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ABSTRACT

Bi ofaislsmci ated infections (BAIls) account for

contributing to chronicity andl gnfioronahrianirce

wounds and wurinary tract infections (UTI ss),
antimicrobial penetration and poéoerdetabricdtl
Novel antibiofilm agents, inclddi 6O handi g

chelator tetrasodium ethyEPTARAY, asnhodt gt ® mias &
their multifaceted effects, such as bacteri

healing. Additionmddiyat ed tcasviotuatdi §ruShas e me

adjuvant therapy, enhancing antimiicntplbe al p
biofilm architecture. This study investigat
agent s wine thi atsd cavprntaduoinng NMol ecul es p

propyl amine MNONOaard (sPPAer mi n eNONOWNIOad ke&|(aStPo r
EDTA wer e easqpd iummd tesd a g e 4h p(u2r4) and Amaotuur r) e (
Pseudomonas RAOL ghineiEshal Ansd.enmMonstrated consi st
efficacy, reducing bio$i adoge)pi amads 6adf tye[ B daabou2( €
hour expos.Afeepet hedsame RAN&atwaesnte fdercitod,e
earsltyage biofilms (21% reduction) but -had no
NO showed n o efficmogelagalTwet caeitbaerc mi cr
formul at i-eiro,rer d'dfg/AMBnd perf-tooeol BF8MBer e

tested for stability afmexbabitedi cscrupactiiovi ts
cavitation atitmmwli atyedWwienhh WS prno ft lhex g iers,e nRF
combi ned-NOi tatc hRPARAved a 91.4% reduct i-BDTA N Dbi ¢
showed redB8é&%wir¢wst bdbut ciprofloxacin) and 8

SEBNO remained ineff ecttadsuteeDihresal If i @@madigtsi aamsl
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potenti al of combEDITHWg t NOtUKGmn b a seidnrdMBisg.s f r o
this study suggest that the combi navti to-amt iodnb
medi ated apepoesép@mtOomi sing strategy for addr e

BAIl s, pathrn cawdghasenheyntanaof mi crobi al del i very an
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CHAPTER | : l ntroducti on

1. 1ntroducti on

1. 1Ant i mi crobi al resistance: a gl obal

Antimicrobi al resi stance (AMR) remains one
today, estimated to be associated WwilTthe 4. 95

Worl d Health Organisation (WH@haamndedt hdr gt

need for global, coor di natheed Raecvtiieown oang aAnntsitmn
Resi s§Garcoaeanmi ssi oned by the UK government, f
million peopl e (p2)r Ofy emar thiyc IO&Br0 concern i s t

bacteria resistant to commontlHy neseddtabiiobic

carbapenems an@3)yancomycin

AMR is not a novel concept -ayn da npye-nneesai nsst,ia mati t
strains being reportiedds ;i menhei 119130 sr anidst a
reported 3 ytehaer sgmapurgiionrg tcol i ni c al approval b
Admini str atdi)oMan{yWDAg-pt edueaesahtibiotic subst
cell swurvival and fitness in the wild, when
(5) Al t hough etshhessteansceel fmechani sms are incredi

unsurprising that they have developed resist

i's |ikely to have besemca ddarcttiemru cau sorprga cead d vy
(6) These endogenous substances, although t
spread of AMR, provided a source of the maj

(7)
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1. 1.Flacltors responsible for accelerati.|

AMR strains are not only found in humans, bl
environment (e.g., soil and water)f adther iralas
and both celniviiircoanimeanntda|! f actors must be cons

of antibiboilkshumanss ankdeamostal 6§requentl y hi
AMR; this may refer to the unnecessary pres
i ncorrect antibiotic, andB9rCla nliaccak oafw apraetniees
has i mproved i n recent year s, wi t h t he r
st ewar,dvhhicgho i s a gl obal initiative that ainm
patient qWOWt)cDmes has been achieved by i mpr
antibiotics and raising awarkemend sa dagfe creMRs; h @
tadequate medrembi hacahitbBeseands medadchbney i r

countries (LMICs).

Whi Instti bai ot i ci mscemetnrcibaisy h( HI Cs )r & leantaii meeldy ad o
ratbet ween the yealls5 @080t iatnides dfi namntMi ICisot
contdtnouepr smawi hgcoonomic i mplrOyYEMmMentdi rectly
the gl obal mappiesgstodntAavRp eacse prer thegdr e &t er

preval eenleCs .rigr.an, ,MeRusesdcampared (tAbusHIrGsl i a,
USA, G@enrdmanhyl)n addition to the growing amoun
LMI Gs,l ack of adequat eoftraegsnuolstts dciminrnetskoturracteiso r
an i nappropriate or ineffective anthiebi ot i
socioeconomic burden associated with LMICs

| ack of awareness, but additionally the popu
to affordable medicines, clean water, effect

in both humanSland3papmi madssanitation and hyg

R



I nfection and di sease prevention/ control |

perpetuates the tHrletgt of AMR gl obally

The i mpact that antibiotic use in agricultur
however, it mu st be considered one of t he

Anti biotics ar e used to mai ntai A hamiamaiut he

conceamitons in ani mal feed for growt(hl5pr omot
These practices remain | argely unregul ated w
the substances used are the same as, or S
resistance i s l i kely to affect human heal't

mol é ®u or met abol-riégseisgt anatnth @&@ctodgriicgamome alelsi s
considered environment al poll utants as they
vilai vestock products, vamdste that econtammeat
watE@r6)Anti biotic pollution in water is of p

contaminated, transfer of AMR1¥7V)d humans beco

1.1.0r.igins of resistance

Resistance in bacteria can be categorized a
natur al resi stance can Pbecusedntgotdascsi e is
of the biology of the cell and can rbee eiig hel
al ways expressed; some common exampl es i nc
membr ane i n Gr am anedg aetfifvl gu kBppeuontpess ed r esi st an
to a temporary change in resistance as a res
presence of an antibiotic. An exampl e of [
persister cell s; t hese ar e obfacdtoerrmaan ctyh atth ahta v
resi stance, as cellular prddéygdesguhaed skswe

occurs when a previously susceptible bacter:i

MN



either a mutation imyacQuomosgmal wDRANAofrom
(20)Acquisition of new genetic materi al occ
transposons transport DNA plasmids containi
which can then be integrated into the previ
antimicr okxieg&2ll )T bl erhas been observed i-n many
drug resi sNeainsts e(rMDaER)gowbr choéeas evolved to p
from the peaagéséarncodi ngb-ltarca apnt edmagigy peni ci

binding proteiz2znp 2 (PBP2)

. . (4) Decreased uptake
. Porin channel

Outer membrane

(1) Drug inactivation Periplasm

Antibiotic
e0 -0
~
Chemical moiety _l

@
Drug target

Inner membrane

Efflux pump

[ RNDEW B IOWt 3! Wi E6¢c URY Gt WA! Ws 6 Rle dURAH @ # GUR [fiRcHiHR B cRag Ryl (A
GYT RN WY WT NI ¢T ywe Uaq R A RS R YA LRI LA X9 ¢ ER Hdyml S| IIRCLLE RUT ¢l
bl efagel ¢cdWAYT R3AEe qRY UL awl 07 gm RIO B iy &R IESHRIREGHLEL GReFOLIGH RUDT +R0
YnlWadé DWHEDGIO Wa VY WG 132 13 GolusREAi £ f0 0 iHille FRERBg RED tlg RWIIG
a6 IJUPHRED G &IR 1JT WGY ! R U WRHES 1 OO & 100R dRoo(RF2ERCo ! LOHLY G G DR R2 1J0 ! We
T Wt GRqUWWe UgqRMRYqRHALWg! ¢ qt Uq

|
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1. 1IMo2l ecul ar mechani sms of antibiotic

The underpinning mechanisms of antimicrobial
can be divided into four distinct groups: (i

efflux pumps, and (iFvgukiemiting drug uptake

1. 1.D2.ulgnactivation

There ar e t wo pri mary meadh atiesdmsd rafg b aatc

degradation of the antibiotic or chemical

modi ficati on of t he vdauoaegt yulsautailolny, opchcousrpsh o r
adenyl ati on. Acetyltransferase, phosphotrar
enzymes commonly act against aminoglycosi
streptomycin, by catal ysi aOgH tahheth mooide tfii ecsa;t itohr

subsequently inhibr b8 obmiaimkda mwc l@eR NtvhagchildhS t h e

30S ribosomal subunit and thus p¢(2Bela) synth

The most common form obl @dctugamasacenzpamesvnpi @
bacteria whi®dhaatéamagainbtotics, such as pe
and car bapemleantst.anfahsees enzymes fMlcdc ttaom hryidmg,l
moi ety essenttihaap rfeosre nbli-lnada tnagms , causing the
and therefore inhibiting binding tbl ®8Pam As
resistanceegat Grambpetiemases have evolved t
t han 13 ckingtyime s Il dentified in clinical i
(which are active agaspecthpamit aimalsiess ) ES8Xx e
l nactivate most penicillins and cephalospor
active afladams @ahtl uding moshobmactcamblaZpbe d e Ima 3

27 )-lbact amase inhibitors, such as clavulanic

no



combinatibdmctwamh to prevent degradati on of

penicillinases and ESBLs, thus all owi2mg ant:i
Of particul ar concern, however, i s t he er
carbapeesmEnaerobac{ EREacepecies, which have

to be associated with a (R®r.t3aC)RE ys trradien sofp ri
carbapenemases whbH cahc tianmasc tainvda taer ed-dnkboctt a mgpsae t
i nhi bitors mainly due to a decreased membrar

mechanisms of resistance3lt)hat are discussed

1. 1. TaArgget modi fication

Modi fication of the target site involves alt
i n the gene encoding the binding s(i3t2e. 38r) en
Anti biotic targets are wusually essenti al pr
necessary for viability; however, modi ficat
processes to continue whil st blexahknipPhBgP,st,he b
t hél actam target, are transpeptidase enzyme
peptidoglycan in the <cell wal | and can und
binding. -rvestihS§tcamtiylnococCMRSAluriesassknown f or
hi g vdalct am resi stance time oM ghhee xgpernees srieosnp oonf:
encoding PBP2a, which has been shown to pres
three orders of magnitude I(8Wweg MNRhgonbohahoefa
have been shown to tr preradene sengoaedicedg- bDliet
| actam target PBP2 to susceptible strains; |

rate of acybadi ohuBycdbdf(ed¥5)ing resistance

Gl ycopepti des (e.qg., vancomyci n) al so i nhil

targeting PBPs, they inhibit the production

mnn



D-Al a-DAlIl ani nAl-B-AlDa ) termini of pept(i3do)gl! yca
Glycopeptsidsmaer ococco$ttaepaksent a modi fi e
precur sor t e FAMhianDaytlai cntga tAda-l( Dcgausi ng a decr e:
binding affi 8.7 yAmdt hhehre edxaungpl e of target al
fluoroquiesolst met bacteria where point mut at
genesy raAkgy ) Bi n -nGergaamt i ve b aAkdiemrrdtao b(aec. tgearn db au ma
Pseudomonas )aeraumgd ntohsea t opoi g @ m@iraa)skei nl -VGrgaenmm e

positive s pRtca ey | (e.og.cannsStawerpgwscoccuUs) pneur

(38,3Mutations in these genes cause a change
topoi somer ase 'V binding sites, reducing t
ciprofloxacin) and allowing the continuati on

1. 1. EX.f3 ux pumps

Effl ux pumps are transmembrane proteins whic
i ncluding antibiotics from inside the bacte
bacteri a, but they arenegasi vaekpeantes ias G
synerdilyytiwasdah the outer membrane to produce
(40)Some sPraaaeasufpdmosxaampl e, host a high <co
efflux pumps, which have been reported as a
tobramycin, a(nddl tTehter gpaydluicte on of effl ux pun
by a repressor gene, which can become upregu
overexpression as a method of aNcquwiorneod rrheoseias
point mutations in the MtrR repressor cause

pump causi ng brleasitatmsnc d ettaacycl (ABF, and azi
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1.L2.mMi ting drug uptake

ti keifdtiicmacy often relies on cellular uptake
reach the target site, thus different env
varying efficacy. Owing to (FiheWwpe &samce ¢
gative bacteria have intrinsic resistance
mu c h sl ower cpopatedet £p)&Skchaems out er me mb
nt ai ns an out er l eafl et of |l i popol ysacch
ospholipids which allows the transport of
di ffusi on, whil st hplda otpdamg )ec eqedolghp ouln d s
ann(edds) Porin channel s are proteins which
trients but are also the primary route of
a certain size exclusion | i mintegvwah(i4be)svar i
aame gative species have some intrinsic resi
ch as vancomycin, owing to this si(@Z46)exclu
porins are the primary route of entry fo

nes encoding porins will -thedeatég Béfestasn
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occur by two mechanisms: reduced expression
or mut ated porin genes which Eal teabrkrda i mmtsa nhnaevle
devel oped r esidtnaencceartbha paud eaths ons i n genes
OmpC potrhiunss al tering the selectivity and red
i nto the (c4yrt)ovpditausgm r eKs.i spmenumd mieame ex hi bit a
Omp K35 and Omp K36 pori nsl awhamh sdeceetsbbl |
decreasing bacterial fitness a6d4huaPnenhetr
primary meebBaonsmbmetifomg drug uptake i s the
as bacterial cells embed themse;l vielse i &1t rawnc te

surroundi ng emb)e dtdlreuds noiece npabireimg abi | ity of ant

1. 1T h3e bacteri al bi ofi |l m

Approxi mated to be responsible for 80% of
i nfectiong 5i0nblaemams al biofil ms remain a maj
to both their innate tolerance and acquired
responses, and ot hétl) ekd ebaatl erfiaaxlt olrisof i | m ¢
sessile community of microorganism afggrcédgat e
I's primaril yyxdaomreddd |l affr polymandchsessbstanss
debrishe ECM acts as a protective barrier t
external (S2YRissfeisl ms can develop and thrive
under extreme conditions, and are not just
negative impacts of biofilms are i mportant t
and dr53nkpetrockhdmaodl shiiphyobutdi nhhey can al s
I ntegr al role in farmibh@g)ndr adihtes paomd evegen a

ecosys(tse/md or exampl e.
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1.1.L3.flecycle and structure

The devel opment of a biofilm is a dynamic pr
i nicelaludlhaersi on, early biofilm forkmhagiBpaea, mat
I niti al adhesion of planktonic bacteria 1is
environmental comwdia¢avensi hhd begiasr Waal s b
or bioti ¢58&,u59Ndhd e initial attachment can

irreversible interactions (e.g., iPonic, hydr

the bacteria to further agQébBoEathemBebdbivielsmt «
is inithetediamary colonising bacteria contin
l't is at this stage where the synthesis of E
the EBGMEPS encapsul a(éd4d)bactlkResalearel ysstage

al so begin to develop antimicrobial tol er a
@ Bacteria attachment

oy @

.
.
.
B
.

8®
@ Disp.ersal @ Early development
8

N & The Biofilm

‘t@' Life Cycle P o

s K=,

@ Maturation
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upregu(leaz)eBd of i | m maturation occurs as mul ti
on top of each ot her, produc-colonsitersucor es

intersecting with channels to aid the supply

mol ecub6.@xsThe final stage of Dbiofilm developm
or aggregates detach in response to endogen:
as nutrient insufficiency, me ¢ h apnri ocdaul c e(ds hoera

exogenaddédgsper sa(ll63a)dRonmtaser ygit ihnesstduedsite d bi of i
forming mi crobe, t he primary mechani sm of
messenger mol ecul e @yGdVIPj)veh idcihg uaamntyd astai®g ndad s wi
bet ween motil iRiygufed 43_2scodnelyat(i on has been
high concent rdaGMPonandof bicoifi Il m formation,

concenteaadi dnsofi |l M6A)iApedi®&RIP csystem i s the

abundant second messenger signalling syste
di sper sal i s thought to be conserved in oth:
the li¢te8anture
Biofilm formation
. Sessility
c-di-GMP /
. =N Receptor
pGpG —m )QL HO, \O’P\O/\g \%\N(H — D
26TP,__— o)\/\N o~ Fon B

Diguanylate cyclase

Motility
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ch biofilm community is wunigque, and its s

cluding bacterial strain, hydr odg.hlakor en
ampl e, devmpsairm-gnpge cR.e saer uvagnildnlcesbasi el | a pneum
of i I ms it h a sK.b epme usihaoomonfna étnhsatar e m&®ch t hi
rugi(nlosa and 29 Om thick, respectivel y)

chitd®&®Blygivwesr o P. Rieo fuigl mosare known for h

shrebmped architecture,fihtedspodasael svi flo

pply. Howehes, i s not al ways the case, as
om cystic fibrosis (CF) lunghmwohessnand €ha
chitBcguwye Biofilm architecture and bact el
rectly influence the concentration gr adi
perienced 0§9)eBaht ecreilal | ocated at the dee
|l osest to the point of attachment), are su
Mushroom structure of P. aeruginosa B Mucus-embedded aggregates of P. aeruginosa

biofilm in vitro in a flow-cell

biofilm in a cystic fibrosis lung

C Wound-embedded aggregates of P. aeruginosa
biofilm
=
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oxygen. This is one reason for the dynamic ¢

being starved of nutrients may initiate di
el sewhere. This may be of particular concern
the body since bacteri al cell s, i f l eft unt
el sewhere in the body and establish a new si

1.1 . Me.chani sms of resi stance

A prominent feature of the biofilm is its
Il ntervention, wiktb &f0dGdp oirncerde als®e t ol er anc
pl anktoni(c7.)archtiesr ican have many detri mental e
such as prolonging i nfection and col onisat:
i mplications in drinking water di stribution
exampl7r@a)AMR i n bi dfaicltrog iiad , mulatnigi ng fr om t he
EPS to the presence of persister cell s that

i nitiate rEBEcglepei ®aéeéi soufce of resistance ar

effects of the biofilm ECM, which produces &
antimicrobial mol ecul es or i mmdB gBiceflillsm toe
| ocated deep inside the Dbiofilm structure a
whilst cells near the top wildl | i Kied By ebe mo

The ECM can also be considered a chemical
sequester cationic antibiotics, such as (

aminogl y(cth&5.)des
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Al 't hough the ECM provides one physicochemic

ma

s u

pu
b a

ny other biofilm processes can also increa
chPasaerumanwoda, considered mord 76€pbhsib
cated near the base of the biofilm have a

tes compared to those cllodget his I bwerexmet

tivity may become probl emhhadacgeahebmaapet yah
ocesses, such as macrol-fdesmi magpdspgedchin®d onel
rugj nhheaaae also been reported to wupregul a
mps, which are responsible for the removal
cter(a8) cel |l

W Antibiotics =~ EPS @ Persister Cells

& Surface Residing Cells & Cells in Microenvironment
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etic adaptation i n biofilm bacteria can
essors, such as extreme temperatufe%) pH,
ence genes, known as sigma factor s, t ha
eroxide dismutase) and DNA repair enzyme
S) responsible for cell p¢®0dEeRpadDn rneap/o rbte

senEedheéemi amiBa @el uigs n@ssi,gma factor that

regulating transcription and is induced
wt8H )

additional mechani sm of AMR in biofil ms
sister cells are dormant wvariants of regu
the bacterial (8puUTlhey omos :ne :as bti wiferl anc e
entering a quiescent state which | imits a

wWt7l® ) When an antibiotic is appleiseidd,i npgl acnekl 1

targeted and eradicated. The natur al h
nktonic persister cell s, but those residi
er ntr eatsmer emoved, remaining persister

hlighting one mechanism for recurrent T
sence of persister cells in biofilms pr
ections codmbnl yhebskrmec, e.g. cystic fi
ections (UTls), and chronic wound infecti

1TMe c¢chronic wound

wound is the damaging of tissue arising fr

Acute wounds can be defined as wounds that r

orderly healing process, ending with 8Bogth f

most acute woundslOwvidayTsheahewi it hgnpbocess i s

PO



can be descri bedwhiichf dermpstabbkyg, overl ap 1in

coagulation and haemostasi s, i nf | é&mmaityieon, p
(84)
Coagul ation and haemostasis begin i mmediatel

the wvascul ar system to ensure uncompromised

bl eeding, vasoconstriction ag@85jTheioozduwlat
cascade is activated to initiate platelet a
only Il imits Dblood | oss, but also provides ¢

phases of the woun©®&.3hleurliimgy tphreo cleastser st ages
stage begins with the principle aim of e s

pat hogens. Il n t he ear {3\ oinmfolsaorummad ior gy) ,p hmmeswet r(

[ Minutes Hours Days Weeks Months :@
| Inflammation >
Hemostasis

Platelets Fibrin clot formation
Vasoactive mediator release
Cytokine and growth factor release

Inflammation
Master cells Platelet-activating mediator release
Vasoactive and chemotacticmediator release

Neutrophils and Chemotaxis, inflammation
Monocytes Killing and phagocytosing, wound debridment

Macrophages  Chemotaxis, inflammation
Killing and phagocytosing, wound debridment
Cytokines and growth factor release

| Proliferation >

Skin resurfacing

Keratinocytes Reepithelialization
Dermal restoration

Endothelial cells Angiogenesis
Fibroblasts Fibroplasia

| Remodeling >
Keratinocytes Epidermis maturation

Myofibroblasts ~ Wound contraction
Apoptosis and scar maturation
Endothelial cells Apoptosis and scar maturation

[ RNEW UG Gq 13 TIAdri@aNVENidOis IR KU 13 Ws Y e Urltf 18 @@ @ B §0 msdda@m e 07 Wa 6 1
FgenuoW naglll WsYaU0Tl RUNAWSEe DAYt q¢ct Rt WYHAzI + Ws RagéRUW
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YOuwaYUq6 OWRS W ¥3aYT WaaROUNDW qenNUWHeUWGet qWnyY! Wt 3¢l
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i nfiltrate the wound site to prevent i nfect

bacte8bprthis is of paramount i mportance as W
wi || not hea(8.7a)plpnr otphrei alteetleyr st ages o672 t he i
hourpsoosvtoundi ng) , macrophages and | ymphocytes

continue phagocytosis and t o prepare for
respectively. Once the immune response i S S
all owed to bdgirmtiimnt ¢ agreol(itypi ccaduiydibregi n
and |l asting for about 2 weeks) (b88)tThe sf scntagt
i's characterised by fibroblast migration anc

to replace the temporary nedwahAmlk i ofgemielsn isn a:

epithelialisation of the wound site are key
pl awigar ol i feration of endothelial cells and f
wound repair is remodelling, which fully res
devel oping new epithelium and the foomati on

year o¢(9fmpr e

Wound chronicity is caused by the unsuccess
process; typically, failure to transition fr
st a@®lA) wound can be considered chronic i1 f it
i ntegrity after 1 mont h. Maj or types of chr
(DFUs) , pressure injuridgo,2)anmd20adods8, st asi:

that up to 7% of adults in the UK have a chr

annually i n staff costs, (@8ynmMhnygarfea,ct ansd
i ndependently and in combination can be r esfy
i nsufficient oxygenation, age, venous insuff
di abet es, fibrosis, and kel oi che}) hercaepyt amnd
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ucocorticoid steroids),849gfhehéaptesemostof

e present research is infection in which
rmally prevented from causing infection b
g. , barrier, pH, antimicroliialg)peptoll dens s

unwui & he compr omi s e(d9.4 ¢ Riedsegpromiss bl e pat hoge
aphyl ococcus aureus, Pseudomonas anaer ugi
i net ob@med ieegs . I n nor mal wound heal ing, t |
sponsible for decontaminating the wound
effective decontamination can | ead to an

cteria to formhieirofwiolum@8amdohicity

1.Tdh.el rol e of biofilms in chronic wol

e wound provides a--wahm,enmoirdin,menut r iwdntc
cterial colonisation and subsequent biofil
% of chronic woumnesi cdiomd aimn c ho @rfgdmi s ms,
creasesas@ mor bi di(t9b)alnhd smocratna Ibietnyls gommd r e d
ut e wounds ticant ai(@i6NKA D f wlomn d chronicity
t hogenic bacteri a become t he domi nant
croorgani sms,; a diverse population consi ¢
vel ops over ti me,0 wsuagluley mh acsgtoior g @alnd6 Oms ,

ve been(9&ported

e presence of AMR mechanisms associated wi
aling successfully, by stalling at t he i
sponse attempts to remove foreign microor
unds iy aheegrbsence of nutrient and o0Xyg:¢

croenvironments within t he biofilm struct
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growth with cells deep within the biofilm pr
and oxygen concentrations are much98)Awer con
viboofilms are polymicrobial, they are | ikel
species which can thrive in a microenvironme
conditi oClsos(te.igxhiexiidkess are anaerobic pathogen
hypoxic (re9Q)iTohnes )di scussed factors present an
wound infections are difficult to treat, con

i mited.

