then transferred to a new 96-well microplate, including 6 blank wells 

containing 30% (v/v) acetic acid only. The sample absorbance was then measured at 

584 nm on the microplate reader. A mean absorbance value of six wells was taken as 
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one technical replicate; a total of three technical replicates and three biological 

replicates were carried out. The full experimental workflow is detailed in Figure 17. 

 

[ŔŊƨƖĲЮΤΪЮШǰŸƽĦőċƖƣШŔũũƨƚƣƖċƣŔŰŊШƣőĲШƽŸƖťǰŸƽШŉŸƖШĲǂƓĲƖŔůĲŰƣƚШċƚƚĲƚƚŔŰŊШƣőĲШĲǭŔĦċĦǃШŸŉШċŰƣŔĤŔŸǯũůШċŊĲŰƣƚШĤǃШĦƖǃƚƣċũШ
ƻŔŸũĲƣШƚƣċŔŰŔŰŊЮ 

2.3.4.2  Fluorescence microscopy 

P. aeruginosa PAO1 biofilms were grown in 0.8 mm IbidiÈ Õ-Slide channel slides 

(IbidiÈ, Germany) that had been pre-coated with 50 Õg/mL of fibronectin (Corning, 

Netherlands) to enhance bacterial adhesion (310). The fibronectin solution was 

incubated in the channels for 60 minutes at room temperature and allowed to air dry 

before 300 ÕL of P. aeruginosa PAO1 cells were seeded (~1 x 105 CFU/mL). The 

biofilms were incubated for 24 hours at 37 ÁC. After the biofilm formation period, the 

channels were gently washed with sterile PBS to remove non-adherent bacteria. 

Biofilms were then treated with 300 ÕL of LB (untreated control), 4% w/v T-EDTA, 250 

ÕM PA-NO, or 250 ÕM SP-NO for 2 hours at 37 ÁC. Treatment was then removed and 

biofilms were gently washed with sterile PBS. 

Following washing, the biofilms were stained using the LIVE/DEADÈ FilmTracerÊ 

Bacterial Viability Kit (Thermo Fisher Scientific, USA). The staining solution, consisting 

of SYTO9TM and propidium iodide (PI) dyes, was prepared according to the 

manufacturerôs instructions, and 300 ÕL was added to each channel. The biofilms were 
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incubated with the stain for 30 minutes at room temperature, protected from light. After 

staining, the biofilms were imaged using a Nikon Ti2 inverted microscope with a 10Ĭ 

Plan Fluor objective. 3Ĭ3 tile scans were taken (covering a total area of 4.37 mm Ĭ 

4.37 mm) and one representative image per experimental condition was selected for 

reporting. 

2.3.5 Assessing the viability of bacteria in 24- and 48-hour biofilms 

Biofilms were grown as previously; briefly, overnight cultures were prepared by 

inoculating 5 mL of LB broth. 150 ÕL of P. aeruginosa PAO1 were seeded in each well 

(initial inoculum = ~1 x 105 CFU/mL). Plates were then incubated at 37 ÁC for 24 or 48 

hours. In 48-hour biofilms with a half-media change, 75 ÕL of the planktonic culture 

was replaced with 75 ÕL of fresh sterile LB broth after 24 hours. After incubation, 

biofilms were dispersed in fresh sterile LB broth by vigorous pipetting. Resazurin was 

then used to assess metabolic activity by applying 15 ÕL of alamarBlueÊ Cell Viability 

Reagent (Thermo Fisher Scientific, USA) and plates were allowed to incubate in the 

dark for 1 hour at 37 ÁC. After incubation, fluorescence intensity was read by exciting 

at 550 nm and capturing emissions at 600 nm using a plate reader. CFUs were 

counted by pooling 10 ÕL from all six replicates and serially diluting this 10-fold from 

10-1 to 10-7. Three 10 ÕL aliquots of each dilution were then spot plated on LB agar 

plates and allowed to incubate for 24 hours. After incubation, CFUs were counted, and 

the corresponding CFU/mL was calculated. The full experimental workflow is detailed 

in Figure 18. 
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ƻŔŸũĲƣШƚƣċŔŰŔŰŊЮ 

2.3.6 Antimicrobial susceptibility testing 

The minimum inhibitory concentration (MIC) was determined for ciprofloxacin, 

gentamicin, vancomycin, and T-EDTA against P. aeruginosa PAO1. The broth 

microdilution test recommended by the European Committee on Antimicrobial 

Susceptibility Testing (EUCAST) was carried out as follows (311). Antibiotics were 

prepared by first producing a 10 mg/mL stock in water or DMSO, depending on 

solubility, and subsequently diluting this to a working concentration in sterile cation-

adjusted Mueller-Hinton broth (caMHB). Antibiotics were then serially diluted two-fold 

in 96-well plates vertically to assess 8 concentrations in total; 100 ÕL of antibiotic 

solution were mixed with 100 ÕL caMHB. Bacterial cultures were grown overnight in 5 

mL caMHB at 37 ÁC, in shaking conditions (180 rpm). Cultures were then diluted to 

give a suspension with an OD600 of 0.1 AU, which was equivalent to ~ 1 x 108 

CFU/mL; this was then diluted 1:100 to give ~ 1 x 106 CFU/mL for inoculation. 100 ÕL 

of this bacterial suspension were added to each well containing antibiotic to give a 
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final bacterial concentration of ~ 5 x 105 CFU/mL. Four positive control wells contained 

100 ÕL of bacterial suspension plus 100 ÕL caMHB, whilst four negative control wells 

contained 200 ÕL of caMHB only. 96-well plates were then incubated at 37 ÁC for 24 

hours, after which metabolic activity was assessed by resazurin staining (as described 

in Section 2.3.6). Each condition was tested with three biological replicates using 

three separate overnight cultures, whilst each 96-well plate contained three technical 

replicates.  

2.3.7 Assessment of antibiotic potentiation by CFU counting 

P. aeruginosa PAO1 biofilms were grown for 24 hours as previously described. 

Planktonic cultures were then removed from the wells and biofilms were washed once 

with 150 ÕL sterile PBS. After washing, 150 ÕL of antibiofilm treatments (LB for control, 

4% w/v T-EDTA, 250 ÕM PA-NO, or 250 ÕM SP-NO) were applied and incubated at 

37 ÁC for 2 hours, followed by another wash with 150 ÕL sterile PBS. Following this 

washing step, 150 ÕL of 0.25 Õg/mL ciprofloxacin (corresponding to MIC) were applied 

to biofilms and allowed to incubate for 24 hours at 37 ÁC. Following incubation, the 

treatment supernatant was removed (all six wells were pooled for each technical 

replicate), placed into 1.5 mL reaction tubes, and centrifuged at 4000 rpm for 10 

minutes to produce a pellet of cellular material. The centrifuged supernatant was 

removed, and the pellet was resuspended in 900 ÕL of fresh LB broth by vortex mixing 

for 30 seconds. Biofilms were washed twice with 150 ÕL sterile PBS and resuspended 

in fresh LB broth by placing in a sonication bath for 10 minutes. All six wells were also 

pooled for each technical replicate. For enumeration of viable cells, both supernatant 

and biofilm suspensions were serially diluted 10-fold to 10-6. The track dilution method 

was then carried out by placing 10 ÕL of each dilution on an LB agar plate and was 
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allowed to flow across the surface, creating tracks of culture (312). Plates were then 

incubated overnight after which CFUs were counted. 

2.3.8 Statistical analyses 

Statistical analyses were conducted using GraphPad Prism 10.3.1. For Griess assay 

experiments, comparisons were made using two-way analysis of variance (ANOVA) 

with Ġ²d§kôs multiple comparisons test to assess the statistical significance of 

differences between pH levels and between different NONOate types. For crystal violet 

biomass studies, one-way ANOVA with Tukeyôs multiple comparisons was carried out. 

For combination treatment studies assessing viable cells, Welchôs t tests were used to 

account for unequal variances between groups. For all analyses, a threshold value for 

significance was set at 0.05; where * = P < 0.05, ** = P < 0.005, *** = P < 0.0005, and 

**** = P < 0.0001. 

2.4 Results 

2.4.1 NO detection and quantification 

2.4.1.1  Characterisation of NO release from candidate NONOates using 

a colorimetric assay 

The NO release from candidate NONOates was investigated at different pH levels by 

using a colorimetric assay (Griess; which indirectly measures NO by detecting nitrite 

ions) to gain further insight into how the pH environment can influence release kinetics. 

Generally, the results from the Griess assay showed a trend of decreasing nitrite 

concentration as the pH of the solution was increased in both NONOate groups; this 

indicates a decrease in NO concentration in higher pH environments (Figure 19A). 

SP-NO showed no significant difference in the detected nitrite concentration between 
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the pH 5.5 and pH 6.5 groups or between the pH 6.5 and pH 7.5 groups; however, a 

significant difference (P < 0.05) was determined between the pH 5.5 and pH 7.5 groups 

(Figure 19A). PA-NO also showed no significant difference in nitrite concentration 

between the pH 5.5 and pH 6.5 groups; however, PA-NO did show a significant 

difference (P < 0.001) in the detected nitrite concentration between the pH 6.5 and pH 

7.5 groups and between the pH 5.5 and pH 7.5 groups (Figure 19A). No significant 

differences were found between nitrite concentration of the selected NONOates in the 

same pH environment. 

2.4.1.2  Determining the effect of pH on NONOate degradation kinetics 

The presence of intact NONOate molecules over time was assessed by measuring 

absorbance at their respective ɚmax values. The results showed an increase in the rate 

of NONOate degradation as the pH of the release media was decreased. PA-NO and 

SP-NO both showed slow, sustained degradation at pH 8.5, achieving 19.5% and 

18.9% degradation after 4 hours, respectively (Figure 19B and C). The release 

profiles observed at pH 7.5 clearly indicated first-order NO release kinetics, with PA-

NO achieving near-full degradation after 4 hours and SP-NO achieving 64% 
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degradation after 4 hours. At pH 5.5, decomposition appeared to occur markedly 

quicker in both NONOates, with PA-NO showing a very short period of sharp decrease 

initially and reaching 100% degradation within the first 5 minutes of the experiment 

(Figure 19B). SP-NO also showed rapid degradation at pH 5.5 for the initial 10 

minutes, before plateauing and reaching 99% degradation after 60 minutes (Figure 

ΝΦC). 

2.4.2 The antibiofilm efficacy of NONOates 

2.4.2.1  24-hour biofilms 

Initially, NONOates were applied to 24-hour biofilms for 1 hour at varying 

concentrations and pH levels at the wound-relevant temperature of 32 ÁC; however, 

no significant biomass reductions were determined compared to the control in any 

condition (Error! Reference source not found.). Here, a pH control was included to a

ssess antibiofilm effects of the buffer solution alone. 250 ÕM PA-NO solution at pH 5.5 

showed a significant difference in biomass (P < 0.0001) compared to the untreated 

control with a percentage reduction of 53%; however, there was no significant 

difference between PA-NO and the pH control, which showed a 52% reduction in 

biomass (A). 250 Õm PA-NO solution was also tested at pH 7.5, showing a significant 

difference in biomass (P < 0.01) compared to the untreated control with a reduction of 

29%, but no difference with the pH control was observed (Error! Reference source not f

ound.C). To assess if biofilm dispersal may be dependent on NONOate concentration, 

100 ÕM and 500 ÕM PA-NO were also assessed at pH 7.5. 100 ÕM PA-NO at pH 7.5 

showed no significant antibiofilm effect compared to the untreated control and pH 

control (Error! Reference source not found.B). 500 ÕM PA-NO at pH 7.5 caused a s

ignificant decrease (P < 0.01) in biomass compared to untreated control, with a 

percentage reduction of 27%; however, there was no significant difference when 
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compared to the pH control (Error! Reference source not found.D). In an attempt to a

chieve sustained NO release over longer periods of time, biofilm dispersal using 100 

ÕM PA-NO solution was also assessed at pH 8.5; this showed no significant difference 

in biomass compared to both the broth control and buffer control (Error! Reference s

ource not found.G). 100 ÕM and 250 ÕM SP-NO solutions were assessed at pH 7.5. 

100 ÕM SP-NO induced no significant difference in biomass compared to both the 

broth control and buffer control (Error! Reference source not found.E). 250 ÕM SP-NO a

t pH 7.5 induced a significant increase in biomass compared to the broth control (P < 

0.001) and the buffer control (P < 0.05), with percentage increase values of 31% and 

14%, respectively (Error! Reference source not found.F).  

Considering the lack of dispersal after 1 hour of treatment, antibiofilm efficacy was 

assessed after treatment with 250 ÕM PA-NO and 250 ÕM SP-NO for 2 hours at 32 ÁC 

in various wound-relevant pH environments (i.e., pH 5.5, 7.5, and 8.5), to confirm 

suitability for application in vivo (Figure 20). Whilst PA-NO showed a significant 

biomass reduction of 36% (P < 0.05) at pH 7.5 compared to control, no significant 

reduction was observed at pH 5.5 or 8.5 (Figure 20A). SP-NO showed no significant 

reduction in biomass at pH 5.5 or 7.5; however, a significant increase (of 51%) was 

determined at pH 8.5 (P < 0.0001) (Figure 20B). 



ΝΝΜ 
 

Further experiments were carried out at a greater treatment incubation temperature of 

37 ÁC, for comparison with previous published studies in the literature. 4% w/v T-EDTA 

was also included in these experiments to evaluate an additional antibiofilm agent with 

a distinct mechanism of action to NO (223). 4% w/v T-EDTA caused a significant 

reduction in biomass (P < 0.0001) compared to control, with a percentage reduction 

value of 57% (Figure 21A and Figure 22B). 250 ÕM PA-NO showed a significant 

reduction in biomass compared to control (P < 0.001) (Figure 22C), with a percentage 

reduction of 21%, whilst 250 ÕM SP-NO showed no significant reduction in biomass 

(Figure 21A and Figure 22D). 

[ŔŊƨƖĲЮΥΣЮÑŸƣċũШĤŔŸǯũůШĤŔŸůċƚƚШыĦƖǃƚƣċũШƻŔŸũĲƣьШŸŉШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШŊƖŸƽŰШŉŸƖШΞΠШőŸƨƖƚШċŉƣĲƖШΞрőŸƨƖШƣƖĲċƣůĲŰƣШ
ƽŔƣőШы ьШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §ьЯШŸƖШы7ьШΞΡΜШӓ~ШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьШċƣШĲŔƣőĲƖШƓcШΡЮΡШыŸƖċŰŊĲШĤċƖƚьЯШΤЮΡШ
ыŊƖĲĲŰШĤċƖƚьЯШŸƖШΥЮΡШыƓƨƖƓũĲШĤċƖƚьЮШÑőĲШƨŰƣƖĲċƣĲĬШĦŸŰƣƖŸũШыŊƖĲǃШĤċƖƚьШƽċƚШƚƨƓƓũĲůĲŰƣĲĬШƽŔƣőШx7ШĤƖŸƣőШŉŸƖШΞШőŸƨƖƚЮШ
ÉċůƓũĲƚШƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΞШ҄9ЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШŉŸƖШƚƣċƣŔƚƣŔĦċũШĦŸůƓċƖŔƚŸŰЮШÉƣċƣŔƚƣŔĦċũШĬŔǭĲƖĲŰĦĲƚШ
ċƖĲШŔŰĬŔĦċƣĲĬШĤǃаШйШӀШƓШӃШΜЮΜΡЯШййШӀШƓШӃШΜЮΜΝЯШйййШӀШƓШӃШΜЮΜΜΝЯШċŰĬШййййШӀШƓШӃШΜЮΜΜΜΝЮШШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШ
ŸŉШƣőĲШůĲċŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШΟШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШċŰĬШΟШƣĲĦőŰŔĦċũШƖĲƓũŔĦċƣĲƚШыŰӀΦьЮ 



ΝΝΝ 
 

2.4.2.2  48-hour biofilms 

In order to assess NONOate efficacy against more mature biofilms, the bacterial 

culture time was increased to 48 hours. It was also decided to assess NONOates at 

pH 7.5 only, as this was observed to be the most effective against 24-hour biofilms. 

Interestingly, neither 250 ÕM PA-NO nor SP-NO showed a significant effect on the 

biofilm biomass compared to control (P > 0.05), whilst 4% w/v T-EDTA caused a 

significant biomass reduction (P < 0.001) of 64% (Figure 21B). The mean absorbance 

value of the untreated control biofilm was also observed to be 32% lower in 48-hour 

biofilms compared to 24-hour biofilms (2.07 vs 1.42 AU, for 24- and 48-hour biofilms, 

respectively), indicating that less biomass was present following a longer growth 

period. 

[ŔŊƨƖĲЮΥΤЮÑŸƣċũШĤŔŸǯũůШĤŔŸůċƚƚШыĦƖǃƚƣċũШƻŔŸũĲƣьШŸŉШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШŊƖŸƽŰШŉŸƖШΞΠШőŸƨƖƚШы ьШċŰĬШΠΥШőŸƨƖƚШы7ьШ
ƣƖĲċƣĲĬШŉŸƖШΞрőŸƨƖШƽŔƣőШĲŔƣőĲƖШΠӖШƽоƻШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ бШŊƖĲĲŰШĤċƖƚьЯШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §бШĤũƨĲШ
ĤċƖƚьЯШŸƖШΞΡΜШӓ~ШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §бШƖĲĬШĤċƖƚьЮШÑőĲШƨŰƣƖĲċƣĲĬШĦŸŰƣƖŸũШыŊƖĲǃШĤċƖƚьШƽċƚШƚƨƓƓũĲůĲŰƣĲĬШƽŔƣőШx7Ш
ĤƖŸƣőШŉŸƖШΞШőŸƨƖƚЮШÉċůƓũĲƚШƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΤШ҄9ЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШŉŸƖШƚƣċƣŔƚƣŔĦċũШĦŸůƓċƖŔƚŸŰЮШ
ÉƣċƣŔƚƣŔĦċũШĬŔǭĲƖĲŰĦĲƚШċƖĲШŔŰĬŔĦċƣĲĬШĤǃаШйШӀШƓШӃШΜЮΜΡЯШййШӀШƓШӃШΜЮΜΝЯШйййШӀШƓШӃШΜЮΜΜΝЯШċŰĬШййййШӀШƓШӃШΜЮΜΜΜΝЮШШEƖƖŸƖШĤċƖƚШ
ŔŰĬŔĦċƣĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШΟШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШċŰĬШΟШƣĲĦőŰŔĦċũШ
ƖĲƓũŔĦċƣĲƚШыŰӀΦьЮ 



ΝΝΞ 
 

2.4.3 Comparing the viability of bacterial cells in 24- and 48-hour biofilms 

Due to the lack of antibiofilm efficacy of NONOates on P. aeruginosa PAO1 biofilms 

grown for 48-hours at 37 ÁC, it was hypothesised that the cells residing in the biofilm 

may have been less metabolically active than those grown for 24 hours. To assess 

this, resazurin staining was used to compare metabolic activity. 24-hour biofilms 

showed a mean fluorescence value of 33120 RFU, which reduced significantly (P < 

0.0001) in 48-hour biofilms with a mean fluorescence value of 9514 RFU (Figure 23A). 

Additionally, to determine if the difference in metabolic activity was caused by nutrient 

deficiency, half of the growth media in 48-hour biofilms was replenished after 24 hours. 

24 hours after the media change, there was no significant difference (P > 0.05) in 

resazurin fluorescence intensity of 48-hour biofilms with a half-media change when 

[ŔŊƨƖĲЮΥΥЮ[ũƨŸƖĲƚĦĲŰĦĲШůŔĦƖŸƚĦŸƓǃШŔůċŊĲƚШŸŉШċШÉòÑ§ΦрШыŊƖĲĲŰьШċŰĬШÂfрШыƖĲĬьШƚƣċŔŰĲĬШÂдЮ
ċĲƖƨŊŔŰŸƚċЮÂ §ΝШĤŔŸǯũůШыŊƖŸƽŰШŉŸƖШΞΠШőŸƨƖƚьШċŉƣĲƖШΞШőŸƨƖƚШŸŉШƣƖĲċƣůĲŰƣШƽŔƣőШы ьШx7ШĤƖŸƣőЯШ
ы7ьШΠӖШƽоƻШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьЯШы9ьШΞΡΜШӓ~ШÂр §ЯШŸƖШы?ьШΞΡΜШӓ~ШÉÂр §ЮШÉċůƓũĲƚШ
ƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΤШ҄9Ю 



ΝΝΟ 
 

compared to 24-hour biofilms, with a mean fluorescence value of 34115 RFU (Figure 

23A).  

As it was unclear whether the difference in metabolic activity was owed to cell death 

or cell dormancy, the number of viable cells present in both 24- and 48-hour biofilms 

were compared. A significant difference was determined (P < 0.0001), observing ~1.5 

x 109 CFU/mL and ~4.1 x 108 CFU/mL in 24- and 48-hour biofilms, respectively (Figure 

23B). An additional experimental group was included to attempt to revive the cells after 

48 hours to determine if the cells were predominantly dormant or dead, by adding fresh 

sterile LB broth and allowing to incubate for further 24 hours. After incubation, the total 

viable count was not significantly different (P > 0.05) to that observed in 24-hour 

biofilms, showing ~1.7 x 109 CFU/mL (Figure 23B). 