1.1 .Clur2ent treatment strategies for clt

A wound hygiene framewodr durcast abgee shr ockleena nisre
refashion wound el@e@exC|l eamdi dgeshe -wound and
skin involves removal of superficial tissue,
and foreign debris from the wound environme
chl orhexi di f®0dhr) uhcyopnoact hel (0lr p21)s Dabr ddement can
surgical, sharp, mechanical, and wultrasonic,
foreign materi al such as biofil m, necrotic

order to aid thélhe&pda gnignheprrdamegs st he wound

essenti al step involving the removal of <cal
cells (ceased from cell division) from the w
the wound should betibeatfed mviankd/ bopiacal marmcr

being suitably dressed to preventlaO)col oni sa

Systemic antibiotics should be used in the
osteomyelitis (infection of the bone) ;- howev
deespeeded i fl@ddlinosntsead of applying anti micr ¢

directly to the wound, wound dressings cont

PT



used. Topi cal administration of antimicrobi
concentrations of drug, with little systemic
The most commonly used antimicrobial agent s
bigoni de ((PIHOVMB)3ustained (rle&)and (AOQGVWaHEMB i s a
biocide that is reported to have both antib

spectrum of micro®dntn@aapmiyd nxcocCacdiadmnmrglsbnd ans

P. aer uglionBo)Bavi done i odine is an antiseptic
rel ease of i oadisnbeo, wnvha ncthi bhaacst er i al and anti bi
spectrum of bagcli@9®)Nanamd ysamdgil i ne silver dr
used for chronic wound management ,-iasecheyeh

propeirrn i\eistr © heiirn evfsfvibceascsy Ld0l)dsairng t he afor em

antimicrobials invariably reduces wound con
aminoglycoside gentamicin, are requin@®)to e
|l abiofil m has been identified in the wound,
requirement t o degr ade biofil m structur

antimicrobial/apitlibiWhtilsctt samragpicad and shar
been shown to be an effective method to aid
to antimicrobials, it is ofisenercdp vret, ed aana gb
target tissue. Furtoiepmose sttemecpepl ésendat ce
t he wound bioburden aftienrghdeurrigleenrhe nnee dhifgc

antibiofilm strategies to eradicate infectio
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1. 10tSher c¢linically relevant biofilm i

1. 1. U5.ilmary tract infections (UTI s)

Urinary tract infections (UTI s) are one of

i nfections, responsible for ufd 1t )wh0i% hofarals

from bacterial colonisation of the wurinary t
the | ocati on;foofr tehxeaymprifieda dtsi drms i nfection of
or the bladder, whilst pyelonephritis is inf

Cystitis often presents symptoms such as pa
regjacmd haematuria, whilst infections of the
with fever, flank paild)TrehRhitment @addumazwsngd i C
i .ey,s)ynobrmal |l ys ai nyvion glee cour se of antibiot
complicated and recurrent infections may r eq

of antibiot(Xl4)ntervention

Bacteri al biofilms play a pivotal role in |
antimicrobial tolerance,-aaanadciaatce dbdEryedCALU
on the wurothelium. I n the United States, C*
compleidc &JtTl s, which are responsible for more

bl oodstream infec(tlildbnBhea nmosnorftrae guent ur opa
uropat hbBge@@WUPIEENt er ocsopcpKl, e bsi el |l a,Pmetuenon i a «

mi rabidMd aer uglilrBgs ani n abiolfi arti cul ar concer

to their ability to form crystalline biofil:
bl ockage, | eadin(g@lt®)Pati eatsetbati erperience
reflux are at a greater risk of infections

| esser discussed pathogenic mechanism of UTI

on the wurothelialenselmisg.r aAse JUrropmtthhoeg ur et h

PO



expressionspécspecipsli and adhesins results

uroepithdlIliL®&)Thceelilmvadi ng bacteria can then

communities (1 BC), i . e. biofilms inside the
persistence of infection in the face of I mmu
(118)

1.1.C.sz2ic fibrosis (CF)

Cystic fibrloismistiingg aikiefhee causegdthby MmubabD
transmembrane conducCtFalmRc)e greengeul amdr i s char
i nfl ammation and chr ¢iil® )Ab adcytsefruinaclt i iomfad c tGFo

responsi ble for transporting salt (speci fic

cause damage in the gastrointestinal tract,
CF lung often present,svhalkcrhorpmalvliyd etshiamk ompudu
for bacterial (BR2O6)inl mefadrtrhayt lawumgs, i nhaled b
the aivimagsciliary clearance, whentdémbaocseri a
thaoathe respiratory tract, whil st any r ema

phagocyt(ilc2lc)eh |l €F patient s, the dehydrated

effective coating of the airways (tlhzu2zs) compr o

As previ ouslSecdiisochu)s4s.etda c(t er i al bi ofil ms are
no-nesolving inflammatory response; the CF |
causing accelerated |l ung(d2BeiaBeoftinldmeaobtari
from the CF lung were observed to be mostly

domi natPed akey ygli nlh®waglauirseuasl so commbdbad yl2Dlunoc
Achieving a suitable dose of antibiotic to t

or al delivery, is very challenging owing to

M



eradi ¢dR2i69g0mmer gmnencghani sm for i mproving the d

t o bicfsiildmng cell s involves using the physi

1. 1Ulét r asnednédated drug delivery

Sound can be defined as a pressure wave prc

medium. This pressure wave originates from n

physical temme giyunt ot hey contact, all owing so
reflected. Ultrasound (US) refers to soundw
upper | imit of human hear(ihy7)Apaet &Gppmodi mp

greater frégumuemameatahe of ultrasound waves

sound waves perceptible to the human ear. | r
are typically produced ,wmhia hpicomnoelrdct reil e cttn
i nto acous(tli2ze8 )Rinetragryi cal | vy, the primary util
setting has been in biomedical 1 maging, allo
transmitting ultrasound waves inside the bo.
generate ami s magygre.bd achieved thanks to the
ultrasound. The use of microbubbles (MBs) as
I's a popular technique that creates an acou:
i n which MBs ardetsespanmdeodnanng tissues, to
of r efulletcrtaesda v it dh a t are detected b0¥2%)Thecei
combination of MBs and US is not only wused
applications have beew tsthoavns itgnibfei edritecft o ovie:
enhancem@&yt harnessing the wunique properties

and spatiotemmadrab cantbel abvfained.
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1.1 Mi.crobubble fundamental s

MB s are echogenic spherical particles

composed of biocompatible mater:i

comp

als such as

or proteins, which surrounds;Fa gogBrcet d® 0 3MBsor e

are typically siizleod Gmm thhoewevanmge thi s

composition and fabrication meth

by volumetric expansion and cont

od. Upon

racti on

| ar gel

Uus

as

i ncresasand decr easkisg Preeg i boxdp ccsad rhey et i ltoyw ul t r a

typically yields a stabl e, peirtihoidsifdkamswn | | at
as A@rertial cavitation and is contrasted wi
acoustic intensities. Il nertial cavitation 1is
and results in violent MB colilaeps e, mgpairet ¢ d h

surrounded fluid du¥rf3n)puMBingembinalctcawni tati c

can physically disrupt nearby ti

(known as cavitat,and lmycdoséeckeamual)ng

during expansion and contraction.

ssues by dri
and p

Upon <col |
gener

including liquid jetting and shockwave

g';eous

core """ Phospholipid
monolayer

\ Surfactant

chains
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chemical pert urribgatrjeonTleé f pbysi ¢€al effects of
been shown to enhance permeabil it ybiooff inhamsy,

therefore making them an interesting drug de

1.1 Mi.cZ2obubble fabrication met hods

Probe sonication is the most commonly wused
applying high intensity, |l ow frequency wultr
constituents (e.g., such as phospholipids
encapsultahte ognaso(ffes) present in the surroundi
headspace of a vial. Sonication produces a

seconds), but these generally hag2e @m@Br20gad s
Furthepr @gbssdti on steps, such as filtration a
to remove | arger bubb( &83)adisatmep ewh i>clh0 iGm)

intravascul ar applications, as MBs | arger th

Max. pressure

Time—»

Min. pressure

i)))/o .

Non-inertial
cavitation

Inertial cavitation
Microbubble
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they reside coulld3dgFuosreareaamblod i sanppl i cati ons
administration, a strict sigeminimmal i si $lesaf
embol i s m; however, a narrow MB size distribu

uni form response to ultrasound alsoawdeldl MBss ¢

(135)
Mi crofluidic devices have become an i ncreasi
recent year s, due to their flexibility in de

and types of MBs and-amtdh @paanrotl iacsisleast e fs ynd tce s
stimelsiponsi ve systems) . Mi crobubbl es produ
commonl y -jusrectai &dnfé architecture whereby a st

an orifice by two | ateral streams ofl iaquiadue
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I nterface, which then causetsf dndiomduak bab
(1B1639) The ability of microfluidic technique:
di spersity is 1wllodeg) wi t Bpbheedaveats of | ow vy
and high [ abour i ntensity and expersal opwed
hydr apwulnspend t he short l i fespan of devices (

I mpurities).

Mechani cal agitation is another commonly us

i nvolves vigorous shaking of a vial-fceconhnteai ni

headspace. This method is used in the manuf
agents, such as DefinityE (Lantheus Medical
mechani cal agitation include the ability to

mi ni chi sesk of sample contamination compared

contabt twet sample (thus more suitable for

reduced risk of heating; however, similar to
popul ation of h(ibh3)li g dheperemuysification
used manufactumpirngnatretcthlhnivpgeda, for t-beatfadric
MB s , in which the coating polymer is dissol
emul si fied by high shear mi x amnagqg uneiotuhs asno |iumni
(144)The solvent is then evapdratddtoapdothbeec

filled MBs.

1. IMB stability

1. 1.Sa.alt i c

MB stability is an extremely important pro

suspension (i .e., a suspension in which MBs

2P
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vV a

ncentration over ti me) can be manufacture
eat ment effectively. Conversely, in unstab

ry significantly over time and deviate f

effectulvtedgsownd stimulation during treat men

co
tr
ma
of
s u

st

(Fi
i n
L a

Eq

ncentration over time means that the susp
eatment, and drug delivery efficiency may

y r eettfatr gien drug distribution. The stabil]

factors including MB size, concentration
spendi ng( 1Med.ilsd)abi | ity can be considered
ability of a single isolated MB and the st
rwshten assessing the stability of a single |
rface Aerssba &atgatshei nltiegufiadce bet ween the

rrounding | iquid, and acts tangentially to
gulr)d 147)Thi s surface tension causes a pre
tergPlaclenqwn as the Laplace pressure)-, whic

pl ace equation:

uation 1:-Lalpé a¥eureguati on

x » ~ GA

wb U U =
erRRjs the internalPpibsubtbhe presswmre,from t |
di umyi santdhe bubble radius. This equation,
48)ells us that the Laplace pressure can
nsion 4dt quhae gadg erface or by increasing t|
herently more stable, as a decregaasedf raml a

e MBi mtoo et he surrouhléenbameace@mequati on al
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wi dely adopted addition o f surfactants an

compounds) to MBthemsmulaati ams,readsuce s-urface

' iquid interface, thereby decreasing the Lap
A mat hematical model of bubble dissolution (
core dissolves in the surwectmadimnghédqgaind) wt

described by Epstei(nldan)d Pl esset in 1950

Equation 2P| eEpsdteienquati on

w CO
Qi o0 & "Yp Q 55 Y'Y
Q0 0 W i
P o8 YY

Wherde icsst t he change in BBsrgdsusgkhbbteslenr mps
constBamt ,i deal ghiss ctoemmspgfAmsatguas,saturation fr

surroundi nMwimedihemmol ecul ar wei ghiti sofs utrtf e ceen
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tension,s adnednsi ty of the suspension medium. 1
relationship between MB stability and bubble
of di ssaodutalresn | ess stable. Gas diffusivity
move from areas of higher pressure to those
factor to consider, as using a heavy gas wit
di ssol utdloyn. nilahrikse keasx ulmeennt ewde laind modelakad i n
et wahloo used t-Ree&kpst Eqmondedlog Rredict and com
di ssolutionr poacgdrod @®AMBsadndper fl uorcolret abMBs

(PFBMBs They showed that PFBMBs have a |ifeti
great eRANMB&Ing ULr2é 150)Al t hough us eflwels,s etth enoHlpedt
l imited by its assumption that MB stability

assumes a singuliasrolMB ieoxni)sting 1in

I n practice, MB stability ivsibaat hecbatebygeneer
Ostwald ripening. Ostwald ripening is a par

30
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which | arger particles grow a(tlstlhDEhiexpeaseb

explained blyapglhaecerodquat i)@m whi ch postul at es

MBs have greater initeesalt priesstulmei mngas hcon
| arger( 1MBRs. 15Ad)di ti onal |y, i f nei ghbadtreiimg M
coating |l ayers may fuse causing a mass tran
| arger bubbl e; this is known as coal escence
may be involved in bubble coalescence: (1)
s hlel (acting to prevent coal escence), (1 1)
bubble motion and the associated | iquid flo

coal escence dependindngrere)t handi (ectLidmiheft za
force between MBs that acts to attract nei ¢
coal esddmcegAf t er a combi natLiion haft zv am dd ehry dWao
forces have brought neighbouring MBs <cl ose
pressures are equilibrated and surface tensi
to form one |fafrgetrs MBf. Myher edynaimi tslaindz vaar
become more pronewmcedhtirmthioghesmspensi ons t
rate of bubbl e coal escence,; however, i n mor

effects of Ostwald ,aspéheng aseadrmdocseidedas

surroundi(mss)TQusd far, MB stability has onl
absence of external forces. I f wultrasound 1is
as an extevwhnalh fwarlde i mpact on MB stability.
1.1 MB. Ztability upon exposure to ultr:
The stability of MBs when exposed to ultraso
6staticd stability, such as MB shell —<ompos
related parameters (e. g., driving frequency

20



Il mportant rol e. MB destruction under ul tr
mechani sms: fragmentati on, acousti ¢l1xdG)ssol
Fragmentation is the process by which | arger
when cavitating on a timescale of microsecol
stabl e state when it mai nt ains spherical ¢
symmegtirs often | ost resulltiienBu b ml éouibmgd tea b inlsi

ultrasound exposure was de(fliGn7feld by Pl esset a

Equation 3: Pl esset and Mitchell equation
, Y
Y e ——
p Tt

Wher eprefhi®&dt he threshold radius bel ow which
Rmaxi s the maximum radius of a bubble during
describes that a bubble becomes unstabl e if

maxi mum radius, owspbeprcambhrdi gtoothnons to t

The rate of dissolution for a o6st&guadi bubbl

2) ; however, duringthlet osacoundtéexgopurassur e
t he -Igiaggui d i nterface also play i mportant r ol
pressure changes as the pressure inside the

i ncreasing the rate ofMMBga® dihes sluutfidtdm iJfi mgm
Conversely, as the bubble expandsitga st hmo viB
cor e; the equilibrium of these opposing eve
This interplay ofogaisl lextcihamglei ghlri glgt s t he
shell properties and external acoustic con

di ssolution, under scor sinngg tMBe fiompnourltaatnicoen .o f
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1. 1IMe8t hods of detecting and character:i

As bubbles undergo cavitation, the volumetr

forces on the surrounding fluid causing chan

acoustic waves by a transducer. Depending o
met hecd® be separated into two distinct grouyg
and passive cavitation detection (PCD). ACLC

i nvolving a single transducer both emitting

from thencawicil@ad)PCD is the most commonly &
cavitation detection, whereby one transduc:
transducer (i .e., the detector) i's used to

cavi t(alta Oo)n

The amplitude and frequency of the detected
stability of the bubble oscillations, and t}
of the echoes and the cavitation profile (

average, throughout an US exposwmeetpdri &dpah
the acoustic emissions by frequency can pr o
profile of the nuclei. For example, echoes a

ostations dwreirng anor-aair mani onandubl trahar mon

often repdteseanatr oewil l-lanearotni adlurc anvgi tnaotni on, W
noi se can be indicative of ine(lbébal lemvita
previously d-iseunssatl, caontation i s usually
(mechanicalMBpso6gkehat edbhs, whereas inertial C
events such as bubble coll apse that (alrbe3 r ega

165) Recorded time series of acoustic emiss

presented i n t Wroenai wayyampli mede vdso.mat nme) ,

TN



(amplitude vs. f rfergeugeunecryc)y, (afnrde qtuiemey v s. t
analysis of the cavitation profile by assess
if MBs are cavitating and how intensely, wh
ukreasound, and also the modeneftcaVvi)t dtyi om s Ui

frequency ofFitghie3éedd@bges (

1. 1CI19 ni c al applications of MBs

Whi |l st numer ous studi es have assessed t he
applications, with many reaching clinical tr
with ther mal effects have (L6&Vjijheodvetvleei,r mamyl

formul ations are approved for clinical wuse a
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are administered via intravenous (Il1V) inject
system, unt il t he gas (ilse8eMBsi nanhedei hot mal
del ayed phase ei maa@i ngert hlowdd etshaa del ay after
administration) as they accumul atweh eismrensepeci f
MBs remain echogenic after bei(hgéPhegooytcos&
MBs (Schering AG) are the first genarcatdi on
shell and a core of 0.1% palBias cbeaern dusm & e
sonographic evaluatiohl G, lt7/hle)weé v e i | tainalye thlea
application owing (t1h7e2)Opti sio GEd MBa bt harad g

comprised of an osfd afhsocopereopanapbCGl ated by

Al busmhal | ed MBs ar e #«kingoowanb ifloirt yt haen o, oowri qnayn s p
to their previously mentioned ability to ca:
cell s in 1teMeTHd vese of heavy gases, such as
filling gas in MB formulatioemprooretdi suad, lad
compar ed-f itlol eai rMBs . D-&Me iy 8BS BWiEb b)BrMBs ohr e a
octafl uorcoopreo pwBnldado i on that wuses a | ipid she

have shown Hhinghainsdtoahbaiviei tbhyeen used to i mage | e
(173)Another examplcoorefd aMBhaé svysomasvueE (Brac
sul fur hexa&f lassortihdee f(iSH i ng gas enca(plstud)at ed
Owing to theoliSew SohoWubBEtwre highly stabl e
cavitation even at |l ow aco@ 45 ¢S opnraezsosi udrEe s( C

Heal t hcare) -MBseashdalpiFeBd MBs usdd meorvalectwh a

l maging and delayed phase imagin@0 omi nutvey
(169,,1A6) a broad range of WMB filling gases
approved for contrast i maging, and theref
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administration, it is hoped that transl ati or
the treat meaats odi amoeudndbi of i | m i nfections or

would be facilitated.

1. 2iterature review

1. 2Nalvel antibiofilm agents

Research that is focussed on developing nove
i nto twoi) gpoepwysntion of bi)io fdii Ismufpd i ma-t iodn aa
established biofilm. Although both are of pa
i's not an option. The Il iterature discussed F
patients entering the coniinc cwowind ianl freecatdiyo nps
bi of il ms; i nanfaalcyts,i sotreefrB®Xitaefd al | chriomead wou

bi of(i1 &)

Briefly, mo st novell biofilm inhibition stre
surface of an i mplantable medical device to
achievedengyneering the surface materi al or
antfblm agent . Common strategi ersepiendli mgge atn
antiadhesive sur faces, bi oactive materi al
nanostructured materials, and dnlZymes medi at
Whil st some novel antibiofilm agents show g
al one but mu s t be considered in combinatior
bacteri al cells are | eft untreated, t hey wi
area Flemimdgported | et hal s e pgtl iyccaoesmidae - ihny dmioc
me di abtieodf i | m di sper sal in a skin wound,; t his
and wound size, with survival rat es( 1d7e9c)r easi
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Agent s concerned wi tehstdbsispedngbi afréamdy ceé

separated intad tehmrzeygmeg@rnauphs:of i | mi pepspeesal

mol ecul es. Often antibiofilm strategies att
example applying extracellular enzymes that
t he EPS such as proteins, extracell ul ar DN

t reef ore making the bacteria more suscepti bl

responses.

1. 2. Antl biofilm enzymes

Biofilm exoproteins are vitabucbmpenadhsesbdbn
stabil ity (t1lo8 Othheer cE @® ier degrpdat e @ames can C
significant bi of il m di spersal. Staphyl oco
comprehensively researched, wi t h l'iteratur
secreted proteases, namely aureolysin, stap
SspBrespectively). Aureolysin ithbhasssaplivpnl o
great promise as an anti bi ofi lam saoga ratt,e da gtrior
(Bap) and clumping factor bns tmveodhigaropfoirlitna nt
for ma(tli8oln,.l18D)ughrrmaported ~80% -doiusSp e rasuale ucf
biofilms grown in tryptic soy broth( (839B) s
whil stetMoakpzorted ~55% and ~20% bi omass redu
respecti vel-ho,uSagaubnisafsill2Zms gr own i n (uln8&du)p pl e
The biofiPm mattupkmpaEanari |l y composed of thre
alginate, Ps8§5)wanadhPelan be tar demaecoly dasey
and trypsetn.uasilBandamrypsin, a pancreatic serin
antibiofilm effec(tls§@anchult epplteedpani e80% bi

I n-hp4P. aer ubgionfoislams g¢d&A) in TSB
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Deoxyribonucl eases (DNase) are responsible

functions to provide structural scaffolding
horizont al gene transfer (which can be i mpc
organi(dm@s8),. 1dPN)ase | has been highlighted as

i n multiple sPecaesyUiincawmeadyg al Hildia 2)

Al t hough DNase | therapy has been reported 1
Gr apmosi ti ve -naengdat@rvaem speci es, its efficacy i
with a reported decreasing(e¥3)Foancgxampthbe D
|l has been reportead aphyll os® cefulsi epic \dmres m(i gri sw
TSB supplemented with 0.25% (glludc)d.s eae rad giemo sl
biofilms (grown in minima(lMmk@dind) omf oech80eh

biofil ms (gr oawnt eirn 712B HKbdr@S )hg)r o wt h

Lastl vy, the antibiofilm €ifGHQntz g mMexdapgbly e o if «
degti aggx opol y s a)hcahvaer ibdeeesn st udi ed. Exopol ysac:
maj or component of the EPS and are important
by providing structural stability, physical
and host i mmune ceeldfs, camldona dsuourncd 18d)ri en
Al ginate |yase, an enzyme —responsible for
alginate, has been reportedesodcogplioeaPébyi al
aerugibnoosfa | ms grown in LB broth. (1L8&)combin
amyl ase is another gl yd¢ dhshiadse bheyedhr orl eapscer teerdz y
efficacy against mul tiple species; it acts
glycosidic lIlinkages between | mpeotr taalp.or erdpal
~90% biomass reduct troens iaSgtaaianusrdRIBBA] hgcoilwvhi nn

citrate fdri998Flheairnsgi st ead reported an ~80¢

TZX



bi omass wwfpezidwsalbi of i P.m aceornuagni 8n o saaggrrediven i n
woudd ke medium (50% bovine pl asma, 45% Bol t

bl ood) fo(r2®®B) hour s

Al t hough many enzymatic antibiomhilvimthleeeapr e

some | imitations that shoul d be noted. The
enzymes i-®i $sthhaboWwi hg to both their natural
I mmune r <22@dnkskee del i very vehicle must be fo
stability and also allow sufficient contact

elicit suiilgebkeaétffyeengymes show (p2ddo2r) r et ent

1. 2. Ant2d biofilm peptides

Synthesised antibiofilm peptidesgsodueedehnpegt
defence peptides (HDPs), which are part of t
planktonic(2mi3gfbégs have shown efficacy in 1

response and have al so demonstrat2@®@4)Anhanc
| mportant feature of HDPs is their dual act
membr ane disruption) and antibiofilm effect:
combination therapy with ant i-Nb%foetr caelp.oFoedex
antibiofilm peptide Apeptide 10180 to have j
spectrum of species at concentrations much
eff gc2tQs5)They observed ~90% remoR.al aearglaginrsds ¢
Acinetobact er alnau marensiiiicSit lalreitulr ieaufsi | ms (gr own
hours in BM2 mini mal media) after2®@B)}BBpurs
a human cathelicidi-nepempttedeant ismiacrwibdeally p
efficacy agai-megath otelo saGitda me ( D@&HB&Lr ihaas al s o

shown efficacy i n biof il m p(r2e0vie;2t0ilB@ e v enr , I
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eradication of establ i srheepdorthieaf iilnm trheemal inte

suspected that biofilm heterogeneity may be
wi || uncoeededeemirlies ore decreasi ngntdhevinutr
possibly upregul ate metabol i c activity res
modul ati on of t he host i mmune response acti
particularly wuseful considering that, as pre

a primary driver (©209)he chronic wound

Antibiofilm peptides show promi se due to t
mul tifactori al mechani sm, i ncl udiinnfgl aamntait noircy
effects,; however, they do present S ome (.
trans!| atiowmrui tAdlessul ts show potential, there
regarding their activity and stability und
susceptibility to (@ridt)@toh ert ilci nlietgartaidaarnts oinnc |l |

the associated hi(g@hlprhoeduwdttieadn scdausdti es al so

relatively long periods of time (e.g., 24
di sruption may act within shorter ti mefr e
et hyl enedi aminetetraacetic acid; EDTA) . Ove
i nteresting treatment strategy;exowadear , fut
vigbudies to aid translation to the clinic.
1. 2.Dli.sppersal mol ecul es

Biofilm dispersal is a vital stage of the b
ECM and causing sessile bacteria to return
antibiofilm strategy is to mimic thidimrgoces

mol ecules or to directly degrade the EPS wusi

TY



agents can be split into three griougmsttib a xed

mol ec u)i esse,questrat i ohn)i ndoil sepceurl seasl, saingdnal s .

Anmatri x molecules actively target and degr a
rhamnolipids, which are Pbesdohmamdaasnds a&md og
I mportant during biofilm maturation to mai ni

(212)At concentratioh% w/awn,girnlgammolm @Oi.dDS have

di spamsiegbrioof i |l ms i n multiplle aspad@ieamazyyaienc! u
Bacill us albidgtidriisa mo (@ &t2lt>0)gkRmaemnol i pi-ds ar e
studied, so efficacy r emaients ra@g@rotrda tde da -~hs
reductiiwintSriona ulrieaufsi | m mass (grown i n nutrien

48 hourshouaftreratdne2 L a3jotherAGtudi es, howeve.l
much greater efficaey.radFpar teexda mp98&% rWoduwct i o
when-hadBDesul fovi bbii of iviulmg awe sR. tareerautigei dni ovsead h

rhamnol i pidé2L6) 2 hours

Ot hermatntiix mol ecul es include polyamines spe

have been reported to iSnhiabuatredbsi ocsfuibRm7)i ¢r ma

Contrary to this, biofilm formation was re
norspermidine in the same2lsp)ebhbieesnecmannsemhde
remains uncédte axelc.eHadgn publ i shed data suggest
facilitaPseedhA®M&@momas aechaginpasatedaouter me
i nteractions, which may provide one potenti a
(219)

Sequestration molecules provide a mechanism

with I mportant secondary messengers, metabol

T®



survival. An example molecule is lactoferri|
i ron ions from the biofilm ECM, which are e
(220)Lactoferrin has ibrneietmi asfthiolwm droo wtnthiibn t ma
incl Pdi m@r yg.i noca@itdaphyl ococcu@s22bh)hdawemiedi st |

efficacy of dispersal of ex(ix22)ng biofilm re

EDTA i s an extensively stuoubtiaed ss & @u els tsrraitpito
structures by chelating i mp®irt#otantdi Ve iemht ¢
are essential for ®223)EIDit Amatimict udi algi leidteyt «¢
tetrasodi uBDTEADTAan(dli di so-BEDUM) EDAFAvVvE Dbeen rep
being effective antibiofil m agenHase nogpah inlsus
i nfl uenzaer ygiaBias api derimidduicsi ng up to 50% bi
(2pr2426) 1t shoul d al scEDA&A mppeadr $ hato Bhow

antimicrobial ef EOIFHRY thommparr eéch et anel@@ hani sm f

c
=]

cl(eza27)EDTA is currently wused in the clinic
systemic indications (sazZz®h)aad hésodo pmpsant al
coat{({Bg9)For exampE®TA4%s wéeur Tently approved
as an effective coating of <centr al venous a
for ma(td 22m)leituradported complete eradication o
positiwmegandve specS.esepiidé&rl nnigdjiBsguer ococcus
faecal i s, Pand&er ugpiloiwrs ai n LB brotdh2 7f)®ne 2 4
i nteresting observation regkarltledprwas |telse fairf
EDTA treat ment -ploestiwd evre -t@engdatGrvaem species; tot
was observed aftened@athiowea sbamt eGriaam whi | st u
reuired +HposiGt ames, although | ower concentr a

agai nstpoG@riamves. The great-ppssuscepstpbrCl by
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concentrations of EDTA was most | ikely owed

the cell membrane owing to the | ack of an ou
explaining the 1l onger required contact t i m
spectfuamcbivity, as well showing both antibi

EDTA (spe<kiDfTIAGalolwy n§ to its superior efficac

i ntegrating into both current care regimens

The final group of molecules to be discussed
by acting as a dispersal signal .-( 3Nyyrcdael | u
di meric-d®WPR)( hhas been highlighted as ca ekey m
i n many species, with increased concentrat.i
DGCs) upregulating biofilm formation and de
phosphodiesteraseds; PBEg)My(gordo, n2o3t0i, heg3di@dir s me s $
condi t-d&M®, for ms a c aAMPe xr ewietpt oada s responsi
transiti ohaddteeroieaelhi ty and sessilityy;t faodr e
reported a molecwl arf | meicreawleiseh i mi giGMPev el s
bind to surface protein LapD @282 )Oalcat e umrdg
LapG cannot degrbaodiendc eldlhessurnf dag A t hus pr omc
Addi ti onadtl yelp.Bot edli@MPR agr amot ed t he producti .
componentP. Paler u(igiidnd3owlai lestradlper-di&MPnte di at ed

production of another ke({y23m)atltt kopohysthecha

mechani sms remain unclear. ChiEGMP daere ngs 4 ddisa
wi bacteesali |l ity (i.e., biofilm state), whil s
planktonic state). This process can be cont
exogenous PDEs to biofilms, which hEas choden
bi of(@23In%)What i's more common, however, I's an

Y N



the endogenous signalling molecule nitric o

downr egdiGatPe expression and therefor23) omot e

1. 2Ni2tric oxide as an antibiofilm agen
NO is a highly conserved, reacti ve, ' i pophi
i ntegral signalling role, not only in the bi

NO is al so knowlneraisv eedn droetlhaexliinagg f ac tiolra t(iEDR F)

properties, responsi bl e for modul ating vasc
nitrate donor therapy (e.g., glyceryl trin
(I SMN) ) i's currently wused to treat angina a
(237)

1. 2 Me.chanism of action and rational e

At | ow concemtamatmodms )( NiOcacaan medi ate physic

at high concentrations (mi cromol @aBB)Tihti s car

concentdregpteindrent rel ationship is present in
maturation, | ow amounts of endogenous NO hav
structures, acting as (a2n39%)hMe rexactdi spenalal i
I's stildl not compl etely under stood; however

species iPnclavedriugft,h®sdBhewanel | a 2Wa 0Tdlya mo st
commonly accepted -medihaned mdif ope NO®al has bee
S. waodyi involves the binding of N@rtodteanhel
( INOX) which binds t o é&cnadu su-pni@ddtu Idaetge RadiadD E o n
therefore activate g ubjieocefli itamig.despedstaha({ a co
mechani smPexiagtrgl giumohsegg mbr-®doe@nd pr eitned unc,e dNO

biofilm dispersion | ocus A-dHGNWWRI Ac)o,n caesn tar arneiaar

<
Il



Ga
Ad
an
as

(2

erefore trigger{(Bg2Biodichpen csall esvemdti es sh
n boast PDE activity and reported i mpair:eé
ot her pathway has Foeeane rhyypvwontasessh ys eldacitner i a

incved®madi at ed i nteractions t hat upreget

=]

t h(e2s4i2s)The exact mechanism of action remai

e effect of exogevntbos hNOrea NOofabmand NO
en studied extensively and it appears unli
vel op, as repert @4 )Yl Poj vetntcr eased conc

dogenous NO have been reported dwrdidng t h

i ghlighting a f-medih®&tredetnredat meordt NOOf a chrc

45)

2 . F2.e2 NO

seous NO (gNO) has been <clinically appro

ministration (FDA) since 1999 and by the

d European Commission since 2001. Hi storic
a vasodilmulomontaa yt rheygpter t ensi on i n bot h
46,,2hbwever, many studies have considered

i Biofilm
—’lc di-GMP —— dispersal
Fe

[ RNZWIIOE Gq T Wn 1) Y ERING PR acl R ALY # RT JWel § b WE Ha R 2& /dIR 2LFRG0H5 1N
qYWe WsWaGUW RqUWb[ Wb WY WE L@ 1I385AIILINDNAGR qYf cRFRIDHGLRA 250 LR [5Gl A
t RNDUc Ot W Rt GUItecaWYnWARY3 GG WHDGGO 1O
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antibiofilm agent primarily indicated for CF
been repoirmediisttimtgh cl i niSc.ala usrtevRsE A ,s,c odRnd

aerugifmosa CF (p2a48 . ,e2dtis) wisvoag a rabbi(t25wound
After treating withhiglibeemidbbadl®0appms gN®O, t ¢
>5l og reduction i n badtneruisdilmg oMRE.Avaimidae mer t
from nosocomi al pneumonia paPieatesuygricomolsaa r
CF pat248)Since 2012, a number of <clinical tr
modal ity against CF infections have taken pl
i's safe-taxdcndmr both healthg5adaRresiagmdTfClE
mean reducti-ooar minngc od mointys ( CFU) of al | bact
reported after treatment of C(F252)Meant $oroe
expiratory volume was alsondincatiasg@di mgrnt e@v e
functional respiratory performance; howeve.l
assessed as an outcome of areyy weial the tior g

report clinical tria(l2%3aldwaessieNOiinmg ¢ dmbibm @

tobramycin wasP.usaeedr utgo fnéoecsmiadons i n CF patien
reduction in biofilm aggregatesrwatsmdatecBed
di sper sal assessment was carried outsibtyu i ma
hybridisation and confocal scanning | aser
measurements; crystal violet assays were omi
Currently, the use of gNO in the c¢clinic, alt
cost and | imited patient access; thus, alter
i nterest. T-genesat ofg NOystems (i .e., NO don

alternative to gNO.
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1.2 .NO HXonor s

NO donors provideragflaemalbll €, meit pglldynofsi puod

NO donor mol ecules can degrade to | iberate N
to some external trigger (e.g., enzymes ofr
families exist based on chemical structure a

degdat Fiog ude

The first family of NO donors toFgagiundgpopul a
namel yagp@rAoved drugs GTN and | SMN, which sho\
of P450 enzymens ya2nedd ) Hhs odosi cal ly, GTN and I S
to treat angina and anal fissures; however,

with conti(B@aaéiishisesea s caused by a tolerance t

- N — _ A
I

NY. N
|
|

Nl‘:: —
2Na* \g'_‘:Fe"_‘:g/
NZ= =N
(O +/ \+ -0
: i
O

o HOH B N _

Gl | trinitrate (GTN i
L yceryl trinitrate ( ) Isosorbide mononitrate (ISMN)J | Sodium nitroprusside (SNP)

4 40 N 7 N
C D 0
HO. _N

it LW\A N

HoN. A~ N~
NH,

S-nitroso- qutathlone (GSNO)
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Propylamine propylamine NONOate (PA-NO)

|
E HZN\/\/N\/\/\N/\/\NHZ

HN\H/ H
Spermine NONOate (SP-NO)

S-nitroso-N-acetyl-d,1-penicillamine (SNAP)
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ti

early highlights issues in treating chron

i trates r erneapionrst edndier t he | it ertatadrpeo;rtbdwe

i gni ficantwi nShiobaiubrieaufsi bms aftef2&B@Ntt shatume

noted that this study assessed the abil

i sruption -e$t alml iad ted dlyi ef irbehp.o rRoesde nebrlaadtitc a

aer ubgionfiorslawistt mg@ a combination of dextrose

udy used CFU counts of dispersed cell s as

ifofilm was not(2a88erssed directly

ot her clinically rappvavtedNOodoomr ni sr &PA

igur® , which belongs to the NO donor fami/l

inically t o rapidly reduce bl ood pressur
gradation wuswually takes place pho(R&BYytica
wever, this IS not relevant for many p hy
chanism fori NOvisvedn®@aseg ully understood, I

zymat(i2cha9l)Thhe anti biofil m efefpiodaceyd, off 0oBENR X
rratwda2l0.06) showed 500 nM SWP e r wubgdonfoisl an h e
pl ankt onfiocl dceafHtser 102 4 e aat meintear opotenti at i
timicrobial effect of (2aPb)SaNPy chiars vad ss oa lbsece |
effectivel spacisper e o miull ms-n ecgoanttiavien i n Gr aC
sitive, and yeast microbes, showing an ave
sessed by fluorescence microsdapyai magetila
Ai2zne1)Al't hough SNP is clearly an efficaciou
weeéported i ssue due t o t ke ordeulceta soef odfe cocoyngpn
62)0Ot her l i mitationstabcludey and phobhopot e

tration(263a)l enging

Y Z



Snitrosothi &li guUW(rSMOs) a( family of NO donors
decomposition chemistry,vimmahlg MOchaheame ©0DOC
l ight, heat, transi (R64a4a)Trhet anos,t aTrodnmoOMz yemasIny
nitergdaud at hi one -0 G MNasccealnyeb 2R i ci |l |l amine (SNAP
has been r eporR.eda etrou(gii AnGbpsearfsiel maintdr @r event t
formation of bi ofi |l ms byP. muaetriypd iéhPoSAne c a @ d
Acinetobact em bawmadndii(in2g Oc.a2tGlest)d (@210s2 0) r eport
GSN@onjugat ed-cedlyy(@llaact iacci d) (PLGA) nanopar
antimicrobial and antiinbfieccftieldm ceuftfaencetosu si nwoMRB
antibiofilm efficacy was only qualitatively
(266 )Wound healing effects of GSNO were al so
i n wound size over 8 days of daily treat ment
mol ecul e, which has exmi lvii i Baderta@@l0.ODpfr éemoet
a percentage removalSeofr a3 8% amauici2@BYednesahol er
biofil ms, respectivel vy, me assirainmge da(bBéb foialnmo
Results publ i sehtedaglbegedawivielk ioBsd rfrianuddi ngs by r
up to 30% biomass reductEoncallimeomeSNARdNt eat
Listeri @iiofndot6r7fJRSNOs have shown notabl e
and | ow toxicity,; however, their complblex de

stability unpredictabl e.

Throughout the | ast decadlieazdmrei NOdidohatr e $ a®mN
(Fi gulr have dominated the | iterature on en
NONOates are a series of c-O M O ND$ e whi dih o ke
moi ety, where X represents various amine an

become increasimmglthepopulepordealty pr-edfet abl

YT



and relatively simple decomposition mechani
physiol ogi cal pH and temperature to produce
NONOat e, with first Fargaukfd 268)ease Kenemposi
acicat alysed and is reportedl Y 2&I9nloosxti ciin syt afni
NONOat es, originating f-prood uchte adnmeicnoemploasd kb con

easily minimised -tbyr g@ests eisrsti eirga ¢ thipo mdsd uocft .t h e

Hi storically, NONOate research has focused c
Jardedtefa0.plL)bl i shed data -50oOWwi @ dhat hyll2&n et
( DETA) NONOaN@; (-lDeEfTA = 20 hours at pHN7. 4 ar
vi tSrr. o aubrieaufsi | m bi omass by an average of 54%
was assessed by confocal | aser scaYsmiangi migcr
(270)NONOates wi t-lhi vsensorthave hal $o0 been I nNves
met hyl amine hexamethyl ene met hyNG;mi-hneef & MA HMA
min at pH 7.4 and 37 ACINOgneh aFROL=I INGNGQatce af
and 37 ACet (&lDrtregpsorted a 37% and 17% reduct

after 1 hour of-NOr aadNM@mRtr ensipgehc tMAv e leyt; alli.k e

(1 o o
R N:N/
A4
/ p: \
R
1
2 R
0\1 /O b @ HO\+ /O >< > | + N0, —» NO + NO
N/N:N N N/N:N HN—R
R/\R R/’\R
H+
\(3) . /H/ o /Z’
N S
N—/N
/
N
7N
R R
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(2011), biofilm dispersal was MateaigndriedT luesi ng
greater dispersal-NOffisctsuspenctedomoMAe owed
|l i fe, therefore sustaining the release of NC
NONOates Wiitvlesh&llf hour, such as NiOet Hydlled mi ne
= 2 min at pH 7.4 and 37 AC), propyIN®mi ne p
hal ffe = 15 min at EMHe7ZmidnaniOBNIAEeh)(fSERNd 39
min at pH 7.4 and 37 AC) have betl® anseSPed
NO atOMOWave been reported tho Pruaece axHioolsya di
biofilms (girmwwi 8mowi2ZmiAg ~30% reduction in bi
t reat(ne7n2t)Zehturaelp.orted t ha&tO 2 @0 uddBIISBaer ugi Nnos
PAOl1 biofilms (grown m nM3) eilary mPio#a oaffitlem wvia
assessed by CV staining and sub¢é2qgapedti alb.sor
(2020) reportedNQ hcaatu s2e5d0 600M6 SrheodlBrc t a @mu g inn @
PAO1 biofilms (grown in M39)n affiztE40AR2t earoul s h o
treat ment there was no significant change

exposure to NO may be important for i1 nducing
assessed by CV staining in this stuady. It

regarding the effncapcygnefcdObOabdbbsthis is th

biofil m model across different research | ab
used varying biofilm growth methods with gr
hour s, i ncubation temperatures ranging from

growth medi anJutnroisgnty meodw a, such as M9 and R
of biofilmés characterisation. The variabil/i
yielldargge variability in biofilm structure (

| ower bi omassriientl omedi a-) amgidng heifsf emdtdse of

Y ®



biofil ms. Regardl ess, It i s clear to see t he
antibiofilm strategy, especially in chronic

bi omass reldacnedwmcedraps!| t obypehetrate throug

reach embeddeéembacpreirmary | iThiet ius@ fPoaectudrn.r a
me di antiecdk obtulbdd 2py i n combination with NO do
may provide an effective and novel strategy
chronic wound infections by both aiding del/

antibiotic efficacy.

1. 2U0l3trasnedmncdted anti biofilm intervent

The use of ultrasound as an antibiofilm ther

years. As previSecslipyhiésthiebpthy6i cal vdiasr upt

cavitating MBs near a biofilm surface has st
therapy and in combination with other adju
di sper sal agent s. Ultrasound exposure witho

nucl eshdwrs vari abl e irmeismahd s¢cl wniti baboshudi es
i ttl e or no effect 0 m i ksd cutde reisa |l h alvoea do f taelnt

I mproved wound heal i(n2gZ5)n chronic wounds

1. 2.Thel antibiofilm effects of ul trasoi

Ultrasonic debri dement providesseadrctal ver sata

debridement (&ecdiobydseyg empfloggqgumgntpwUS (<

k Hz) and relying on cavitation (i .e., t he f
contraction) of nucl ei within the wound ex
i mprovement in woundeteraelpionrg,e de.ag.s iMunripfhiyc an
wound si ze after ul trasoni c debri dement a

oM



conservative debridement, and redressing) c
usual car e, but bacteri(a276l)ddadi twiacsrear d tvl, .a €9

observed that 41% of wounds healed after ul t

i n a shaln 7gir)lowever, most studies do not rep
bacterial | oaet oablsger vEesdc aandroenducti on i n venol
ultrasonic debridement, butS.r apwRRiusade wgisn @,
amournft2g.8)I n contrntaceipomMoed both wound healin

effects after ultrasonic debridement of pres
biofilm area by 65% comparef 27843 Whoikn otf H & nu
reports similar ekt e@1 sepwdbeiharfpedht dns Kiedinlge Ir .

(S. auare&®.s aer ubgiionfoislams) showing no significa

treatment w(RBOUS8a&)one

One primary differenicrei beaadees cé6inheadr anmdn
the therapeutic US source; clinical ul traso
frequenc-$5 UBHZ Bi wihtelxgpter i ment s often empl oy
ultrasodndMHg)®.5This is |ikely owed to ultra
formation of ¢ avistiathiioon wowenldeiexudat e, a proc
effective at |(@2WBer)wh iwlesidut eundciieess of ten i ncl ude
cavitation nucl ei (which are more responsi v

wer enot relying on the spontaneous formati ol

this |l ack of efficacy comegukenaem Ulle acdmbinm a
as multiple studies have indicated that whi
biofilm matrix, it may enhance antimicrobi e

working theory is tlh0ad KHHzw) feanrhaunecnecsy nbeSmh r<a n e

and thus i mproves antimicrobiat aalfdf Moady,z aarg

®N



et @283, 28CH)early, regardl ess of ultrasound

antibiofilm effects of US alone are inconsi
cavitation nuclei (e.g., MBs) has been repor
1.2B3.oFXilm dispersal effects of wultra
cavitation nuclei and antibiotics
The reduced permeability of biofilms to ant
(Sectilod) 3. however, exposure to cavitating
biofilm surface has been shown to disrupt

antibiotiets. hlDweng reported t he p otsehretl il eeld, ol
perfluor-opeat MBe to significantS.y erpe duecremi tdh
biofilms after exposure to ultr,asgowamdi 3 emisr
of 0. 52aWldcm0% duty <cycl e); the observed re
compared to the (undtOr)elmepe dalcoomtrepst utdigati n at
the inclusion of MBs with US and vancomyci n,
cell sSinephebeironfiidline by ~45% compared to those
al oh285)It was therefore hypothesized that t
both antibiofilm and antimicrobial effects |
all owing the delivery of vancomycin to cells

as soebr ved i n dt2Ber,. 28t7ydi e s

Pl azenialls.o reported i mproved mmithibtiortyi cg erftf
agai nbBbobuwR4 aer ubgiionfoislams after tr eashelnlt, wiaddm
arcrore MBs and US (the most oenpitniutael epxaproasnuerteesr
MHz of pul sedp WISrseplettO tk HzZnP R}y egb®ndyty cycl e

0.25 MPamepgpeadakve pressur e, separ at2&8)hnen 60

S
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observed an additional 0.78 |l og reduction ir

gentamicin only (which only showed a 0.4 I

additional evidmede atoéd cawt it ait otoinc potenti a
requitoedncrease bactericidal effectsl ag@; a m
99. 9% reduction), although perhaps increasi
efficacy. Interestingly, antibiofilm effects
energy (and thus focal acouseti oablpergssdra)dif
correlation between total acoustic energy e
reducti of. agaame@is aer ubgii onfoislams . Thus, i ncr ea

acoustic pressure beyonctvemdwes mpsede bhadl a

effects.