[ŔŊƨƖĲЮΥΦЮы ьШ~ĲƣċĤŸũŔĦШċĦƣŔƻŔƣǃШĤǃШƖĲƚċǍƨƖŔŰШƚƣċŔŰŔŰŊШŸŉШÂЮШċĲƖƨŊŔŰŸƚċШÂ §ΝШĤŔŸǯũůƚШŊƖŸƽŰШŉŸƖШ
ΞΠШőŸƨƖƚШыŊƖĲǃШĤċƖьЯШΠΥШőŸƨƖƚШыŊƖĲĲŰШĤċƖьЯШŸƖШΠΥШőŸƨƖƚШƽŔƣőШċШőċũŉрůĲĬŔċШĦőċŰŊĲШċŉƣĲƖШΞΠШőŸƨƖƚШ
ыĤũƨĲШĤċƖьЮШы7ьШÑŸƣċũШƻŔċĤũĲШĦĲũũƚШыĦŸũŸŰǃШŉŸƖůŔŰŊШƨŰŔƣƚШƓĲƖШůxбШ9[ÖоůxьШŉƖŸůШÂ §ΝШĤŔŸǯũůƚШ
ŊƖŸƽŰШŉŸƖШΞΠШőŸƨƖƚШыŊƖĲǃШĤċƖьЯШΠΥШőŸƨƖƚШыŊƖĲĲŰШĤċƖьЯШŸƖШΠΥШőŸƨƖƚШƽŔƣőШċŰШċĬĬŔƣŔŸŰШċƣШΞΠШőŸƨƖƚШŸŉШ
ŉƖĲƚőШx7ШĤƖŸƣőШыƖĲĬШĤċƖьЮШÉċůƓũĲƚШƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΤШ҄9ЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШ
ŉŸƖШƚƣċƣŔƚƣŔĦċũШĦŸůƓċƖŔƚŸŰЮШÉƣċƣŔƚƣŔĦċũШĬŔǭĲƖĲŰĦĲƚШċƖĲШŔŰĬŔĦċƣĲĬШĤǃаШйШӀШƓШӃШΜЮΜΡЯШййШӀШƓШӃШΜЮΜΝЯШ
йййШӀШƓШӃШΜЮΜΜΝЯШċŰĬШййййШӀШƓШӃШΜЮΜΜΜΝЮШШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰЮШ
EǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШΟШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШċŰĬШΟШƣĲĦőŰŔĦċũШƖĲƓũŔĦċƣĲƚШыŰӀΦьЮ 
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2.4.4 Antibiotic potentiation effects of NONOate treatment 

2.4.4.1  Minimum inhibitory concentration (MIC) testing 

To aid the antibiotic selection process and provide a baseline when assessing 

antimicrobial susceptibility in biofilms, broth microdilution was used to determine the 

MIC of three clinically relevant antibiotics (ciprofloxacin, gentamicin, and vancomycin) 

and candidate antibiofilm agent T-EDTA against P. aeruginosa PAO1 (Supplementary 

6.1.1). The MIC of vancomycin was determined to be higher than 32 Õg/mL (above 

resistance breakpoint), whilst ciprofloxacin and gentamicin showed MIC values of 0.25 

and 4 Õg/mL, respectively. The MIC of T-EDTA was determined to be 0.5% w/v. Owing 

to its potent efficacy and clinical relevance, ciprofloxacin was selected as the 

candidate antibiotic for further assessment. 

[ŔŊƨƖĲЮΥΧЮыьШÑőĲШŰƨůĤĲƖШŸŉШƻŔċĤũĲШĦĲũũƚШыĦŸũŸŰǃШŉŸƖůŔŰŊШƨŰŔƣƚШƓĲƖШůxбШ9[ÖоůxьШƓƖĲƚĲŰƣШŔŰШΞΠрőŸƨƖШÂ §ΝШĤŔŸǯũůƚШċŉƣĲƖШ
ƣƖĲċƣůĲŰƣШƽŔƣőШΜЮΞΡШӓŊоůxШĦŔƓƖŸǰŸǂċĦŔŰШŉŸƖШΞΠШőŸƨƖƚШыǃĲũũŸƽШĤċƖьШŸƖШċŉƣĲƖШċШΞрőŸƨƖШƓƖĲрƣƖĲċƣůĲŰƣШƽŔƣőШΠӖШƽоƻШ
ƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ бШŊƖĲĲŰШĤċƖьЯШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр §бШĤũƨĲШĤċƖьЯШŸƖШΞΡΜШӓ~ШÉƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр
 §бШƖĲĬШĤċƖьШŉŸũũŸƽĲĬШĤǃШΞΠШőŸƨƖƚШŸŉШΜЮΞΡШӓŊоůxШĦŔƓƖŸǰŸǂċĦŔŰЮШы7ьШÑőĲШŰƨůĤĲƖШŸŉШƻŔċĤũĲШĦĲũũƚШƓƖĲƚĲŰƣШŔŰШΞΠрőŸƨƖШÂ §ΝШ
ĤŔŸǯũůƚШċŉƣĲƖШċШΞрőŸƨƖШƣƖĲċƣůĲŰƣШƽŔƣőШΠӖШƽоƻШÑрE?Ñ ШыŊƖĲĲŰШĤċƖьЯШΞΡΜШӓ~ШÂр §ШыĤũƨĲШĤċƖьЯШŸƖШΞΡΜШӓ~ШÉÂр §ШыƖĲĬШĤċƖьЮШ
ÉċůƓũĲƚШƽĲƖĲШŔŰĦƨĤċƣĲĬШċƣШΟΤШ҄9ЮШ~ƨũƣŔƓũĲШìĲũĦőќƚШƣрƣĲƚƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШŉŸƖШƚƣċƣŔƚƣŔĦċũШĦŸůƓċƖŔƚŸŰЮШÉƣċƣŔƚƣŔĦċũШ
ĬŔǭĲƖĲŰĦĲƚШċƖĲШŔŰĬŔĦċƣĲĬШĤǃаШйШӀШƓШӃШΜЮΜΡЯШййШӀШƓШӃШΜЮΜΝЯШйййШӀШƓШӃШΜЮΜΜΝЯШċŰĬШййййШӀШƓШӃШΜЮΜΜΜΝЮШШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШ
ƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШƽŔƣőШΟШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШċŰĬШΟШƣĲĦőŰŔĦċũШƖĲƓũŔĦċƣĲƚШ
ыŰӀΦьЮ 
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2.4.4.2  Assessment of antibiotic potentiation effects of combination 

treatments 

Ciprofloxacin was applied at MIC (i.e., 0.25 Õg/mL) either alone for 24 hours or 

following a 2-hour pre-treatment with biofilm dispersal agents (i.e., 250 ÕM PA-NO, 

250 ÕM SP-NO, or 4% w/v T-EDTA) for 24 hours. Ciprofloxacin showed a ~2.5-log (P 

< 0.0001) and ~2-log (P < 0.05) reduction in viable cells compared to control in the 

supernatant and the biofilm, respectively, whilst T-EDTA showed ~5-log (P < 0.0001) 

and ~3-log (P < 0.05) reductions in supernatant and biofilm, respectively (Figure 24A). 

T-EDTA followed by ciprofloxacin treatment was the only combination which enhanced 

the efficacy of ciprofloxacin, showing a further ~3-log reduction in planktonic cells 

compared to ciprofloxacin alone, whilst an additional ~1-log reduction was observed 

in biofilm-residing cells (Figure 24A). After 2 hours of treatment with 4% w/v T-EDTA, 

~3-log reductions in viable cells in both the supernatant and the biofilm were also 

observed (Figure 24B). NONOates alone showed no effect on viable cells after 2 

hours of treatment (Figure 24B); however, in combination with ciprofloxacin, they 

showed a significant 1-log increase (P Ò 0.05) in the number of viable cells in the 

supernatant compared to ciprofloxacin-only treatment, but no difference in the viability 

of biofilm-residing cells (Figure 24A). 

2.5 Discussion 

2.5.1 Characterisation of pH-dependent NONOate degradation  

2.5.1.1  A higher concentration of nitrite was generated from NONOates 

as pH was decreased 

It has been well-documented that NO displays concentration-dependent dual 

functions; at lower concentrations (in the pico-nanomolar range) NO can initiate 
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biological processes such as biofilm dispersal, but at higher concentrations (in the 

micromolar range) it can elicit a cytotoxic effect (238). However, the exact 

concentration required to trigger either effect is unknown; for example, some studies 

have reported conflicting NO concentrations required to initiate dispersal in their 

biofilm models in vitro (313). The lack of consistent reporting on this is primarily owed 

to the inherent instability of NO, and thus the associated difficulty with quantifying NO 

using the existing detection methods. 

Although the kinetics and dissociation characteristics of NONOates are well-reported 

in the literature, most are investigated at 37 or 25 ÁC (314); these conditions are not 

necessarily representative of the chronic wound environment. The mechanism of NO 

release from NONOates is reported to be a temperature-dependent process, showing 

an increased rate of release at higher temperatures (315). The wound environment 

has been reported at a range of different temperatures and pH levels, dependent on 

the location and maturity of the wound and the presence of infection (316ï319). Dini 

et al. assessed 24 chronic wound beds and perilesional skin ulcers using an infrared 

camera, and reported the wound bed temperature to be in the range 31-35 ÁC (320). 

The upper limit of 35 ÁC was selected for initial assessment of NO release from 

NONOates in the present study. Due to both the pH-dependence of NO release from 

NONOates and the variability of pH in wound infections, it was of great importance to 

design experiments that would assess the suitability of candidate NONOates for 

application in a range of wound environments. The pH of the wound environment has 

been reported to range from 5.5-8.5, with healthy skin being reported at around pH 5.5 

and pH increasing as wound chronicity increases (321). Considering this variability, 

pH was considered an important factor when assessing NO release, as there remains 
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a limited number of studies assessing the effect of pH on NONOate degradation in a 

systematic way. 

The initial objectives were therefore to confirm NO release from both SP-NO and PA-

NO, and to assess how the release profiles varied in different pH environments. 

Regarding the former objective, it was clearly observed that the Griess assay was 

capable of detecting nitrite ions in the buffer solution 30 min after the candidate 

NONOates were added (Figure 19A). One limitation that should be noted is that the 

Griess assay is not a direct measurement of NO. Briefly, the assay indirectly measures 

NO concentration by assuming that all NO molecules are rapidly oxidised to nitrate 

and nitrite ions, and works by actively converting nitrate ions into nitrite ions that 

subsequently react with the Griess reagent to produce a colour change (322). 

Therefore, the results obtained are not strictly a quantification of NO concentration, 

but of nitrite ion concentration. When applying the nitrate reductase enzyme and 

cofactor to convert nitrate ions to nitrite, it is very unlikely that this conversion is 100% 

efficient and is thus likely that some nitrate ions remain in the sample solution (323). 

Therefore, caution should be taken when using the terms óNO concentrationô and 

ónitrite concentrationô interchangeably. Although this caveat does introduce some 

uncertainty when assessing NO release, this method provided an initial qualitative 

confirmation of some level of chemical degradation of the candidate NONOate 

molecules. Considering this, the assay was deemed suitable for NO detection but not 

for quantification of NO concentration; although some studies have previously claimed 

to use this method to determine NO concentration (245,324,325). 

When comparing the total amount of nitrite generated from both candidate NONOates 

at a given pH, there was no significant difference observed between SP-NO and PA-

NO at any pH level (Figure 19A). It has been previously reported that at pH 5, 
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NONOates decompose nearly instantaneously, therefore releasing all available NO 

rapidly. This is owed to the acid-catalysed decomposition of NONOates (269), and 

would explain the significant difference in nitrite concentration observed for both 

NONOates between pH 5.5 and 7.5 in the present study. 

2.5.1.2  Candidate NONOates showed favourable degradation kinetics at 

pH 7.5 and a wound-relevant temperature 

The kinetic degradation profiles of NONOates support the results obtained using the 

Griess assay, as it was found that the NONOates at pH 5.5 had fully degraded either 

immediately or after 10 minutes, for PA-NO and SP-NO, respectively (Figure 19B and 

C). PA-NO had fully degraded before the reading could be taken, whereas for SP-NO, 

the final ~20% of decomposition was observed in the first 10 minutes of the study. At 

pH 7.5, a large discrepancy was observed in the half-life values calculated from the 

degradation curves and those reported previously: ~70 and 15 minutes (for PA-NO) 

and ~277 and 39 minutes (for SP-NO), here and from the manufacturer, respectively 

(305,306). There may be a number of reasons for this difference, with the most likely 

being temperature. NONOate decomposition has been shown to be highly 

temperature-sensitive, showing differences in the degradation rate of up to 9-fold 

between 22 and 37 ÁC (269). Since the present study investigated decomposition rates 

at 32 ÁC, and the data provided by the manufacturer had been taken at 37 ÁC, this 5 

ÁC difference in temperature may account for a large proportion of the observed 

discrepancy. 

The elucidated NONOate degradation profiles informed experiments assessing 

antibiofilm efficacy. Although it was hypothesised that pH 7.5 would provide the 

greatest biofilm dispersal, owing to its favourable degradation and NO release profile, 
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antibiofilm efficacy was assessed in varying pH environments with the aim of 

potentially decreasing the treatment timeframe. 

2.5.2 NONOate-mediated biofilm dispersal 

Initially PA-NO and SP-NO were assessed as biofilm dispersal agents by treating 24-

hour P. aeruginosa PAO1 biofilms grown in 96-well plates for 1 hour at 32 ÁC. Although 

24-hour in-vitro biofilms may not be representative of more mature biofilms found in 

vivo, they were initially selected as previous studies have shown that NONOates 

promote dispersal of 24-hour P. aeruginosa PAO1 biofilms (274). 1 hour was selected 

as an ideal treatment timeframe suitable for use in the clinic, whilst 32 ÁC has been 

reported as the mean temperature of the chronic wound (316,320). Notably, no prior 

studies have assessed NONOate degradation characteristics or biofilm dispersal 

efficacy at 32 ÁC, making the findings reported here novel. PA-NO and SP-NO at a 

concentration of 250 ÕM were selected initially, as previous studies have reported 

antibiofilm efficacy using this concentration of SP-NO (at an unspecified pH), showing 

a ~60% reduction in P. aeruginosa PAO1 biofilm grown in M9 media for 24 hours after 

2-hour treatment (274). 

2.5.2.1  NONOates showed no efficacy after a 1-hour treatment period, 

irrespective of concentration and pH 

With the initial objective of reducing treatment time, a range of concentrations and pH 

levels were assessed to determine if significant biofilm dispersal could be achieved 

within 60 minutes of treatment. The first set of experiments assessed 250 ÕM PA-NO 

at pH 5.5 for 60 minutes, which showed a significant decrease in biomass post-

treatment compared to the untreated control; however, one observation which should 

be noted is the comparable decrease in biomass for the pH control (Error! Reference s
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ource not found.A). It was initially thought that the significant reduction in biofilm 

observed from the pH control group was owed to the antibiofilm effects of weak acids; 

however, this remains contested in the literature. The mechanism of antibiotic action 

of organic acids is reported to be caused by the protonated form (at pH < pKa) diffusing 

freely through the cell wall, acidifying the cytoplasm and therefore disrupting cell 

function (326). It is unclear if this mechanism is present in mineral acids (such as, HCl) 

(327). As this process is reportedly mediated by the lipophilicity of organic acids, it is 

unlikely to be present in mineral acids due to their inherent hydrophilicity. The lack of 

effect from NO was thought to be due to a burst release of NO from PA-NO, as the 

liberated NO may degrade before it can elicit an effect; at pH 5.5, NO release from 

NONOates has been reported to be almost instantaneous (305,306). This was 

confirmed by the previously discussed degradation studies (Figure 19), which showed 

both candidate NONOates degrading immediately owing to their acid-catalysed 

degradation mechanism. It was decided that higher pH levels should be investigated 

in an attempt to decrease the rate of NONOate decomposition and therefore sustain 

NO release over longer periods of time.  

At pH 7.5, the antibiofilm effect of the pH control was less consistent and of a smaller 

magnitude. Of the three concentrations assessed at pH 7.5 (100, 250, and 500 ÕM 

PA-NO) a significant difference between the untreated control and pH control was only 

detected in the 100 ÕM experiment (Error! Reference source not found.B). Therefore, i

t was concluded that the buffer solution at pH 7.5 (LB plus PBS) did not elicit a 

significant effect on the biofilm. A significant difference between the untreated control 

and treated biofilms was observed at concentrations of 250 and 500 ÕM PA-NO (Error! R

eference source not found.C and D); however, this dispersal effect could not be 

attributed solely to NO as there was no significant difference between the pH control 
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and PA-NO treatment groups at any pH. The pH was then increased to 8.5 in an 

attempt to further sustain the release of NO from PA-NO at 100 ÕM; however, no 

significant difference was detected between any group (Error! Reference source not f

ound.G). 

Due to the longer half-life of SP-NO compared to PA-NO, it was hypothesised that the 

slower sustained release of NO from SP-NO may promote biofilm dispersal by 

extending the exposure time of the bacteria to NO. Two concentrations of SP-NO were 

assessed at pH 7.5 (100 and 250 ÕM); however, neither showed a significant reduction 

in biomass compared to either control group (Error! Reference source not found.E and F

). Interestingly, a significant increase in biomass was observed after treatment with 

250 ÕM SP-NO at pH 7.5 compared to both control groups (Error! Reference source n

ot found.F). The observed increase in biomass may be explained by two mechanisms. 

Firstly, NO has been reported to, counter-intuitively, promote biofilm growth at certain 

concentrations (303); however, the exact underpinning mechanisms and precise 

concentrations required have not yet been established for P. aeruginosa. Schmidt et 

al. reported NO concentrations above 1 mM to enhance N. europaea biofilms whilst 

concentrations below 200 ÕM dispersed biofilms (328). NO concentrations used in the 

present study were expected to be in the micromolar range and thus much below the 

reported concentration required for biofilm enhancement; however, the same 

mechanism remains underreported in P. aeruginosa. Secondly, previous literature has 

reported that spermidine (a comparable molecule to spermine) promotes biofilm 

production and decreases antimicrobial tolerance by interacting with the bacterial 

membrane (219). Further investigation is required to confirm any interactions between 

spermine and bacteria/biofilm. 
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2.5.2.2  PA-NO showed significant biofilm dispersal at pH 7.5 and a 

wound-relevant temperature 

To assess the effects of pH and NONOate degradation on antibiofilm efficacy, 24-hour 

P. aeruginosa PAO1 biofilms were treated with candidate NONOates in various pH 

environments at the wound-relevant temperature of 32 ÁC (316,320). PA-NO achieved 

the most significant reduction in biomass at pH 7.5 (Figure 20A). The results 

demonstrated a significant effect of pH on NONOate-mediated antibiofilm efficacy, as 

no biofilm dispersal was observed after treatment with either candidate NONOate at 

pH 5.5 or pH 8.5. These results agree with the degradation profiles discussed 

previously (Figure 19B and C), which concluded that NONOates degradation was 

near-instantaneous at pH 5.5, owing to their acid-catalysed decomposition 

mechanism. As pH was increased, the rate of decomposition decreased and NO 

release was more sustained, with PA-NO releasing ~85% of its NO at pH 7.5 but only 

~10% at pH 8.5, within 2 hours. This supports the absence of antibiofilm effects at pH 

5.5, as all available NO was likely released and degraded before it could reach the 

bacteria owing to its short half-life. Conversely, the more sustained and slower 

degradation of PA-NO observed at pH 7.5 may have allowed NO to reach the target 

cells continually throughout the treatment period, therefore causing a more significant 

dispersal event. Conversely at pH 8.5, a lower concentration of NO was released from 

PA-NO, supporting reduced biofilm dispersal at this pH level. Another interesting 

observation was the lack of dispersal activity of SP-NO, as no significant dispersal was 

observed at any pH level at 32 ÁC and counterintuitively a significant increase in biofilm 

biomass was observed at pH 8.5. Although the exact mechanism remains unclear, this 

increase in biomass was not entirely unexpected, as it has been reported in the 

literature that NO can promote biofilm growth at certain concentrations (303). Although 
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a reduction in biofilm of 23% was observed at pH 7.5, the variability between replicates 

was too large to provide a statistical difference. This variability in performance has 

remained a consistent characteristic of SP-NO throughout the present study, 

potentially caused by previously discussed (Section 2.5.2.1) interactions between the 

spermine backbone of SP-NO with the biofilm or bacteria. 

2.5.2.3  NONOates showed no antibiofilm efficacy on mature biofilms, 

whilst T-EDTA remained effective regardless of biofilm maturity 

To facilitate comparison with current literature, the treatment incubation temperature 

was increased to 37 ÁC. Cai and Webb reported 250 ÕM SP-NO for 2 hours to be the 

most effective treatment; however, the pH of the treatment solution was not specified. 

Owing to the corresponding favourable degradation profiles (Figure 19B and C) and 

antibiofilm effects of NONOates (Figure 20), pH 7.5 was selected for further studies. 

Additionally, 4% w/v T-EDTA was included as an alternative antibiofilm agent, as this 

formulation is clinically approved for use in venous lock catheters in Canada (329,330). 

Moreover, it has been shown to enhance antimicrobial and antibiofilm effects against 

a wide range of Gram-negative and Gram-positive bacteria as well as fungi, with MIC 

ranging from 0.031-1% w/v and minimum biofilm eradication concentration (MBEC; 

the lowest concentration of treatment required to eradicate a pre-formed biofilm) 

ranging from 0.25-4% w/v (227). T-EDTA has also been reported to have an excellent 

safety profile (331), with much higher concentrations than used in the present study 

being clinically approved for systemic administration in chelation therapy against 

heavy metal poisoning and up to 17% w/v in root canal surgery for chemo-mechanical 

enlargement of the canal (229). No studies have assessed the sensitisation of skin by 

T-EDTA directly; however, one study assessed the effects of a similar agent, i.e. 

calcium disodium EDTA (up to 10% w/v), on skin and concluded it to be a weak 
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sensitizer, showing some skin irritation at 10% w/v but with minimal effects at 1% w/v 

(332). Additionally, one clinical trial assessed the efficacy of 4% w/v T-EDTA against 

heparin in haemodialysis catheters, reporting no adverse effects and a significant 

reduction in microbial colonisation compared to the control group (333). 

The biofilm lifecycle occurs in various stages including initial attachment, irreversible 

attachment, maturation, and dispersal (334). The lifecycle is dynamic meaning that 

each stage is not distinct and will overlap with each other, whilst the length of each 

stage is dependent on multiple factors including nutrient availability, fluid shear stress, 

temperature, pH, and the presence of an antimicrobial challenge (335). Considering 

the previously discussed differences in susceptibility of biofilms at varying degrees of 

maturity, antibiofilm efficacy was assessed on both 24- and 48-hour biofilms to ensure 

selection of the most clinically viable therapeutic candidate. It was hypothesized that 

more mature biofilms would be more tolerant to antibiofilm and antimicrobial 

intervention, owing to both their increased matrix density and decreased cellular 

activity.  

Significant biofilm dispersal was observed after treatment with 4% w/v T-EDTA 

irrespective of the degree of biofilm maturity, showing 56% and 64% biomass 

reduction for 24- and 48-hour biofilms, respectively (Figure 21 and Figure 22B). This 

agreed with the literature (224,227) and validated our technique and methodology for 

detecting changes in biomass. In 24-hour biofilms, 250 ÕM SP-NO showed a 18% 

reduction in biomass compared to control, but this change was not statistically 

significant owing to a high standard deviation in the treatment group (Figure 21A and 

Figure 22D). Again, the mechanism unpinning the large viability in SP-NO-mediated 

dispersal remains unclear; however, it was suspected to be owed to some form of 

interaction with the cell membrane (219). A more consistent antibiofilm effect was 
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instead observed in 24-hour biofilms, after treatment with 250 ÕM PA-NO, with a mean 

reduction of 22% compared to the untreated control (Figure 21A and Figure 22C). 

Interestingly, neither candidate NONOate showed significant biofilm dispersal against 

48-hour biofilms (Figure 21B). 

Although the biomass reductions against 24-hour biofilms observed in this study are 

significant, they are lower, or required longer treatment periods, than in previous 

published research (271,272,274). One explanation for the variable reporting present 

in the literature may be the lack of standardisation in growth conditions (e.g., growth 

media, growth period, and culturing vessel). It has been reported that growth media 

can impact biofilm thickness and viscosity, with biofilms grown in nutrient-deficient 

media often being of lower density than compared to those grown in nutrient-rich 

media (336,337). This will likely affect how the biofilm responds to antibiofilm agents 

such as NONOates, by potentially decreasing NO diffusion through a biofilm grown in 

nutrient-rich media. It has also been reported that biofilms grown in nutrient-rich media 

are more representative of the in-vivo biofilm, in terms of metabolic activity, cell 

number, and structure (338).  

The growth period is of particular importance in biofilm studies, as this can affect both 

biofilm architecture and cellular activity. As the biofilm matures, the EPS becomes 

more viscous (and is thus harder to penetrate) and cells embedded within the biofilm 

show reduced metabolic activity as they are faced with a nutrient gradient (339,340). 

Moreover, the antimicrobial susceptibility of bacteria in biofilms has been shown to be 

dependent on the biofilmôs point in the lifecycle, i.e. the maturity of the biofilm. For 

example, Chen et al. observed that 24-hour P. aeruginosa (PA14) biofilms were 

significantly more susceptible to tobramycin exposure compared to 72-hour biofilms; 

10 Õg/mL tobramycin treatment for 1 day eradicated all bacteria in 24-hour biofilms, 
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whilst 72-hour biofilms required 80 Õg/mL for at least 2 days (337). Many other studies 

have reported similar trends, not only limited to P. aeruginosa, but also in other 

clinically relevant pathogens such as E. coli, S. aureus, and B. cepacia (341ï343). It 

is hypothesized that the lack of biofilm dispersal from NONOates in 48-hour biofilms 

in the present study is a result of reduced cellular activity, as NO relies on functioning 

metabolism to trigger dispersal (specifically targeting intracellular phosphodiesterase 

enzymes). The observed efficacy of T-EDTA, regardless of biofilm maturity, further 

supported this hypothesis, as EDTAôs mechanism of action targets the divalent cations 

in the EPS matrix rather than the cells.  

2.5.2.4  The reduced efficacy of NONOates against mature biofilms was 

likely owed to a lower metabolic rate in P. aeruginosa cells 

Considering the lack of NONOate-mediated efficacy against 48-hour biofilms, 

differences in cellular activity were evaluated by comparing the number of viable cells 

and the metabolic activity of cells. There was a ~4.5-fold lower metabolic activity and 

~3.5-fold lower CFUs in 48-hour biofilms compared to 24-hour biofilms (Figure 23); 

this confirmed the hypothesis that the lack of NONOate efficacy was caused by a 

decrease in cellular activity. Decreased cellular activity in biofilms is one primary driver 

of biofilm-associated antimicrobial resistance, as many of the antibiotic targets rely on 

unhindered metabolism to elicit their effect. 

It was unclear whether the decreased efficacy was caused by the presence of a biofilm 

or simply by nutrient deficiency associated with a longer incubation period. To assess 

this, half of the growth media was replenished with fresh LB after 24 hours to ensure 

nutrient deficiency was no longer playing a role. After the media change, the metabolic 

activity of 48-hour biofilms showed no significant difference to that observed in 24-
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hour biofilms (Figure 23A); this confirmed that nutrient deficiency in the 48-hour 

biofilm was the primary cause of the decreased number of viable cells and reduced 

metabolic rate. To determine whether the bacteria in 48-hour biofilms with unchanged 

media were primarily dormant or dead (after 48-hour incubation), the cells were 

revived overnight in fresh LB to allow any dormant cells to resume normal cellular 

processes. Revival in fresh media was successful as after 24 hours, 48-hour 

metabolism-deficient biofilms showed CFUs comparable to that observed in 24-hour 

biofilms (Figure 23B). This indicated that dormancy was the dominant factor as cells 

returned to normal metabolic activity after they regained access to a carbon source, 

although a combination of dead and dormant cells was likely, as reported in a previous 

study (344). An additional difference between 24- and 48-hour biofilms was the ~30% 

lower crystal violet absorbance in the untreated biofilm at 48 hours compared to 24 

hours, indicating less biofilm present in the well. This may provide another indication 

that nutrient deficiency is causing starvation, as a previous study has reported ~10-

fold reduction in biovolume of P. aeruginosa biofilms after 48 hours in M9 media 

compared to an unstarved biofilm (344). It was hypothesized that as biofilm-residing 

cells were being starved, they triggered dispersal in order to find nutrients elsewhere, 

hence lower CV absorbance values were observed. This may also provide a further 

explanation for the lack of NONOate-mediated dispersal, as the endogenous NO 

signalling pathway may already be activated and therefore exogenous NO had no 

added dispersal effect. 
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2.5.3 Combining antibiofilm treatment with antibiotic therapy 

2.5.3.1  Ciprofloxacin and T-EDTA showed promising antimicrobial 

susceptibility profiles 

To determine the most optimal antibiotic for subsequent combination with various 

candidate antibiofilm agents (i.e., NONOates and EDTA), the MIC of three clinically 

relevant antibiotics (i.e. ciprofloxacin, gentamicin, and vancomycin) and candidate 

antibiofilm agent T-EDTA were assessed. Current treatment regimens for wound or 

soft tissue infections often involve the prescription of multiple antibiotics in an attempt 

to target a broad spectrum of microbes. This approach is primarily owed to both a lack 

of effective diagnostic technology meaning that clinicians often prescribe treatments 

empirically (297) and to the presence of multiple microbial species residing in the 

wound (345). 

Here, an MIC value of 4 Õg/mL was determined for the aminoglycoside gentamicin 

which disagrees with a previous study reporting an MIC of 2 Õg/mL (346), whilst other 

studies described 4 Õg/mL as ñsub-inhibitoryò (288,292). This phenotypic difference 

was most likely a result of genetic evolution of P. aeruginosa PAO1, as previously 

reported (347). Vancomycin is a glycopeptide antibiotic, primarily indicated for 

infections caused by Gram-positive bacteria, and shows limited efficacy in Gram-

negatives owing to its inability to cross the bacterial outer membrane (348). IV 

vancomycin is applied clinically in chronic wounds, e.g. in necrotising fasciitis (349). 

The high MIC value determined here (> 32 Õg/mL) can be owed to the size-exclusion 

impermeability of the P. aeruginosa PAO1ôs outer membrane and agrees with previous 

studies. For example, Day et al. tested vancomycin against ten strains of P. aeruginosa 

and reported MIC values ranging from 23.5 Õg/mL to >188 Õg/mL (350). They also 
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assessed fluoroquinolone ciprofloxacin, reporting MIC values ranging from 0.0375 to 

0.75 Õg/mL. This agrees with the current study that observed an MIC of 0.25 Õg/mL; 

a concentration which deemed P. aeruginosa PAO1 as ñsusceptibleò according to 

EUCAST breakpoints. Ciprofloxacin is commonly applied in the clinic intravenously 

and orally depending on the severity of infection (349,351), and has shown efficacy 

against both Gram-positive and -negative species by inhibiting DNA replication 

(352,353). It has shown great efficacy, with one clinical study reporting 94% success 

rate in the treatment of uncomplicated skin infections after a 10-day course of 500 mg 

oral ciprofloxacin daily (354). Owing to its potent antibiotic efficacy and clinical 

relevance, ciprofloxacin was selected as the antibiotic for subsequent combination 

studies. 

Lastly, well-known metal chelating agent T-EDTA was assessed, which has shown 

efficacy as both an antimicrobial and antibiofilm agent, and is currently formulated in 

wound dressings to manage wound infections (223). Efficacy has been reported in a 

range of species, both Gram-negative and -positive. Its antibiotic effect results from 

chelation of Mg2+ and Ca2+ ions that are responsible for stabilising lipopolysaccharide 

(LPS) interactions in the Gram-negative cell wall; however, in Gram-positive species 

that lack an outer membrane (and thus lack LPS), it still shows efficacy by targeting 

peptidoglycans (227). Here, the MIC was determined to be 0.5% w/v (~0.01 M) against 

P. aeruginosa PAO1, which is comparable with previously reported values on other P. 

aeruginosa strains (355). Considering its established antimicrobial and antibiofilm 

efficacy, favourable safety profile and clinical application, 4% w/v was chosen as a 

suitable concentration for further assessment. 
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2.5.3.2  Ciprofloxacin alone showed some efficacy against biofilm-residing 

bacteria  

The antimicrobial effects of combination treatments against 24-hour biofilms were 

evaluated by assessing the total number of viable cells; the MIC of ciprofloxacin was 

used as this was much lower than the expected antibiofilm concentration, in an attempt 

to detect a potentiation effect when combined with adjuvant antibiofilm agents. Viable 

cells in both the treatment supernatant and those residing within the biofilm were 

assessed to provide information on the antimicrobial efficacy against both the bacteria 

that have been dispersed (i.e., present in the supernatant) and those still embedded 

within the biofilm. It was observed that ciprofloxacin alone had significantly greater 

efficacy compared to the untreated control against both the supernatant- and biofilm-

residing cells (Figure 24A). This observation was expected against planktonic bacteria 

as the MIC should reduce bacterial viability by 3-log (i.e., 99.9%); however, the efficacy 

against biofilm-residing bacteria was not fully anticipated. One previous study 

observed a ~70% reduction in biofilm biomass of a ciprofloxacin-susceptible strain of 

P. aeruginosa after treatment at the MIC (356). Although a ~70% reduction in biomass 

represents clear efficacy, as no data on viable cells was provided, the effects of 

ciprofloxacin on biofilms still remained unclear. The reduced ability of ciprofloxacin to 

penetrate the biofilm has been reported previously, observing a rapid penetration into 

the biofilm surface, followed by slow diffusion via t1/2 kinetics to reach deeper regions 

of the biofilm; however, some biofilm areas remained impenetrable (357). The 

suggested mechanism of penetration was backed up by Soares et al., which observed 

a 3-log reduction after 1 hour of supra-MIC (4 Õg/mL) ciprofloxacin against P. 

aeruginosa (PA14) biofilms, followed by a further 2-log reduction in the remaining 24-

hour treatment period (358). Use of supra-MIC of ciprofloxacin against biofilms is 
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commonly found in the literature as higher concentrations are usually required for 

antibiofilm efficacy (359), thus the use of the MIC of ciprofloxacin was justified to 

explore the ability of dispersal agents to enhance bacterial killing.  

2.5.3.3  T-EDTA potentiated the antimicrobial effects of ciprofloxacin, 

whilst NONOates reduced antibiotic efficacy 

After 2-hour treatment with T-EDTA-only, ~3-log reductions compared to control were 

observed in both the supernatant- and biofilm-residing cells, meaning that ~99.9% of 

viable cells were killed within the 2-hour pre-treatment phase (Figure 24B). Since the 

clinically relevant dose used here (4% w/v) is equal to the reported MBEC (227) and 

four-times greater than the MIC (Supplementary 6.1.1), the observed eradication was 

expected as biofilm degradation and antimicrobial effects were likely occurring 

simultaneously. There was clear potentiation of ciprofloxacin, as a further 2-log 

reduction of planktonic bacteria in the supernatant was observed; however, no change 

was found in biofilm-residing cells. The observed synergy of ciprofloxacin and T-EDTA 

was likely owed to targeting bacteria using two agents with distinct mechanisms of 

actions: T-EDTA acting to disrupt the cell membrane and ciprofloxacin inhibiting DNA 

replication.  

As expected, neither PA-NO nor SP-NO showed antimicrobial activity after 2 hours of 

treatment (Figure 24B). Whilst NO has been reported to elicit antibiotic efficacy at 

higher concentrations (i.e., >1 mM), it was herein expected to be below the required 

concentration, even though the concentration of NO released from NONOates could 

not be directly measured. It was, however, expected that some potentiation of 

ciprofloxacin efficacy would be observed when a NONOate pre-treatment phase was 

included. Counterintuitively, the NONOate and ciprofloxacin combinations caused an 
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increase in viable cells compared to ciprofloxacin monotherapy (Figure 24A). The role 

of NO in bacterial metabolism could provide an explanation for this lack of potentiation. 

NO is produced by the host immune response (via activating inducible NO synthase; 

iNOS) to bacterial infection and elicits bactericidal and bacteriostatic effects by 

modulating bacterial energetics, such as inhibiting cell respiration (360). The role of 

NO in bacterial energetics is complex and conflicting reporting perpetuates the lack of 

clarity. Whilst some studies have observed antibiotic potentiation in combination with 

NO (361), many have reported the exact opposite observing an increased tolerance 

to some antibiotics after exposure to NO (362). Bactericidal antibiotics, such as ɓ-

lactams, aminoglycosides, and quinolones have distinct mechanisms of action but all 

rely, in some part, on the production of reactive oxygen species (ROS) to cause cell 

death (363). ROS, such as hydroxyl radicals, are potent cytotoxins and readily damage 

bacterial proteins, membrane components, and DNA (364). As NO is a respiratory 

inhibitor, many metabolic processes responsible for production and repair of ROS 

targets are downregulated, essentially inhibiting antibiotic molecules from binding to 

one of their sites of action. For example, McCollister et al. reported near-full survival 

of P. aeruginosa, S. aureus, and S. enterica when treated with 250-750 ÕM SP-NO 

before gentamicin; whilst the gentamicin-only group showed 3-log reduction in viable 

cells during the same exposure period (i.e., 2 hours) (365). They showed marked 

reduction in cellular respiration after 1 minute of exposure to 100-750 ÕM SP-NO and 

concluded a NO-mediated protective effect, which prevented the uptake of gentamicin. 

Ribeiro et al. reported very similar findings in E. coli showing 10-fold increase in IC50 

of gentamicin, following a 15-minute exposure to 15 mM of NO donor GSNO (366). 

Contrary to these reports, many other studies have also observed enhanced 

antimicrobial susceptibility of bacterial biofilm cells following a period of NO exposure. 
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For example, Howlin et al. observed a further 1-log reduction in viable cells with a 

combination of aminoglycoside tobramycin and NO donor sodium nitroprusside (SNP) 

(500 ÕM) compared to tobramycin only, in 24-hour P. aeruginosa biofilms grown in M9 

minimal media (253). Rouillard et al. also reported improved susceptibility of 72-hour 

P. aeruginosa biofilms grown in tryptic soy broth (TSB), observing up to a 5-log 

reduction in viable cells when treated with a novel nitric oxide-releasing biopolymer in 

combination with tobramycin, compared to treatment with antibiotic only (361). 

Additionally, Huang et al. reported a >2-log reduction in viable cells (compared to 

antibiotic only) in a 72-hour P. aeruginosa biofilm (grown in TSB, with media changes 

every 24 hours) after a 12-hour pre-treatment with NO donor SNAP followed by 

ofloxacin treatment for 4 hours (367). 

The mechanisms underpinning the conflicting observations of both NO-mediated 

antibiotic potentiation and attenuation remain unknown. Further work could evaluate 

other antibiotic classes, especially bacteriostatic agents such as tetracyclines and 

macrolides. It would also be interesting to assess the genetic differences in the 

bacteria pre- and post-exposure to NO, to further elucidate the underlying mechanisms 

responsible for the observed lack of efficacy and ultimately inform treatment selection. 

2.6 Conclusion 

Here, the suitability of two candidate NONOates (PA-NO and SP-NO) and T-EDTA (as 

both mono- and adjuvant therapies) was assessed for application in chronic wound 

infections. Using in-vitro biofilm assays, we evaluated the ability of NONOates to 

reduce biofilm biomass after application at wound-relevant pH environments (pH 5.5-

8.5) and temperatures (32 and 37 ÁC) for a clinically applicable treatment duration (2 

hours). The findings suggest that while NONOates exhibit promising antibiofilm activity 

in early-stage biofilm formation, their efficacy diminishes significantly in well-
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established, mature biofilms. Additionally, whilst SP-NO lacked efficacy in all 

experiments, PA-NO demonstrated efficacy exclusively at pH 7.5 (at both 32 and 37 

ÁC), among the pH levels investigated, likely suggesting a more limited range of 

applicability. Interestingly, pre-treatment with NO appeared to induce a protective 

effect on the bacteria, as a reduction in ciprofloxacin efficacy was observed compared 

to monotherapy. This suggests a possible interaction between NO and bacterial 

defence mechanisms against the antibiotic used. Further work should explore the 

underlying mechanisms of this NO-mediated protection and consider a broader range 

of antibiotics to identify more suitable combinations for clinical use. T-EDTA, however, 

showed consistent antibiofilm efficacy regardless of biofilm maturity, and potentiated 

ciprofloxacin efficacy. 

These results highlight the challenges in developing effective antimicrobial strategies 

against chronic wound infections, particularly when biofilms are present. 

Understanding the limitations of emerging treatments, such as NONOates, is crucial 

for advancing therapeutic interventions and improving patient outcomes in the 

management of chronic wounds. Whilst T-EDTA and PA-NO showed therapeutic 

promise, further research is needed to optimise delivery mechanisms and explore 

potential synergies with other antimicrobial agents to enhance disruption of biofilms in 

chronic wound settings.  

This Chapter suitably characterised candidate antibiofilm agents for subsequent co-

administration with ultrasound-stimulated MBs and a clinically-relevant antibiotic. 

Before combination studies can be carried out, an appropriate MB formulation should 

be characterised in terms of stability and cavitation profile, and the associated 

antibiofilm effects.  
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3 CHAPTER III: Acoustic characterisation of microbubbles interacting 

with biofilms 

3.1 Introduction 

As previously discussed (Section 1.1.3.2), conventional antimicrobial therapies often 

fail to penetrate biofilms effectively, owing to biofilm-mediated resistance caused by 

physical barriers created by the EPS matrix, reduced metabolic activity of sessile cells, 

and the presence of persister cells (50). This highlights the necessity for developing 

innovative strategies to disrupt these microbial communities. 