1. 2.Th.e3 promi se of adj uvami crtdbeur lplye s

ultrasound adids meargeadali ef i | m
Al though MBs and US have shown promise in i
biofil ms, there remains scope to further i mj
i mproving efficacy is to include a chemical
tobarget the biofilm specifically; however, t
to its novelty. One exampl e @&ft watha. susned hroado m

atcrore MBs containing antibiotic pipemacill:i
nanoparticles if.iter gbhieohfti &, 2 OTéhgety obser ve

compl ete eratiodat iaem uRRAiODd4ba of i | m ( gr-loavgpn 1 n

reduction in viable cells adnerl@xpogales).
hypot hesi sed mechani sm was mul tifacet ad i n
cavitation, thus enhancing penetr a®i omhios b
would allow the bactericidal effects of pipe

®0



the production of hydrogen per-madidat ed nma ttrh
degrad@29b)Anot her example of thi®twaldarepor
assessed the antibiofilm and-sthaedtlea daNiE &l aMB = f
(NOMBs) with wultrasound (40 seconds of 0.9 I
500 PRF, reachi-ngeak facalstpieakpressur-e of C
i nhiybi gent ami ci nhoaBai metr uRM@bs®di of i | ms; a

reduction in biofilm biomass was observed af
81. 3% reduction was reg@nrt2gAd sfirgonm friocoanm ta ii rmph\
bactericidal effects was also observed after

room air equivalent, as(2@epprted by one ot he

As previously mentioned, whil 629 2VO2VB3s)s haw e

associated with the stability of NO gas may
met hod of i mproving t he contr ol of NO del i
administration of NO donors with MBs; howe:
conteaf biofilm management. Two studies inve

agoni st (Acetlyozdhod idgfes mArh ) NONIBtecad sP MBs

for cardiovascu2a4, 29pkeiycatoiadresl | i posomes wij
SRNO and subsequently decorated thel | sur
perfluor-bpadpdwnmiB odavindi n | i nktadals.treéapdant e d

t he use of MB s |l oaded -wir ghni N© Bpionegc US 8 D
chemoi mmunot herapy( 2996a)Timiss hwugbluirght s a gap
justifies the present studyadmwhnicht asiserg sHG

and MBs against biofilms, particularly in th

o



1. Research aim and objectives

The principal aim of this research is to de

combining both physical -ipnedrutcuerdb adtiisopne rasnadl cohfe

The objectives of this project were to:

(i )evaluate the antibiofilm effects of candi
andEDTA) i nr eMoauvmant pH and temperatur e;
(i1 rxhar actfeorrinsuel aat i on -reefs pwlintsriavseowymdeds mi cr obub

of its stability, interaction with biofil

enabl e setlheectmosnt osfui tabl e ultrasound par
(iiidentify the best perfor miendgf cambanat bono
agemi crobludbéevitati on nuclreel,e vaanndt aa nctliibn
in terms of antibiofidgnaiamdtspseicr gelse eniod & Il
and
(ivdetermine therapeutic efficacy of candi d

complex biofilm model s.

2 CHAPTER (I NONOat e candi dateesel ec

admi ni st raan iwlnt rnvaessdpuonadg ie v ¢

2. 1ntroducti on

Chronic wounds, such as diabetic foot ulcers
heal thcare burden due to their slow(h®a)ing
For example, in 2017/18 the UK&éds National He
3.8 million wounds, spending over A5 billio
(93)A major contributing factor to poor heal

complex microbial communities encased in a p

OP



of extracellul ar pol YR&@MBi)RiI osfuiblsmisa nicre swd L[EPEY
nor mal wound healing process by causing ch

progression to the subé¢ée@qagMotr esntveege s bafofh é ar

i ncreased tol erance t o antimicrobial agent
mechani sms: 1) presenting a diffusion barri
host i mmune response and anti mi cmgohbciedll ut me:

metabolism thus downregul ati ng 3man.y30ilmportan

One potenti al therapeutic approach that has
the use of the endogenous signalling mol ecul
i n various physiological processes, incl udi

moduli an, and bi(oZX44 802 BpEI)sx@aact mechani sm
NOmedi ated di sper gealporrdnmrdi;n $ ouveddvastrit,.r iBlau tr @edi dt
to enhanced phosphodiesterase (PDEMP aed i vi ty
GMP) | eRedssdomonas @23 6phedIPal evel s are par a
controlling the transition bet ween bacteri
concentration can pr enostiedian gr ebtawcrtrera fa kioo fai |

thus enhancing antibiotic efficacy.

Antimicrobi al and antibiofilm effects have
exogenous ga(sxivhrd, AD2, Hove ver, its clinical
l i mited owing to a poolri seadbfi |l <t priodideyeww
i's likely to reduce furtherwimappbnd@idd)ns t |

Owing to this poor stabi-tetgpaprogi cemipoheds

di azeniumdi ol at es ( NONOates), w hdiecphe n ¢pe& o td u C
decomposition, has grown in recent year s. T
controlling NO release from these compounds,

(0D



mitigate i ssues associated wi t h i mi ted N C

NONOates against bi ofil ms, particularly mat
remains underreported in the | i t7edr% tburoema sGa i
reductH.omeirruPgAiQthasoaf i | ms (grown statically in

or -WWRurs) fohbowi hgeatmhment with 250 -K®) Spern
(27 4)Zentu ians.t ead reported a 90 hieamBjA@lorsed u c
biofilms (grown upon shakis)y anht M9 hedmiandtoe
to 200 -MM Sl though these resulNGBNOméesali nt
antibiofilm treatment, many of the previous
to a |l ack of harmonisation in the methodol og
deficient growt h medi a and I-ri emi et veadnatncdopnts 1 d
temperatures, and of their effects on NO r e

t hat merits further research.

Here, the antibiofilm effecN® ahdt RAPAaMONGa
(PNO)) and the potentiation of -tarngdatbmeorttioc wvee

assessed -ial swoamd pH and temperature environ

expraegnt al conditions evalwuated included diff
t hroughout t he wound healing cycle) and ten
physiological i n wounds). Treatment efficacy
for b-abth -R&urs, to assess applicability in m

study can contribute towards the devel opment

adjuvant t herapy wi t h clinically rel evant
chronihei trye.selarch presented in this Chapter v
antibiofilm agent s, i n terms of biofilm discg

eT



for S ub s eagdunei nnti sw o tah-9 tdiSmul at ed MBs -redndcvantl i

antibiotic inCaaptheuwure Chapter (

2. 3tatement of objectives

This Champhteraotldel i sfef ect of pH on the degrad.
NONOataemdssesisanthiebi of i | m d&foftihc-setag d ahgoulrd)s t

and matidhoeR.) 48er ubgiionfoasstamweuendevant temperatur
|l evelAd.di ti onall yj bi dfhiel m anedhedaatset roafsodi um
et hrydieamienter aacetEiDcTAgciwd | ( T,bet ;asexmplserde an a
agewith a medihsatniinsemt Tfhri@Gna pN@.r wi || al so ev
antimicrobial effects of a coeaviedingafathemarti

pr-ter eat ment with caneiDdfaAtt e NONOates or T

2. Blaterials and met hods

2. 3Sell ection of NONOate candidates

Spermine NON®IYt ean(dSHropyl amine propyl-amine
NO) (Cambridge Biosciences, UK) were selec
favour abi e hahéaracteristics (15 and 39 min,
(305,8Md )t he previously reported2@é2fRcdac80ar
Vials containing NONOate powder were flushed
80 AC. Once opened, vials were discarded af

stability of these compounds after exposure

oY



2. BN@NOate characterisation

2. 3.&.iless assay

A nitric oxide colorimetric assay kit ( Abc e
standar d, nitrate reductase, enzyme <cofacto
used to coeapemademptH rel ease of NO from candi
were predaseodred according to the manufactu
stock solutions (2.5 mM) were prepared in O.
on ice (~4 AC) during experiments, ensuring
assay r-aagdamwel | ) . Buffer solutions (MES buf
TAPS buffer (#AHd8i8®h, ( iSdAmawere adjusted to
using 1 M NaOH-AlrdrH@Ih, ( SJSgAma Fresh 1 mM nit
prepared on theridmgntofantheuseaxep within 4 hou
negative ceoelntofol uf B8B&T solution wabsotaadaded 1
transpaweht mbcropl ate (Corning, Net herl and
NONOat e-aidnf upsH ed bufber 30i mc nlua els dabf fqgouroet s8 5wve

added to the micropl ate.

For al/l wells (standaerldsof cointratl s, r eaciuc tt @se

cofactor were addeam ,nuftel liooweud ahiy oam &@Q@ r oom

5 Le of enhancer was added, foll owedLbgadb mi
of e&Grsi reagent R1 and R2 were added. Absor ban
a microplate reader (SPARK, Tecan). Mean abs
duplicates, -comrd etchtee db Imeerakn v al ues were pl ott
cur ve. No ermrtirtaet icooon was determined using the
curve. All experiments were conducted in tri

condition tested.
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2. 3.D2tZ2rmination of NONOat e dveigsriabdl aet i

spectroscopy

To determine the degradation -prefble epecanao
was used to detect the presence of i ntact NO
250 OMOPArNGPvas prepared in MES buffer (pH &
bufffd pH 8.8)d(BcpomaUSA) . | mmedi ately after
solution was transferredr ams pa-wenhirte etnbweerl d sl a
(Thermo Fisher Scientific, USA). AbNsO rabnadnc e

252 nm-NorangPhute interval s,( 3005, 3d06hour s at

2. 3Ba&acterial species and culture condi

P. aer ugPiAmols)a was grown on Ly(@®9iggmadrbrecdt h USIA
pl ates by streaking a glycerol st e2cdk hoofu rBA 01
Plates were placed6i ACy handeWweigecansirdéded
weeks. To grow an overnight broth cuwletluercet, a
three i1identical colonies from the plate an:¢

statically incubated overnight at 37 AC.

2.3 B3.ofilm growth conditions
P. aer URAMlo shai of i | ms wer e grown-bont civetlt 96 e,
microtiter plates (Corning, Netherlands) by

diluted to an initCREU/ mboc&haom sfnglhexradaplic
six wells and each condition was carried out
prepared for each condition. AEU spteerriiplhee rnaalt e
prevent differesans itabhe gploavttdd duwe twe reev a macruabtait

for 24 or 48 hours at 37 AC to allow success

NMM



2. 3EvMal uating antibiofilm efficacy of

2. 3.Chylstal violet assay

Crystal violet (CV) was used as a method to
l i ve and dead cell s, as wel | as negative
polysaccharides i n( 3t0OBe. 3 bABfptfeirl mb inmoaftirlink gr owt

bacteria were gently removed using a multic

the biofil m. Well s were washed once with s
pl anktonic bactericla dfefooetme@ldt og otlb®a on. U
contr ol bi ofil ms were exposed to LB broth or

NONOate in 1:1 LB broth and the relevant bu
PBS, or WABRR) wiEDTI®I (g#d dr i c)h., NJEMOat e solutio
assessed at a range of concentrations and pt
then incubate@®2f®d% ARACho@orstradl and treat ment

gently removed from the wells and washed onc

150L eof 0. 1% (Vv-Avidr C¥h(SUSAmR was then added

biofilm &8mdi n.efGvV fwas then removed from the
2-3 times with sterile water to ensure no ex
were then inverted on paper towel to remove

the bench owdkerryni ght to air

To quantify biofilm biomass, boalndofCV3Oa s( vs/o

acetic acid to all stained well s alndf rlcemtalalt
stained wells was theweltlr amisdreo pleat &voe lialnale wd
containing 30% (v/v) acetic acid only. The s
584 nm on the microplate reader. A mean abso

NMN



one technical replicate; a total of three

replicates wdrhe darrdi ek peut dnetnd iaH iegwbirek f | ow i

~

Biofilm culturing Treatment
Planktonic Treatment Treatment
Prepare Dilute to 1 x 10% Inoculate 96- broth removed r?a ImeT tor rea mzn&
overnight broth CFU/mL well plate + biofilms con rodjodu ion bi rfelmove hed
washed adde . iofilms washe
[eamew] .
L]
T ™
Crystal violet staining L 4
Read Solubilise with Biofilms stained
absorbance @ 33% v/v acetic Wash twice
584 nm acid ' with 0.1% CV

vy
[ RDZOWPYs HEC!I qWRGdat ql ¢cqRUNDWE WIWs YI t] YsWnY!l WIfGUI RGDUqt Wet
2RYUWqUWt q¢ RURUNIO

2. 3. FA.ubrescence microscopy

P. aer uRRAQlostai of i | ms wer elbigd@®Swn dien cha®% nem s
(Ibii Ger many) t hatodataeld bwietnh p5e® Og/ mL of fi
Net her|l ands) to enhan(c3lOhBlce erfii dromedteisn o
i ncubated in the channels for 60 minutes at
before 3P0 ®ér WRAIosael | s were €Cedded) (~The
biofil ms were incubated for 24 hours at 37 .,
channels were gently washed widthheretndr iblaectRI
Biofilms were then treated with 3-BODAQL 2&f0 LB

OM RO, or 25N0 GMrSP2 hours at 37 A€Cvedraad me

biofil ms were gently washed with sterile PBS
Foll owing washing, the biofilms wereEstaine
Bacterial Viability Kit (Thermo Fisher Scien
of SY"Y®ad propidium iodide (PIl) dyes, was
manufacturerdos instructions, and 300 OL was

NM=



i ncubated with the stain for 30 minutes at r

staining, the biofilms were imaged using a I
Pl an Fluor objective. 313 tile scans were t
4. 37 mm) and one representative i mage per ex

reporting.

2. 3As5sessing the viabahdthjo8uaf bh adti d rmsa

Biofilms were grown as previously; briefly,

i noculating 5 mL of laBrhRgoQitesméBbOe®d®Li af each

(initial indCEULUMLYE. ~Rl at&@® were then incuba
hours.-hdwr 48i of i l-medwatbhangal f75 OL of the
was replaced with 75 OL of fresh sterile LE
biofil ms wereedhspéeesetei hBf broth by vigorou

theesmed to assess metabolic actiEiCey|bwiapply
Reagent (Thermo Fisher Scientific, USA) and
dark for 1 hour at 37 AC. After incubation,
at 550 nm and capturing emissionCFUat wed® n
counted by pooling 10 OL from al |l -fsoilxd rferpolm ¢
10to 710Three 10 OL aliquots of each diluti ol
pl atdsabdhowed to incubate for 24 hours. Afte
the corresponding CHWemlf uwds ecxeplea u kdmnetne dall e dvo |

i i g ur8e

NMO



~

Biofilm culturing Pre-treatment Antibiotic treatment
- s
24-h biofilms brgtlanriinzgl\?ed Antibiofilm Treatment Ciprofloxacin or remz:t?dtge?;ced
cultured in 96- & biofilms agent or control H removed & control solution : into Epper'ljdorf
well plates washed solution added : biofilms washed L added ' tubes
' 1
v,
e A
CFU
counting
Y y
Centrifuge @
Biofilms washed 4000 rpm for 10
min
|
v v
N )
Sonication bath P:ﬁ;’ ;PFr::h
for 10 min LB broth
— | —
Serial dilutions
& plate for CFU |«
counting
\ J

[ RDEZMWIPYs H#H6¢ | qWRGdet ql ¢cqRUNDWgE WWs YI t] YsWnY! WIfGWI RAGWUqt Wet
2RYUWqWt q¢ RURUNIO

2. 3Amti microbial susceptibility testin

The mini mum inhibitMIr@wascodeeeaet mahedn for Ci
gentamici n, vaneEDbDmMy ciagh. mawr uBA@b.saThe br ot
mi crodilution t est recommended by t he Eur c
Susceptibility Testing (EUCASTLI )Awatsi bd aortriicesd

prepared by first producing a 10 mg/ mL st o
solubility, and subsequently diluting-this t

adjust edHiMutedd ebroth (caMHB). Antwitkeiddtoiwams we

i n -webl | plates vertically to assess 8 <conce
sol uteiroamn xwd with 100 OL caMHB. Bacterial cul
mL caMHB at 37 AC, in shaking conditubaed (@

give a suspension with an OD600 of 081 AU,
CFU/ mL; this was then di*CeEtU/kcL 1f AdO0i n@c gl &tei

of this bactereirzddedspensiacih wel | containin

NMM



final bacterial coQFclWe/nmlr.atFoounr opfo s~i t5i we 1d0ont I
100 OL of bacterial suspension plus 100 OL c
contained 200 OL -wefl Ic apMHaBt eosn Ilwer e9 6t hen i ncub
hours, after whichametabeli byacesaztuyi wast ai
i ection.2.Exactkh condition was tested with tI

three separate overnigWwel cuptatescowhali sédehs

replicates.

2. 3As;fsessment of antibiotic potentiati

P. aer uUBRA@b shi of i I ms wer e grown for 24 houl
Pl anktonic cultures were then removed from t
with 150 OL sterile PBS. After washing, 150

4% wWLBWMDTRA, KR5BMA or 25N00)O0MveSrPe applied and i
37 AC for 2 hours, followed by another wash

washing step, 150 OL of 0.25 Og/ merapplriodd ox

to biofilllnosweadndt oa i ncubate for 24 hours at g
treat ment supernatant was removed (all Si X
replicate), placed into 1.5 mL reaction tub
mi nutes to prtoddceced | pélalre materi al . The ce
removed, and the pellet was resuspended in 9
for 30 seconds. Biofilms were washed twice w

i n fresh LB braotshonbyc aptliaocni nogatihn f or 10 mi nut e
pooled for each technical replicate. For enu
and biofilm suspensi of|lweteoTHOrtabhtbyk dilute

~

was then carried out by placing 10 OL of ea

NMP



all owed to fl ow,arce atsisng hter £ABK P gFudfea tceusl twe ree

i ncubated overnight after which CFUs were co

2. 3StBatistical analyses
Statistical analyses were conducted wusing Gr
experi ment s, compari so-waywanal jmade abfi mgr it ar

wi t h G2dgkos mul tiple comparisons test t o
di ffer eaneceens pbHtl evel s and between different N
bi omass stway eSNOWAMewi th Tukeyds multiple col

For combination treatment studi ewe auwssseeds stion g

account ufadr vuamregnces between groups. For all|l
significance was set at 0.05; where * = P <
*x*xx - P < 0.0001.

2. Resul ts
2.4NA detection and quantification

2. 4 . Chalr acterisation codndiCd arteel eNaGNO af treos

a colorimetric assay

The NO release from candi date NONOates was i
using a colorimet whe calswenals fM8a tbeys sd entietcrtiitneg

i onsto gain further insight into how the pH e

Generally, the results from the Griess assa
concentration as the pH of the solution was
i ndicates a decrease in NO concéentgrua@i.on i n

SRPRNO showed no significant difference in the

NMZ
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the pH 5.5 and pH 6.5 groups or between the
significant difference (P < 0.05) was determ
(Fi gulrgd . -NMA al so showed no significant di ffe
bet ween the pH 5.5 and pHO6.d5 dg rschuopws ;a hoiwet
di fference (P < 0.001) in the detected nitri
7.5 groups nandebetHwee 5 anHEi pHIIZZ NG giromuipsi ¢ a
di fferences were found between nitrite conce

same pH environment.

2. 4.DetZ2rmining the effect of pH on NOI

The presence of intact NONOate molecules ov
absorbance at amdwedlrueas.s plelce irveesul t s showed ali

of NONOate degradation as the pH oiNOt laedr el e

SBERNO both showed sl ow, sustained degradati ol
18. 9% degradation aftdqki glur®a o3 , Téepacwrtlievae
profiles observed at piHHr ders MOernel gasaeadhkicae te

NO achieviobgl ndagradati on aiNtCerachi dvoiung @&:

NMT



degradation after 4 hour s. At pH 5.5, decor
guicker in both -NONOmdwisng wa tvherPYA short peri.
initially and reaching 100% degradation wit|
Fi gur® . -Ns@® al so showed rapid degradation a
mi nut es, before plateauing and readhignug e99 %

N@) .

2. 4TRe antibiofilm efficacy of NONOat e

2. 4 . 22h dur bi of i | ms

nitially, NONOates-hover e biapfpillimsg ftor 28 ho
concentrations and prHlleevvaenits taetmptelreat wao en o f

nosignificant biomass reductions were detern
condiEriroomr !( Ref erence) .sotierrcee, naotp H ocuonndt.r ol  w.
ssess antibiofilm efféons2500f -NiGh ePdNd wit fi @m sdl p
showed a significant difference in biomass

contr ol with a percentage reduction of 53 %
di fference -NoGtavece nt PA pH contr o%, r evhu acthi osnh oi
bi omass (A)-NO250I| Omi BA was also tested at pt
di fference in biomass (P < 0.dl1l)wictohmpaa rreedd u co
29%, but no difference witEh rtohrd RH fcearetnrcel sw
ound. To assess i f biofilm dispersal may be
100 OM and -SO0wé&Me PAl so assessedN@tatpHpH.B.5
showed no significant antibiofilm effect co
contE&rorl or(! Ref er enceB)s o brodeNOMoatP AfpoHu n7d..5 caus
il gni ficant decrease (P < 0.01) I n bi omass

percentage reduction of 27 %; however, t her e

NMY



compared to tHhrer prH cRefterodndeD) solmcannat tfeonp
chieve sustained NO release over |l onger peri
OM MNAO solution was also assessed at pH 8. 5;
i n biomass compared to both t(Eerbbrdot Red @mtema
ource nd) .fa00dOM anNO2&5§0| OM G&®Ps were assess
100 OMIOSHA nduced no significant difference i
broth control &ndobuf RefecencEpbol5@NOMoSP f o
t pH 7.5 induced a significant increase in D
0.001) and the buffer control (P < 0.05), wi

14 %, res peercrtoirvve IRje f(er enceée) source not found.

Considering the | ack of dispersal after 1 h
assessed after tr eaNQnentd wi5tBhO Vo8B P@M hPAUT s a't
i n variouel ewoamd pH environments (i .e., pH
suiitlaibty f ori napyrlivigouZzZz@ei o Whi-NQ@t s PAwed a signi
bi omass reduction of 36% (P < 0.05) at pH 7
reduction was obserFviegder@gt. P8P S hdD werd & 05 s( gni
reduction in biomass at pH 5.5 or 7.5; howe

determined at pHF8g®®B P < 0.0001) (

NM®
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Further experiments were carried out at a gr
37 AC, for comparison with previous-EDUAl i she
was also included in these experi menwstho ev

a distinct mechani(s2n2 394 % a@PDVY ATcadawseNdO a si gn

reduction in biomass (cPhnd r®.IQO0O0OwN ) hc eamppeerrecde nf
val ue oFi gouzrtea dri g u2r® . 250 -NOM sthhdwed a signi
reduction in biomass compagedgtowcoht aope¢Pe

reduction of 21%;NOwhsihlosmte d25nt0 GM gSR fi cant r e

(Fi glrPean &i g wLrg .
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2. 4 428h Qur bi ofi | ms

Il n order to assess NONOate efficacy against
culture time was increased to 48 hours. [t
pH 7.5 only, as this was observeéedutro bbefti hen
| nt ergelsyt,i nei t heNrO hHDANOSN hPoAwe d a edif @ cit f ioma ntth
biofil mcoimpmaassd to contr ol (P-EDPTAa@8) a whi
significant biomass rediug®iBdn TPRe<méafOOabpsof
value of the untreated control bi of thlonmrwas
biofil ms comparedi bbviskhs2 ( RU-@ hfdo-hd82r4 bi of i | m

respectively), indicating that | ess biomass

O

> ¥ o & & O O
RSP 3 » & Q& » »

period.

% %k %k
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*
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Crystal violet absorbance (AU) >
N

Crystal violet absorbance (AU) w
»
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1

el
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al ¢ qldd YenlYWEIREG 6 W Ra6 131 WNE WEs?d\2 18 duldad 113613 OV FReal O Lib BRURE RINGLEELL
Acl t b AWY! W=PMWAa ~ WAGEI6 WIRIDIJWA &1 s WiLGIEWz Oaql 3¢ qT WHY O
Al YaéWnY!l W=ZWéVYeal t OWEcOGUUmES I V18R UHsRd qUAcLd RO T2
Eqc¢ qRt qRHECTWT RO I WUHIIIE We l 1JWR B TLR 8 ¢ D TLGHIK ALINAAMIMIN Gl Ll 11 ¥
RUOTRHCqUW qe¢ 0T ¢l TWT W2RecqRYUWYnNWq6WaGWe UWWE+ G RAWU
| JGURAC qUt WUl db 1O
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2. 4CaB8mparing the viabil itdryd fo8ubadbdti oef i &

Due to the |l ack of anti biPaf ialemm uBgA @locsbac g f i0olf m:

grown -hour d8at 37 AC, it was hypothesised tF
may have been | ess metabolically active tha
t his, resazurin staining was usteaubrt of iclomp a

showed a mean fluorescence value of 33120 R
0.0001hpoum HBofil ms with a mean fligmrd@scence
Additionally, to determine if the difference
deficiency, half o4 otulre bgrod wtl msmevdrhisa riemp | & i s

24 hours after the media change, tOh eOr5e) w ans

resazurin fluorest®mce biof & hametdywaofc had pgal Wwh

[ RDYWPIIOY!I Wt #RU0URPVDWERHI Y AEG! 10RO @bl Db
¢l e NRUYNIWIORY 3 GO WeiNI YsUWnY!l W=NWéYelt bl
bI7 b WME Ws o 2 Wa 1Jgd 2cN Yol SRUZL00UHE B=RRINIRETI= 1B A [BI20HIE E
5101 DWRUAz Adgaq T We qWOT U 9
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compar eéhotuodc D4 of il ms, with a mean fFligamrescer

2 3) .