Acoustic cavitation, induced by ultrasound (US) and enhanced by gas microbubbles 

(MBs), has emerged as a promising approach for biofilm control (368). Cavitation 

refers to the formation, volumetric oscillation, and collapse of gas bubbles in a liquid 

medium when exposed to US waves. The use of MBs, often stabilised by lipid or 

polymer shells and incorporating heavy gases into their core, has been shown to 

enhance cavitation effects by providing relatively persistent nuclei that amplify energy 

transfer to the biofilm surface (369). The collapse of these bubbles during inertial 

cavitation generates localised mechanical and chemical effects, including through the 

generation of high shear forces, microjets, and reactive oxygen species (ROS), which 

can disrupt the EPS matrix and increase the susceptibility of biofilm-embedded 

bacteria to antimicrobial agents (370). Whilst the application of ultrasonic debridement 

in the absence of MBs (via in situ nucleation of dissolved gases in wound fluid) has 

shown some promise in the clinic (275,276), research into MB-mediated cavitation has 

demonstrated enhanced antibiofilm effects. For example, Dong et al. observed no 

significant difference in total biomass of 24-hour S. epidermidis biofilms (grown in TSB) 

after treatment with US alone (5 minutes of 1 MHz pulsed ultrasound, at a peak 
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negative pressure of ~86 kPa and 50% duty cycle) but a 64% reduction after treatment 

with MBs and US (280). A similar observation was reported by Keller et al., as they 

showed significant biomass reduction of 35% and 48% in S. aureus and P. aeruginosa 

biofilms, respectively, after treatment with MBs and US (30 seconds of 0.5 MHz pulsed 

ultrasound, at a peak negative pressure of 1.5 MPa, with 200 cycles per pulse and a 

PRF of 5 Hz), whilst observing no significant reduction from US alone (281). This 

further highlights the impact of MBs in enhancing cavitation-mediated biofilm removal. 

The efficacy of this approach depends heavily on the physico-chemical properties of 

the MBs, such as size, stability, zeta potential, and cavitation activity. Recent 

advancements in MB formulation, including the use of heavy gases (e.g., 

perfluorocarbons), have shown improved stability and cavitation profiles, making them 

strong candidates for antibiofilm applications (129).  

In this study, the suitability of cationic room air MBs (RAMB+s) and cationic 

perfluorobutane MBs (PFBMB+s) for subsequent co-administration with antibiofilm 

agents and antibiotics was systematically evaluated for the first time. MBs were 

characterised for their stability, cavitation activity under ultrasound stimulation, and 

antibiofilm efficacy, assessed at varying acoustic pressures. One additional novel 

contribution of this study included evaluating how the period of incubation in contact 

with biofilms affected the MB cavitation profile. This work contributes to the growing 

body of research aimed at leveraging cavitation to overcome biofilm-associated 

challenges in medical and industrial settings, with particular relevance to chronic 

wound biofilms and infection management. 

3.2 Statement of objectives 

This Chapter will outline the development and characterisation of a suitable gas 

microbubble formulation for subsequent co-administration with antibiofilm agents and 
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antibiotics. Static stability of RAMB+s and PFBMB+s will first be assessed, followed by 

characterisation and comparison of both cavitation profiles by PCD and antibiofilm 

effects by microscopy. Additionally, cavitation profile of RAMB+s will be assessed after 

an incubation period in contact with biofilms, to inform future formulation efforts. 

3.3 Materials and methods 

3.3.1 Fabrication of cationic MBs 

To fabricate cationic MBs, tip sonication was used, as previously described (292). The 

formulation included neutral phospholipid 1,2-Distearoyl-sn-Glycero-3-

Phosphocholine (DSPC), cationic phospholipid 1,2-Distearoyl-sn-Glycero-3-

EthylPhosphocholine (DSEPC), and polyoxyethylene (40) stearate (PEG40S) (Figure 

25). These were dissolved in chloroform and combined in a 7 mL glass vial in amounts 

corresponding to a molar ratio of 9:1:0.5 for DSPC:DSEPC:PEG40, in volumes 

specified in Table 1, using a 1 mL Luer lock glass syringe (500 ÕL, 1750RN gas tight 

syringe, Hamilton, USA). The vial was then either: left uncovered in a chemical fume 

hood overnight to allow the solvent to evaporate (spontaneous evaporation) or placed 

[ŔŊƨƖĲЮΥΨЮÑőĲШĦőĲůŔĦċũШƚƣƖƨĦƣƨƖĲШŸŉШĤŸƣőШƓőŸƚƓőŸũŔƓŔĬƚШƨƚĲĬШŔŰШƣőĲШůŔĦƖŸĤƨĤĤũĲШы~7ьШƚőĲũũШ
ŉŸƖůƨũċƣŔŸŰбШΝЯΞрĬŔƚƣĲċƖŸǃũрƚŰрŊũǃĦĲƖŸрΟрƓőŸƚƓőŸĦőŸũŔŰĲШы?ÉÂ9ьШċŰĬШΝЯΞрĬŔƚƣĲċƖŸǃũрƚŰрŊũǃĦĲƖŸр
ΟрĲƣőǃũƓőŸƚƓőŸĦőŸũŔŰĲШы?ÉEÂ9ьЮ 
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in a rotary evaporator (facilitated evaporation) for 40 minutes at 45 ÁC. The obtained 

dry lipid film was then suspended in 2 mL of PBS by heating to 90 ÁC for 45-60 minutes, 

with a magnetic stirrer placed inside to mix the suspension at 700 rpm. A final lipid 

concentration of 3 mg/mL was produced in a total sample volume of 2 mL. Following 

this step, the lipids were homogenously dispersed for 150 seconds using a tip 

sonicator (FisherbrandÊ Model 120 Sonic Dismembrator, 20 kHz, 120 W, Fisher 

Scientific Inc., Loughborough, UK) at 40% power setting, with the tip fully submerged 

in the suspension (Figure 26). For room air core MBs (RAMB+s), MBs were then 

formed by placing the sonicator tip at the liquid-air interface, and sonicating for 30 

seconds at 70% power. Immediately after sonication, the vial containing the MB 

suspension was capped and placed in ice for 5 minutes to rapidly cool before use. For 

the production of PFB-core MBs (PFBMB+s), prior to the second sonication step the 

[ŔŊƨƖĲЮΥΩЮ~ŔĦƖŸĤƨĤĤũĲШŉċĤƖŔĦċƣŔŸŰШƻŔċШƚŸŰŔĦċƣŔŸŰЮШΝьШxŔƓŔĬƚШƽĲƖĲШőŸůŸŊĲŰŔƚĲĬШĤǃШŉƨũũǃШƚƨĤůĲƖŊŔŰŊШƣőĲШ
ƚŸŰŔĦċƣŸƖШƣŔƓШċŰĬШШƚŸŰŔĦċƣŔŰŊШċƣШΠΜӖШŉŸƖШΝΡΜШƚĲĦŸŰĬƚЯШΞьШůŔĦƖŸĤƨĤĤũĲƚШƽĲƖĲШŉŸƖůĲĬШĤǃШƓũċĦŔŰŊШƣőĲШƚŸŰŔĦċƣŸƖШ
ƣŔƓШċƣШƣőĲШŊċƚрũŔƕƨŔĬШŔŰƣĲƖŉċĦĲШċŰĬШƚŸŰŔĦċƣŔŰŊШċƣШΤΜӖШŉŸƖШΟΜШƚĲĦŸŰĬƚЯШċŰĬШΟьШůŔĦƖŸĤƨĤĤũĲƚШƽĲƖĲШŔůċŊĲĬШƨƚŔŰŊШ
ũŔŊőƣШůŔĦƖŸƚĦŸƓǃЮШ?ƨƖŔŰŊШŉċĤƖŔĦċƣŔŸŰШŸŉШƓĲƖǰƨŸƖŸĤƨƣċŰĲШыÂ[7ьШůŔĦƖŸĤƨĤĤũĲƚЯШƣőĲШƻŔċũШƽċƚШǰƨƚőĲĬШƽŔƣőШÂ[7Ш
ƽŔƣőШċШŰĲĲĬũĲШыċƣШƚƣċŊĲШΞьЯШċƣШΜЮΝШůxоůŔŰШŉŸƖШΟΜШƚĲĦŸŰĬƚШĤĲŉŸƖĲШƚŸŰŔĦċƣŔŸŰШċƚШƽĲũũШċƚШĦŸŰƣŔŰƨŸƨƚũǃШƣőƖŸƨŊőŸƨƣШ
ƚŸŰŔĦċƣŔŸŰЮ 
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vial was purged with PFB flowing at 0.1 L/min for 30 seconds to replace the air in the 

vial by positioning the gas outlet just above the liquid-air interface (Figure 26). The 

gas was then allowed to flow continuously throughout the 30-second sonication period 

to ensure a constant concentration of PFB in the vial during MB production. For 

experiments assessing both evaporation methods, mean MB diameter and 

concentration were measured using a Multisizer (Multisizer 4e Coulter Counter, 

Beckman Coulter). 

Table 1 Stock concentrations (mg/mL), molar fractions and volume of stock (in ÕL) of 1,2-Distearoyl-sn-
Glycero-3-Phosphocholine (DSPC), 1,2-Distearoyl-sn-Glycero-3-Ethyl Phosphocholine (DSEPC), and 
Polyoxyethylene (40) stearate (PEG40S) required for fabrication of cationic microbubbles (MBs). 

3.3.2 Characterisation of MB stability 

After MBs were prepared in triplicate as outlined in Section 3.3.1, a 10 ÕL sample of 

the MB suspension was taken and placed onto a Neubauer haemocytometer with a 

0.2 mm thick glass cover slip placed on top. MBs were diluted if the sample appeared 

too concentrated, to aid enumeration. When comparing the stability of PFBMB+s in 

PBS and EDTA, MB suspensions were diluted 1:10 in either 1X PBS or 4.14% w/v 

tetrasodium EDTA (Sigma-Aldrich, USA), to produce a MB suspension in a final 

concentration of 4% w/v. Samples were taken at time points 0, 30, 60, and 120 min 

with the glass vial containing the suspension remaining on the bench at room 

temperature (20-23 ÁC) for the duration of the study. The MBs were observed using 

bright field microscopy (Axiostar Plus, Zeiss) with a 40Ĭ objective lens (40Ĭ CP-

Achromat, Zeiss), acquiring ten images at each time point for all samples using a 

digital camera (Olympus SC30).  

 
Materials 

DSPC DSEPC PEG40S 

Stock concentration 
(mg/mL) 

25 10 10 

Molar fraction 9 1 0.5 

Volume of stock (ÕL) 190 68 57 
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The images were processed using ImageJ (Fiji) to calculate mean MB diameter and 

concentration by running a batch code on all ten images (Supplementary 6.2.1). The 

code first normalised the image contrast to differentiate between MBs and the 

surrounding liquid, and between individual bubbles by applying an automatic binary 

threshold algorithm. Overlapping MBs were then separated from each other via 

watershed separation. The circularity threshold was then set between 0.7 and 1 to 

prevent counting debris, and particles were counted and the MB area measured. The 

raw MB count and area (in pixels2) data was then transferred into Excel, and any 

particles with an area less than 40 pixels2 were excluded. This was converted to 

diameter, first in units of pixels and then in physical units of Õm, by determining the 

number of pixels corresponding to the 50 Õm gridôs edge on the haemocytometer. Six 

images were taken of the grid and a mean value of 570 pixels was determined to be 

equal to 50 Õm. The most important values acquired were mean MB diameter (in Õm) 

and mean MB concentration (in MB/mL), as these were employed to assess MB 

stability over time. 

3.3.3 Measuring zeta potential of MB lipid shell constituents 

The charge associated with the MB shell was assessed using a dynamic light 

scattering apparatus (DLS; Zetasizer Nano ZS, Malvern Instruments, Malvern, UK). 

Lipid dispersions were prepared using the same protocol outlined in Section 3.3.1, 

excluding the second sonication step, producing a homogenous dispersion. Lipids 

were then diluted (30 ÕL in 970 ÕL) in suitable buffer to assess two pH levels relevant 

to those found in the wound environment (371): MES (pH 5.4) and HEPES (pH 7.2). 

Immediately prior to measurement, diluted lipids were centrifuged at 10000 rpm for 30 

s to remove any bubbles as these would not be compatible with the measurement 

technique. Subsequently, 800 ÕL of sample were placed in a folded capillary zeta cell 
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(DTS1070, Malvern Instruments, Malvern, UK) and measurements were performed for 

between 10 and 100 runs, with three measurements taken per sample. All samples 

were assessed in triplicate. 

3.3.4 Assessing the cavitation activity and antibiofilm effect of undrugged 

cationic bubbles via PCD and microscopy 

Channel slides (Õ-Slide I Luer 0.8 mm, IbidiÈ, Germany) were coated with 50 Õg/mL 

fibronectin (as described previously (292)) by placing 200 ÕL in the channel and 

allowing to incubate at room temperature for 60 minutes. The channel was then 

washed with 1 mL PBS and the medium was left to evaporate for 5 minutes. To grow 

biofilms, 300 ÕL of a 1:1000 dilution of an overnight culture was placed in the channel 

and incubated for 48 hours at 37 ÁC. After incubation, the biofilm was washed with 1 

mL sterile PBS and subsequently live/dead stained with 300 ÕL FilmTracer 

(InvitrogenÊ, ThermoFisher Scientific) and left to incubate stored under foil at room 

temperature for 30 minutes. The stain was then washed with 1 mL sterile water and 

replaced with 300 ÕL sterile PBS. Pre-treatment images were then taken using a 

fluorescence microscope (Nikon Eclipse Ti2) with both 10Ĭ (Nikon Plan Fluor 10Ĭ) and 

40Ĭ (Nikon Plan Fluor 40Ĭ) objectives. 3Ĭ3 tile scans were acquired, with areas 

equating to 3.38 mm Ĭ 3.38 mm and 0.06 mm Ĭ 0.06 mm for 10Ĭ and 40Ĭ 

magnification, respectively. PBS was then removed and 300 ÕL of a 1:5 volumetric 

dilution of MBs in PBS (or PBS only, without MBs, for the untreated control) were 

applied and allowed to incubate under foil at room temperature for 60 or 120 min, if 

required. 

Cavitation activity was generated using a 1.1 MHz spherically focussed single-element 

transducer (Sonic Concepts H102; outer diameter = 64 mm, inner diameter = 22.6 
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mm, focal distance = 63.2 mm) and a 7.5 MHz unfocused transducer (Olympus 

U8421035; diameter = 13 mm) was used as a passive cavitation detector (PCD) to 

acquire the cavitation signals (Figure 27). Focussed ultrasound targeting and PCD 

alignment was carried out using a fibre optic hydrophone (Precision Acoustics, United 

Kingdom) to detect the focal region. Tone bursts of 400 cycles at 20 Hz PRF generating 

focal peak-to-peak pressures (at the surface of the channel slide substrate) of 0.5, 1.0, 

or 2.0 MPa were transmitted by the transducer for 40 seconds. A Keysight 33600A 

series waveform generator (Keysight Technologies, Santa Rosa, CA, USA) was used 

to generate the ultrasound wave, a 1020L amplifier (Electronic & Innovation, 

Rochester, NY, USA) was used to amplify the signal by ~53 dB, and a matching 

network (Sonic Concepts Inc., Bothwell, WA, USA) was used to match the impedance 

of the amplifier and transducer. A WaveSurfer 3014z 100 MHz oscilloscope (Teledyne 

Lecroy, Chestnut Ridge, NY, USA) was used to observe the supplied voltage signal, 

whilst a TiePie HS5 handyscope (TiePie, Sneek, The Netherlands) was used to 

acquire the cavitation signal from the detector on the TiePie Multi Channel software 

(version 1.46.1). The signal received from the PCD was also filtered to attenuate 

signals recorded below 1.8 MHz.  

Waveforms were then analysed in MATLAB (The MathWorks, Inc., Natick, MA, USA), 

using a custom developed script (Supplementary 6.2.2). Cavitation energy was then 

split into harmonic, ultraharmonic, and broadband by isolating signal at frequencies 

equal to integer multiples of the fundamental frequency (1.1 MHz; for harmonic), 

frequencies equal to half-integer multiples of the fundamental frequency (for 

ultraharmonic), or the difference between the sum of harmonic and ultraharmonic 

energies and the total energy detected (for broadband). Biofilm coverage area of post-
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US exposure images was calculated using ImageJ by manual thresholding, 

binarization, and calculation of the area covered by biofilm. 

3.3.5 Statistical analyses 

All statistical analyses were carried out in GraphPad Prism 10.3.1. One-way ANOVA 

with Tukeyôs multiple comparisons was used to determine any significant difference 

between MB diameter and concentration over time during the stability experiments, 

and when comparing energy data from the PCD experiments. For all analyses, a 

threshold value for significance was set at 0.05; where * = P < 0.05, ** = P < 0.005, *** 

= P < 0.0005, and **** = P < 0.0001. 

[ŔŊƨƖĲЮΥΪЮы ьШ ШƚĦőĲůċƣŔĦШŔũũƨƚƣƖċƣŔŰŊШƣőĲШƚĲƣƨƓШŉŸƖШƨũƣƖċƚŸƨŰĬШыÖÉьШĲǂƓŸƚƨƖĲШыŉƖŸůШċШŉŸĦƨƚĲĬШΝЮΝШ~cǍШƣƖċŰƚĬƨĦĲƖьШċŰĬШ
ƓċƚƚŔƻĲШĦċƻŔƣċƣŔŸŰШĬĲƣĲĦƣŔŸŰШыÂ9?бШĤǃШċŰШƨŰŉŸĦƨƚĲĬШΤЮΡШ~cǍШƣƖċŰƚĬƨĦĲƖьЮШfĤŔĬŔҀШӓрƚũŔĬĲƚШĦŸŰƣċŔŰŔŰŊШΞΠрőŸƨƖШÂдЮ
ċĲƖƨŊŔŰŸƚċЮÂ §ΝШĤŔŸǯũůƚШċŰĬШƣƖĲċƣůĲŰƣШƚŸũƨƣŔŸŰШƽĲƖĲШƚĲċũĲĬШċŰĬШƓũċĦĲĬШŔŰƣŸШċШƚċůƓũĲШőŸũĬĲƖЮШы7ьШ ШƚĦőĲůċƣŔĦШ
ŔũũƨƚƣƖċƣŔŰŊШƣőĲШƓŸƚŔƣŔŸŰШŸŉШƣőĲШÂ9?ШŔŰШƣőĲШĦĲŰƣƖĲШŸŉШƣőĲШŉŸĦƨƚĲĬШƣƖċŰƚĬƨĦĲƖЮШы9ьШ ШĬŔċŊƖċůШőŔŊőũŔŊőƣŔŰŊШƣőĲШŉŸĦċũШƖĲŊŔŸŰШ
ŔŰШƣőĲШĦőċŰŰĲũШƚũŔĬĲЯШċŰĬШƣőĲШċĦŸƨƚƣŔĦШůċƓШŸŉШƣőĲШŉŸĦċũШƖĲŊŔŸŰЮШÑőĲШċĦŸƨƚƣŔĦШůċƓШŔƚШċĬċƓƣĲĬШŉƖŸůШuĲũũĲƖШĲƣЮċũдЮΞΜΞΠЮШ 
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3.4 Results 

3.4.1 Evaluating the stability of RAMB+s and PFBMB+s under ambient 

conditions 

To evaluate the influence of the encapsulating gas on MB stability, both size and 

concentration of RAMB+s and PFBMB+s was measured at room temperature over a 

period of 120 min. Immediately after production of RAMB+s, their mean diameter was 

2.04 Ñ 0.15 Õm which was ~35% smaller than PFBMB+s which had an initial mean 

diameter of 3.13 Ñ 0.12 Õm. The size of RAMB+s increased over time showing a 

significant increase after 120 mins with a mean diameter of 3.19 Ñ 0.34 Õm, whilst 

PFBMB+s remained relatively stable throughout the full duration of the study showing 

no significant change in size at any time point investigated (Figure 28A). Due to the 

observed increasing size of RAMB+s over time, after 120 min the mean diameters of 

both MB formulations were not significantly different, showing final mean diameter of 

3.24 Ñ 0.31 and 3.19 Ñ 0.34 Õm for RAMB+s and PFBMB+s, respectively. Immediately 

after production, PFBMB+s were ~83% more concentrated than RAMB+s with initial 

[ŔŊƨƖĲЮΥΫЮ9őċƖċĦƣĲƖŔƚċƣŔŸŰШŸŉШΦаΝаΜЮΡШ?ÉÂ9а?ÉEÂ9аÂE]ΠΜÉрƚőĲũũĲĬШƖŸŸůШċŔƖШыÅ ~7ҼƚьШċŰĬШƓĲƖǰƨŸƖŸĤƨƣċŰĲШыÂ[7~7ҼƚьШ
ůŔĦƖŸĤƨĤĤũĲƚЮШ[ŸƖůƨũċƣŔŸŰƚШƽĲƖĲШċƚƚĲƚƚĲĬШĤǃШƕƨċŰƣŔŉǃŔŰŊШƣőĲШċƻĲƖċŊĲШ~7Ш ьШĬŔċůĲƣĲƖШċŰĬШ7ьШĦŸŰĦĲŰƣƖċƣŔŸŰШŸƻĲƖШΝΞΜШ
ůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲШыΞΜрΞΟШ҄9ьЮШEƖƖŸƖШĤċƖƚШċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШŸŉШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШĦċƖƖŔĲĬШŸƨƣШ
ŔŰШƣőƖĲĲШŔŰĬĲƓĲŰĬĲŰƣШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮ 
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mean concentrations of 2.92 Ĭ 108 and 1.68 Ĭ 109 MB/mL, for RAMB+s and PFBMB+s, 

respectively. The RAMB+s decreased significantly over time with a final concentration 

of 9.10 Ĭ 107 MB/mL after 120 min (Figure 28B). RAMB+ concentration remained 

stable for the initial 30 min but started decreasing afterwards. Again, PFBMB+s 

remained relatively stable throughout the whole incubation period, showing no 

significant difference in concentration at any time point evaluated (Figure 28B). 