As it was unclear whether the difference 1n
or celll dormancy, the number-amfd -MoB8arm | i cfeil Il &
were compared. A significant difference was

Xx 9QFU/ mL and®CHU/Imlx-a@ -B48r bi of i |l mEiguespec:
2B). An additional experimental group was i n
48 hours to dcetldrsmiwee ei fprteldeoemi nantly dor mant
sterile LB broth and allowing to incubate fo
viable count was not significantly -Wodrf er en

biofil ms, shAa®@F W/grEl ¢(LMB .
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blAG 2 DWHE! b OWB 7 b WNYqc¢dW2REATVWRNDGOY WaHEY D
NI YsUWnYILIDEMUEAZ I @ WNY WS Yal + WeDl JIOWARE! &
nl 3t 6Wx 7WAI Yq6Wel 3T WAE ! b IOWE EGEUUIt B21I IS LHF
nYl W q¢ qRt qRACTGWHYGGe ! Rt YUIOWE q¢ qRt q REIEK L
Ann Wl WGWK WMIOMMNAWE UT Wi i i W WGWE WMIOMMMN K
EfGUI RGUUqgt Ws I WWHe!l | RWT WYeqlls Ragé WOWARHRY T
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2. 4AMti biotic potentiation effects of

2.4 Mi.ni mum inhibitory concentration (I

To aid the antibiotic selection process an
antimicrobial susceptibility in biofilms, br
MI C of three clinically relevant antibiotics
and candi date ar rEDTAI @afgbali m ed guegh®OfSolspap | e ment ar vy
6.23.. 17The MI C of wvancomycin was determined toc
resi stance breakpoint), whilst ciprofloxacin
and 4 Og/mL, respeEDTAewys ddtee MhiChned To be

t o its fgdtcercty end clinical relevance, cipl

candidate antibiotic for further assessment

A @ Untreated g PA-NO + B
Ciprofloxacin

0O Ciprofloxacin-only
T-EDTA + SP-NO +

H Untreated @ PA-NO

Ciprofloxacin B Ciprofloxacin O T-EDTA O SP-NO
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2. 4 As.s2ssment of antibiotic potenti a

treat ment s

Ciprofloxacin was applied at MIC (i .e., 0. :
foll owhograpRat ment with biofilm di NDer sal

250 OMOSP or 4BPO™W)v fTor 24 hours. Cif$o@Pl oxac
< ®M.A0and -l~ogP < MWed®bqgitni onmi abl e cell s compared
supernatant and the bi&DITAhmshodo@Redi 00901y
and-l-o@QP < rMedwgti ons in supernat amitg @M. bi of i
T-EDTA foll owed by ciprofloxacin treatment wa
the efficacy of ci proflloxgaci ed u csthioom nign ap Ifa
compared to ciprofloxacin-lagomeduwhi osat was i

i n bircefsiildm nFg gaxdgl.s After 2 hours of-EDTAat men

~3 og reductions in viable cells in both thi
obserWiegu2r@® . NONOates alone showed no effec
hours of Fr @ga2tBhenthowever, i n combi ntateayn wi
showed a silogmifiinccaoretas®e (P O 0.05) i n the n

supernatant compa+foed yt @ reiagmefnltgx daitnno di ff
of b ircefsiildm nFg gazdgl.s (
2. Discussion

2. 5Chlaracteri deaetpienrd eanft PNHDONOat e degr ada

2. 5.A1 .hligher concentration of nitrite

as pH was decreased

|t has beeanu mealtled t hat NO didepleayentconua

functions; at | ower coacoembt ari amsngei) n NOh e

NNP



bi ol ogi cal processes such as biofilm disper
mi cromol ar range) it can 2a88)Hdoweveaer cyttdteo x

concentration required to trigger either eff

have reported conflicting NO concentrations
biof il m mowWigthdgT he | ack of consistent report.i
to the inherent instability of NO, and thus

using the existing detection methods.

Al though the kinetics and dissoci atepaor tcdcdr a
in the Iliterature, most @3 k4)i hesst icoatdedi an:
necesgeaermirlesentative of the chronic wound en\
release from NONOates is -depentiedttprbeeaste
an increased rate of r el(e3alsseT md o wrhcer e rnmveinmpc
has been reported at a range of different te
the |l ocation and maturity of the318%Ai9ndi and t
et aasls,essed 24 chronic wound beds and perile
camera, and reported the wound b-88 AEMPERr at u
The upper |limit of 35 AC was selected for

NONOates in the present-detpedyd.enZee otf o No tr ke | t
NONOates and the variability of pH in wound
desigperi ments that would assess the suitat
application in a range of wound environments
been reported t8a 5r,anmvgd hf rheeml5.h5y skin being r
and pH igncassawdawmnd chronmd3zZli)Cynsndeeavgsthis

pH was considered an i mportant factor when a

NNZ



a |imited number of studies assessing the ef

systematic way.

The initial objectives were ther &NfOoraem dt ®Ac on
NO, and to assess how the release profiles
Regarding the former objective, it was <cl ea
capabldetecting nitrite i1ions in the buffer

NONOates we(Fegalddded One | i mitation that shou!
Griess assay 1Is not a direct measurement of

NO concentration by assuming that al/l NO mo
and nitrite ionsv,elandcomoreks ildyg actirate i on:

subsequently react with the Griess(3r22agent

Therefore, the results obtained are not str
but of nitrite ion concentration. When appl
cofactor to convert nitrate i ons tosnilOOi%t e,
efficient and is thus I|Iikely that sO¥23)nitr e
Therefore, caution should be taken when wusi
6nitrite concentrationd interchangeably. Al
uncertainty when assessing NO release, this
conf iornmaafi some | evel of chemical degradat.i
mol ecul es. Considering this, the assay was d
for quantification of NO concentration; alth

to use t ho sdened rthmidnd NO ZXdom,cEn4 ,rA25)on

When comparing the total amount of nitrite g
at a given pH, there was no signNDi eadt PAI f f
NO at any FpHhulr®v.ell t( has been previously r

NNT



NONOates decompose nearly instantaneously, |
rapi dl y. Thi s i-catoaMeyds etdo dtehceo ngpcoisd 2 § ® ya nalf N (
would explain the significant di fference ir

NONOates between pH 5.5 and 7.5 in the prese

2. 5.Clandi date NONOates dogwadat iavm uk iam:¢

pH 7.5 and ed ewannd temperatur e

The kinetic degradation profiles of NONOate:¢
Griess assay, as it was found that the NONOa
i mmedi ately or af tNeO alnCN@iPhnrude €€ ic ff ibBealRW (

C). -NNA had fully degraded before the -N@ading

the final ~20% of decomposition was observed
pH 7.5, a | arge discrepahcffewasl obsecalkedul at
dergadati on curves and those reportedNQ@)reviou
and ~277 and 39-N@)nuthese(hod $Pom the manuf :
(305,,306)ere may be a number of reasons for
being temperatur e. NONOat e decomposition F
tempersadmugiet i ve, showing differencesfolnd t he
between 22(a668)S3hckeCthe present study invest
at 32 ACcC, and the data provided by the manuf
AC difference in temperature may account fc

di screpancy.

The elucidated NONOat e degradati on profile
antibiofilm efficacy. Al t hough it was hypot

greatest biofilm dispersal, owing to its fav

NNY



antibiofilm efficacy was assessed in varyi

potentially decreasing the treatment timefr a

2. SN@NOamedi ated biofilm dispersal

Il niti-BHOl gn@NAOSPRvere asbeovsettmasdi spersal- agent.
houwr aer uPAIOMo va of i | mwefgt owhat es96or 1 hour &
24dhoumi tbriofi |l ms may not be representatn ve o
vivothey were initially selected as previou
promote di slp@uwrs aaep PiADALo sha (0X74)inshour was sel
as an ideal treatment timeframe suitable f ol
reported as the mean tempdg¢r3dtoy. B3eN®botfa btl hye onhor ¢
studies have assessed NONOate degradation ¢
efficacy at 32 AC, making th-8Of andNOQs@§ast raepo
concentration of 250 OM were selecpedtedit:i
antibiofilm efficacy uBOnfathas uoospeaitfaedo
a ~60% reducaeoPAOlodvd of il m grown in M9 medi

2-hour trEeaidment

2. 5. NONOates showed no -heofufri ctarcpya tanfetdeir

i rrespective of concentration and ¢

With the initial objective of reducing treat
| evel s were assessed to determine i f signif
within 60 minutes of treatment. The -NOrst se
at pH 5.5 for 60 minutes, which showed a s

treat ment compared to the untreated control;

be noted is the comparable decErrascr! iRefbe nena

NN ®



ource noA) . feandvas initially thought t hat t
observed from the pH control group was owed
however, this remains contested in the I|iter

of orgasiicsaceported to be caused by the pr ot

freely through the <cell wal | | acidifying ¢t
funct3d2m)t is unclear 1 f this mechanism is p
(327)As this process is reportedly mediated
unli kely to be present in mineral acids due

effect from NO was thought to be-NDwme ttcdhea b
| i berated NO may degrade before it can elic
NONOat es has been reported {(80%,e30®hmestwasr
confirmed by the previousl!l Wwidiusyeu swleidc d egh awd:
bot h candi dat e NONOat es degradinegat mmgdedt ¢
degradati on mechani sm. It was decided that

i n an attempt to decrease the rate of NONOat

NO release over | onger periods of ti me.
At pH 7.5, the antibiofilm effect of the pH
magni tude. Of the three concentrations asse:

PANO) a significant difference between the ur
detected in the IECQO oOM eReperriemecrB) soTheeehot e

t wa s concluded t hat t he buffer sol ution at

significant effect on the biofilm. A signifi
and treated biofilms was obser vedANQE( com!c emt
eference sourCcaendagt hfoomenwc.r, this dispersal

attributed solely to NO as there was no sigr



and -NPA treat ment groups at any pH. The pH w

attempt to further sustaiN® talhe 10&| eldvs e hoofweN

(7]

ignificant difference wabBr rdertlecRefde rbeert avee eno

oun@ .

Due to thellbadN®OrF chRnlpfar N, t 0o t PAvas hypot hesi s
sl ower sustained reiN®Oasmayofprdoteormi 8Pi |l m
extending the exposure time of theNDaweéeeei a
assesspeHl 7at5 (100 and 250 OM):; however, neith
i n biomass compared Eorert hRef enenhckeamsBguooae
) . I nterestingly, a significant increase in
250 OMOSRt pH 7.5 comparedEtoobbt Re€éentenok g
ot fBuUndl,he observed increase in biomass may
Firstly, NO has beenntrueiptoirvteeldy ,t g,r ocroout net ebri o f |
concent (80BdmsWever, the exact under pinning
concentrations required haPe aetugiStcdhebi®@ dbh e
alrreported NO concentranhamlNsce abolipafialnmvs twh i |
concentrations bel ow 203028)NOdicpee stedabi of s |
present study were expected to be in the midc
reported concentration required for bi of il
mechani sm remai nsP.unaerugipwcagadll y n previous

reported that spermidine (a comparabl e mol ¢

production and decreases antimicrobial tol e
membr 68&9)Further investigation is required t
spermine and bacterial/biofil m.



2. 5.PAN® showed significant biofil m di

wouwael evant temperature

To assess the effects of pH and NONOhober degr
P. aer uURPAQ1o shai of i | ms were treated with candi
environment s-ratl etvhaen twd lermd € r3at6u. 3R f a 32i A\vCe d
t he most significant reduEitguwn®) i n Theomaswu l

demonstrated a signifi cametdieaftfeedc ta notfi bpiH foinl m\

no biofilm dispersal was observed after trez¢
pH 5.5 or pH 8. 5. These results agsrseeed wi tt
previ ¢cugluy®Egdndc) , which concluded that NONOa f

nedarnstantaneous at p H 5.-6at ad wisregd tdecdrheo
mechani s m. As pH was increased, the rate of
rel ease was more -MQ srtalimaedi,ngyvi N5 ®AofpH 7.5 b
~10% at pH 8.5, within 2 hours. This support
5.5, as all available NO was I|likely release
bacteria owing-tideitsConhkwer ssallsy lafi nleel mode s |
degradat iNOOn odbfseRA ed at pH 7.5 may have all o
cells continually throughout the treatment p
di spersal event. Conversely atwgdH r8elb5e asaed ofw

PANO, supporting reduced biofilm dispersal

observation was the | aeNO,o fa sdinsop esrisganli faicctainvti
observed at any pH |l evel at 3a2ntAQ nacnrde acsoeu nitne |
bi omass was observed at pH 8.5. Although the
l ncrease in biomass was not entirely unexpe

|l iterature that NO can promot en$ i3@f Al m hgoruogwt

Z
Il
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a reduction in biofilm of 23% was observed a
was too | arge to provide a statistical di ff
remai ned a consi stentNOc hearrawatgenroiugt itcheofprFE
pobheially caused by Spercet\2iodhu 2li yh t deirsaccu s soends (b et

spermine bacKOGowiet mft 5 bi of il m or bacteri a.

2. 5. NONXOat es showed no antibiofilm ef/f

whi I-EBDRTAT remained effective regardI

To facilitate comparison with current Il it er e
was increasedand WebbACr.eLariiN©Od f 250 20Mo8P s t o
most effective treatment; however, the pH of
Owing to the corresponding FagudmBeaabd)e adalgr ac
antibiofilm efflkRicd r)epf pNMONO®t evas( sel ect ed f ¢
Additional EpPTA4%Waw/ vntl uded as an alternativ
formul ation is clinically approved 3f280r, 3u3s0e |
Mor eover, it has been shown to enhance antin
a wide rangegafi Geamosli tGraen bacteria as well
ranging f-1%mwlOv 084Ad mini mum cloinacfeinltm ad adi q aM
the | owest concentratioar aodi ctartkcatamepit)d r efqui
ranging A% wW/ X2 2ZBB-DTA has al so been reported t
safety(BB@&jwilteh much higher concentrations t
being clinically approved for systemic admi
heavy metal poisoning and up to 2riiéw« wdrwi ¢al r
enl argement (®f29t)Moe sctandailes have assessed the
T-EDTA directly; however, one study assessed
calcium disodium EDTA (up to 10% w/v), on ¢

N=O



sensitizer, showing some skin irritation at

(332)Additionall vy, one clinical -EDITAl agasBrst

heparin in haemodialysis catheters, reporti
reduction in microbial coloni 6a88pn compared
The biofilm |ifecycle occurs in various st ac
attachment, mat ur t3i3ANT h e nldi fda sypelres ails dynar
each stage is not distinct and wil/ overl ap
stage is dependent on multiple factors inclu
temperatur e, pH, amd anhe mprceodB8 &é )Cooinasli Ideerr g en
the previously discussed differences i n susc
maturity, antibiofilm effaindallou walsi afsislems etdo
selection of the most <cl i ni cwalsl yh yvpi oatbhlees itzheedr
mor e mat ur e biofilms would be more tolera
Il ntervention, owing to both their i ncreasec
activity.

Significant biofilm dispersal was -BEDEARTrved
i rrespective of the degree of biofilm matu
reducti oanndf-bdo8ul4biof i |l m&] geelmp&icg @Bl yThHi s

agreed with (t2RRed ,22d79v alt udat ed our technique
detecting changeshduwr blbioanfaislsmNQ ng B204w eOM S P18 ¢
reduction in biomass compared to control,

significant owing to ahli gh et afddgdlrfea e \pi &t |

Figwrld@. Again, the mechanism unmpNOmeidn@atthe |

di spersal remains wuncl ear ; however form whas

I nteraction with(2h®)Ac anolr ememnrsa rsd e nt ant ik

N=T



Il nstead obdseruwediiof id24ns, aft er-NOrbeai mbnt wet
reduction of 22% compar eki g @rPdameFri wn2rBe.at ed
|l nterestingly, neither candidate NONOate sho

48 our biFaofgidrBas. (

Al t hough the biomasshoedubitobinksmagabsstved i
significant, they are | ower, or required | c

published(2&beatZzb®he4)expl anation for the var

in the |iterature may be the |l ack of standat
medi a, growth period, and culturing vessel).
can i mpact bi ofdi Ivinstclhhisckyesswi ah bidefikmengr
media often being of | ower density -t hah <cor
medi{(8&836,33h)is will likely affect how the bi
such as NONOates, by potentially decreasing
nut rriiemht medi a. I't has al so been rreipohlr tneeld it :
are moerperesentatitiwvebomffitme in terms of met e
number, and@d388B8Hucture

The growth period is of particular i mportanc
biofilm architecture and <cellul ar activity.
more viscous (and is thus harder to pemetrat

show reduced metabolic activity aé6388eg84d4aye
Mor eover, the antimicrobial susceptibility o
dependent on the biofilmds point in the | if
exampl e,etClmicer ved-hbobhRPat a2ed4r u(@@PAlods)a bi ofi | ms
significantly more suscepti bl e thoo utro bbriaoniyiclinr
10 Og/ mL tobramycin treatment f eirour ccddy fer an

N=ZP



whil ©itouf2biofilms required (8®70MamL dtolreratstl
have reported similar tPr ermcs ,y g nbautts aan Isyo liinmi
clinically relevamh.t ,Saltihgpabhd ceftdid3dMad ) | t

i's hypothesized that the | ack ofhourofhbilarf idlinmn

i n the present study is a result of reduced
metabolism to trigger dispersal Hogpieestiercad e
enzymes) . The obs erDVTAd @ fefgiacady saef oT biof il

supported this hypothesis, as EDTAO6s mechani

in the EPS matrix rather than the cell s.

2. 5. Thed redtitedacy of NONOates against

| it kely owed to a | ower metabolic r a
Considering t he -madkatodd NeONfOacthecayr almaohisk m
di fferences in cellular activity were evalua
and the metabolic acti viftoy dofl oowmeelrl sne t Tatbeorl @ cv

~3d1 d | ower-h@6EUs bi nf 4B ms -hcooump abrifeadfgi 2r@es 2 4

this confirmed the hypothesis that the | ack
decrease in cellular activity. Decreased cel
of bitacsfsiolcmated antimicrobial r esi sst arnecley, aars
unhindered metabolism to elicit their effect

It was unclear whether the decreased efficac

or simply by nutrient deficiency associated

t his, half of the growth media was rerpd eni st
nutrient deficiency was no | onger playing a
activithypyuof bdB8fil ms showed no signifi<cant d



e

S

X

ur biFoifgiukr@s; (t his confirmed that -maudrmrient
ofilm was the primary cause of the decrea
tabolTa deattermi ne whet h-eout hbi batctewsi with

dia were primarily doomanti ncubdeiladn)(,aft leeé
vived overnight in fresh LB to allow any

0 Cc e sRseevsi.v a | in fresh media was sthoweassf ul
t abedlefsinci ent bi ofil ms showed CFUs-hoompar a
of FI go2r8 . Thi s indicated that dormancy wa:¢
turned to nor mal metabolic activity after
though a combination of dead and dor mant <c
ud3y44)An additional drahtehdo@inrcebiboeftiwenesn wads |
wer <crystal viol et absorbance in the untr
urs, indicating |l ess biofilm present in ¢t}
at nntutdreifei ci ency i s causing starvati-on, as
|l d reducti onP.i naéeéri wyiaifaishensofafter 48 hour
mpared to an Rdtdalrtvewdashihyfpdtmhe giesaditnigat
|l l's were being starved, they triggered dis
nce | ower CV absorbance values were obser:
pl anation for t-meéit adk doé p NeN@DlajgedhDus he

gnalling pathway may already be activated

added di spersal effect.



2. 5CaB8Bmbining antibiofilm treatment wi't

2.5 C3.profl oxa€iDAT A as towled promising |

susceptibility profiles
To determine the most opti mal antibiotic fo
candidate antibiofilm agents (i .e., NONOat e:
rel evant antibiotics (i.e. ciprofloxacin, g
antf bl om algETMA wWer e assessed. Current treat me
soft tissue infections often involve the pre
to target a broad spectrum of microbes. This

off feective diagnostic technology meaning tha
empiri(ee®&%Hhg to the presence of multiple mic

wourfd845)

Here, an MIC value of 4 Og/mL was determine
which disagrees with a previou(s346)wtdyl sepot h

studies descri be-dn#i g8y mIEh)ifiss uphenot ypi c ¢

was most l' i kely a reswlt aeftr uRjAenle, s aacs epvrod wita
repor(t3eddr)Vancomycin i s a glycopeptide anti
i nfections c apuosseidt i vye Graacm er i a, and shows |
negatives owing to its inability (3ad8kirvbss
vancomycin is applied clinicall yaseg(iZThd)esnic

The high MIC value determined her e x(cd uxs2 olg/
I mper meabiPlLi ayrafdiQiltiessa out er membr ane and agrt
studies. Foretexalswpled, vBagyomyci n R.gaadersugitrems .

and reported MIC valQe/smo any88QgDF& )dme g3 abso



assessed fluoroquinolone ciprofloxacin, repo
0.75 Og/mL. This agrees with the current st
a concentrationP. whiechiRAl@@lesmasl fAsusceptibleod
EUCAST breakpoints. Ciprofloxacin is common|
and orally depending oh34f%e33I)de hiatsy sthownn fe
against b-oo i tArvwemgaarid ve species by i nhi bit

(352,,333) has shown great efficacy, wi th one

rate in the treatment of uncdmpl icoatree HKki B0
or al ciprof(l3d3xA)0iwi ndaitloy i ts pot ent antibio
rel evance, ci profloxacin was selected as th

studi es.

Lastl sk,nowerl Imet al ch€DdAi wgsagesesTed, whi ch
efficacy as both an antimicrobi al and anti bi
wound dressings to mahalp3)EWwbuocodcynhast beans r
range of specinhegat bepeohsa Gdavne . Il ts antibiotic
chel aticandfC&dgs that are responsible for st
(LPS) interact-negatiwetdbtel IGraamlplo;sihadwev esrp,e ci
that | ack an outer membrane (and thus | ack
peptidog@g?22c¢cmes e, the MIC was determined to b
P. aer uPRAiOnlgsavhi ch i s comparabl e with Rreviol
aerugisnosag3dms )Consi dering its established an

efficacy, favourable safety profile and cl i

suitable concentration for further assessmen



2.5 C3. p2ofloxacin alone showedr essointki red f

bacteri a

The antimicrobial effects of -hcooumb imiaafiiolnmst r
evaluated by assessing the total number of v
used as this was much | ower than the expecte

to detect a potentiation effect when combi nec

cells in both the treat ment supernatant and
assessed to provide information on the antim
t hatw eheaen di spersed (i .e., present in the su
within the biofil m. It was observed that Ci

efficacy compared to the wuntreat-ed dc doatorfall ne
resiadeldgsg ¢ . This observation was expected
as the MIC should reddwmeg Hacteer,i &19.WiI%9 hi lhiotwye
against-r édsiodiingn bacteria was not fully ant
observed a ~70i% rikeidafcitlim bi omaesceptiablce psof
P. aer wgitreosa reat menad6)att hbegMl & ~70% reduct
represents <clear efficacy, as no data on vi
ciprofloxacin on biofilms stildl remai ned unc
penetrate the biofilimoilthsalsy,bexmhns arewiomrg ead rpapeiv
the biofilm surface, vfitdlklimead cksy tl ave ackihf fdwes
of the biofil m,; however, some bi(@&8BI7)Mhear ea
suggested mechanism of penetrat iadwhiwas othasek e
a -13o0g reduction af tMIrC 1( 4hoQg/ mdf) <umpRa@Of | 0Xx &
aerugi(mrrddd) biofil ms, flodd orweeddu cbtyi can fiunr tthheer

hour treatm8mt8)lpseer i ®Ml G upfr aci profl oxacin ag:

NOM



commonly found in the Iliterature as higher
antibiofi(3ng%)thusadyhe use of the MIC of ci |

explore the ability of dispersal agents to e

2. 5. TEDIA potentiated the antimicrobi e

whil st NONOates reduced antibiotic

Aftehrouz tr eat-BEfRN&N Iwtltonge3uct i ons compared to
observed i n bot-mntdh é irsedsp ddrinmnnagt acnetl | s , meaning
viabl e cel |l s werheo ukri-tl pl ecadt me nkh i gni2@B&hee &i me e

clinically relevant dose used her ¢ 2Qa&8d w/ v)
fotitf mes great erSutptpd re mebnagaMlyChe observed erad
expected as biofilm degradati on and ant i mi
Ssimultaneousl!y. There was <cl ear potémtgi at i o
reduction of planktonic bactedr i & oiwre viehhre Swp €
was found-resibdiogikml |l s. The observ&®dT&Aynerg
was | i kely owed to targeting bacteria wusing
acti obhBTA Tacting to disrupt thaccelinmembtan

replication.

As expected-NOneoiNIO&EBhBAed anti microbial acti

treat e gu2rdd . Whil st NO has been reported to
hi gher concentrations (i .e., >1 mM) , it was
concentration, even though the concentratior
not be directtl ywanse ashiowaverl, expected that

ciprofloxacin efficacy woul d-tbe admeeanv edawslee

i ncl uded. Counterintuitively, the NONOate an

NON



il ncrease in viable cell s comparmgeldddt.o Tchiep rr oofl le
of NO in bacterial metabolism could provide

NO is produced by t hevhaacstti viamuoiwng bt es NOn S g n ¢

I NOS) to bacterial infection and elicits b
modul ating bacteri al energetic(s360s)Ulcd Bmsl & nid
NO in bacterial energetics is complex and co
clarity. Whil st some studies have observed a

NO(361l)many have reported the exact opposite
to some antibiotics(@F2)Baceegpobsudal t é&ntNIObi o
| act ams, aminoglycosi des, and quinolones hayv
rely, in some part, on the production of re:

deat3hea3)ROS, such as hydroxyl radicals, are p

bacteri al proteins, me mb { 8 8d )Acso N niesnta , r ANy
i nhi bitor, many metabolic processes respons
targets are downregul ated, essentially inhit

one of their sites of acetti oaglp.oFbe&dudHaasasplrev,i vl
o fP. aeruginosan8.S. emwhrinsdreat &d 0wiOtNBhOSP5 0

before gentamicin;-owhiyl gt otulplessgp@®mwedumsdtcii mn i n
cells during the same exfp &@&BnTeh epye rs hoodw e(di .nea
reduction in cellular respira’7bsonOMOSRMdL mi
concludemeda aNGd prowkicthverevéeced the uptak
Ri beeitr paelpor t ed very <£i mislbdmwi fafignldidOnigrsc senas e i
of gentamicin-mihotlkowixpgpgsar&55to 15 (n3M 60f N O
Contrary to these reports, many ot her St uc

antimicrobial susceptibility of bacterial bi

NO:=



Fo

co

r examplet, odde.wlrived al ofgurrtehdeurctli on i n vi ab

mbi nation of aminoglycoside tobramycin and

(500 OM) compared to-hbPbr mamy chgnonfoirsllags ¢ mo \2
mi ni mal ( 2ne)R@a uet laghrsd reported i mprohwedrsusc
P. aer ulgii mfoislams grown in tryptic soyl obgroth
reduction in viable cell s when etarsd antge do i wiptoH
combination wij¢dbdmptaorberdamyaei nreat ment 3@l h a
Additionaleltyrad plamatingdoga r>2duction in viable ¢
antibiotic-horPty)eirnmnbgaonfoizlan (grown i n TSB, wi
every 24 houcrhso)uratfpteeert ment2 with NO donor SN
ofloxacin trea@3nenhx for 4 hours

The mechanisms wunderpinning the enoendfilaitcetdi ng
antibiotic potentiation and attenuation r eme
ot her antibiotic classes, especially bacter
macr ol i dés would also be interesting to ass:
bacteramd ppeptosure to NO, to further elucida
responsi ble for the observed | ack of efficac
2. €onclusion

Here, the suitability ofNO vamn d¢@rPda-ElthTtA (NGNOa
both -maonndo adjuvant therapies) was assessed f
I nfectionw®i tblewifnd m assays, we evaluated t he
reduce biofilm biomass-ra&flteesranap plHi ceatvii o ro nane r
8.5) and temperatures (32 and 37 AC) for a ¢
hours). The ftmat nwhi Isaaghj@N®ates exhibit prol
i n esatr a gye biofilm formation, t heir e-f ficac

NOO



established, mat ur e bi of iINIOmsl. acAkdckdi te fonhiad & ¢y
experi meM® sdemrdAnstrated efficacy exclusively
AcC) , among the pH | evels i nmoerdeiing & teedd ,r alnigkee
applicability.-trlenatemeerstt i wigilly, NPrappeared to
effect on the bacteria, as a reduction in ci
to monotherapy. This suggests a ploascti drlieali |
def ence mecghaannisstmst hae anti bi otic wused. Furt
under |l ying mechamedsinast eodf ptrhoitse cNG on and cons
of antibiotics to identify mor eEBTuA,t ahbolwee vceorm
showed consifsitlenmte fafnitciabciyo r egar dl ess of bi of

ciprofloxacin efficacy.

These results highlight the challenges in de
against chronic wound i nfections, particu
Understandi ng tehmreerigiimeghtameons, osuch as NONOze¢
for advancing therapeutic i nterventions an
management of cChr oniEODTHO amMle® PAMNbwWeEdt t Mer ape
promi se, further resesar del i semepethedhami ompgd i
potential syner giicrsolwidalh adgéeretrs atnd iemhance d

chronic wound settings.

This Chapter suitably characterised candi dat
admini swirtah i ohst asmmaounatded MBs -raenldevant! iamita @l
Before combination studies can be carried ou
be characterised in terms of stability and

antibiofilm effects.
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3 CHAPTER 111 : Acoustioc characterisat.

with biofil ms

3. 1ntroducti on

As previouslISecdiloaygsedbniventi onal anti micr ol
fail to penetrate biofi lediaftfeac trievsdlsyt,anacwei I
physical barriers created by the EPS matri x,
and the presencleg oG) Tpheirss ihsitgehrl icgehlt s t he nece

i nnovative strategies to disrupt these micro

Acoustic cavitation, I nduced bgyasulctrroabsuobubnl de s(
( MBs) , has emerged as a promi i3ra@ )@gwirtoaatciho
refers to the formation, volumetric oscillat
medi um when exposed to US waves. The wuse of
polymer shells and incorporating heavy gase

enhance cavitation effects by providing rela
transfer to thEe36)Phel mobuapaeeof these bult
cavitation generates | ocalised mechanical an
generation of high shear forces, microjets,
can disrupt t he EPSSe maheg i susamndptiéenndréaa ¢ d of
bacteria to an{BmDOWhdHisal tahgeemtpp | i cati on of
i n the absewica iorfucdViBtaut ( on of di ssolved gase
shown some promia3a&s,,a7T@kkeaclanendiicattce dMBE avi t at i
demonstrated enhanced anti bi oéi | aabseefrfveecd sn o
significant differemaé&r i epi dieiaddiidlisna(sgr @wn 2]

after treat ment with US alone (5 minutes of

NOP



negative pressure of ~86 kPa and 50% duty cy
with MBs (2RBO)AUS i mi |l ar observatietnh,alas thepr

showed significant bi omass.r eadiarmeuisoane rouf g i3rbds -

biofilms, respectively, after treatment with
ultrasound, at a peak negative pressure of 1
PRF of 5 Hz), whil st observing n2&i)Jmhi ki ca

further highlights the i mpamretdiaft eMBsbiionf ienrh a

The efficacy of this appr oa cchh edneipceanld sp rhoepaevri tl

t he MB s , such as si ze, stability, 2Zeitta po
advancement s i n MB formul ati on, Il ncluding
perfluorocarbons), have shown i mmaré&ved shami
strong candidates fo¢laajibiofilm applicatio
I n this study, t he suitabilit'y) oandcatabinor

perfluorobutans) MBe®r ( Bl Bd&l®nmiureinstt rcacc i on wi t h

agents and antibiotics was systematically ¢
characterised for their stability, cavitati
antibiofilm effvamagyyng aasesessedc apressures.

contribution of this stuhpgriodl|l oledneuvubbatunodor

with bafoffegmesdcMByi t ati on profile. This work

body of research aimed at | ever aagsisnogc i ada eidt
chall enges in medical and industrial settin
wound biofil ms anmentnfection manage

3. 3tatement of objectives

This Chapter wi || outline the develogament é

mi crobubbl e for mul ataidomn nfiert raub sengwenth amnt il

NOZ



antibiotics. StddgiandctREhBWNMB tly fofr sSRAMEB assess
characterisation and comparison of both cav
effects by microscopy. Addi t'si owmiallll yb e caasvs & sas ¢

an incubation periodtoni chotmctuwurtrded bowomul a

3. 8Materials and met hods

3.3Fabrication of cationic MBs

To fabricate cationic MBs, tip soni2@a2tTihoen wa
formul ation included neulirsatleanGhoyloBdpbol ip
Phosphocholine (DSPC) , ¢t aRii ©theskcAGO pihdsp hol i
Et hyl Phosphocholine (DSEPC), and pdqRiypwryet hy
2% Thweeree di ssolved in chl or odloasrs awidalc oinmb iant

corresponding to a mol ar ratio of 9:1:0.5

speci fTiadod,eisn ng a 1 mL Luer | ock glass syrint
syringe, Hamilton, USA). The vial was then e
hood overnight to allow the solvent to evapo

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC)

1,2-distearoyl-sn-glycero-3-ethylphosphocholine (DSEPC)

O O
/\/\/\/\/\/\/\/\)\ /\ -
O/\\/\or |\
[ RDYMABID WHS DG RHAC T WY ql 2FHqel IJLIJYnLLIHchoLIJG’()'Yi G

nY!l Gz idcpRY Gopafio T HOEoWt G6 YHSE YU RUNAUR P B e HIE §
QJgqé6! 1GEYt G6YHRSYITRUNDWE?EEA9L IO
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in a rotary evaporator (facilitated evaporat
dry lipid film was then suspeh@ed6@EmR2nmtesf
with a magnetic stirrer placed i.nsA dfei ntaol miii
concentration of 3 mg/ mL was produckdl limwiang
this step, the |lipids were homogenously di
sonicator E PMosdheelr br 20 dSoni ¢ Di smembrator, 2
Scientj fLoug¢ghbWwK)ouagth,4 0% tppowegrt h t he tip full
in the suFsipgeur§e. oFof room airsgor ¢BMBse ( RAMI
formed by ©placing t hieqgasiordh iicnatteorrf atciep, aatn dt hseo r
seconds at 70% power. | mmedi ately after SOl
suspension was capped and placed in ice for

the productioom &MBsPFPBFBMBIi or to the second s

1 2 3

[

Wy

i

|| >

[ RDZIWIRGH] YHz AA G 1) IRIEYA] RREFECaoRRYYOIL N b W x RGRT  Ws 131 JW6
t YORHE qYI WaqRGWe U7 wwt YURAe qRUNWE qWOMEWN Y| WNP MUY |
qRGUWE ol i2IRINIIR OUq 31 née #IWe UT Wt YORAEE q R U MHLOAId LG NOE LLIALN
GRN6qWGRHAI YI AYG! IOW?21 RUNWNEHI RACqRYUWYNWGWI ] eV
5 Rq 6 LC Ll d) 1K TerielE MU ION Wa x o G RUWN Y1 woMwt WHYUT + WHBh Ye
t YORREcqRYUIO
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vial was purged with PFB flowing at 0.1 L/ mi
vi al by positioning the -gas ouFkgtdeasT(heabo
gas was then allowed to fl osvseconti soamiucadtyi o
to ensure a constant concentration d&fPbr PFB |
experiments assessing bot h evaporation me t
concentration were measMuobkti uisaerg Z4Ae Mud ulitse

Beckman )Coul ter

TablSt ock concentrations (mg/ maf) , s (mont dafrL-0fi rea ceimorys and
Gl yc2Rmosphochol i n®i 6ED&RIG)H y c-REDhy | Phosphocholine (D¢
Pol yoxyethylene (40) stearate (PEG40S) required for

Materi al s

DSPC DSEPC PEG40S
Stock conce
( mg/ mL) 25 10 10
Mol ar fra 9 1 0.5
Vol ume of S 190 6 8 57
3.3ChRaracterisation of MB stability

After MBs were preparedSemnt8oc@.phitatédLasampt
the MB suspension was taken and placed onto
0.2 mm thick glass cover slip placed on top.
too concentrated, to aid enumer ati oBis.i nWhen
PBS and EDTA, MB suspensions were diluted 1
tetrasodium -BDAAI ¢B| gmd&A) , to produce a MB
concentration of 4% w/ v. Sampl es were taken
with the a¢l acsosntai ning the suspension remai
temper at2u3r eAQ)20f or the duration of the study
bright field microscopy (AXiostar Pl us, Zei
Achromat , Zeisen8) i maggqai mtngath time point f

digital camera (Ol ympus SC30) .
NO®



The i mages were processed using | maged (Fiji
concentration by running & ulpgtlemetnadhelydheal |
code first nomangdoons edst heo differentiate b

surroundijamgd lbhegtuweden i ndi vidual bubbl es by a

threshold algorithm. Overl apping MBsvivaer e t
watershed separation. The <circularity thres|
prevent counting debri s, and particles were

raw MB count ant) aragdaa (wiams pihxeenl stransferred
particles with an aZwear el essxgc | tufdmins 4Wapi x@n se
di ameter, first in units of pi xels and then

number of pixels corresponding to the 50 Om

Il mages were taken of the grsdwasddet ememnned l

~

equal to 50 Om. The most i mportant values ac
and mean MB concentration (in MB/ mL), as t|
stability over ti me.

3.3Me3asuring zeta potential of MB | ipi
The charge associated with the MB shell w a
scattering apparatus (DLS; Zetasizer Nano Z.

Lipid dispersions were preparedSact g8 .tlhe s
excluding the second sonication step, produ
were then diluted (30 OL in 970 OL) in suita
to those found in t(h3eZlwdESd( eHV S réo4nmand HEPE
| mmedi ately prior to measurement, diluted |1
S to remove aanyt hewbébd ersot be compatible wit

technique. Subsequemelrgl a860 ©Oh affebhdhptecap

NTMM



(DTS1070, Malvern Instruments, Malvern, UK)

be

we

3.

mL

(1

fl

4 0

eq

t ween 10 and 100 runs, with three measur e

re assessed in triplicate.

BAsdsessing the cavitation activity a

cationicviPaCbbhesds microscopy

annel Slides!|(Quer 0.8 mm, | bidi E, Ger man
bronectin (as des92nbpegl acengozdby OL in t
l owing to incubate at room temperature f ¢

shed with 1 mL PBS and the medium was | eft

iofilms, 300 OL of a 1: 1u0r@e@ spd ialcetdi om dafhear t

d incubated for 48 hours at SWadled Afvt e h I

sterile PBS and subsequently |l ive/ dead
nviEyr oQrer moFi sher Scientific) and left to
mperature for 30 minutes. The stain was t|l

placed with 300 -tQle adtmemit|l eéi MABR.s Rree e t he
uorescenpe (MNckoscbBcl i pse Ti 2) with both 1

I (Nikon Plan Fluor 401) objectives. 313

uatinghimd B.38 mm mmd O0.06 mm for 101

0y

gni fication, respectivel y. PBS was then r
l uti on of MBs in PBS (or PBS onl ywerwi t hou
plied and all owed to incubate under foil |
qguired.

vitation activity was generated wwdiemena 1.

ansducer (Sonic Concepts H102,; outer diam

NTTN



mm, focal di stance = 63.2 mm) and a 7.5 MH
Uus8421035; di ameter = 13 mm) was used as a p
acqguire the cdadiiigRffeFomrusisg@gunalugd trasound targ
alignment was carried out wusing a fibre opti
Kingdom) to deteTdnaé hkeurf ©tc s lackfrOedlz cR/FC Igeesn er a
focal-tpeak pr éastsurhees surface of thef chamhnel. &
or 2.0 MPa were transmitted by the transduc
serivavefgernner @Keysi ght Technol ogi es, Santa RO
t o gener at e t he uld2@asowmp!l whiver @El ectron
Rochester, NY, USA) was used to amplify the
net work (Sonic Concepts Inctp Bathbwel heg Whape
of the amplifier and transducer. A WaveSurfe
Lecroy, Chestnut Ridge, NY, USA) was wused tc
whil st a TiePie HS5 handyscope (TusPOe,t oSnc
acquire the cavitation signal from the det e
(version 1.46.1). The signal received from

signals recorded below 1.8 MHz.

Waveforms were then analysed in MATLAB (The
using a custom Seppl emeddtlda.c2yCapuvi t(ati on energ
split into harmonic, ultrahar moni c, and br o,
equal to integer mul tiples of tf lolea f monrdiaame ,n t
frequencies <eaqualgert o mlatlifpl es of t hfeor f und
ultrahar monic), or the difference between t

energies and the tfoobborebadbandy. dBtetted €Cover

NI =



Us exposur e i mages was calcul ated using I

binarizati on, and calcul ation of the area co

A

( R I 1.1 mm PE
Signal generator Water bath I
0.8mm
I Culture dish ™ ot 0.18 mm PE

Amplifier \ :
Direction of US

I US propagation A, propagation
632mm /¢’
" e e 5 ~
Matching ,+* Reflections B
network >
-~ )

v

1.1 MHz focused
transducer
7.5 MHz unfocused 11 Wz focused

A
transducer (PCD) Hanstucar

‘
J

Pre-ampliﬁer 7.5 MHz unfocused

transducer (PCD)

i

{ N
Handyscope C

| Normalised

pressure

50 mm — -

Laptop < >
£ £ P
6 0.
} 02
| 0
-3 2 -1 0 1 2 3
Focal region Aimoy

\. J

[ RD¥@UOW W #6130 ¢ q R AR GILLENYd Itz diRl @ Wd@ DL Wel OE s WIJ+ GYH 2 |
Gétt R2UWAEC2RaQe qRYUWT WqUHqRYULW LIA9 2 6 LUGHLD LR TUIL 210 A ¥ Giet 24
CUl 2NRUENBRY3 GO We UT Wl BeqtWUqt YaeqRYULWs I JWE ¢ i
Ridet ql ¢cqRUNWS6VWGYt RaRYUWYNWq6 JWA9? WRUWq6 IWHRWIUq! 1
RUWq6 WWHG ¢ UUIJ0 LHRIARUG 13 FBLLEY G TLLLL) ofi 8 I HISEYER Lida IRIFRLG & G LU RY qLEBGVIRHT

3. 3Sthat i stical analyses

Alslt ati sti cal anal yses wer e c3drOnieeady cAUINOVAN G
with Tukeyds multiple comparisons was used
bet ween MB diameter and concentration over
and when comparing energy datForfradm tamel P GE
threshold value for significance was set at

= P < 0.0005, and **** = P < 0.0001.
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3. Resul ts
3.4Evial uating the "stamidl iPsFyBMdd m R AdviBt

conditions

To evaluate the influence of the ®ihzapaobat
concentrati'®onamd MRABNMBsS measured at room tem
period of 120 min. | mmedi dst,eltyh eaifrt eme g oddiuacn
2.04 N 0.15 Om which was *s-3vwH cshmadddrarn hiami
diameter of 3.13 N 0. 192 iOmcr efTehsee ds i @we roft iRue
significant increase after 120 mins with a
PFBM8 remained relatively stable throughout
nNo signifiicmngi zdaamtgeany tikieg@2@r@ nt Duavestif
observed increass ngvern ztei md, RAMBer 120 min t
both MB formulations were not significantly

3.24 N 0.31 and 3.19 &no. BsBBKBe sfpoerctRA/ME yv. | 1

after producst ivenr,e PF8B3MB mor e conitsemirtaht eidnitth

A 4- B 1019,

* PFBM?*S - PEBMB's
* RAMB's ® RAMB's
4_ g T
_ 3" - e— T T
T
£ g 109, . 1 —1
j . =
2 S
g 2 E ¢
o S
T ]
1 1]
=
0 T T T ' 107 T T T .
0 30 60 20 120 0 30 60 90 120
Time (min) Time (min)

[ RNDYQISIO | ¢ HqUl Rt ¢ qRYULWY n WOBING MIOPILI?IHIARE P IHERD &l A E] AREH7 81
GRHEI YA2 ARGt IOW[ YI GedcqRYUL Ws 131 KYWet+ 13+t 3T WA Whee UgRn!
GRUz qJt We qul YY (EUoUIEOGHIDI¢ iz d A LHEIMI W IGI 3t WU0qgeée qR2 WY n W q
ROWqq6! WUWWRUT WGWUT WU0qWl WGIGRHAEC qt WUl Ob 1O
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mean concentrilalt@anmds 1df6MB/ 2, f &sr aRmAIMB’SF,B MB

respectivelgy. dElceeBARB significantly over ti
of 9.1160MB/ mL aft erFi DABB mi nRAMBn centration rer
stable for the initial 30 min but stsarted
remai ned relatively stable throughout t he

significant difference in condamtAr®t.i on at a

3. 4 . PFFBIMBt abi FEOTYA i n T

To determine i f a clinicBDTA afeflecvtamida BiFOBiIMByn

MBs were volumetrically diluted to produce a
4% wWHEVWDTRA,; stability was assessed by measur.i
hours. The results showed that 't hr orueghwas t h
no significant di fference i n MB di ameter C

PFBM8 i n PBS andEBVPA.w/lvmriedi ately after produ

di ameter ®Na9.23124nd 3.07 -ENDTA. 2ah dDaRpH cers T

respectively; this decreased slightly and pl
A4.0 B,_\ 1010
+ PBS + PFBMB's z * PBS + PFBMB’s
E ® T-EDTA + PFBMB's @ ¢ T-EDTA + PFBMB's
53.5 E
- i c 1
5 E —i—1
5, 1 £ ; g ol —
E 3.0; = 10°
S 1 &
© ]
m e
=25 3
m
=
2.0 : : : - 108 . . . .
0 30 60 90 120 0 30 60 90 120
Time (minutes) Time (minutes)

[ RND¥EMDIOIOI ¢ HqlJl Rt ¢cqRYUWY nlldaNaMIOPIW? EA9 a?EEA9 SAELMNMH @
A7EWY! WNEWqUqlE? ¥ T REOWI[UNE?RNe diedNR Y Ut Ws 31 JWet + 13t + 37 WA!
GRUz qJt We qlll YY RIQWES® RDE dieHicld WM DWW 3G 3t 30qgeée qR21IWY
Hel | RUT WYe qWRUOWg6!I WWIWRUT IGWUT WU0qW WGIRHAEC qIt WeiUl Ob K
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~ ~ ~

2.84 N 0.02 and 2.94 N 0.14 Om for EDTA and
substantially unchanged for RKihguaZ2@emaiAlidenr
production, mean MB dafNMBMhmk adnld MB&a4L 1. Badr
EDTA and PBS, respectivel vy, and remained st
i ncubation, reaching flil®&B/ mmtn aaldltbiMB8 Bndns of

respecFi ge@idy . (

3.4TMWRe effect of pH on | ipid shell <cha

Due to the cationdepdndeamce hoefl INONMaet epHlegr a
and the variable pH of the wound environment
zeta potenti al of the |l ipid shell i n iad rang:
not differ significantly in any of the pH en

values of 18.3 mV and 21.5 mVTdo2e pH 5.5 and

Tab2Mean adne(t@m) and concentration-a{ MBmmncy obuls® & &5 0 K iR
and cationic perPABMB)gbuiarme i MPpsaided i Wsnisng either spoc

in a fume hood overnight) or facilitated evaporation
AC), and zeta potenti al ( nD/i) a met @ rh ea rsh @dedr necaemetaridautsiedsin
by a Muil minginzdeerpendent 1) epwhiclagte zZet=a potenti al was
independent r.eplicates (n=3)
Zet a Pot
RAMB PFBMS8
Evapor a ( mV)

met hodDi ame Conc. Diame Conc

(Om) (MB/ m (Om) ( MB/ m
Spontan 2.02 2.438%x 0.835.10° 18. & 21. ¢
Faci |l i 2.031.458%%x 0.923.4 % N7.C N2. 71

pH 5 pH 7
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3. 4AS3sessment of the effect of an incu

activitysof RAMB

Considering the timescmedi atgdi aprdi boof NOMOa
houiSectRod.,2 PCD was used tbecbavatcaeron act
volumetric di'd uvitn otnhe f PRAMEBN abgiioofbislams, | mmedi
after application of microbubbles or foll owi

room tempeR28t ACg . (T0e ultrasound expoosnuer e s¢

P
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bursts of 42®O0 Hzy ®PIRéEs fatr 40 seconds, reaching

of 1 MPtapeaekkat the biofilm surface.