3.4.1.1  PFBMB+ stability in T-EDTA 

To determine if a clinically relevant concentration of T-EDTA affected PFBMB+ stability, 

MBs were volumetrically diluted to produce a MB suspension containing either PBS or 

4% w/v T-EDTA; stability was assessed by measuring size and concentration over 2 

hours. The results showed that throughout the entire duration of the study, there was 

no significant difference in MB diameter or concentration determined between 

PFBMB+s in PBS and 4% w/v T-EDTA. Immediately after production, the mean MB 

diameter was 3.24 Ñ 0.21 and 3.07 Ñ 0.22 Õm for T-EDTA and PBS samples, 

respectively; this decreased slightly and plateaued at 30 min reaching diameters of 

[ŔŊƨƖĲЮΥάЮ9őċƖċĦƣĲƖŔƚċƣŔŸŰШŸŉШΦаΝаΜЮΡШ?ÉÂ9а?ÉEÂ9аÂE]ΠΜƚШƓĲƖǰƨŸƖŸĤƨƣċŰĲШůŔĦƖŸĤƨĤĤũĲƚШыÂ[7~7ҼƚьШƚƨƚƓĲŰĬĲĬШŔŰШ
Â7ÉШŸƖШΠӖШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьЮШ[ŸƖůƨũċƣŔŸŰƚШƽĲƖĲШċƚƚĲƚƚĲĬШĤǃШ ьШĬŔċůĲƣĲƖШċŰĬШ7ьШĦŸŰĦĲŰƣƖċƣŔŸŰШŸƻĲƖШΝΞΜШ
ůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲШыΞΜрΞΟШ҄9ьЮШEƖƖŸƖШĤċƖƚШċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШŸŉШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEǂƓĲƖŔůĲŰƣƚШƽĲƖĲШ
ĦċƖƖŔĲĬШŸƨƣШŔŰШƣőƖĲĲШŔŰĬĲƓĲŰĬĲŰƣШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮ 
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2.84 Ñ 0.02 and 2.94 Ñ 0.14 Õm for EDTA and PBS, respectively, and then remaining 

substantially unchanged for the remainder of the analysis (Figure 29A). After 

production, mean MB concentration was 1.61 Ĭ 109 MB/mL and 1.84 Ĭ 109 MB/mL, for 

EDTA and PBS, respectively, and remained statistically unchanged until 120 min of 

incubation, reaching final concentrations of 1.74 Ĭ 109 MB/mL and 1.58 Ĭ 109 MB/mL, 

respectively (Figure 29B).  

3.4.2 The effect of pH on lipid shell charge 

Due to the cationic lipid shell, the pH-dependence of NONOate degradation kinetics, 

and the variable pH of the wound environment, it was considered important to assess 

zeta potential of the lipid shell in a range of buffers. The charge of the lipid shell did 

not differ significantly in any of the pH environments assessed, showing zeta potential 

values of 18.3 mV and 21.5 mV for pH 5.5 and 7.2, respectively (Table 2). 

Table 2 Mean diameter (Õm) and concentration (MB/mL) of cationic room-air microbubbles (RAMB+s) 
and cationic perfluorobutane MBs (PFBMB+s), with lipid films prepared using either spontaneous (left 
in a fume hood overnight) or facilitated evaporation (placed in a rotary evaporator for 40 minutes at 45 
ÁC), and zeta potential (mV) of the shell at pH 5.5 and 7.5. Diameter and concentration were measured 
by a Multisizer in one independent replicate (n=1), whilst zeta potential was measured in three 
independent replicates (n=3). 

Evaporation 

method 

RAMB+s PFBMB+s 
Zeta Potential 

(mV) 

Diameter 

(Õm) 

Conc. 

(MB/mL) 

Diameter 

(Õm) 

Conc. 

(MB/mL) 
pH 5.5 pH 7.5 

Spontaneous 2.02 2.43 x 108 0.83 5.10 x 109 18.3 

Ñ7.0 

21.5 

Ñ2.7 Facilitated 2.03 1.45 x 108 0.92 3.4 x 109 
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3.4.3 Assessment of the effect of an incubation period on the cavitation 

activity of RAMB+s 

Considering the timescale required for NONOate-mediated antibiofilm efficacy (i.e., 2 

hours; Section 2.4.2), PCD was used to characterise the cavitation activity of a 1:5 

volumetric dilution of RAMB+s in the presence of P. aeruginosa biofilms, immediately 

after application of microbubbles or following an incubation of 60 or 120 minutes at 

room temperature (20-23 ÁC). The ultrasound exposure settings were 1.1 MHz, tone 

[ŔŊƨƖĲЮΦΣЮÅĲƓƖĲƚĲŰƣċƣŔƻĲШĦċƻŔƣċƣŔŸŰШƓƖŸǯũĲƚШŸŉШÅ ~7ҼƚШċŉƣĲƖШƻċƖŔŸƨƚШŔŰĦƨĤċƣŔŸŰШƓĲƖŔŸĬƚШŔŰШĦŸŰƣċĦƣШƽŔƣőШΠΥрőŸƨƖШÂ §ΝШ
ĤŔŸǯũůƚЮШÅ ~7ҼƚШƽĲƖĲШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШы ьШŔůůĲĬŔċƣĲũǃШċŉƣĲƖШƓƖŸĬƨĦƣŔŸŰЯШы7ьШċŉƣĲƖШΣΜШůŔŰƨƣĲƚЯШŸƖШы9ьШċŉƣĲƖШΝΞΜШ
ůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲЮШÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШ
ΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШċŰШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΝШ~ÂċШƓĲċťрƣŸрƓĲċťЮШÑőĲШƖĲĬШċƖƖŸƽƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċƖƣШŸŉШƨũƣƖċƚŸƨŰĬШĲǂƓŸƚƨƖĲЮ 
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bursts of 400 cycles at 20 Hz PRF for 40 seconds, reaching a focal acoustic pressure 

of 1 MPa peak-to-peak at the biofilm surface. 

The RAMB+s which were exposed to US immediately after application to biofilms 

showed a very brief initial spike in harmonic, ultraharmonic, and broadband content of 

the signal recorded by the PCD. The signal intensity then decreased sharply (Figure 

30A) to levels similar to those seen in the negative control samples (Figure 31). After 

a 60- or 120-minute incubation period before US exposure (t60 and t120, respectively), 

there was little to no change over time in the signal recorded by the PCD (Figure 30C 

[ŔŊƨƖĲЮΦΤЮÅĲƓƖĲƚĲŰƣċƣŔƻĲШĦċƻŔƣċƣŔŸŰШƓƖŸǯũĲƚШŸŉШÂ7ÉШыŰĲŊċƣŔƻĲШĦŸŰƣƖŸũьШċŉƣĲƖШƻċƖŔŸƨƚШŔŰĦƨĤċƣŔŸŰШƓĲƖŔŸĬƚШŔŰШĦŸŰƣċĦƣШƽŔƣőШΠΥр
őŸƨƖШÂ §ΝШĤŔŸǯũůƚЮШÂ7ÉрŸŰũǃШƚċůƓũĲƚШƽĲƖĲШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШы ьШŔůůĲĬŔċƣĲũǃШċŉƣĲƖШċƓƓũŔĦċƣŔŸŰЯШы7ьШċŉƣĲƖШΣΜШůŔŰƨƣĲƚЯШ
ŸƖШы9ьШċŉƣĲƖШΝΞΜШůŔŰƨƣĲƚШċƣШƖŸŸůШƣĲůƓĲƖċƣƨƖĲЮШÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШ
ΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШċŰШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΝШ~ÂċШƓĲċťрƣŸрƓĲċťЮШÑőĲШƖĲĬШċƖƖŸƽƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċƖƣШŸŉШ
ƨũƣƖċƚŸƨŰĬШĲǂƓŸƚƨƖĲЮ 
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and B). Some replicates showed some level of activity (Supplementary 6.2.3), 

although this was not considered representative. 

The acoustic energy recorded by the PCD was split into four groups (harmonic, 

ultraharmonic, broadband, and total energy) and used for statistical comparison 

between experimental groups (Figure 32). t0 RAMB+s generated a significantly 

greater (P < 0.0001) total amount of energy than that measured from RAMB+s in the 

two incubation groups, corresponding to 26.6 Ĭ 10-13, 19.5 Ĭ 10-13, and 18.2 Ĭ 10-13 J 

of total energy, for t0, t60, and t120 groups, respectively. The harmonic content of the 

detected signal showed energies of 9.57 Ĭ 10-13, 5.34 Ĭ 10-13, and 5.00 Ĭ 10-13 J, 

respectively, with a significant difference determined between t0 and t60 (p < 0.01), 

and also between t0 and t120 (p < 0.001). The ultraharmonic energy detected showed 

[ŔŊƨƖĲЮΦΥЮĦŸƨƚƣŔĦШĲŰĲƖŊǃШыǂΝΜрΝΟШsьШƓƖŸĬƨĦĲĬШĤǃШĦċƣŔŸŰŔĦШƖŸŸůШċŔƖШůŔĦƖŸĤƨĤĤũĲƚШыÅ ~7ҼƚьШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШĲŔƣőĲƖШ
ŔůůĲĬŔċƣĲũǃШċŉƣĲƖШċƓƓũŔĦċƣŔŸŰШƣŸШΠΥрőŸƨƖШÂ §ΝШĤŔŸǯũůƚШыƖĲĬьЯШΣΜШůŔŰƨƣĲƚШċŉƣĲƖШċƓƓũŔĦċƣŔŸŰШыŊƖĲĲŰьЯШŸƖШΝΞΜШůŔŰƨƣĲƚШċŉƣĲƖШ
ċƓƓũŔĦċƣŔŸŰШыĤũƨĲьЮШEŰĲƖŊŔĲƚШƽĲƖĲШƚĲƓċƖċƣĲĬШŔŰƣŸШőċƖůŸŰŔĦЯШƨũƣƖċőċƖůŸŰŔĦЯШċŰĬШĤƖŸċĬĤċŰĬШĦŸŰƣĲŰƣбШƣŸƣċũШĲŰĲƖŊǃШƽċƚШƣőĲШ
ƚƨůШŸŉШƣőĲШƣőƖĲĲШĦŸůƓŸŰĲŰƣƚЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШ
ӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШŸŉШƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮ 
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no significant difference between any of the groups, but a significant difference was 

determined in energy associated with broadband noise between t0 and t120 (p < 0.05) 

with values of 14.3 Ĭ 10-13 and 11.2 Ĭ 10-13 J, respectively. 

Control experiments assessed the cavitation activity of PBS in the channel slides in 

the absence of biofilm. There was no change in the signal recorded by the PCD from 

PBS samples immediately exposed to US (Figure 31A); however, PBS incubated at 

room temperature for 60 minutes showed weak harmonic emissions for the initial ~3 

seconds (Figure 31B), and PBS incubated for 120 minutes showed rapid broadband 

emissions (Figure 31C) with both falling to stable low-magnitude levels afterwards. 

The total energy detected from the t0 control was 15.2 Ĭ 10-13 J, compared to 19.0 Ĭ 

10-13 J for both t60 and t120 controls. The harmonic emission from the t60 control 

group was equal to 5.3 Ĭ 10-13 J, compared to 4.16 Ĭ 10-13 J and 5.13 Ĭ 10-13 J, for t0 

and t120 controls, respectively. Conversely, broadband emissions were equal to 9.24 

Ĭ 10-13 J, 11.5 Ĭ 10-13 J, and 11.6 Ĭ 10-13 J, for t0, t60 and t120 controls, respectively. 

3.4.4 Assessing the differences in cavitation activity of MBs produced 

from lipid films prepared using two different evaporation methods 

When preparing the lipid film containing MB shell constituents, the chloroform solvent 

must be evaporated before MBs can be fabricated. Two distinct methods for this 

include leaving the suspension in a fume hood to spontaneously evaporate the solvent 

overnight (spontaneous evaporation) (288,372), or by using a rotary evaporator which 

heats the suspension to facilitate evaporation whilst spinning to form a dried lipid film 

within 40 minutes (facilitated evaporation) (293,373). Owing to inconsistencies in the 

physical appearance of lipid films after spontaneous evaporation (Supplementary 

6.2.4), RAMB+s and PFBMB+s were prepared using both methods and compared. The 
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size distributions of RAMB+s and PFBMB+s immediately after production appeared 

different, with mean MB diameter being comparable between evaporation methods; 

however, MBs produced from lipid films prepared by facilitated evaporation appeared 

less concentrated than those produced from films that were prepared by spontaneous 

evaporation (Table 2). PCD data of MBs fabricated using both evaporation methods 

produced spectrograms which appeared very similar. RAMB+s showed negligible 

emissions at 0.5 MPa (Figure 33A and B), regardless of evaporation method, whilst 

some activity was detected at 1 MPa (Figure 33C and D) and 2 MPa showing more 

harmonic and broadband signal as the excitation pressure was increased (Figure 33E 

and F). Although some signal could be distinctively observed on the spectrograms, 

there was no significant difference in the total energy of acoustic emissions between 

RAMB+s and PBS control, irrespective of evaporation method employed (Figure 35A). 

PFBMB+s produced by both evaporation methods showed higher amplitude and more 

sustained harmonic emissions at 0.5 MPa (Figure 34A and B), with ultraharmonic 

[ŔŊƨƖĲЮΦΦЮÂŸƽĲƖШыĬ7ШƖĲШìьШƻƚдШƣŔůĲШыƚьШċŰĬШŉƖĲƕƨĲŰĦǃШы~cǍьШƻƚЮШƣŔůĲШыƚьШƽŔƣőШƓŸƽĲƖШƚƓĲĦƣƖċũШĬĲŰƚŔƣǃШыĬ7ШƖĲШéΞоcǍьШŊƖċƓőƚШŉŸƖШ
ĦċƣŔŸŰŔĦШƖŸŸůШċŔƖШůŔĦƖŸĤƨĤĤũĲƚШыÅ ~7ҼƚьШƽŔƣőШƣőĲШũŔƓŔĬШǯũůШƓƖĲƓċƖĲĬШĤǃШы ЯШ9ЯШEьШƚƓŸŰƣċŰĲŸƨƚШĲƻċƓŸƖċƣŔŸŰШыũĲŉƣШŔŰШċШŉƨůĲШ
őŸŸĬШŸƻĲƖŰŔŊőƣьЯШċŰĬШĤǃШы7ЯШ?ЯШ[ьШŉċĦŔũŔƣċƣĲĬШĲƻċƓŸƖċƣŔŸŰШыƓũċĦĲĬШŔŰШċШƖŸƣċƖǃШĲƻċƓŸƖċƣŸƖШŉŸƖШΠΜШůŔŰƨƣĲƚШċƣШΠΡШ҄9ьЮШÖũƣƖċƚŸƨŰĬШ
ƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШŉŸĦċũШċĦŸƨƚƣŔĦШ
ƓƖĲƚƚƨƖĲƚШŸŉШы ьШΜЮΡЯШы7ьШΝЮΜЯШċŰĬШы9ьШΞЮΜШ~ÂċШƓĲċťрƣŸрƓĲċťЮ 
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emissions being detected at 1 MPa (Figure 34C and D). At 2 MPa, a sustained period 

of broadband noise lasting 5-10 seconds was present in samples produced using both 

evaporation methods, followed by sustained harmonic and ultraharmonic signals 

(Figure 34E and F). The spectrograms appeared very similar regardless of 

evaporation method; however, total energy values showed a small significant 

difference (P < 0.01) at 2 MPa with values of 15.4 Ĭ 10-12 and 17.9 Ĭ 10-12 J for 

spontaneous and facilitated evaporation, respectively (Figure 35B). 

3.4.5 Comparison of the cavitation activity of RAMB+s and PFBMB+s 

prepared using a facilitated evaporation method in the absence of 

biofilm 

As only small differences were observed between MBs prepared by either 

spontaneous or facilitated evaporation of the lipid film, it was decided to assess only 

those using facilitated evaporation for subsequent experiments as the process timeline 

[ŔŊƨƖĲЮΦΧЮÂŸƽĲƖШыĬ7ШƖĲШìьШƻƚдШƣŔůĲШыƚьШċŰĬШŉƖĲƕƨĲŰĦǃШы~cǍьШƻƚЮШƣŔůĲШыƚьШƽŔƣőШƓŸƽĲƖШƚƓĲĦƣƖċũШĬĲŰƚŔƣǃШыĬ7ШƖĲШéΞоcǍьШŊƖċƓőƚШŉŸƖШ
ĦċƣŔŸŰŔĦШƓĲƖǰƨŸƖŸĤƨƣċŰĲШůŔĦƖŸĤƨĤĤũĲƚШыÂ[7~7ҼƚьШƽŔƣőШƣőĲШũŔƓŔĬШǯũůШƓƖĲƓċƖĲĬШĤǃШы ЯШ9ЯШEьШƚƓŸŰƣċŰĲŸƨƚШĲƻċƓŸƖċƣŔŸŰШыũĲŉƣШŔŰШ
ċШŉƨůĲШőŸŸĬШŸƻĲƖŰŔŊőƣьЯШċŰĬШĤǃШы7ЯШ?ЯШ[ьШŉċĦŔũŔƣċƣĲĬШĲƻċƓŸƖċƣŔŸŰШыƓũċĦĲĬШŔŰШċШƖŸƣċƖǃШĲƻċƓŸƖċƣŸƖШŉŸƖШΠΜШůŔŰƨƣĲƚШċƣШΠΡШ҄9ьЮШ
ÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШŉŸĦċũШ
ċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲƚШŸŉШы ьШΜЮΡЯШы7ьШΝЮΜЯШċŰĬШы9ьШΞЮΜШ~ÂċШƓĲċťрƣŸрƓĲċťЮ 
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is much shorter than in spontaneous evaporation (40 minutes vs. >12 hours ). RAMB+s 

and PFBMB+s were evaluated at three different focal acoustic pressures (i.e., 0.5, 1.0, 

and 2.0 MPa). At 0.5 MPa, the spectral graph and PSD (power spectral density) 

spectrogram showed clear sustained harmonic emissions present in PFBMB+s 

(Figure 34B) whilst RAMB+s showed no activity (Figure 33B), with total energy values 

of 8.44 Ĭ 10-13 and 3.94 Ĭ 10-13 J, respectively (Figure 35C). Regardless of the 

observed difference in harmonic emissions, there was no significant difference (p > 

0.05) determined between the total acoustic energy emitted by RAMB+s and PFBMB+s 

at 0.5 MPa, with values of 14.9 Ĭ 10-13 and 19.5 Ĭ 10-13 J, respectively (Figure 35C). 

At increased acoustic pressures, significant differences (P < 0.0001) were determined 

in the total acoustic energy detected between RAMB+s and PFBMB+s (Figure 35C). 