The RAMBvhich were exposed to US i mmediatel
showed a very brief initial spike in har moni
t h®i gnal recorded by the PCD. The skiggande i nt
3@d) to |l evels similar to those FsiegaBrlei nAftther n

a 600r mM2Gute incubation period before US expc

there was | ittle to no change oveRi gWBree i n t
——Harmonic
~——Ultraharmonic
E Broadband iz _
'S s -
® 3 2
08w :
° @ o
3 > k=5
o = o
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m —
v
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= | Time (s) Time (s)
c
E ——Harmonic
N’ — Ultraharmonic
Broadband
o ° -
U= = >
- 60 3 C
v 5 2
= =
o g ?
= fr o
IQ
whd
("] 15 20 25 30 35
o] Time (s) Time (s)
=
o
c —Harmonic
= ~——Ultraharmonic
Broadband

120

Frequency (MHz)
PSD [dB re V¥/Hz]

[ RNoBIDIGT Wt WUqec qR2VWHE2Raec qRYUWG! Y30 Wt WYNWA7EWUWNE qR
6Y & WA §NUWHARNI@EG DA GE 1t Ws I DWI+FGYt UT WagVYWedaql ¢t YeUT Wel
YI Wel9 b Wengqldl WN=ZMWGAGRUz qldt We qlll YYVYG Wa INKENIs¢Bofies WAL Boki
SMWc AWAA WnY!l wnMWt 3AERYUOT + AWIND A & 81N i@l HcH YR UagdRIHI LVGS] | I3 |
clql ¢t YeUT WI*GYt 21 JIO

NMY



and) B Some replicates showeadppbeameb6i.tedvredl of

although this was not considered representat

The acoustic energy recorded by the PCD wa
ultrahar moni c, broadband, and total energy)
bet ween experi mamtuae. gt 6 UdgRAgMBner at ed a si gn
greater (P < 0.0001) total amount sf iené¢éhegy
two incubation groupdldéoriDed&Gpoanddnig®B®a 26. 6
of tot al energy, for tO0O, t60, and t120 group
detected signal showk@®: efnle3dd eanadf 5AVG 7

respectively, with a significant difference

and also between t0 and t120 (p < 0.001). Th

40;

1 LEE Ito e e
;-.30 I ok I t60 * I****
2 Y 0 t120
o
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X
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no significant difference between any of the
determined in energy associated with broadba

with val ulelst@rid 181 @33, respectively.

Contr ol experiments assessed the cavitation
the absence of biofilm. There was no change
PBS samples | mmedi atFe IgySrBx; p ohsoewde viear ,UFPB(S i nc
room temperature for 60 minutes showed weak
secorFdg BrBg , and PBS incubated for 120 minut
emi ssiFogs3r® with both famhgnpgtode stabéles | @
The total energy detected 1fdPo,m d direp & r0d ¢ otnd r &
10%) for both t60 and t120 controls. The ha
group was eduadl, toompdBr éddtlo ad.di&FDV3 for tO0
and t120 controls, respectively. Conversely,

IT13, 1108, andl1@#3.,6 for tO0, t60 and t120 co

3. 4AAsessing the differences in cavit:
from Ilipid films prepared using two
When preparing the Ilipid film containing MB

mu s t be evaporated before MBs can be fabri
Il nclude | eaving the suspension in a fume hoo
oveirgnht (spontane(@288¢g@B@dRPrbayt iuen)hg a rotary
heats the suspension to facilitate evaporat: i
within 40 minutes (a3 |3 Di ed ¢cvaporcanisons) e
physical appearance of l'i pid f$dpns!| enme retra rsyp

6. 2.,4 RAMBNnd PsFBWeB e prepared using both meth
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size dist RAMBt iaonnds PesHfBhiMiiBe di at el y afhpeeapeddu:
di fferent, di amdbmemmy MB mpar abl e between eva
however, MBs produced from lipid films prepa
|l ess concentrated than those produced from f
evaporaabbpe (PCD data of MBs fabricated usin
produced spectrograms which 'sasppkbawed wmegli ¢
emi ssions &ti gBrZ® awPh, Br egar dl ess of evaporat
some activity wasFdgtBeg taendd ain d1 2MMeP a( s howi n

har monic and broadband signal as FihegBEExcitat

and) . F Although some signal could be distinct
there was no significant difference in the t
RAMB and PBS control, irrespectiNieg@8B@evapor

PFBM8 produced by both evaporation methods s

sustained harmonic efmigcWreormasrdatBwdDt b MPar &éha

Spontaneous evaporation Facilitated evaporation
A B
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g w 20 ¥
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emi ssions being &egeolkedn)datDAT MPMP@, a sust a
of broadband -h0oisecotmds i wags 5present in sampl
evaporation met hods, foll owed by sustained
(Fi gu3 £ anid. FThe spectrogr ams appeared ver:

evaporation met hod; however, tot al ener gy
difference (P < 0.01) atl 1P%awPda 1IwA.6%) viaolrue s

spontaneous and facilitateduweBdaporation, res

3. 4Chbmpari son of the cavistadnaodnPsRhRBNMB v
prepared using a facilitated evapor
biofil m

As onl vy smal | di fferences wer e observed b

spontaneous or facilitated evaporation of tfF

those using facilitated evapor agri oateidrmerl isnueb s
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i s multchrtthearm pont aneous 4% arpiorn witle2 rho(ur s's ). RAN
and PF8BMBere evaluated at three different fo
and 2.0 MPa). At 0.5 MPa, (tphcewesrpescpecatlr agr ad
spectrogram showed clear sustained Har moni i
(Fi guBrd8@ whi | sst sRhAoMBe d nFoi gaerBe¢i ,v ivtiyt H t ot al ener
of 8l.14Mand J.194), respEFcgu¥y®l.y Regardless o
observed difference in harmonic emissions, 1
0.05) determined between the tosaandcBEBMBC
at 0.5 MPa, wiilhOfalduedsd 087, 1rde OpEC gy iBERIL Y (
At i ncreased acoustic pressures, significant
in the total acoustic eneragiyddEFR{NBWBIE bet we ¢

At 1.0 MP&®S, shBWMBl sustained harmonic and som
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t hroughout the entFigu3e® poswhiel sgegsRAMER d( no
respohlhisgwBr®® comparable to the negative cont: i
to BsgWBrlee Tot al energies were now sigdgnifica
103%nd 930%, for's RAmMmMdB PsFBMBespEc g BRIl yAf 2.0
MPa, PFEBMBhowed strong harmonic, ultrahar moni
the first ~8esposndse, o&df USr which tot al emi ¢
sustained harmonic and wultraharmonic activi
periFodgur&® . This di f f &r,edvhfircdm sRhAMBRd a shar |

broadband noise i mmediately wupon US exposur.
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emi ssions, whi ch decr easkidgurif amphet udealove
values were also significantly dilfiféanedt (p

1717902, for's RAMB PsFBMBespEic g iBERLyYy (

3. 4Evwal uating the cavitation actisvity

under varying acoustic pressures
The cavitation *"pr difaisl eprefvi &EBMB been chara
acoustic pressures in the asbswenrcee pouft biino fciolnn
4 8ho u PAO1 biofilms for 60 secondx92)batede o
ultrasound exposur e. The spectrogr ams obt a

comparable to those observed in the absence
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as rel atanvpelliyt uldoew har moni c si gRabs3régr e deret a

presence of ul trahar moniFd gedr®s siamd at pelrilo
broadband noi sl Isaestoindg f(ars el | as higher
ultrahar moni c siFgmaldr®). afto KLtatOmeédPta i( mages of
showed cl ear disruption of the biofilm struc

pressures FaisgserBePed Whil st the untreated cont
di srupt g asBnrg ( Quantitative analysis 'ofarmd of i
ultrasound datpefakcapr eppessask es of 0.5, 1.0, an
percentage reductions of 8.5, 57.8, and 40. ¢
(Fi g uwrdg ; although only reductions after trea
significant. Additionall vy, al | samples trea

intensity compared tFoi guBr& untreated control
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3. Piscussion

3. 5Milcrobubble characterisation and st

As candidate NONOates had been suChap®er char

t he next step was to determine the -most a

administration. It was decided that a shell
would be used as previous |fist emalt wmrie ol &s oxh
MBs (NGMB with this shell formulat{(292L87bp e

LuTheetyrmaolmpared the efficacy of both neutr al
(DSPC: DSEPC: PEG405S) RAMBSs , and determined tl
greater antibiofilm andPantibakiiafoislarhs eWwh erc
combinati on-i nwwhitthi taorsyubconcent(rRr&t2i)lome oif mpgreonvt e
antibiofilm es$fcompagred RAMBeutr al RAMBs can
effects of cavitation being more Il ocalised

remain fixed in one position throughout the

MB adhesion to the bhef i uhmhao gear &M ¢ or mul at

(374)

The addition of the cationic phospholipid DS

+21.5 mV altab@l, 7whi dh was expected to I mprov

the biofilm surface. Notabl vy, the | atter ha:
aroua2a@ mMB7%hese results are in |ine with ot
reported in the |itempaottemda, awi tvlal aer d pe@ergqtueed t

25 1h8v3k6e78) however, some other studies report
to greater molar amount of cationi(&@7@®honsphol
additional advantage of wusing a catiofnic sh

charge repels neighbouring MBs and therefor e
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(154))t was al so decided to include the emul
i's thought to be uniformly di380)amut ench st threce
reported to i mprove MB stability by both red
rate of Ost wal d ri pening and MB <coal escen
adsorption onto the MB shell by pregsieaati ng

steric(®&1rr3&2number of studies have assesse

MB stability, such-Salsekt hveH ao neb skeyyr vRlWoua si gn
| mproved stabilitgxooft pMB8sf tcootapnopagné% PEG
t o MB s |l ackBRBRE) OREhG advant ages of using

bi ocompat3i8minldi tiyt s ability to -liinfce elagereduc

I mmunogenicity and 3B hWHi |Islte aPBG4LES i s not
successful-maedit asaedug®&85 ppaineys st udi es have hi

utility as a MB38GgegBB2cB886)ituent

3.5 PFBMM8 showed much greates at albioloint

temperature and pressure

It was initially decided to |l oad room air i
Il nexpensi ve, easy to incorporate within MB ¢
efficage¥)and has been used previously in sor
agents (e.g., Al bunex; NBBIdDM)gdo weVv e m, ccaue yt
l i mited stabil it ¥{ pu203,i | iet owasRAMBci ded t o a

alternative MB formulation containing a PFB
mar ked i mprovement in stabil i(t3y9 li)itnh eMBes &roet &
some perfl-o-onbaeaanbog contrast agents which |

including thehehloagph™bBRARJIBEVBS were produce
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stability was assessed at ambient temperatur
temperature iIis reported to be | ower than ph
(316, 317 ,a3s20previouslegt@odddasddad was al so de
i nvestigate MB -lsawrbipetiyodvaeue at® the requi |
NONOatS*esct(2o4d.2Understanding whether MBs rem
t he NONOate incubation period may be wusef u
treat ment iI's more effective before cavitat.i
could be simultaneotulséy aldmowedtto eidnawmiat e
stimulating the MBs with US, thus removing o

the treatment regi men.

| mmedi ately aftefs phraodd lmont iionn,t iRAMBIi amet er of
increased by 54% to 3.19 MW gux&4, OwhidfstterM

concentration decredsldddobd. 1®8%B/ MEioge@ 9 2

Both the increasing size and decreasing conc
to Ostwald ripening where | arger MBs grow at
by mass transfer of gas from the smaller to

Laplace fgrné&s83Ags eprevi ousSlextdodc rsMBR ddi(ssol ut
occurs when the internal pressure of the MB

MB by the surr(d8BBJAsngailri qmasd a rel atively h

(compared to commonly wused heavy gases), t h
profil e foodrseRAMBS the diffusion rate of air
surrounding i quid i s i ncreased. Consider.
explanati on for t he observed i ncrease i n n

concentration over ti me.
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Il nitial fsy weRFEBMEB % | arg,erwitthlana RAeMBn di amet er
Om, and were 199% more concentratt®WMB/ mLth a
(Tab2e The greater confscecnanr ama sotn loifk ePlIFyB MBe e
met hod of gas | oading.'s Whaeauwr ipm@ dtulte nge PdmBdBs

where MBs are producednBieg e e lal ccwindst ant st

PFB was fl owed at the interface at a rate o
| oadi ng of gas i nto the MB <cor e, as encap
replenished. This is in Gomtrroastctti @ nt,hevhmeateh
up Opassivel ygasatattnhoes pihnetreircf aaccer naturally e
the vial. Additionaldfyhe tlhiagsupi hdy siinctael r fdai cser ucpat
constant stream of PFB may increase the gas

Al so, consideri-agl uhell oweof wWBEBy there is |
di ssolutioas obmpeBbdBst oaRAMBher ef 0 er anmaien PF
present I n tdseoensazmpli enpbIbecaepsekcati ng gas
has not yet been systematically investigat

hypot hesi zed tTsatprleasreqqdr aRAMB sonication i mi

to their relative instability, l eaving a pc
PFBMS.

The stability TrowWas equwift ePFIdBMBf er efstascompar
PFBM8 showed no significant change in either

2-hour periodnevalatanmngda more stable formul at
remained the same, thei pPEBence bhe hBBvgopga
responsi bl e forWhemi sa diufbfbelree nice . fir st pr odu
environment there is a ra®pizfN axd h@@ge qufi |l gds

t he i nternal pressur e Il nside the MB and t
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surroundi n@3 ae)di umr equilibration, MBs wi | |
dependent on the diffusivitgnaoiffod e | gave r c avrat
solubility 3(otl®&d moat mof primary room air-r
oxygen (0.63 3nd els.pxX tmovle/l g) mu oNthoiwcehr rde sf Uf lutssi
for PFB and therefor ef isllloend nMB & sh ed erfélBadt5i dpof n PdF
This effect was demanwlila amede Iblyedetrheardi ssol
both roaomd aldleB e MBE predicted PFBMBs to have

5 orders of magnituldlesd)ower than RAMBSs

3. 5.Thhe2 zeta potential of MB shell cons
vari ousr evloeenant pH environments

Considering the va¢(8abjB8R21y37h, WB@U)manppHt ant
the effect of pH on tahse tchhiasr gnea yo fa ftfheec tMBb osthhe
i nteraction with the biofilm and influence 1
MB s , thus influencing overall MB stability.
wouwcel evant pH | evelrsewino M8l vy §dheg®odphd8dpt a

potenti al was measured on samples that had

produce a homogenous dispersion of | ipid ves
second sonication step was omitted as gMBs we
DLS, due to their natur al buoyancy causing t
(374)Al t hough this techniqgque resulted in indi
MBs, @wesahlowed that the charge of the precur

equivalent to thaB876j fabricated MBs

The me an zet a potenti al of t he DSPC: DSEPC

determined to be 18.3 and 21.5 ThavwPRpet pHebeb5
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was no significant difference determined bet

of EDTA to chel at e( d2&8nal & mte @ateisemsxe of a cat

was i mportant to asskEBTBA iifn tthhee psruesspeenncsei oconf nie
MB stability. The size "anidncPBS$ eatEdDdsr% oom/sw f T

not significantly different at any time pol
therefore, it was cHBMTA udieddn &th aaf f4e%e tw/svt arb i |

and thus could beademomsisdernmed omor co

3. 5TRe effecexpbdbswarepriencubation peri oc

profil e*sof RAMB

Owing té@ouhetR2eat ment period required for ¢
di spersal @add ePAObnbS2eldtiBaoks., 2t here were two
treat ment regi mens which were considered. E
applied to biofilms and all owed to incubate
NONOates and MBs could be appliedmmedbidfeil lyn
and then allowed to incubate for 2 hours. To
it was decided to evaswapensihen hwoul d¢hec RAMBI
active cavitation nucl ei after 60 and 120 mi

the R&aMBere found to produce a strong cavit

would allow the application'sofind aoMNON®Oad em
biofilm in a chroni dowouncd, ufbaltli omed obyld o2v
el i1 cit Its antibiofilm effect prior to ultr:
as it is quite specific he pheseppl stadiyonTh

combined suspension would provide a simpler

on already complex(®@8dnhd care nursing

N =



3.5 .RPAMB showed negligible cavitation

production or after incubation

Previously discusskidg /8 sughebkiedg dabsw (gndi l

undergo-faldlibhdraemséern reaching a mean di ar

a <l d decrease in concentration, readching
MB/ mL, after 120 minutes .att masem themmxernati wre
RAMB were volumetrically diluted by a facto
this dilution was selected in accordance wit

antibiofilm activity wusing [UBt GldMcCFEIY Mmat i on
(288,.,29%When accounting for this dilution, t h
mi nutes could be anti'MBpmbLedassumieng 1as8l ine
over ti me. Previous studi enaddawvweads cowmme boi
available MBs of di ameter ~3 Om to undergo
exampl e, "Siomaaz odammer ci akcloyr ea v apihl esshpéhieol | € &pB MIB
formulation with a mean diameter of ~3.7 Om,
exposed to ultrasounyd aft B MHztvmeak pae@dusetnic
pressure rangQi i Bfar8o)he@n Aallso repor t-ccar et,hat
phosphshéepidd MBs with a mean diameter of ~3
16MB/ mL produce a clear cavitation response,
content , when exposed to ultrasound with a
acoustic pressutre adk3 919 )IMPBRR pragh.0 s howsd RAMB
of i dentical formulation t,dotlhdseiusesdr riomgt

effec2Bx2)Considering these prior observation

sustained cavitation signals Wwawsltd afe ede taa enti «
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(at tO0), with signal amplitude decreasing a

reduction in MB concentration and an increas

't should be noted that the high signal amp
MHzFi(g WrO€ i g WBrl€ i g Br3¢ i gwl3r4&i gWwl3rpeal t hough attenu
viaa hpgbs ,feptesents the fundament al driving

and should be disregarded when analysing the

provide an indication for when ultrasound st
To establish a background, PBS was placed i1
biofilm and was exposed to US either 1 mmedi a

120 minutes (t120), whilst the PCD measured
stmul ated system. The tO0O control showed no c¢
exposure period showing onl yFisgouBnkg .weTalkke htag On
control showed an increase in harmonic acti\

primaril"fandh3hmorRic (~2. 2FiaqmBrB8, 3b&MHan e (f al

back to a baseline |l evel. The tl2@mpbntudk
broadband signal for a very brief period i mn
falling to PiagwBMd neThevebavitation observed i
was most | ikely caused by the gas dissol ved

forming bubbles as the soll 4Qi09Tnh itse nepfefreacttu rceo t

been reduced by using degassed medi a; howev
for external (topical) application, the pass
a concern. I't should al so begasscteald enlva r o manie
topical applications would be difficult and
gases; this provides further rationale for 1

the present study.
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Upon investigatsaomplods t htthdeRAIMB sampl es showe
of broadband noise wupon US exposure foll owi

primari |"thaatmofmiewBd . As previously discussed

i s indicative of i nertial cavitation'and MB
coll apsed i mmediately wupon US exposure. The
window of broadband noise is compiag@i e to t

suggesting that modstmey hlhagweaite RMMBestroyed

phase of stimulation | eaving an insignifican
activity. This profile remained consistent t
an initial I nemtt iméeprrcaventaed omy eppeaks of bro

ampl i Budp!l émebn.tdar3yFor thé,tatheRAMBvas very |

i n the acoustic emisssoeancndluUSngxphegreaecper

3 ®) ; howeve'rf,eplni ctahtee ,3 a single burst of bro
amplitude to that detected I n tO0 samples v
exposure. This indicates the presence, and s
RAMB in the suspensiontafiacubati o6n0 peri od

emi ssions were detetsgendplies.,t hwei ttH 2dn IR MBne r
any acti viatnyp.| iTthuidse ,| ooww oadband peak was very
the t120 control samptllee sprensgnbe ohdscmae | vtel

cavitation nucl &i. ot her than RAMB

The |l ack of sustainrnsedi rcaavlilt aitn conb aotfi cRPAMBr ou p
by teéathiigdhl ysol ubil ity anai/rods dadratsiitvaeryt o
nitrogen and oxygen) presemntasnthbeclMBi tat ec
during the compression phase the internal pr

promoting the diffusion of gas down iithos ¢ 0nc
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the surrouMilnAs ftllue dwat er -asal ulsi Irietlyatafverd gyo

gas transfer from the MB core into the surro
US exposur e, resulting in almost i mmediate
i n the suspension. As most MBs have col |l apse
observed in the remainder of the exposure pe

from FRSAMBt t60 and t120 showed no significa
respecti vEi g®8rker dindi(cating that there was nc

associat ed*swiutpponRAMB ubati on.

Al t hough it was initias$!|l gfhgpothesbatedohhwodl
suitable size and concentration to undergo ¢c
have had a more significant i mpact on bubble
The initial contsemter @&t iweark 6B/ MEMBr esullting i
10MB/ mL -cpiolsut i on. The sample was expected t
result in detectable cavitation, as previ ou:
as dilute as( 3D9D,040MBYf mMmbugh the effect of M
stability has not been studied systematicall
MB suspensions have( 3ap)Tdhweede fdtexhhisl iotfy Ost w
become more pronounced in dilute suspensi on:
which proxi mal MBs can redu¢éd) declr etaisend da
to a reduced gas saturation, as the concentr
I's higher in more d4Qa)Tai IBmeasgehbbonafter

the Ré&MBay have grown to sizes that are | e
concentrations that are too |l ow to detect an
solutions that could have been explored we

suspensi onheordrtiuvniengt frequency to achieve h
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Al t hough both options may have showed an i mg

complete | ack of broadband signal observed,
formulation was more |ikely to improve actiywv
One i mportant di fference betweaegmu2®heni nihtei

absence of awldt rtahbseoumavi t ati pwasdetleet porseashw:
biofilms in the | atter groupshdéabkl epdeMBowasby.L
to enhance selectivity of MB interaction wi:

The charge of a biofilm is deeéeltmiaed DNA &

polysacchari des, as well as( 4t04@6 )blatct eney alb e
considered that electrostatic interactions
anionic biofilm surface may al so h'aveWhadsan

many studies hashelused PF®B$iasia@a method of g
ultramedndted (@&Bi, Md7ywyh08) a few have assess:e
targeting effects to an ani on(i3c7 4s,.W4rQf9aTlee rcyomp
et radported 40%smdroe aRlIAMB e to an anionic su
uncharged counter'pawérewablett ®AMBsi st shear
0.2 (RBar4)lt was al s o -sreecpoonrdise do ft hwltt rda0s ound t
charged'sRAMBC ci ted a stronger antibiofilm an
uncharged RAMBs, owing to the elect293) at i c
Al t hough <cavitation behaviour of dmhangmd oMB:s
the | iteiNateurealr.rAibeid i dsuitroul at i ons assessing |
cationic MBs and concluded t hado wtmhpel ogyrionwgt ha
process, mo s t i kely due t o resisting coa
i nteractions witlkd4a0)laninanyi calssuor fbaececonsi der

chemical i nteractions between the MB shell a

NZT



MB stability. To i'svestéegateesbed, i RAMBe ab

which is discussed in the following section.
Overall, it was deds ewemi aedchot hastui RANMBe cavi
antibiofilm,apphicpononsmadi ate exposure to

cavitation activity throughout the treat ment
that an incubation period bef or é U0 welxdp obseu rae
even | ess viable option as cavitation was |
samples where cavitation was present the du

than wheenhpdebi ously reported 3t6oB)show antib

3. 5As3sessing BAMBPSFBMBepar @d shy ntcwo | i pi

evaporation met hods

As the physical appearance of lipid films pi
variable, it was decided t d6s caonntp alsFeBAMiBe @ p hep
l ipid film was prepared by two distinct meth
fume hood overnight) and facilitated evapora

mi nutes). The wunderlying hypot hdsitshewads ptiha!t
may 1 mprove reproducibility of MB producti or
apparance oandheeduten the time burden assoc

evaporation

3.5.Thel met hod of l i pid film evaporat

cavitation activity

Al t hough there waisze,o tdhd fMBe nrreodwmced from |
spontaneous evaporation were more concentra

generated through fhab2)dt ahedtevapbpoenaéeérgn (e

NXY



bet ween evaporation methods only shosweadt a s

2.0 MPiag u@ ®8) , whil st cavitation profiles a [
condi Fi gods3eri &i g WBrie It was concluded that the
met hod had a negligible effect on t he ca\
evaporation was used in the following exper.i
MB s .