At 1.0 MPa, PFBMB+s showed sustained harmonic and some ultraharmonic emissions 

[ŔŊƨƖĲЮΦΨЮÑŸƣċũШċĦŸƨƚƣŔĦШĲŰĲƖŊǃШƻċũƨĲƚШыǂΝΜрΝΟШsьШƽĲƖĲШůĲċƚƨƖĲĬШĤǃШÂ9?ШŉƖŸůШы ьШÅ ~7ҼƚШċŰĬШы7ьШÂ[7~7ҼƚШŔŰШƣőĲШċĤƚĲŰĦĲШŸŉШ
ĤŔŸǯũůƚЮШ~7ƚШƽĲƖĲШƓƖĲƓċƖĲĬШĤǃШƣƽŸШĬŔƚƣŔŰĦƣШůĲƣőŸĬƚШŸŉШũŔƓŔĬШǯũůШƓƖĲƓċƖċƣŔŸŰаШƚƓŸŰƣċŰĲŸƨƚШĲƻċƓŸƖċƣŔŸŰШыũĲŉƣШŔŰШċШŉƨůĲШőŸŸĬШ
ŸƻĲƖŰŔŊőƣбШƓŔŰťШĤċƖƚьШċŰĬШŉċĦŔũŔƣċƣĲĬШĲƻċƓŸƖċƣŔŸŰШыƓũċĦĲĬШŔŰШċШƖŸƣċƖǃШĲƻċƓŸƖċƣŸƖШŉŸƖШΠΜШůŔŰƨƣĲƚШċƣШΠΡШ҄9бШǃĲũũŸƽШĤċƖƚьЮШ[ŔŊƨƖĲШ
ы9ьШƚőŸƽƚШƣőĲШĦŸůƓċƖŔƚŸŰШŸŉШĲŰĲƖŊǃШƻċũƨĲƚШĤĲƣƽĲĲŰШÅ ~7ҼƚШыŸƖċŰŊĲШĤċƖƚьШċŰĬШÂ[7~7ҼƚШыŊƖĲĲŰШĤċƖƚьШƓƖĲƓċƖĲĬШĤǃШŉċĦŔũŔƣċƣĲĬШ
ĲƻċƓŸƖċƣŔŸŰЮШÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШ
ŉŸĦċũШƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲƚШŸŉШΜЮΡЯШΝЮΜЯШċŰĬШΞЮΜШ~ÂċЮШÑőĲШĦŸŰƣƖŸũШƚċůƓũĲШыŊƖĲǃШĤċƖƚьШƽċƚШÂ7ÉШĲǂƓŸƚĲĬШƣŸШ
ƨũƣƖċƚŸƨŰĬШƖĲċĦőŔŰŊШċШƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΞШ~ÂċЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШ
ӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШŸŉШƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮ 
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throughout the entire exposure period (Figure 34B), whilst RAMB+s showed no 

response (Figure 33B) comparable to the negative control containing PBS exposed 

to US (Figure 31). Total energies were now significantly different, equalling to 14.7 Ĭ 

10-13 and 93.7 Ĭ 10-13 J, for RAMB+s and PFBMB+s, respectively (Figure 35C). At 2.0 

MPa, PFBMB+s showed strong harmonic, ultraharmonic and broadband emissions for 

the first ~8 seconds of US exposure, after which total emissions decreased to show 

sustained harmonic and ultraharmonic activity for the remainder of the treatment 

period (Figure 34E). This differed from RAMB+s, which showed a sharp increase in 

broadband noise immediately upon US exposure followed by some weak harmonic 

[ŔŊƨƖĲЮΦΩЮÂŸƽĲƖШыĬ7ШƖĲШìьШƻƚЮШƣŔůĲШыƚьШċŰĬШŉƖĲƕƨĲŰĦǃШы~cǍьШƻƚЮШƣŔůĲШыƚьШƽŔƣőШƓŸƽĲƖШƚƓĲĦƣƖċũШĬĲŰƚŔƣǃШыĬ7ШƖĲШéΞоcǍьШŉŸƖШ
ĦċƣŔŸŰŔĦШƓĲƖǰƨŸƖŸĤƨƣċŰĲШůŔĦƖŸĤƨĤĤũĲƚШыÂ[7~7ҼƚьШŔŰШĦŸŰƣċĦƣШƽŔƣőШΠΥрőŸƨƖШÂ §ΝШĤŔŸǯũůƚШŊƖŸƽŰШŔŰШx7ШĤƖŸƣőШċƣШΟΤШ҄9ЮШ
ÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЯШƖĲċĦőŔŰŊШŉŸĦċũШ
ƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲƚШŸŉШы ьШΜЮΡЯШы7ьШΝЮΜЯШċŰĬШы9ьШΞЮΜШ~ÂċЮ 
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emissions, which decreased in amplitude over time (Figure 33E). The total energy 

values were also significantly different (p < 0.0001) with values of 16.5 Ĭ 10-13 and 

17.9 Ĭ 10-12 J, for RAMB+s and PFBMB+s, respectively (Figure 35C). 

3.4.6 Evaluating the cavitation activity and antibiofilm effects of PFBMB+s 

under varying acoustic pressures 

The cavitation profile of PFBMB+s has previously been characterized at varying 

acoustic pressures in the absence of biofilm. Here, PFBMB+s were put in contact with 

48-hour PAO1 biofilms for 60 seconds (based on a previous study (292)) before 

ultrasound exposure. The spectrograms obtained from PCD appeared to be 

comparable to those observed in the absence of biofilm, showing similar trends such 

[ŔŊƨƖĲЮΦΪЮ[ũƨŸƖĲƚĦĲŰĦĲШůŔĦƖŸƚĦŸƓǃШŔůċŊĲШŸŉШċШÉòÑ§ΦÑ~ШыċũũШĦĲũũƚбШŊƖĲĲŰьШċŰĬШÂfШ
ыĬĲċĬШĦĲũũƚбШůċŊĲŰƣċьШƚƣċŔŰĲĬШΠΥрőŸƨƖШÂ §ΝШĤŔŸǯũůбШŔůċŊĲƚШċƖĲШƖĲƓƖĲƚĲŰƣċƣŔƻĲШ
ŸŉШĤŔŸǯũůƚШƣƖĲċƣĲĬШƽŔƣőШы ьШÂ7ÉШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШċƣШΞШ~ÂċШƓĲċťрƣŸрƓĲċťШ
ċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲЯШŸƖШÂ[7~7ҼƚШĲǂƓŸƚĲĬШƣŸШƨũƣƖċƚŸƨŰĬШċƣШĲŔƣőĲƖШы7ьШΜЮΡЯШы9ьШΝЮΜЯШŸƖШ
ы?ьШΞЮΜШ~ÂċШƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲЮШÖũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШƨƚĲĬШƽĲƖĲШ
ΝЮΝШ~cǍЯШƽŔƣőШƣŸŰĲШĤƨƖƚƣƚШŸŉШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ШŉŸƖШΠΜШƚĲĦŸŰĬƚЮШfůċŊĲƚШƽĲƖĲШ
ĦċƓƣƨƖĲĬШƨƚŔŰŊШċШΝΜӄЮŸĤŢĲĦƣŔƻĲбШƣőĲШƚĦċũĲШĤċƖШŔƚШĲƕƨċũШƣŸШΝΜΜШӓůЮ 



ΝΡΣ 
 

as relatively low-amplitude harmonic signals present at 0.5 MPa (Figure 36A), the 

presence of ultraharmonic emissions at 1.0 MPa (Figure 36B), and a period of 

broadband noise lasting for 5-10 seconds (as well as higher amplitude harmonic and 

ultraharmonic signals) at 2.0 MPa (Figure 36C). Post-treatment images of the biofilms 

showed clear disruption of the biofilm structure after treatment with MBs at all acoustic 

pressures assessed (Figure 37B-D), whilst the untreated control showed no obvious 

disruption (Figure 37A). Quantitative analysis of biofilms treated with PFBMB+s and 

ultrasound at focal peak-to-peak pressures of 0.5, 1.0, and 2.0 MPa determined 

percentage reductions of 8.5, 57.8, and 40.9% in biofilm coverage area, respectively 

(Figure 38A); although only reductions after treatment at 1.0 MPa were statistically 

significant. Additionally, all samples treated with MBs showed increased PI signal 

intensity compared to the untreated control (Figure 38B). 

[ŔŊƨƖĲЮΦΫЮЮы ьШ~ĲċŰШƓŔǂĲũШŔŰƣĲŰƚŔƣŔĲƚШŸŉШÉòÑ§ΦÑ~ШыŊƖĲĲŰШĤċƖƚьШċŰĬШÂfШƚŔŊŰċũШыůċŊĲŰƣċШĤċƖƚьШċŰĬШы7ьШƣőĲШƖĲƚƓĲĦƣŔƻĲШ
ÂfоÉÑò§ΦШƖċƣŔŸƚШċŉƣĲƖШƣƖĲċƣůĲŰƣШƽŔƣőШÂ7ÉШŸŰũǃШыƨŰƣƖĲċƣĲĬШĦŸŰƣƖŸũьШŸƖШĦċƣŔŸŰŔĦШƓĲƖǰƨŸƖŸĤƨƣċŰĲШůŔĦƖŸĤƨĤĤũĲƚШ
ыÂ[7~7ҼƚьШƨƚŔŰŊШƨũƣƖċƚŸƨŰĬШƓċƖċůĲƣĲƖƚШŸŉШΝЮΝШ~cǍШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃЯШΠΜΜШĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ЯШƖĲċĦőŔŰŊШċШŉŸĦċũШƓĲċťр
ƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲƚШŸŉШΜЮΡЯШΝЮΜЯШŸƖШΞЮΜШ~ÂċШŉŸƖШΠΜШƚĲĦŸŰĬƚЮШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƣőĲШƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰЮШEċĦőШ
ƣƖĲċƣůĲŰƣШĦŸŰĬŔƣŔŸŰШƽċƚШċƚƚĲƚƚĲĬШŔŰШƣőƖĲĲШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШыŰӀΟьЮШ§ŰĲрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ
]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШŸŉШ
ƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮ 
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3.5 Discussion 

3.5.1 Microbubble characterisation and stability testing 

As candidate NONOates had been suitably characterised, as discussed in Chapter 2, 

the next step was to determine the most appropriate MB formulation for co-

administration. It was decided that a shell composition of DSPC:DSEPC:PEG40S 

would be used as previous literature has shown both RAMB+s and nitric oxide-core 

MB+s (NOMB+s) with this shell formulation to be effective antibiofilm agents (292,374). 

LuTheryn et al. compared the efficacy of both neutral (DSPC:PEG40S) and cationic 

(DSPC:DSEPC:PEG40S) RAMBs, and determined that the cationic formulation had 

greater antibiofilm and antibacterial effects against P. aeruginosa biofilms when in 

combination with a sub-inhibitory concentration of gentamicin (292). The improved 

antibiofilm efficacy of RAMB+s compared to neutral RAMBs can likely be owed to the 

effects of cavitation being more localised and persistent as MBs are expected to 

remain fixed in one position throughout the US exposure duration; a 40% increase in 

MB adhesion to the biofilm compared to the uncharged MB formulation was reported 

(374). 

The addition of the cationic phospholipid DSEPC gave the MB shell a zeta potential of 

+21.5 mV at pH 7.5 (Table 2), which was expected to improve strength of binding to 

the biofilm surface. Notably, the latter has been reported to have a zeta potential of 

around -20 mV (375). These results are in line with other cationic MB formulations 

reported in the literature, with a reported zeta-potential value frequently between +15-

25 mV (376ï378); however, some other studies report values up to +60 mV, likely due 

to greater molar amount of cationic phospholipids in the shell composition (379). An 

additional advantage of using a cationic shell is to improve MB stability, as the like-

charge repels neighbouring MBs and therefore reduces the rate of MB coalescence 
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(154). It was also decided to include the emulsifier PEG40S in the formulation, which 

is thought to be uniformly distributed throughout the MB shell (380), and has been 

reported to improve MB stability by both reducing surface tension, thus decreasing the 

rate of Ostwald ripening and MB coalescence, and inhibiting macromolecule 

adsorption onto the MB shell by presenting an impermeable cloud which acts via a 

steric barrier (381,382). A number of studies have assessed the impact of PEG40S on 

MB stability, such as the one by Abou-Saleh et al. who observed a significantly 

improved stability of perfluoropropane-core MBs containing 5% PEG when compared 

to MBs lacking PEG (383). Other advantages of using PEG40S include its 

biocompatibility (383) and its ability to increase circulation half-life by reducing 

immunogenicity and renal clearance (384). Whilst PEG40S is not required for 

successful ultrasound-mediated therapies (385), many studies have highlighted its 

utility as a MB shell constituent (380,382,386).  

3.5.1.1  PFBMB+s showed much greater stability that RAMB+s at room 

temperature and pressure 

It was initially decided to load room air into the gaseous core of the MBs as it was 

inexpensive, easy to incorporate within MBs, had previously reported antibiofilm 

efficacy (292), and has been used previously in some clinically approved contrast 

agents (e.g., Albunex; no longer clinically available) (387ï390). However, due to the 

limited stability profile of RAMB+s (Figure 28), it was decided to also assess an 

alternative MB formulation containing a PFB core as previous studies reported a 

marked improvement in stability in MBs containing a heavy gas (391); there are also 

some perfluorocarbon-containing contrast agents which are currently in clinical use, 

including the phospholipid-shelled SonazoidTM (389,392). MBs were produced and 
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stability was assessed at ambient temperature (~23 ÁC), as in the wound environment 

temperature is reported to be lower than physiological temperature at around 32 ÁC 

(316,317,320), as previously discussed (Section 2.5.1.1). It was also decided to 

investigate MB stability over a 2-hour period due to the required treatment time for 

NONOates (Section 2.4.2). Understanding whether MBs remained stable throughout 

the NONOate incubation period may be useful, if itôs determined that NONOate 

treatment is more effective before cavitation. If this was true, MBs and NONOates 

could be simultaneously administered and then allowed to incubate for 2 hours before 

stimulating the MBs with US, thus removing one step of intervention for the clinician in 

the treatment regimen. 

Immediately after production, RAMB+s had an initial diameter of 2.04 Ñ 0.15 Õm which 

increased by 54% to 3.19 Ñ 0.34 Õm after 2 hours (Figure 28A), whilst MB 

concentration decreased by 69% from 2.92 Ĭ 108 to 9.10 Ĭ 107 MB/mL (Figure 28B). 

Both the increasing size and decreasing concentration over time can be primarily owed 

to Ostwald ripening where larger MBs grow at the expense of smaller ones, governed 

by mass transfer of gas from the smaller to the larger MBs driven by differences in 

Laplace pressure (153). As previously discussed (Section 1.1.7), MB dissolution 

occurs when the internal pressure of the MB is less than the pressure exerted on the 

MB by the surrounding liquid (393). As air has a relatively high solubility in water 

(compared to commonly used heavy gases), this can help explain the poor stability 

profile observed for RAMBs, as the diffusion rate of air from inside the MB to the 

surrounding liquid is increased. Considering these mechanisms provides an 

explanation for the observed increase in mean MB size and decrease in MB 

concentration over time. 
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Initially, PFBMB+s were 35% larger than RAMB+s, with a mean diameter of 3.13 Ñ 0.12 

Õm, and were 199% more concentrated, with a concentration of 1.68 Ĭ 109 MB/mL 

(Table 2). The greater concentration of PFBMB+s can most likely be explained by the 

method of gas loading. When producing PFBMB+s, during the second sonication step 

where MBs are produced at the liquid-air interface (Figure 26), a constant stream of 

PFB was flowed at the interface at a rate of 0.1 L/min. This allowed a more óactiveô 

loading of gas into the MB core, as encapsulated PFB is continuously being 

replenished. This is in contrast to the method of RAMB+s production, where air is taken 

up ópassivelyô at the interface, as atmospheric air naturally exists in the headspace of 

the vial. Additionally, the physical disruption of the gas-liquid interface caused by the 

constant stream of PFB may increase the gas encapsulation rate during sonication. 

Also, considering the lower water-solubility of PFB, there is likely to be less immediate 

dissolution of PFBMB+s compared to RAMB+s, and therefore more PFBMB+s remain 

present in the sample post-sonication. The effect of encapsulating gas and MB size 

has not yet been systematically investigated in the literature; however, it was 

hypothesized that larger RAMB+s present after sonication immediately collapsed due 

to their relative instability, leaving a population with a lower mean diameter than 

PFBMB+s. 

The stability profile of PFBMB+s was quite different compared to RAMB+s, as 

PFBMB+s showed no significant change in either size or concentration throughout the 

2-hour period evaluated, indicating a more stable formulation. As the shell composition 

remained the same, the presence of heavy gas (i.e., PFB) in the MB core must be 

responsible for this difference. When a bubble is first produced in an aqueous 

environment there is a rapid exchange of gases (e.g., O2, N2, and CO2) to equilibrate 

the internal pressure inside the MB and the external pressure exerted by the 
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surrounding medium (394). After equilibration, MBs will deflate with a rate that is 

dependent on the diffusivity of the gas core. PFB has a 30- and 63-fold lower water 

solubility (0.021 mol/m3) than that of primary room air constituents nitrogen and 

oxygen (0.63 and 1.32 mol/m3, respectively), which results in a much lower diffusivity 

for PFB and therefore slowing the rate of PFB-filled MBôs deflation dramatically (395). 

This effect was demonstrated by Ferrara et al. who modelled the dissolution profile of 

both room air- and PFB-core MBs, and predicted PFBMBs to have a dissolution rate 

5 orders of magnitude lower than RAMBs (150). 

3.5.1.2  The zeta potential of MB shell constituents remained unaffected in 

various wound-relevant pH environments 

Considering the variability in wound pH (317,321,371,396), it is important to assess 

the effect of pH on the charge of the MB shell, as this may affect both the electrostatic 

interaction with the biofilm and influence the magnitude of repulsive forces between 

MBs, thus influencing overall MB stability. Studies are yet to consider the effect of 

wound-relevant pH levels on MB charge. As previously described (Section 3.3.3), zeta 

potential was measured on samples that had undergone the first sonication step to 

produce a homogenous dispersion of lipid vesicles (i.e., microbubble precursors). The 

second sonication step was omitted as MBs were not suitable for measurement using 

DLS, due to their natural buoyancy causing them to float within the measurement cell 

(374). Although this technique resulted in indirectly measuring the zeta potential of the 

MBs, Owen et al. showed that the charge of the precursor lipid vesicle dispersion was 

equivalent to that of fabricated MBs (376). 

The mean zeta potential of the DSPC:DSEPC:PEG40S MB precursors was 

determined to be 18.3 and 21.5 mV at pH 5.5 and 7.2, respectively (Table 2); there 
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was no significant difference determined between these values. Considering the ability 

of T-EDTA to chelate divalent cations (228) and the presence of a cationic MB shell, it 

was important to assess if the presence of T-EDTA in the suspension medium affected 

MB stability. The size and concentration of PFBMB+s in PBS and 4% w/v T-EDTA was 

not significantly different at any time point throughout the duration of the study; 

therefore, it was concluded that 4% w/v T-EDTA didnôt affect stability of cationic MBs 

and thus could be considered for co-administration.  

3.5.2 The effect of a pre-exposure incubation period on the cavitation 

profile of RAMB+s 

Owing to the 2-hour treatment period required for candidate NONOates to elicit a 

dispersal effect on 24-hour PAO1 biofilms (Section 2.4.2), there were two primary 

treatment regimens which were considered. Either NONOates and MBs could be 

applied to biofilms and allowed to incubate for 2 hours before applying ultrasound, or 

NONOates and MBs could be applied to biofilms, exposed to ultrasound immediately 

and then allowed to incubate for 2 hours. To assess the usability of the former regimen, 

it was decided to evaluate whether the RAMB+ suspension would contain acoustically 

active cavitation nuclei after 60 and 120 minutes of incubation at room temperature. If 

the RAMB+s were found to produce a strong cavitation profile after incubation, this 

would allow the application of a combined mixture of RAMB+s and a NONOate to a 

biofilm in a chronic wound, followed by a 2-hour incubation to allow the NONOate to 

elicit its antibiofilm effect prior to ultrasound exposure. This is a novel consideration, 

as it is quite specific to the application investigated in the present study. The use of a 

combined suspension would provide a simpler treatment regimen, easing the burden 

on already complex wound care nursing (397). 
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3.5.2.1  RAMB+s showed negligible cavitation activity immediately after 

production or after incubation 

Previously discussed MB stability data (Figure 28) suggested that undiluted RAMB+s 

undergo a ~1.5-fold increase in diameter, reaching a mean diameter of 3.19 Õm, and 

a ~3-fold decrease in concentration, reaching a mean concentration of 9.1 Ĭ 107 

MB/mL, after 120 minutes at room temperature in PBS. It must be considered that 

RAMB+s were volumetrically diluted by a factor of 1:5 prior to application to biofilms; 

this dilution was selected in accordance with previous work which showed significant 

antibiofilm activity using MB concentrations ranging from 1Ĭ107 to 5Ĭ107 CFU/mL 

(288,292). When accounting for this dilution, the mean MB concentration after 120 

minutes could be anticipated to be ~1.8 Ĭ 107 MB/mL, assuming a linear decrease 

over time. Previous studies have shown both custom-made and commercially 

available MBs of diameter ~3 Õm to undergo measurable cavitation activity; for 

example, SonazoidTM is a commercially available PFB-core, phospholipid-shelled MB 

formulation with a mean diameter of ~3.7 Õm, which produces clear cavitation when 

exposed to ultrasound at a driving frequency of 1 MHz and peak-to-peak acoustic 

pressure ranging from 0.2-2 MPa (398). Chen et al. also reported that PFB-core, 

phospholipid-shelled MBs with a mean diameter of ~3 Õm and a concentration of 2 Ĭ 

106 MB/mL produce a clear cavitation response, with particularly enhanced harmonic 

content, when exposed to ultrasound with a driving frequency of 1 MHz and an 

acoustic pressure of 1 MPa peak-to-peak (399). LuTheryn et al. also showed RAMB+s 

of identical formulation to those used in the present study, to elicit strong antibiofilm 

effects (292). Considering these prior observations, it was hypothesized that a 

sustained cavitation signal would be detected from RAMB+s just after administration 
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(at t0), with signal amplitude decreasing as the incubation time increased due to a 

reduction in MB concentration and an increase in mean MB diameter. 

It should be noted that the high signal amplitude present in all spectrograms at 1.1 

MHz (Figure 30, Figure 31, Figure 33, Figure 34, Figure 36), although attenuated 

via a high-pass filter, represents the fundamental driving frequency of the transducer 

and should be disregarded when analysing the cavitation profiles. This does, however, 

provide an indication for when ultrasound stimulation is active. 

To establish a background, PBS was placed in the channel slides in the absence of 

biofilm and was exposed to US either immediately (t0), after 60 minutes (t60), or after 

120 minutes (t120), whilst the PCD measured the acoustic energy generated from the 

stimulated system. The t0 control showed no change in signal throughout the entire 

exposure period showing only some weak harmonic signals (Figure 31A). The t60 

control showed an increase in harmonic activity lasting for approximately 3 seconds, 

primarily at the 2nd and 3rd harmonic (~2.2 and 3.3 MHz) (Figure 31B), before falling 

back to a baseline level. The t120 control showed a sharp increase in low-amplitude 

broadband signal for a very brief period immediately upon US exposure, before again 

falling to baseline level (Figure 31C). The cavitation observed in the control samples 

was most likely caused by the gas dissolved in the PBS coming out of solution and 

forming bubbles as the solution temperature equilibrates (400). This effect could have 

been reduced by using degassed media; however, as the formulation was indicated 

for external (topical) application, the passive formation of bubbles was not considered 

a concern. It should also be noted that maintaining a fully de-gassed environment in 

topical applications would be difficult and costly due to the influence of atmospheric 

gases; this provides further rationale for not degassing the MB suspension media in 

the present study. 
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Upon investigation of the RAMB+ samples, the t0 samples showed one distinct window 

of broadband noise upon US exposure followed by very weak harmonic signals 

primarily at the 2nd harmonic (Figure 30A). As previously discussed, broadband noise 

is indicative of inertial cavitation and MB collapse, so it is likely that most RAMB+s 

collapsed immediately upon US exposure. The harmonic activity observed after the 

window of broadband noise is comparable to that seen in the t0 control (Figure 31A), 

suggesting that most echogenic RAMB+s may have been destroyed during the initial 

phase of stimulation leaving an insignificant amount of cavitation nuclei for subsequent 

activity. This profile remained consistent throughout all three replicates, each showing 

an initial inertial cavitation event represented by peaks of broadband signal of similar 

amplitude (Supplementary 6.2.3). For the t60 RAMB+s, there was very little change 

in the acoustic emissions during the entire 40-second US exposure period (Figure 

30B); however, in the 3rd replicate, a single burst of broadband emissions of similar 

amplitude to that detected in t0 samples was observed, immediately upon US 

exposure. This indicates the presence, and subsequent collapse of, viable echogenic 

RAMB+s in the suspension after the 60-minute incubation period. Even weaker 

emissions were detected in the t120 RAMB+ samples, with only one replicate showing 

any activity. This low-amplitude, broadband peak was very similar to that detected in 

the t120 control sample so may be indicative of the presence of some other exogenous 

cavitation nuclei other than RAMB+s. 

The lack of sustained cavitation of RAMB+s in all incubation groups was likely caused 

by the relatively high solubility and/or diffusivity of room-airôs constituent gases (i.e., 

nitrogen and oxygen) present in the MB core. In t0 RAMB+, as the cavitation begins, 

during the compression phase the internal pressure of the MB increases dramatically, 

promoting the diffusion of gas down its concentration gradient from the MB core into 



ΝΣΣ 
 

the surrounding fluid (401). As the water solubility of room-air is relatively high, rapid 

gas transfer from the MB core into the surrounding environment is likely to occur during 

US exposure, resulting in almost immediate collapse or dissolution of most RAMB+s 

in the suspension. As most MBs have collapsed/dissolved, there is little to no activity 

observed in the remainder of the exposure period. The total cavitation energy detected 

from RAMB+s at t60 and t120 showed no significant difference compared to their 

respective controls (Figure 32), indicating that there was no notable cavitation activity 

associated with RAMB+s upon incubation.  

Although it was initially hypothesized that RAMB+s after incubation would be both of 

suitable size and concentration to undergo cavitation, the 1:5 dilution carried out may 

have had a more significant impact on bubble stability than was previously expected. 

The initial concentration of RAMB+s here was ~1.45 Ĭ 108 MB/mL, resulting in ~2.9 Ĭ 

107 MB/mL post-dilution. The sample was expected to be concentrated enough to 

result in detectable cavitation, as previous experiments have used MB suspensions 

as dilute as 5000 MB/mL (398,402). Although the effect of MB concentration on 

stability has not been studied systematically, it is known that higher concentrations of 

MB suspensions have improved stability (369). The effects of Ostwald ripening 

become more pronounced in dilute suspensions as diffusive shielding (the effect by 

which proximal MBs can reduce dissolution rate dramatically (155)) is decreased due 

to a reduced gas saturation, as the concentration of gas dissolved in the liquid phase 

is higher in more dilute MB suspensions (403). This means that after 60 or 120 minutes 

the RAMB+s may have grown to sizes that are less acoustically responsive and 

concentrations that are too low to detect any significant cavitation activity. Two intuitive 

solutions that could have been explored were to use a more concentrated MB 

suspension or tune the driving frequency to achieve higher amplitude cavitation. 
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Although both options may have showed an improvement in efficacy, considering the 

complete lack of broadband signal observed, it was decided that altering the MB 

formulation was more likely to improve activity. 

One important difference between the initial stability studies (Figure 28) in the 

absence of ultrasound and the cavitation detection studies, was the presence of 

biofilms in the latter group. As previously discussed, a cationic-shelled MB was used 

to enhance selectivity of MB interaction with the negatively charged biofilm surface. 

The charge of a biofilm is determined by the presence of extracellular DNA and 

polysaccharides, as well as the bacterial cell membrane (404ï406). It may be 

considered that electrostatic interactions between the cationic lipid shell and the 

anionic biofilm surface may also have had an impact on the stability of RAMB+s. Whilst 

many studies have used cationic-shelled MBs as a method of gene conjugation for 

ultrasound-mediated delivery (378,407,408), only a few have assessed the enhanced 

targeting effects to an anionic surface compared to neutral MBs (374,409). LuTheryn 

et al. reported 40% more RAMB+s to adhere to an anionic surface compared to its 

uncharged counterpart, whilst RAMB+s were able to resist shear stress levels up to 

0.2 Pa (374). It was also reported that 40-seconds of ultrasound treatment with 

charged RAMB+s elicited a stronger antibiofilm and bactericidal effect compared to 

uncharged RAMBs, owing to the electrostatic interactions with the biofilm (292). 

Although cavitation behaviour of charged MBs has not been assessed yet in vitro in 

the literature, Abu-Nab et al. carried out in-silico simulations assessing populations of 

cationic MBs and concluded that employing a charged shell slows down the growth 

process, most likely due to resisting coalescence, but they did not consider 

interactions with an anionic surface (410). It may also be considered that some bio-

chemical interactions between the MB shell and the biofilm surface may have affected 
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MB stability. To investigate this, RAMB+s were assessed in the absence of biofilm, 

which is discussed in the following section. 

Overall, it was determined that RAMB+s were not suitable cavitation nuclei for 

antibiofilm applications as, even upon immediate exposure to US, there was very little 

cavitation activity throughout the treatment period. Additionally, if it was determined 

that an incubation period before US exposure was required, the RAMB+s would be an 

even less viable option as cavitation was inconsistent between replicates, and in 

samples where cavitation was present the duration and amplitude was much lower 

than what had been previously reported to show antibiofilm effects (368). 

3.5.3 Assessing RAMB+s and PFBMB+s prepared by two distinct lipid film 

evaporation methods 

As the physical appearance of lipid films prepared by spontaneous evaporation was 

variable, it was decided to compare the properties of RAMB+s and PFBMB+s when the 

lipid film was prepared by two distinct methods: spontaneous evaporation (left to in a 

fume hood overnight) and facilitated evaporation (placed in a rotary evaporation for 40 

minutes). The underlying hypothesis was that facilitated evaporation of the lipid film 

may improve reproducibility of MB production owing to the more consistent physical 

appearance of the film and reduce the time burden associated with spontaneous 

evaporation.  

3.5.3.1  The method of lipid film evaporation had negligible impact on 

cavitation activity 

Although there was no difference in size, the MBs produced from lipid films undergoing 

spontaneous evaporation were more concentrated than those produced from films 

generated through facilitated evaporation (Table 2). The total energy detected by PCD 
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between evaporation methods only showed a significant difference for PFBMB+s at 

2.0 MPa (Figure 35B), whilst cavitation profiles appeared comparable for all 

conditions (Figure 33 and Figure 34). It was concluded that the lipid film evaporation 

method had a negligible effect on the cavitation profile, therefore facilitated 

evaporation was used in the following experiments as it required less time to produce 

MBs. 

3.5.4 Comparing the cavitation profiles of RAMB+s and PFBMB+s 

Owing to the lack of significant cavitation observed from RAMB+s, it was decided to 

also assess the cavitation of PFBMB+s (prepared using facilitated evaporation of the 

lipid film) as an alternative formulation. The physico-chemical properties of the 

gaseous core have been widely reported to affect MB stability, with heavy gases 

enhancing stability due to their relatively low water solubility and lower diffusion rate 

through the lipid shell compared to room air constituents, for example (411). As 

previously presented, PFBMB+s showed a superior stability profile than RAMB+s at 

room temperature and atmospheric pressure (Figure 28). Here, the cavitation activity 

of RAMB+s and PFBMB+s was compared at a range of therapeutically relevant peak-

to-peak acoustic pressures (0.5, 1.0, and 2.0 MPa), in the absence of biofilm. This 

range of pressure values was selected as previous work has considered similar values 

in conjunction with both novel (292) and clinically-approved MB formulations 

(398,412). 

3.5.4.1  PFBMB+s at 2 MPa peak-to-peak acoustic pressure produced the 

most favourable cavitation profile 

Even at the lowest acoustic pressure used (0.5 MPa), it was immediately clear that 

PFBMB+s were more competent cavitation nuclei than RAMB+s as sustained harmonic 
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emissions were observed for the entire exposure period (Figure 34B), compared to 

RAMB+s from which no echoes were observed (Figure 33B). The spectral outputs and 

the total energy values from RAMB+s were not significantly different to that observed 

in the PBS control group, indicating a complete absence of echogenicity in the 

suspension. At an acoustic pressure of 1 MPa, PFBMB+s showed significant cavitation 

activity with clear signals at harmonic frequencies and also ultraharmonic frequencies 

on the PSD spectrogram (Figure 34D), i.e. at frequencies equal to the fundamental 

frequency (1.1 MHz) multiplied by non-integers (e.g., 1.5 and 2.5 MHz) (413). As 

previously discussed (Section 1.1.8), ultraharmonic emissions indicate the presence 

of non-inertial cavitation conforming to non-linear modes of MB oscillation (414). This 

means the rate of bubble expansion and compression are not equal, likely resulting in 

a faster rate of compression and a slower rate of expansion (415). The amplitude of 

ultraharmonic emissions increased throughout the first 10 seconds after which it 

plateaued. This likely indicates that the bubbles began oscillating predominately in a 

linear fashion; however, as the acceleration grew in amplitude, the inertial forces from 

the surrounding liquid became more important, affecting the cavitation profile and 

initiating non-linear oscillations in some MBs (416). Again, RAMB+s showed only a 

small amount of cavitation activity immediately upon exposure to US followed by no 

detectable activity (Figure 33D). It was previously considered that electrostatic or 

biochemical interactions between the cationic MB lipid shell and the anionic biofilm 

surface might have had a detrimental effect on RAMB+ stability; however, as there is 

no biofilm present here, the lack of cavitation was most likely owed to the absence of 

diffusive shielding in dilute suspensions and the greater diffusivity of room-air 

constituents.  



ΝΤΝ 
 

At the highest acoustic pressure applied (2 MPa), RAMB+s showed a brief spike in 

broadband signal followed by some weak harmonic signal, likely indicating an initial 

period of inertial cavitation resulting in the collapse of most bubbles after a few cycles 

of US (Figure 33F). Subsequently, MBs showed some linear oscillations for ~5 

seconds before the signal dropped to levels comparable to that observed in the control 

samples, as the remaining MBs were most likely too large to effectively respond to US 

and the suspension was too dilute to generate detectable echoes. It is notable that 

RAMB+s showed no significant difference in the total energy detected compared to 

control, for all acoustic pressure groups (Figure 35C). This differs quite significantly 

from a previously reported study in which RAMB+s of identical formulation showed 

clear broadband and harmonic emissions, using a comparable ultrasound 

configuration (292). Some of the experimental parameters in this previous study 

remain unclear, e.g. the MB concentration, which may provide an explanation for the 

difference in results. The influence of MB concentration on cavitation has been 

discussed previously; however, the size and shape of the reaction vessel can also 

affect cavitation dynamics owing to differences in surface area and the influence of 

edge effects (417). In the present study biofilms were cultured in a flow channel with a 

diameter of 5 mm and a height of 0.8 mm, in which MBs would likely behave differently 

compared to a vessel of different shape, e.g. a circular dish (as used by LuTheryn et 

al.). Additionally, the total number of MBs accessible to the ultrasound beam is likely 

to be significantly lower in a channel slide compared to a circular dish (depending on 

the US field focal volume), owing to the relatively small channel height; this could 

provide an additional explanation for the difference in MB response. 

The PFBMB+s at 2 MPa showed the most favourable cavitation profile, displaying an 

initial period of likely inertial cavitation and MB collapse followed by sustained non-
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inertial oscillations of both linear and non-linear modes from the remaining MBs. 

Similar profiles have been shown to elicit strong antibiofilm effects and potentiate 

antibiotic efficacy against PAO1 biofilms in previous research (418). Considering the 

lack of cavitation of RAMB+s, even at the highest acoustic pressure assessed, and the 

favourable cavitation profile of PFBMB+s, it was decided to subsequently assess the 

antibiofilm effects of PFBMB+s at a range of acoustic pressures on PAO1 biofilms. 

3.5.5 The antibiofilm effects of cavitating PFBMB+s at a range of acoustic 

pressures 

As previously discussed, cavitating MBs can be effective antibiofilm agents as their 

alternating expansion and rarefaction physically disrupts the biofilm surface, with 

assistance from secondary mechanisms such as microstreaming and the formation of 

jets during cavitation (162). The cavitation profiles obtained from PFBMB+s in the 

presence of a biofilm were comparable to those obtained without biofilm, therefore it 

was concluded that the electrostatic interactions between the cationic MB shell and 

the anionic biofilm surface had no significant effect on cavitation. 

3.5.5.1  PFBMB+s stimulated at 1 MPa peak-to-peak acoustic pressure 

showed the most significant biofilm reduction 

Post-treatment biofilm images showed clear biofilm disruption at all acoustic pressures 

investigated (Figure 37B-D), with dispersal profiles seemingly linked to the distinct 

cavitation profiles. At 0.5 MPa, where low-amplitude non-inertial cavitation was 

detected, only an ~8% reduction in biomass was calculated (this was not considered 

statistically significant) (Figure 38A). This occurred across a relatively small area 

compared to the treatment area (~1000 Õm2 and ~5000 Õm2, respectively) with pores 

of around 50 Õm2 observed (Figure 37B). LuTheryn et al. reported PAO1 biofilms after 
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treatment with RAMB+s or nitric oxide-loaded MB+s to undergo ~80% and ~70% 

biomass reductions, respectively (292). Experimental conditions were similar to those 

used here, including ultrasound parameters, MB shell composition, and bacterial 

strain; however, some key differences could explain the different biomass reduction 

values reported. PAO1 biofilms here were grown in LB broth in IbidiÈ channel slides, 

whilst LuTheryn et al. used wound-constituent medium (a mixture of Bolton broth, 

laked horse blood, and bovine plasma) in IbidiÈ Õ-dishes. It has been reported that 

growth media directly influences biofilm growth and removal efficacy when using 

antibiotics (337). Although this has not yet been studied directly with cavitation-

mediated dispersal, a similar correlation could be expected.  

Significant biofilm disruption (P < 0.05; 57.8% biomass reduction, Figure 38A) was 

observed over a larger area (~2000 Õm2) at 1 MPa where inertial cavitation was more 

significant, with most pores still observed to be around 50 Õm2; however, some pores 

appeared larger compared to those observed at 0.5 MPa (Figure 37C). The most 

dramatic visual difference in biofilm was that observed at 2 MPa, in which large ócrack-

likeô pores of ~1000 Õm2 appeared (Figure 37D); a corresponding 40.9% reduction in 

biomass was calculated (Figure 38D). These ócrack-likeô pores have not been reported 

before in studies assessing cavitation-mediated biofilm treatments. Alves et al., 

however, reported cracks in MRSA biofilms after treatment with zinc; although at a 

much smaller scale (<30 Õm) (419). Although biofilms showed the greatest percentage 

reduction in biomass when treated with PFBMB+s stimulated at 1 MPa peak-to-peak 

acoustic pressure, 2 MPa was selected for future experiments owing to both the likely 

presence of inertial cavitation (which was not present at 1 MPa; Figure 36B and C) 

and the appearance of larger pores forming in the biofilm post-treatment. 
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It should be noted that photobleaching was observed in all samples due to the high 

intensity laser exposure when capturing pre-treatment images using the 40Ĭ objective 

(Supplementary 6.2.5). SYTO9TM is known to be very sensitive to photobleaching, 

being reported to lose ~30% signal intensity 60 minutes after staining (420). 

Additionally, the multiple washing steps which were carried out between the pre- and 

post-treatment imaging likely removed some biofilm, causing a further reduction in 

emission intensity. Owing to the presence of photobleaching in the images reported 

here, it was decided to omit 40Ĭ images from the pre-treatment imaging regimen in 

future experiments. 

3.6 Conclusion 

The research presented in this Chapter demonstrates a novel and comprehensive 

approach to the characterisation and application of RAMB+s and PFBMB+s for 

subsequent co-administration with antibiofilm dispersal agents and antibiotics. Unlike 

many prior studies that primarily focused on imaging or microbubble properties, this 

work uniquely combines acoustic cavitation with targeted antibiofilm therapy via 

electrostatic selectivity, addressing the critical challenge of biofilm resilience in 

antimicrobial treatment. Through systematic evaluation, PFBMB+s were found to be 

the optimal formulation due to their enhanced stability, cavitation activity, and 

antibiofilm efficacy, particularly at 2 MPa peak-to-peak pressure. Additionally, the 

detailed characterisation of MB properties, including the relationship between zeta 

potential, environmental pH, and MB stability in T-EDTA, underscores the novelty of 

tailoring these formulations for therapeutic applications.  

The dual focus on physical (acoustic cavitation) and subsequent combination with 

chemical mechanisms (antibiofilm dispersal agents) provides an innovative strategy 

to disrupt biofilms and improve antibiotic efficacy. This work not only highlights the 
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promise of PFBMB+s as cavitation nuclei but also paves the way for integrating 

advanced acoustic techniques with biofilm-targeted therapies, offering a new direction 

for managing biofilm-associated infections in clinical settings. The research presented 

in this Chapter, suitably addresses the objective of selecting an appropriate MB 

formulation and suitable US parameters for antibiofilm therapy. Future work should 

aim to combine antibiofilm agents with MBs and US (as highlighted herein) to assess 

the potential presence of synergistic effects.  
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4 CHAPTER IV: Assessing the effects of antibiofilm agents combined 

with ultrasound and expanding to multispecies models 

4.1 Introduction 

As discussed previously (Chapter 2), emerging therapeutic approaches to address 

biofilms include the use of NO, a signalling molecule known for its roles in immune 

response modulation, biofilm dispersal, and antimicrobial activity (302,421). However, 

since the clinical application of NO is limited owing to its rapid degradation in aqueous 

environments, with a half-life of less than six seconds, NO-releasing compounds like 

NONOates have been of growing interest (422). Candidate NONOates PA-NO and 

SP-NO have been assessed in Chapter 2, with PA-NO showing promise as significant 

antibiofilm effects were observed against early-stage P. aeruginosa biofilms (Section 

2.4.2.1). However, inclusion of a ñpre-treatmentò phase with NONOates against P. 

aeruginosa biofilms reduced the efficacy of the antibiotic ciprofloxacin (Section 

2.4.4.2). Additionally, clinically approved chelating agent T-EDTA demonstrated 

potential as an antibiofilm agent, as significant biofilm dispersal was observed in both 

early-stage and mature biofilms (Sections 2.4.2.1 and 2.4.2.2). 