3. 5CoAmparing the caviteastiaonnd @PsFBfMBl es o

Owing to the |l ack of signifisanti tcawa st ad e mind
al aessess the cavist a(tprommparfedPFlBMBng facilitat
i pid fil m) as an alternabhemecdlor mubpeéerbdone

gaseous core have been widely reported to ¢
enhancing stabil it yow uwa tteor tshoeliurbirle ltayt iavnedl vyl
through the | ipid shell compared (t4adlljPosom a
previously presesshewed PEB8MBperi or stsabatl ity
room temperature and Fatgn@xep hldern €, prresscuawei t( a
of RSsMBind PsFBMEBs compared at a range of ther
t@peak acoustic pressures (0.5, 1.0, and 2.0
range of pressure values was selected as pre
I n conjunctionel(wdaandbodlha ppacval b MB f or mul

(398,412)

3. 5.PFBMEB8 at 2 MPmme pleakcoustic pressure

most favourable cavitation profile

Even at the | owest acoustic pressure used (

PFBM8 were more competent c a&viatsatsiusn an wncelde ih a
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emi ssions were observed f oFRi guBr& ,endomgareeag ot
RAMB from which no echiog®8Bwer Eéhebspeovedal ou
the total energysvwbtuesnbtomi BAMBi cantly dif
i n the PBS control group, i ndicating a com
suspension. At an acoust i'sc sphroewsesdu rse gonfi fli cvaPrat
activity with clear signals at harmonic fregq
on the PSD shiegWBrdpgrame( at frequencies equ:
frequency (1.1 MHzi)ntreugetrispl (i e.dg.b,y( #InloBn)Assnd 2
previouslySeadectsktoabss&@dl (rahar monic emissions |
of Mmoertial cavitatdoneaonmodmisno(f4aWWBibssi ||
means the rate of bubble expansion and compr

a faster rate of compressio@4abdhae aimpwert ud:

ultraharmonic emissions increased throughou
pl ateaued. This I|likely indicates that the bt
l inear fashion; however, as t hrernatcicell efr@armnc o
the surrounding | iquid became more 1 mportan
initiadinganoponscil | at(id4oln6s)Ag ani nsso nRAKMVMEBesd onl vy
smal | amount of cavitation activity i mmedi at

detectabl Ei ausB) vitly Was previously consider
bi ochemical i nteractions between the cationi
surface might have had a“sdteatbriilmetnyt;a | h oew ef veecrt,
no biofilm present here, the | ack of cavitat
di ffusive shielding i n dilute suspe-asrons

constituents.
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At the highest acoustic priesshowedppl bedef 2

broadband signal foll owed by some weak har mi
period of inertial cavitation resulting in t
of UGS g3 . Subsequentl vy, MBs showed some |
seconds before the signal dropped to | evels
samples, as the remaining MBs were most | i ke

and the suspo®msidond uwas to generate detectabl
RAMB showed no significant difference in th
control, for al/l a do wsArSyc. plrheisss udrief fgerrosu pgsu i (t
from a previously repoftst eed dtdwedcy iicrmal whHioad muR
clear broadband and har moni c emi ssions, L

confi gyr&tdpamre t hfe expeelri pmamaimetehiss previous

remain uncl ear, e. g. the MB concentration, v
di fference in resul ts. The influence of MB
di scussed previously; however, tstsee | sicaen ar &

affect cavitation dynamics owing to differe

edge ef4e)t s t he pbrieosfeinltmss twedrye cul tured i n
di ameter of 5 mm and a height of 0.8 mm, in
compared to a vessel of different shaete, e.c
al). Additionally, the total number of MBs a
to be significantly | ower in a ¢depeaeldi shQi oc¢€

the US field, fowiadng vtod utmkeé r el atively small

provindaddi ti onal explanation for the differe

The PF8MS8t 2 MPa showed the most favour abl e

I ni ti al period of l' i kely i1nertial cavditatio
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st

co

of

ertial oscill ationsi nefar bontoldebi Meam drmde
mil ar profiles have been shown to elicit

tibiotic efficacy against (PAAIBLNCOnN®if démisngr

ck of cavitatevenoat RAMB highest acoustic
vour abl e cavitafsi,oni tprwafsi |dee coifdePdF BtMB s ubs e
tibiofilm esfatta ndn®EBMB acoustic pressu
5Thbe anti biofil m eff ésctast oaf rcaanvgi et aotfi

pressures
previously discussed, cavitating MBs <can
ternating expansion and rarefaction physi

sistance from secondary mechanisms such as

twsricdhg cdvuie2ghencavitation profisl eisn otbhtea i
esence of a biofilm were comparable to thc
s concl udelde dthrads ttaehtei c i nteractions bet wee
e anionic biofilm surface had no significa

5.PFFBIM8 stimulated -aqpedk MRaopefakc pr

showed the most significant biofiln

gtreat ment biofilm images showed cl ear biof
vest FgguleBD) with dispersal profiles seem
vitation profiles.-ampl iOt. bd eMPreEQgina Wh erae i { a v
tected, only an ~8% reduction in biomass V
atistical Fyguw® ni fTihe anto)ccurred across a r
mpared to the treddmdknt5®&0 @adsp-elcotOiov elny) w

arourfadb&$O&rRegBrRd . LuTeheragimorted PAO1 bi ofi
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e

i g

at ment "wi tofr RAMBoiade tx iMBeder~80 % and ~70%
mass reducti(Oa%2)Exeepemenval yconditions w
d her e, including wultrasound parameters,
ain; however, some key differences coul d
ues reported. PAOMWnNDb ii onf iLIBmshE ol ehe n enk rl edli gdd e
| st Leut T hesreyln woamglt i tuent medium (a mixtu
ed horse blood, anEOdiosvhense. pllitashmeas L een br
wth media directly idfitemocaebk 6fbifcamy gwn
i b{( 887V Al t hough this has not yet b-een st

Il ated dispersal, a similar correlation co

ni ficant biofilm disruptionFi(dPBBrge Owads ; 5
erved over a | & gaetr hr MRadqd w20 Oarvi t at i o

ni ficant, with most poreg shtoiwelv eorb s esrovineed

peared | argerosmdnsrEpaaed t DF ivjaldr3( . The most

amatic visual di fference in biofilm-was th

ik

)

f

(@)}

e poressappeaEed@M@MPm a corresponding 40. 9
mass wasFcglBeBRgl. afThe sfei bedagdkres have not

ore in studies -megdsadeidngbi odvil tmaatirgeaadt. me n

wever, reported cracks in MRSA biofil ms a

c

d

o

h smaller 64abP®I{thdDUghm)bi of il ms showed th
uction in biomass Wshesnt itmmuelaatteedd -teipte lalk PNFFBaM I

ustic pressure, 2 MPa was selected for fu

esence of inertial cavitatiking Bnh iaah wWas |

d

the appearance of | ar gert rppatemse nfto.r mi ng i
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It should be noted that photobl eaching was
i ntensity | aser expeotsrueraet mehretn icnagd eusr iunsgi npg et |
(Suppl emem.tdrsy SYME known to be very sensiti\
being reported t o | ose ~30% signall 420t ensi

Additionally, the multiple washing saepgdgs whi

podtreat ment i maging |ikely removed some bio
emi ssion intensity. Owing to the presence of
h eer, it was decided to ontirte atOne nitmaigneasg ifnrgo m

future experiments.

3. €onclusi on

The research presented in this Chapter demo
approach to sahtei oonhaarnadcta@®ppl i'scadnadn PsoBMBRAMB
Ssubsequadmi wiostrati ondiwiptergsearitts barmd idmt i bi ot
many prior studies that ©primarily focused o]

work uniquely combines acoustic cavivtiati on

el ectrostatic selectivity, addressing t he (
antimicrobial treat ment . Throsgtwesgsf emati ¢
t he opti mal formul ati on due to t heir enhar

antibiofilm efficacy, -tpmedk cpt dAdHyt @adna2l | MR a

detailed characterisation of MB properties,
potential, environment aEEIDTAKH, uarder B os tabit hiet
tailoring these formulations for therapeutic
The dual focus on physical (acoustic cavita
chemical me ¢ h anids mssp egrgsaatlti D)i opridwm des an 1 nnc
to disrupt biofilms and i mprove antibiotic

NTIM



promi se 0% B8B8BEBMBvitation nucl ei but al so p
advanced acoustic t-eahgegeest wethpbesfioinfer
for managtarseg olcii aftieldmi nf ections in clinical s
i n this Champtlgreastdadle eebj ecti ve of selecting
formulation and suitable US parameters for
aim to combine antibiofilm agents with MBs a

t hpeotiegplt esence of synergistic effects.
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4 CHAPTER |1 V: Assessing the effects of

with ultrasound and expanding to mul

4. 1 ntroducti on

As di scus s edChparpedeirowesnley gi ng therapeutic app
biofilms include the use of NO, a signallin
response modul ati on, biofilm d3GedBB)Wwevand
since the clinical application of NO is | i mi
environment sl,i fwei tohf al ehsasl ft hraenl esa xi msge commpsqg u N\
NONOates have been 04223)Cawidng at et dNQ@NLDtantdes P
SRPRNO have been assessedNOnsiChwipt@rprro mws ¢ ha .
antibiofilm effects wet aRf.e baseerrubgei dnfoBsgamms né h e a
2.4)2. However, intrestmenbtod phdape ewi Ph NONC
aer ugibnioosfai | ms reduced the efficacSecdfi obhhe
2.4)4. 2Additionally, clinicalHDTAa pdpernoovnesdt r a h
potenti al as an antibiofilm agent, as signif

earsltyage and matSerceées2bndodzn.81mg ) 2. 2

The role of adjunctive therapies, such as
antibiofilm efficacy of NONOates and conven
elucidated; however, previous work has demc

I mprovetarmrt ipeinetrati on of biedaf cablsnsr vd&draeXad!
i ncrease i nS.reempivaldirotifdli ms treated wi-th wvan
stimul ated MBs -xtoimmpualraetded oMBISS onl y. d&wuraler
reported a ~i2® % emy edaes@eibgiionfooslans when -treat e

stimul at ead eNdD MBs compaleaddd MBX)Mhias rChapt ¢

NT Z



combines findings from Chapters 2 and-3 by e
NO, -NP@, aBOTA combined with MBs and -stagasour
and maPt uraee r ubgiionfoislams . Further experiments as

ciprofloxacin by these agents combined with

Whi |l st Chapter 2 demonstrated t he potenti a
bi omass, i nvestigati omspelca wes fnmoadweded drhesierf
compounds on polymicrobial biofil ms remain
often pmeismateased tolerance to antimicrobi a
et radported compl eEe oéoDbdi ¢ antsh eaufrt @tr r e2adt me n t
0. 14%-&wDVA,T but no signi f iscpaencti erse dbuicotfiEol nm icno n
coan®&.epi der(mi2d3i)$o assess -nbeéi NIONDaaweti bi of il
against a more complex model, Bol,ggmitaebahl s
and. aer yggignomamo liend dg em dxeurman ur i ne to mimic b
representative of those found in UTIls were t
ti me. UTls are among the most common i nfecHt

complicated by the formatiinonpaotfi eimit af iwinish, i

cat he(tlelrb5syHowever, biofilms in UTIlIs are not
i ndwel ling devices, but additionally, pat ho
I ntracel lul ar bacteri al communi ties (I BCs)
structures, rprhoewi dsionwgr cae fou i (fLé& 8 )Adodni tr enall
biofil msn fyaewngd. , i n the urinary tract or a wc
whi ch further complicates treat ment i nterv

exacer bat-as shoicofaitlend anti mvcinmntbe mas p e il eesr ainrcte e

that can promote biofilm rédgdi2Bhi)ence and path

NTT



Findings from this Chapter provide insights
biofil ms and contribute to the development o
with potential to improve <clinical out come ¢

i nfections and persistent UTI s.

4. 3t atement of objectives

This Chapter wil/l assess the antibiofilm ef
mi crobubbles (both of whichseldav e Ceéheamptperrevi2o
respectivel y)-s mpegcal.enssd e rsuilgm gnlfoeslams i n the pr
absence of-re@levantcahitybiotic. The work in |
the complexity of biofilm models Dbandsstessi
cultures i nriboh hmediita i@mBi hambhnp, urheeanti bi o
candi date NON@DITAs agad-spectespbal tuE.escdqlciont

E. faeao®&l i aerggigmowa in urine wil/ be eval ue

4. BMaterials and met hods

4. 3Aslsessing the antibiofil m-EDfTAi darcy
combination "swiamd P&IBtMBa sso unrgdh ead a&isn s

bi ofi |l ms
Channel Slides!(Quer 0.8 mm, |l bi di E, Ger man
fibronectin by placing 200 OL of fibronecti:
i ncubate at room3t eAMplerfaour 60 (MO Nutes. The
was hetdh wi mL PBS and |l eft to evaporate at r
grow biofilms, 300 OL of a 1:1000 dilution o

in the channel and incubated for 24 or 48 ho

was wawihteld 1 mL ster's|lweP8&8Spr ep8M8d, as previ

NTY



(Sect83od. Bnd diluted 1:5 with either 121 PBS-

EDTA (final concentration of 4% w/v), or 312
250 OM); 300 Ol of ehepplriead meotbisol utmen @i
i ncluded in the suspension (final concentr a
assessing antibiotic potentiation. The chann

for 40 ¢&Sompdasr ameters )detBaiolfed mbelwew e t her
Il ncubate for 2 hours at 37 AC. Af ter i ncuba

PBS and stained wi't'ph!l 800E ObTgEead maFiaskeer Sci er

were | eft to incubate wunrde30 froiinutaes .r oTohre tsetne
washed with 1 mL sterile water and rreapglnemdad
i mages were then taken using a Nikon Eclipse
107 and 401 magnification ebjaecotuiives., 3Wid h
equating to 4.37 mm I 4.37 mm and 1.1 mm I 1

Cavitation activity was gendemetndad fwsiumg da tI.:
(Sonic Concepts H1H&4 rmmat eir nrderAc it mMmem,e rf o c a
di st anc6e3. 2 mm) and cavitation emissions we
unfocused transducer (Ol ympus U8421035; di ar
cyclagzs0 Hz PRF reachi-tnge aak fporceas s upreca ko f 2 MP
supplied vol) agver ef gBBenNVated by the US soul
Keysight 33600A series waveform generator (K
USA) was wused to generate the pul ses, an EI

(El ectronic R&chesoeat i o, USA) was used to s

d B, and a matching network (Sonic Concepts |
match the i mpedance between the amplifier an
MHz oscill oscope (eTsetlreudty nRi dgee,r oNY, CHWSA) was

NT ®



the input voltage, whilst a TiePie HS6 handy

was used to acquire the signal from the PCD
software (version 1.46.1) . Wavefor ms wer e
Mat hWor k s, clkn,c . ,MA,NatUSA) , u sdienvge | oap e dc u sstcorm

Suppl emetthrd Bi of il m coveUSgexpoear eof i mpaogds

calculated wusing I mageJ bsgt manpyabntthcashbaol dt
area covered by biofil m.
Biofilm culturing Treatment
) Inoculate Remove Add MB
Prepare Dilute to 1 x 10° fibronectin- planktonic broth ion & Ultrasound
overnight broth ' CFU/mL treated Ibidi® p- & biofilms i;s:gigf';%m exposure
' ) slide washed
V.
----- IETEEE|
; g 3
Image processing Staining & imaging v
Calculation of |mage Remove
mean pixel binari 9 Remove stain & Stain with
h : inarization &  f{f====+ Imaging y treatment &
intensity of . wash biofilms ' FilmTracer™
{reatment area thresholding ! wash biofilms

[ RNOKOWG Ys HG ¢l qURGGet ql ¢cqRUNWQ6 WS Y1 t ] Y sAVHFIRG 4 &Y I0
HYUG](E&[?REI@EJ\ZB EWULeRIIGaHic RO W @BL WAGRAI YRz AAG Y Wei~ 71

HRGI Y] Y+¥c¢rRUW

4. 3Dt ermining the MIC ofelamtabi obhacte
The minimum inhibitory concentration was det
vancomyci nPsaegaiomsotn a s #AO0OU g idhmdsear ococcus fae
OGIRF The broth microdilution test recommend
Anti microbi al Susceptibility Test(RingUrQee UCAST
Anti biotics were prepared by making a 10 mg/
on solubility, and subsequently diluted to a
this wild.l be subseduwenutployn dinloutuebda-btdwa st ed s
Muel-Hiemt onc MH8) h Anti bi otics wer-tottdewens®@6i a

pl ates vertically to assess 8 concentrations

mi xed with 100 OL MHB, Il eaving 100 OL of an

NY M



cultures of PAOl1 and ORG1 were grown overni
were then diluted to give a suspension with
to approxi nfa&tFaJ/ynLt Tt hi1® was then diluted fu

16CFU/ mL for i nocul ati on. 100 eOledafe dt hios elma ¢

wel | containing antibiotic to give a final
186CFU/ mL. Four positive control wells contai
100 OL, M#IBIi | st four negative control wel | s

condition was tested with three biological

cultwhes$st -walclh @Pléat e contained three techni

Compound concentration

:000000®00000
-0000000®0000
‘000000000000 .
. 00000®000000 o
000000000000 g ..
‘000000000000

-Q0000000®00®
Q0000000000

[ RODXIDJWOt #6WaGec qRAW Ye qa RURUNW q6 IW Gl VY
RUSRHRqY!I ! WRARYUHRNDUq!l ¢ qRYUWb~f 9 b WY n WH

4., 3As3sessing the--rgerdewtamtofbi 0TI | ms i n
using crystal violet staining

The amount of bib.fi €mligs oMy h ffa®EIRFo 1s5|Py
aerugiPA®dal y, and a combination of all three
soy broth (ploSoBlheidnd® O@r i nep ¢ 6llHUd (AHAQ%%uted in

and condpiotoillbemdman wurine (CHU) . Conditioned ul

NY N



fr

de

at

we

om the apacatodidvede 8D humaor glaln@ddermodel |

scribed in d 4R2r5Rd wtuesr isaludyul tures were pr
37 ACWaGFTHrown statically i nREaBdf oPAO48 h
re grown shaking in TSB overnight. %0Overni

CFU/ mL in either TSB, 100% HU, 70% HU, or

st

at

( f

Ov

st

aticaweyl i pl 2de s, adding 500 OL of the di
cubating for 24 howrsA alt: 1371 AGtamd 05 % eQQ@ |
epared for the triple specined BiOdf iOlLmo.f Ne
ly. After incubation, the planktonic cultu

ce with PBS (adding PBS to the s-idduwad]l C

(2]
—

uption to the biofilm). Biofilms were t

nutes after which 500 OL of 1% w/v CV was ;

ith foil and placed on a rocker for 30 min

re washed-4wittihmeBRBS 03 remove exlkcmsswesitainhe.]
ft to dry for at |l east 30 minutes, before
nutes on a rockersttao nedl bbiolfiidenst hd fCV equ

l uted in 30% acetic acid to ensuwoé tihat pl

ader ( SPARK, Tecan). The absorbance of 100
584 nm using a plate reader. Each condi i
plicates using individually prepearpdd coaveersn
our biofilms of each condition were prepar

BEvdal uating the antibiofi-EMTAfdgEgaitsst

polymicrobi al bi ofil ms

ernight cultures were prepared by inocul at
aticall yEfo€EbpEDd@d8yantiloshaking atE.l1&0meRRM ifs
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OG1RF R.ndaer uPBAiOnlosaBacteri al concenpratduwuoas v
an OD600 value of 0.1 8%QFU/emlui vsaloecrkts twe r~el tI
diluted ®CH U+5L]I i hO CHU. The three cultures we
to produce a final $®RWImL,nowiutlhum ocfoncsent riad

16CFU/ mL of each species.-wkildf ipllmg ewerby ol aw

of imoculum in each well and incubating for
wer e i ncluded for each condition, eFaocuhr t e st
uni nfected controls were included, containin
After incubation, the planktonic culture was

once with 600 OL PBS. To evaluate -H®tibBb6Ofil

OM S\, or 4EBDOT™WA v(tTreat ments were made up in

pl acedchnwel | ; pl ates were then incubated fc
controls were also included, being exposed
treat ments were removed, and biofil ms were w

was then assealsedi blyetcrytsai npirnegv,i (uesclty eoncr i

2.3)4.1

4. 3Sthati stical anal yses

Statistical analyses were conductendt fusiong G
experiment s, compari so-waywaneal madse abfi mgr it ar

wi tTukemwasti ple comparisons test to assess
di fferiennceessver aguentaread edfr ebatoefd | Fosr crystal
bi omass stway eSNOWAMewi th Tukeyds multiple coi
For all analyses, a threshold value for sighn

**» = p < 0.005, *** = P < 0.0005, and ***=* =
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4. Resul t s

4. 4Aslsessing the effioce&EDyl Aeafd N ONGatea =

with ulstamobBBMMBagaisnisntgpeci es bi ofi

The antibiofilm and anti mi-EDodheadmi ef wéehedof
cat i dPrrFiBcor e MB s (as previ ooChlayt £ h aar§aalé.tnesrti s e
aerugiPA®d4abiofilms grown forievedhtr gddesd was8
first assessed in the absence of antibiotic,
concentration of ciprofloxacin (0.25-t®g/ mL) .
peak focal acoustic pressure for #“Mhi cechindgls
effects were assessed by LI VE/ DEAD staining

region on)y (~4 mm

4 . 4 Olu.tlcome of treat ment santhialki otiidc no't

I n order to determine i f the addition of MBs
effects of NEWDWOAt elmo@m®ddbiTof i*k,ms4,% FADBIMBIwi t h
PFBM8 250 -0® WAt h *PFBMB 250 00Mi SR "HFBMBr e
4A-E) were added ,d»pddhed bti off o H tmka s,8 @aonddn dasl | owe
to incubate Wotr2ahedr sonstupopl | ebmeonfti d dnswiwehr eP E
and were subsequehtirpseMpdsed s$obgnificant r

mean SYs0O@nal in biofilcrosmptarreedteadnwiredt dBs c
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wasobsergbdwing a 47. T gueBuamnmilorAEDT A o

admini swi ehedMBs showed cl ear dispersal

(P < 0.01) i h"simg¢@ra lgINTO@n)de oFr r e s p oa mBi5 v

RNDAXITRIG! Ut W0qecqR21IWTJT 2 Y1 13t #13 U HE W=l RLEDI ¢ Y3 | #ANGE (IR RON3IA d
gl ¢t YeUT WulOF bpillVa&IGMR B H & EIE @R VWG LIEQ WOT WA e I RGB W R & O
7EWEWaRHI YAz ARGt Wei~71 b WeWOE A NGO WIDE Tis b2 W6 B g lleé P & L
§b WEWEWOEAWY | We Eb W= P MUWa ~§Lbt UERLI~G7R (U3l CSE KBLE7 aRIJYLE bl K& LLIDS| 1171
AecrHqUl RéebWe UT WAf WeGeNWUqe6WT WeT WHAHE H dEldH KB so[ (e L+ IRG TG
EoN®®NI WUUWAHE! + b We OT WAf Wt RNU¢c O WbiGeNUIUqe WHeE! + bAWe Ul
FageUOT el TWI W2ReqRYUWYNWg6WWaWeUW2¢cde JIOWEEHS Waql D¢ aqbld
Nsgg ¢! LW §é Wsct WHel | RUT WYeaqliet RUNW] I ¢ G6AcT WAI Rt G6 LW
cUT wOYWEe AN WRUT RA¢ q T We FENNFIGENY re lWHIRUIFY R Gt RU adLl TILRY & Ik
H! A EMWCc AUARH 6 R U N LU qolif6 1Y el 1 G 0 8 &z | ALY HIESHEMID We W 2 GG
nYl WNMW JEYUT + IOWf G ¢ NIJEWY AT DHEY R 2 6 R 6l & e R [n moo meit G we
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