The role of adjunctive therapies, such as ultrasound and MBs, in enhancing the 

antibiofilm efficacy of NONOates and conventional antibiotics has yet to be fully 

elucidated; however, previous work has demonstrated the ability of cavitation to 

improve antibiotic penetration of biofilms. For example, Dong et al. observed a 36% 

increase in removal of S. epidermidis biofilms treated with vancomycin and US-

stimulated MBs compared to US-stimulated MBs only. Further to this, LuTheryn et al. 

reported a ~20% increase in removal of P. aeruginosa biofilms when treated with US-

stimulated NO-loaded MBs compared to room air-loaded MBs (292). This Chapter 
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combines findings from Chapters 2 and 3 by evaluating the antibiofilm efficacy of SP-

NO, PA-NO, and T-EDTA combined with MBs and ultrasound against both early-stage 

and mature P. aeruginosa biofilms. Further experiments assessed the potentiation of 

ciprofloxacin by these agents combined with MBs and ultrasound. 

Whilst Chapter 2 demonstrated the potential of NONOates in reducing biofilm 

biomass, investigations have focused on single-species models; the effects of these 

compounds on polymicrobial biofilms remain underexplored. Polymicrobial biofilms 

often present an increased tolerance to antimicrobial intervention; for example, Vale 

et al. reported complete eradication of E. coli biofilms after 24-hour treatment with 

0.14% w/v T-EDTA, but no significant reduction in a dual-species biofilm containing E. 

coli and S. epidermidis (423). To assess the NONOate-mediated antibiofilm effects 

against a more complex model, polymicrobial biofilms (consisting of E. coli, E. faecalis, 

and P. aeruginosa) grown in pooled, mixed-gender human urine to mimic biofilms more 

representative of those found in UTIs were treated with candidate agents, for the first 

time. UTIs are among the most common infections worldwide and are frequently 

complicated by the formation of biofilms, particularly in patients with indwelling 

catheters (115). However, biofilms in UTIs are not only limited to those found on 

indwelling devices, but additionally, pathogens can enter urothelial cells and form 

intracellular bacterial communities (IBCs) which can subsequently form biofilm 

structures, providing a further source of infection recalcitrance (118). Additionally, 

biofilms found in vivo (e.g., in the urinary tract or a wound site) are often polymicrobial, 

which further complicates treatment interventions as multispecies biofilms can 

exacerbate biofilm-associated antimicrobial tolerance, via interspecies interactions 

that can promote biofilm resilience and pathogen virulence (424). 
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Findings from this Chapter provide insights into the complex dynamics of polymicrobial 

biofilms and contribute to the development of targeted, effective antibiofilm therapies, 

with potential to improve clinical outcomes for patients with both chronic wound 

infections and persistent UTIs. 

4.2 Statement of objectives 

This Chapter will assess the antibiofilm efficacy of dispersal agents and undrugged 

microbubbles (both of which have been previously characterised in Chapters 2 and 3, 

respectively) against single-species P. aeruginosa biofilms, in the presence and 

absence of a clinically-relevant antibiotic. The work in this Chapter will also increase 

the complexity of biofilm models by assessing biofilm growth of both mono- and tri-

cultures in both nutrient-rich media and human urine. Finally, the antibiofilm effects of 

candidate NONOates and T-EDTA against triple-species cultures (containing E. coli, 

E. faecalis, and P. aeruginosa) grown in urine will be evaluated.  

4.3 Materials and methods 

4.3.1 Assessing the antibiofilm efficacy of NONOates and T-EDTA in 

combination with PFBMB+s and ultrasound against single-species 

biofilms 

Channel slides (Õ-Slide I Luer 0.8 mm, IbidiÈ, Germany) were coated with 50 Õg/mL 

fibronectin by placing 200 ÕL of fibronectin solution in the channel and allowing it to 

incubate at room temperature (20-23 ÁC) for 60 minutes. The channel was then 

washed with 1 mL PBS and left to evaporate at room temperature for 5 minutes. To 

grow biofilms, 300 ÕL of a 1:1000 dilution of an overnight culture of PAO1 was placed 

in the channel and incubated for 24 or 48 hours at 37 ÁC. After incubation, the biofilm 

was washed with 1 mL sterile PBS. PFBMB+s were prepared, as previously described 



ΝΤΦ 
 

(Section 3.3.1) and diluted 1:5 with either 1:1 PBS+LB (untreated control), 5% w/v T-

EDTA (final concentration of 4% w/v), or 312.5 ÕM NONOates (final concentration of 

250 ÕM); 300 Õl of the treatment solution were applied to biofilms. Ciprofloxacin was 

included in the suspension (final concentration of 0.25 Õg/mL; MIC) in experiments 

assessing antibiotic potentiation. The channel slides were then exposed to ultrasound 

for 40 seconds (US parameters detailed below). Biofilms were then allowed to 

incubate for 2 hours at 37 ÁC. After incubation, they were washed with 1 mL sterile 

PBS and stained with 300 ÕL FilmTracerTM (InvitrogenÊ, ThermoFisher Scientific) and 

were left to incubate under foil at room temperature for 30 minutes. The stain was then 

washed with 1 mL sterile water and replaced with 300 ÕL sterile PBS. Post-treatment 

images were then taken using a Nikon Eclipse Ti2 fluorescence microscope with both 

10Ĭ and 40Ĭ magnification objectives. 3Ĭ3 tile scans were acquired, with areas 

equating to 4.37 mm Ĭ 4.37 mm and 1.1 mm Ĭ 1.1 mm for 10Ĭ and 40Ĭ, respectively. 

Cavitation activity was generated using a 1.1 MHz single-element focused transducer 

(Sonic Concepts H102; outer diameter = 64 mm, inner diameter = 22.6 mm, focal 

distance = 63.2 mm) and cavitation emissions were recorded using a 7.5 MHz 

unfocused transducer (Olympus U8421035; diameter = 13 mm). Tone bursts of 400 

cycles at 20 Hz PRF reaching a focal peak-to-peak pressure of 2 MPa (using a 

supplied voltage of 33 Vpp) were generated by the US source for 40 seconds. A 

Keysight 33600A series waveform generator (Keysight Technologies, Santa Rosa, CA, 

USA) was used to generate the pulses, an Electronic & Innovation 1020L amplifier 

(Electronic & Innovation, Rochester, NY, USA) was used to amplify the signal by ~53 

dB, and a matching network (Sonic Concepts Inc., Bothwell, WA, USA) was used to 

match the impedance between the amplifier and transducer. A WaveSurfer 3014z 100 

MHz oscilloscope (Teledyne Lecroy, Chestnut Ridge, NY, USA) was used to monitor 
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the input voltage, whilst a TiePie HS6 handyscope (TiePie, Sneek, The Netherlands) 

was used to acquire the signal from the PCD detector on the TiePie Multi Channel 

software (version 1.46.1). Waveforms were then analysed in MATLAB (The 

MathWorks, Inc., Natick, MA, USA), using a custom-developed script 

(Supplementary 6.2.2). Biofilm coverage area of post-US exposure images was 

calculated using ImageJ by manual thresholding, binarisation, and calculation of the 

area covered by biofilm. 

4.3.2 Determining the MIC of antibiotics against UTI-relevant bacteria 

The minimum inhibitory concentration was determined for ciprofloxacin, colistin, and 

vancomycin against Pseudomonas aeruginosa PAO1 and Enterococcus faecalis 

OG1RF. The broth microdilution test recommended by the European Committee on 

Antimicrobial Susceptibility Testing (EUCAST) was carried out as follows (Figure 40). 

Antibiotics were prepared by making a 10 mg/mL stock in water or DMSO, depending 

on solubility, and subsequently diluted to a working concentration (double strength, as 

this will be subsequently diluted two-fold upon inoculation) in sterile cation-adjusted 

Mueller-Hinton broth (caMHB). Antibiotics were then serially diluted two-fold in 96-well 

plates vertically to assess 8 concentrations in total; 100 ÕL of antibiotic solution were 

mixed with 100 ÕL MHB, leaving 100 ÕL of antibiotic solution in each well. Bacterial 

[ŔŊƨƖĲЮΦάЮ ШǰŸƽĦőċƖƣШŔũũƨƚƣƖċƣŔŰŊШƣőĲШƽŸƖťǰŸƽШŉŸƖШĲǂƓĲƖŔůĲŰƣƚШċƚƚĲƚƚŔŰŊШƣőĲШĲǭŔĦċĦǃШŸŉШĦŸůĤŔŰċƣŔŸŰШƣƖĲċƣůĲŰƣƚШ
ĦŸŰƣċŔŰŔŰŊШċŰƣŔĤŔŸǯũůШċŊĲŰƣƚШċŰĬШƨũƣƖċƚŸƨŰĬШыÖÉьрƚƣŔůƨũċƣĲĬШůŔĦƖŸĤƨĤĤũĲƚШы~7ƚьЯШŔŰШƣőĲШƓƖĲƚĲŰĦĲШŸƖШċĤƚĲŰĦĲШŸŉШ
ĦŔƓƖŸǰŸǂċĦŔŰЮ 
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cultures of PAO1 and ORG1 were grown overnight in 5 mL MHB at 37 ÁC. Cultures 

were then diluted to give a suspension with an OD600 of 0.1 AU, which is equivalent 

to approximately 1 Ĭ 108 CFU/mL; this was then diluted further to approximately 1 Ĭ 

106 CFU/mL for inoculation. 100 ÕL of this bacterial suspension were added to each 

well containing antibiotic to give a final bacterial concentration of approximately 5 Ĭ 

105 CFU/mL. Four positive control wells contained 100 ÕL of bacterial suspension and 

100 ÕL MHB, whilst four negative control wells contained 200 ÕL MHB only. Each 

condition was tested with three biological replicates using three separate overnight 

cultures, whilst each 96-well plate contained three technical replicates.  

4.3.3 Assessing the growth of UTI-relevant biofilms in different media 

using crystal violet staining 

The amount of biofilm growth from E. coli CFT073-only, E. faecalis OG1RF-only, P. 

aeruginosa PAO1-only, and a combination of all three bacteria was assessed in tryptic 

soy broth (TSB), 100% pooled human urine (HU), 70% pooled HU (diluted in TSB), 

and conditioned pooled human urine (CHU). Conditioned urine was urine collected 

[ŔŊƨƖĲЮΧΣЮ Ш ƚĦőĲůċƣŔĦШ ŸƨƣũŔŰŔŰŊШ ƣőĲШ ƓƖŸĦĲƚƚШ ŉŸƖШ ĬĲƣĲƖůŔŰŔŰŊШ ƣőĲШ ůŔŰŔůƨůШ
ŔŰőŔĤŔƣŸƖǃШĦŸŰĦĲŰƣƖċƣŔŸŰШы~f9ьШŸŉШĦċŰĬŔĬċƣĲШċŰƣŔĤŔŸƣŔĦƚЮ 
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from the apical side of a state-of-the-art 3D human bladder organoid model, as 

described in a previous study (425). Bacterial cultures were prepared in 5 mL media 

at 37 ÁC; CFT073 was grown statically in LB for 48 hours, whilst OG1RF and PAO1 

were grown shaking in TSB overnight. Overnight cultures were diluted to 5 Ĭ 106 

CFU/mL in either TSB, 100% HU, 70% HU, or 100% CHU. Biofilms were grown 

statically in 24-well plates, adding 500 ÕL of the diluted bacterial suspension and 

incubating for 24 hours at 37 ÁC and 5% CO2. A 1:1:1 ratio of each bacterium was 

prepared for the triple species biofilms. Negative controls contained 500 ÕL of media 

only. After incubation, the planktonic culture was removed, and biofilms were washed 

once with PBS (adding PBS to the side wall of the well to minimise any flow-induced 

disruption to the biofilm). Biofilms were then left to dry on the bench for at least 30 

minutes after which 500 ÕL of 1% w/v CV was added to each well; plates were covered 

with foil and placed on a rocker for 30 minutes. CV was then removed, and biofilms 

were washed with PBS 3-4 times to remove excess stain. Stained biofilms were then 

left to dry for at least 30 minutes, before adding 500 ÕL of 30% acetic acid for 30 

minutes on a rocker to solubilise the CV-stained biofilms. If required, CV was then 

diluted in 30% acetic acid to ensure that the OD below the saturation limit of the plate 

reader (SPARK, Tecan). The absorbance of 100 ÕL of the solution was then measured 

at 584 nm using a plate reader. Each condition was assessed in three biological 

replicates using individually prepared overnight cultures, with four technical replicates 

(four biofilms of each condition were prepared in each plate). 

4.3.4 Evaluating the antibiofilm effects of NONOates and T-EDTA against 

polymicrobial biofilms 

Overnight cultures were prepared by inoculating 5 mL of TSB and incubating at 37 ÁC, 

statically for 2 days for E. coli CFT073 and shaking at 180 RPM for 1 day for E. faecalis 
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OG1RF and P. aeruginosa PAO1. Bacterial concentrations were adjusted to produce 

an OD600 value of 0.1 AU, equivalent to ~1 Ĭ 108 CFU/mL; stocks were then further 

diluted to ~5 Ĭ 106 CFU/mL in CHU. The three cultures were then mixed in equal parts, 

to produce a final total inoculum of ~5 Ĭ 106 CFU/mL, with a concentration of ~1.67 Ĭ 

106 CFU/mL of each species. Biofilms were grown in 24-well plates by placing 600 ÕL 

of inoculum in each well and incubating for 24 hours at 37 ÁC. Four technical replicates 

were included for each condition, each tested in three biological replicates. Four 

uninfected controls were included, containing 600 ÕL of CHU only. 

After incubation, the planktonic culture was gently removed, and biofilms were washed 

once with 600 ÕL PBS. To evaluate antibiofilm effects, 600 ÕL of 250 ÕM PA-NO, 250 

ÕM SP-NO, or 4% w/v T-EDTA (treatments were made up in 1:1 LB and PBS) were 

placed in each well; plates were then incubated for 2 hours at 37 ÁC. Four untreated 

controls were also included, being exposed to 600 ÕL CHU. After incubation, 

treatments were removed, and biofilms were washed once with 600 ÕL PBS. Biomass 

was then assessed by crystal violet staining, as described previously (Section 

2.3.4.1). 

4.3.5 Statistical analyses 

Statistical analyses were conducted using GraphPad Prism 10.3.1. For antibiofilm 

experiments, comparisons were made using two-way analysis of variance (ANOVA) 

with Tukeyôs multiple comparisons test to assess the statistical significance of 

differences in coverage area of untreated and treated biofilms. For crystal violet 

biomass studies, one-way ANOVA with Tukeyôs multiple comparisons was carried out. 

For all analyses, a threshold value for significance was set at 0.05; where * = P < 0.05, 

** = P < 0.005, *** = P < 0.0005, and **** = P < 0.0001. 
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4.4 Results 

4.4.1 Assessing the efficacy of NONOates or T-EDTA co-administered 

with ultrasound-stimulated PFBMB+s against single-species biofilms 

The antibiofilm and antimicrobial effects of NONOates or T-EDTA co-administered with 

cationic, PFB-core MBs (as previously characterised in Chapter 3) against P. 

aeruginosa PAO1 biofilms grown for either 24 or 48 hours were investigated. This was 

first assessed in the absence of antibiotic, but later experiments included an inhibitory 

concentration of ciprofloxacin (0.25 Õg/mL). MBs were stimulated at 2 MPa peak-to-

peak focal acoustic pressure for 40 seconds, and both antibiofilm and antimicrobial 

effects were assessed by LIVE/DEAD staining and imaging of the ultrasound focal 

region only (~4 mm2). 

4.4.1.1  Outcome of treatments that did not include an antibiotic 

In order to determine if the addition of MBs with ultrasound potentiated the antibiofilm 

effects of NONOates and T-EDTA on 24-hour biofilms, PFBMB+s, 4% w/v T-EDTA with 

PFBMB+s, 250 ÕM PA-NO with PFBMB+s, or 250 ÕM SP-NO with PFBMB+s (Figure 

41A-E) were added to the biofilms, exposed to ultrasound for 40 seconds, and allowed 

to incubate for 2 hours. Untreated control biofilms were supplemented with PBS alone 

and were subsequently exposed to ultrasound. A significant reduction (P < 0.01) in 

mean SYTO9TM signal in biofilms treated with MBs compared to the untreated control 
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was observed, showing a 47.7% reduction (Figure 41B and F). T-EDTA co-

administered with MBs showed clear dispersal of biofilm, with a significant reduction 

(P < 0.01) in mean SYTO9TM signal (Figure 41C and F), corresponding to an 85.7% 

[ŔŊƨƖĲЮΧΤЮÅĲƓƖĲƚĲŰƣċƣŔƻĲШ ǰƨŸƖĲƚĦĲŰĦĲШ ůŔĦƖŸƚĦŸƓǃШ ŔůċŊĲƚШ ŸŉШ ΞΠрőŸƨƖШÂдЮ ċĲƖƨŊŔŰŸƚċЮÂ §ΝШĤŔŸǯũůƚШ ŉŸũũŸƽŔŰŊШ
ƨũƣƖċƚŸƨŰĬШыÖÉьШĲǂƓŸƚƨƖĲШċŰĬШċШΞрőŸƨƖШŔŰĦƨĤċƣŔŸŰШċƣШΟΤШ҄9ШƽŔƣőШĲŔƣőĲƖШы ьШƓőŸƚƓőċƣĲрĤƨǭĲƖĲĬШƚċũŔŰĲШыÂ7ÉьШŸŰũǃЯШы7ьШ
Â7ÉШҼШůŔĦƖŸĤƨĤĤũĲƚШы~7ƚьШҼШÖÉЯШы9ьШΠӖШƽоƻШƣĲƣƖċƚŸĬŔƨůШE?Ñ ШыÑрE?Ñ ьШҼШ~7ƚШҼШÖÉЯШы?ьШΞΡΜШӓ~ШÂ Â Ш § §ċƣĲШыÂр
 §ьШҼШ~7ƚШҼШÖÉЯШŸƖШыEьШΞΡΜШӓ~ШƚƓĲƖůŔŰĲШ § §ċƣĲШыÉÂр §ьШҼШ~7ƚШҼШÖÉЮШ7ŔŸǯũůƚШƽĲƖĲШƚƣċŔŰĲĬШƽŔƣőШÉòÑ§ΦÑ~ШыŊƖĲĲŰбШċũũШ
ĤċĦƣĲƖŔċьШċŰĬШÂfШыůċŊĲŰƣċбШĬĲċĬШĤċĦƣĲƖŔċоůċƣƖŔǂШĲ?  ьЮШÉĦċũĲШĤċƖƚШƖĲƓƖĲƚĲŰƣШΝΜΜШӓ~ЮШы[ьШ~ĲċŰШƓŔǂĲũШŔŰƣĲŰƚŔƣŔĲƚШŸŉШ
ÉòÑ§ΦÑ~ШыŊƖĲĲŰШĤċƖƚьШċŰĬШÂfШƚŔŊŰċũШыůċŊĲŰƣċШĤċƖƚьЯШċŰĬШыEьШƣőĲШƖĲƚƓĲĦƣŔƻĲШÂfоÉÑò§ΦШƖċƣŔŸƚЮШEƖƖŸƖШĤċƖƚШŔŰĬŔĦċƣĲШƣőĲШ
ƚƣċŰĬċƖĬШĬĲƻŔċƣŔŸŰШŸŉШƣőĲШůĲċŰШƻċũƨĲЮШEċĦőШƣƖĲċƣůĲŰƣШĦŸŰĬŔƣŔŸŰШƽċƚШċƚƚĲƚƚĲĬШŔŰШƣőƖĲĲШĤŔŸũŸŊŔĦċũШƖĲƓũŔĦċƣĲƚШыŰШӀШΟьЮШ
ÑƽŸрƽċǃШ  §é ШƽċƚШĦċƖƖŔĲĬШŸƨƣШƨƚŔŰŊШ]ƖċƓőÂċĬШÂƖŔƚůбШйШӀШÂШӃШΜЮΜΡЯШййШӀШÂШӃШΜЮΜΝЯШйййШӀШÂШӃШΜЮΜΜΝЯШййййШӀШÂШӃШΜЮΜΜΜΝЯШ
ċŰĬШŰŸШũċĤĲũШŔŰĬŔĦċƣĲĬШċĤƚĲŰĦĲШŸŉШƚŔŊŰŔǯĦċŰƣШĬŔǭĲƖĲŰĦĲЮШÖÉШĲǂƓŸƚƨƖĲШĦŸůƓƖŔƚĲĬШŸŉШċШΝЮΝШ~cǍШĬƖŔƻŔŰŊШŉƖĲƕƨĲŰĦǃЯШΠΜΜШ
ĦǃĦũĲƚШċƣШΞΜШcǍШÂÅ[ЯШƖĲċĦőŔŰŊШċШŉŸĦċũШƓĲċťрƣŸрƓĲċťШċĦŸƨƚƣŔĦШƓƖĲƚƚƨƖĲШŸŉШΞЮΜШ~ÂċШыƨƚŔŰŊШċШƚƨƓƓũŔĲĬШƻŸũƣċŊĲШŸŉШΟΟШéƓƓьШ
ŉŸƖШΠΜШƚĲĦŸŰĬƚЮШfůċŊĲƚШƽĲƖĲШŸĤƣċŔŰĲĬШƨƚŔŰŊШċШΝΜҾШŸĤŢĲĦƣŔƻĲЯШƚĦċŰŰŔŰŊШċШƣŸƣċũШċƖĲċШŸŉШΠЮΟΤШůůШҾШΠЮΟΤШůůЮ 












































































































